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Abstract 
 

The golden perch (Macquaria ambigua Richardson 1845) is an iconic freshwater fish native 

to Australia’s Murray-Darling Basin.  Like many other native fishes, golden perch have 

suffered declines in abundance and range since European settlement as a result of 

overfishing, habitat destruction, and dams that impede migration and regulate flows of the 

Murray-Darling river system.  For more than four decades it has been widely considered that 

flow pulses and floods are proximate stimuli for spawning, and that floods enhance 

recruitment to sustain golden perch populations.  It has, however, been shown recently that 

spawning and recruitment can occur in the absence of these conditions, that strongest 

recruitment events can occur outside of flood periods, and that both spawning and 

recruitment can occur during periods of low and even zero flows – at least in the dryland 

rivers of the Basin’s arid zones.   

 

Despite observations of golden perch spawning and recruitment across a range of 

hydrological conditions and locations, much speculation exists within the literature regarding 

the role of flow pulses and floods in the species’ life history, as there remain few 

observations of spawning in the wild and even fewer ecological studies of the early life 

history stages.  The aims of this thesis are: to examine major aspects of golden perch life 

history with emphasis on the role of flows as stimuli to initiate spawning; to examine the role 

of floodplain habitats in the species’ early life history; to refine a conceptual model of the 

species’ life history and key life history events; and to evaluate the utility of this model by 

predicting and recording the role of river regulation in disrupting key life history processes 

for golden perch.   

 

The reproductive ecology of golden perch was examined in the Darling River throughout 

2004-2006.  During this period, temporal patterns of oöcyte maturity were examined to reveal 

that spawning could occur at almost any time of the year in the Darling River system.  

Distinct differences were also examined between the stages of oöcyte maturity observed for 

mature-aged females at various locations along a broad spatial gradient between Wilcannia 

and Menindee (~300 km), to reveal a prevailing spatial pattern in the occurrence of ‘ripe’, 

‘transitional’ and ‘resting’ golden perch females within this reach of the Darling River.   
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In order to elucidate the influence of flow upon the ecology of spawning, patterns in oöcyte 

development, physiological indicators of spawning, and the presence/absence and daily age 

of larvae and early juveniles were examined across periods of zero flow, low flows and serial 

flow pulses in the Darling River during 2004-2006.  This examination revealed that in the 

Darling River, golden perch spawning occurred only in conjunction with acute flow pulse 

events that exhibited rapidly increasing and decreasing rates of daily discharge in the river, 

despite the potential for spawning to occur at any time of the year throughout the range of the 

flow and thermal conditions examined.  

 

Following spawning in the Darling River in response to a flood pulse during January 2004, 

the growth and mortality rates of larvae and early juveniles were tracked for the next 12 

months in both the main channel habitat of the Darling River, and in two large ephemeral 

deflation basin lakes, or ‘floodplain lakes’, that were inundated by the 2004 flood pulse in the 

Darling River.  From this spawning event, it was observed that transition throughout the 

larval stages occurred in the main river channel habitat, as suitable densities of zooplankton 

prey occurred within the main river channel to support rapid growth, high survival and 

transition of golden perch larvae through metamorphosis in this location.  Larval and early 

juvenile drift in the main channel of the Darling River was determined to occur for at least 38 

days from spawning, in conjunction with the January 2004 flood pulse, enabling early 

juveniles to colonise and settle within the two recently inundated floodplain lakes examined 

during the study.  Between March 2004 and January 2005, zooplankton densities and water 

temperature were compared in the floodplain lakes and the main river channel and these were 

significantly and consistently higher on the floodplain as compared to the main river channel 

study sites.  This difference was associated with YOY golden perch growing more rapidly 

and experiencing a relatively lower rate of mortality in the floodplain lakes than they did in 

the adjacent main river channel.  Upon reconnection of the lakes and the river by a follow-up 

flood pulse following the winter period, a shift in relative abundance of young-of-year 

occurred between the lakes and the river, and this was considered to represent migration of 

young-of-year from the floodplain nursery grounds back to the permanent riverine habitat.   

 

Observations on the ecology of spawning and recruitment and the role of the flood pulse and 

floodplain habitats in the life history ecology of golden perch in the Darling River were 

considered within the context of anthropogenic changes to flow regimes and habitat 

alienation as a result of river regulation in the Murray River, during 2005-2006.  The timing 
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of spawning in the main channel of the Murray River during 2005 was established by back 

calculating the age of larvae collected in the Murray River during November 2005.  It was 

established that the management of a floodplain flow-regulation structure, which controls the 

timing and duration of inundation of a large floodplain lake on the Murray River (Lake 

Victoria), denied the 2005 golden perch cohort in the lower-Murray River access to the 

nursery habitat type (floodplain lake) identified as conductive to strong recruitment in studies 

on the Darling River.  Thus, the lower Murray River golden perch population was denied 

opportunity for strong recruitment during 2005, and the effects of river regulation upon 

golden perch recruitment and the species’ life history strategy were observed.    

 

The determination of a protracted breeding period, together with the distinct spatial patterns 

in reproductive development and an acute flow-stimulated spawning response, together with 

the role of the floodplain lakes as nursery areas, enabled refinement of a life history model 

for golden perch.  The utility of the life history model to predict the specific effects of river 

regulation upon key life cycle events for golden perch is discussed in the context of a range 

of river regulation scenarios in the Murray-Darling river system.  Also examined are effects 

of river regulation upon specific aspects of golden perch life history in the Murray-Darling 

Basin.  New information linked within the conceptual model of the life history tactics of 

golden perch provides a basis for improved management of this regulated river system for 

maintenance of resilient and sustainable populations. 
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Chapter 1 General Introduction 
 

Whilst the great river ecosystems of the world and much of their biota have evolved in 

response to environmental forcing over times scales of eons and epochs, the proliferation of 

humans in recent centuries has produced environmental change at an unprecedented scale in 

both space and time.  Humans have dammed, diverted and extracted water from rivers with 

little knowledge of the effects of these actions upon the sustainability of freshwater 

ecosystems.  Healthy freshwater ecosystems not only provide water suitable for drinking, but 

also provide for production of food and fibre to support the increasing abundance of people.  

With global human population growth set to continue in the coming decades (Cohen 2003), 

the pressures placed upon freshwater ecosystems will no doubt escalate. 

 

Australia’s Murray-Darling river system has been exploited by humans for more than 40,000 

years (Bowler 2003).  Whilst indigenous Australians harvested animals and plants from the 

river system, their impact does not measure against the changes wrought by Europeans since 

their arrival not even two centuries ago (~1830’s).  Dams, weirs, levees, diversions, inter-

basin water transfers and perverse water extraction for irrigation, whilst providing an 

economic boom to Australia (Thoms and Cullen 1998), are readily recognised as having 

forced massive environmental change upon the native biota and processes of the Murray-

Darling’s freshwater ecosystems (Walker and Thoms 1993; Kingsford 2000; Arthington and 

Pusey 2003).  Freshwater scientists recognise that without addressing these impacts, the 

capacity of the Murray-Darling to sustain biodiversity, ecosystem processes, and human 

demands, will be compromised (Gehrke et al. 2003). 

 

Understanding the ecology of regulated rivers is essential to mitigate the negative effects of 

water resource development and achieve sustainable water resource use (Arthington et al. 

2010).  The six chapters of this dissertation are focused upon contributing new knowledge to 

present understanding of the life history tactics which sustain one of the Murray-Darling’s 

iconic fish species, the golden perch (Macquaria ambigua: Richardson 1845).  Observations 

on the ecology of spawning and recruitment are considered within the context of 

anthropogenic changes to flow regimes and habitat alienation as a result of river regulation. 

New information linked within a conceptual model of the life history tactics of golden perch 

provides a basis from which the regulated river system may be better managed to allow 
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golden perch to benefit from their life history adaptations and to maintain robust and 

sustainable populations. 

1.1 Fish life history theory  
 

“A life history tactic is a set of co-adapted traits designed, by natural selection, to solve 

particular ecological problems.” (Stearns 1976). 

 

Life history theory seeks to understand the evolution of a species’ adaptive responses, 

typically the synchronisation of life-cycle events within the spectrum of environmental 

variation, to achieve population maintenance (Southwood 1977; Stearns 1977; Matthews 

1998; Winemiller 2005).  In theory, studies of life history would encompass virtually all of 

the natural history of a species, although aspects of reproduction and early life history tend to 

be studied nearly exclusively as these directly influence the persistence of populations within 

their environment (Stearns 1977, 1980; Balon 1975; Winemiller and Rose 1992; Matthews 

1998).  Life history theory makes possible prediction of a population’s response to natural 

and man-made disturbances and, because life history traits are also the fundamental 

determinants of a population’s performance, investigation of life history characteristics is 

central to both theoretical ecology and to natural resource management (Winemiller and Rose 

1992; Humphries et al. 1999).  Ultimately, life history theory identifies constraints among life 

history traits associated with reproduction and identifies the manner in which those 

constraints shape adaptive tactics for dealing with environmental variability (Stearns 1977; 

Winemiller and Rose 1992; Winemiller 2005).     

 

Investigations into the evolution of life history tactics have generally come from one of two 

approaches: (i) theoretical models and (ii) analysis of empirical observations (Southwood 

1977; Stearns 1980; Balon 1984; Winemiller and Rose 1992).  Southwood (1977), Stearns 

(1977) and Winemiller (2005) provide numerous examples of life history studies across a 

variety of taxonomic groups that have employed one or other of these approaches.  

Winemiller (2005) considered that the foundation of both theoretical and empirical 

approaches to life history studies have relied largely upon Pianka’s (1970) theoretical r – K 

selection model or similar one-dimensional schemes such as bet-hedging (Murphy 1968) and 

iteroparity – semelparity gradients (Cole 1954 in Winemiller and Rose 1992).  Following 

MacArthur and Wilson (1967), Pianka (1970) proposed two opposing kinds of natural 
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selection for life history tactics; r for those organisms whose success is determined by the 

maximum intrinsic rate of population increase, and K for those populations that are 

principally limited by carrying capacity.  Pianka (1970) proposed that natural selection in 

stable, resource-limited habitats or habitats with high predation rates should favour certain 

traits, such as delayed maturation, larger body size, parental care and fewer offspring of 

larger size (K); traits that provide a competitive advantage for limited space and resources 

(Winemiller 2005).  On the other hand, an organism whose life history is r selected is 

believed to have evolved within environments that are unpredictable, where environmental 

disturbances drive the success of a population rather than competitive interactions with other 

organisms (Winemiller 2005).  Traits considered to be r selected by Pianka (1970) include 

small body size, early maturation, short generation time and high numbers of smaller 

offspring that exhibit a propensity to disperse rapidly and widely.  Pianka (1970) proposed a 

continuous r-K spectrum, noting that an organism will not align completely to one extreme or 

the other.  For example, Stearns (1977) highlighted that many trees possess K traits such as 

longevity and strong competitiveness, while in reproduction they possessed r traits such as 

large numbers of small prologues that disperse widely.   

 

Stearns (1992) identified inconsistencies in the r-K model when empirical data for teleost 

fishes were applied to it.  For example, r-K theory predicts that K selected species are adapted 

to resource limited, high competition environments and that they will be large bodied, long 

lived individuals that produce fewer but larger offspring and often invest in parental care of 

the eggs and or young (Winemiller 2005).  However, Stearns (1992) and Winemiller and 

Rose (1992) demonstrated that in general, fishes exhibiting these life history traits tend to be 

small bodied and mature at an early age.  Winemiller (2005) also considered the r-K selection 

model to be limited because it considers only deterministic environmental constraints and 

fails to recognise intraspecific variation in life history traits exhibited by fish.    

 

In an attempt to refine a model for the evolution of life history tactics for teleosts, Winemiller 

and Rose (1992) identified 16 life history traits for 216 species of North American marine 

and freshwater fishes (Table 1.1).  In their analysis of the life history traits exhibited by those 

species, Winemiller and Rose (1992) used the means of quantitative data for each available 

life history trait, thus taking variation in traits exhibited by the same species within different 

locations into consideration.  Subsequent multivariate analysis grouped species with similar 

life history traits and identified those traits most responsible for differences among groups 
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(Winemiller and Rose 1992).  Winemiller and Rose (1992) proposed three primary life 

history endpoints based upon similarities exhibited among life history attributes that they 

analysed: (i) opportunistic - species with short generation time, high reproductive effort, 

small body size and low batch fecundity, (ii) periodic - species with long generation time, 

moderate reproductive effort, large body size, high batch fecundity and low energetic effort 

per offspring, and (iii) equilibrium - species with low batch fecundity, moderate to long 

generation time, variable body size, and high energetic effort per offspring (large offspring 

size) (Winemiller 2005).  Winemiller and Rose (1992) identified that particular life history 

tactics were associated with each of the three endpoint life history strategies and that those 

tactics are dictated by prevailing environmental circumstances.   

 

Across the spectrum of environmental circumstances, like others (e.g. Lewontin 1965; 

Southwood 1977), Winemiller and Rose (1992) recognised that trade-offs must occur among 

three principal demographic variables; fecundity (mx), generation time (T) and juvenile 

survivorship (lx) for the rate of population increase (r) to be maximised, but balanced 

according to the demographic relationship: 

 

r = ln(∑lxmx)/T 

 

otherwise a population will “...decline to extinction or grow to precariously high density and 

crash” (Winemiller 2005).  For example, a reduction in generation time (T) in order to 

increase r would reduce juvenile survivorship (lx), as less energy is available for early 

maturing individuals to invest in offspring, unless fecundity (mx) is also reduced such that the 

amount of energy available to eggs is maintained because earlier maturing organisms are 

smaller with less biomass thus energy available to partition toward eggs (Winemiller 2005).  

On the other hand, an increase in fecundity (mx) will occur at the cost of generation time (T), 

whereby T is delayed so that individuals can build biomass in order to partition the amount of 

energy required to produce a larger number of eggs (Winemiller 2005).  Juvenile survivorship 

(lx) is subsequently reduced because a greater number of eggs requires that each egg is 

smaller thus offspring are smaller and contain less endogenous energy at hatching 

(Winemiller 2005).    
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Table 1.1  Sixteen key teleost life history variables examined by Winemiller and Rose (1992). 

 

Life History Variable Description 

Age at maturation The mean age at maturation in years 

Length at maturation The modal length at maturation in millimetres total length (TL) 

Maximum length The maximum length reported in millimetres TL 

Longevity Maximum age in years 

Maximum clutch size:  The largest batch fecundity reported 

Mean clutch size The mean batch fecundity for a local population 

Egg size The mean diameter of mature (fully yoked) ovarian oöcytes (to 

nearest 0.01mm) 

Range of egg sizes The range of diameters for mature ovarian oöcytes reported for a 

local population 

Duration of spawning season Number of days that spawning or early larvae were reported 

Number of spawning bouts per 

year 

The mean number of times and individual female was reported to 

spawn during a year 

Parental care See Winemiller and Rose (1992) for description of categories 

Time to hatch The mean time to hatch within the range of values for average 

midseason temperatures 

Larval growth rate Mean increment in millimetres TL during the first month 

following hatching 

Young of the year (YOY) growth 

rate 

Mean increment in millimetres TL during the first year following 

hatching of independent life for viviparous fishes 

Adult growth rate Mean increment in millimetres TL per year of life over average 

adult life span 

Fractional adult growth rate Mean fraction of millimetres TL gained per year in a normal 

adult life span 
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In general, opportunistic strategists exhibit small generation time, small fecundity and small 

juvenile survivorship; periodic strategists exhibit large generation time, large fecundity and 

small juvenile survivorship; and equilibrium strategists exhibit large generation time, small 

fecundity and large juvenile survivorship (Winemiller 2005).  Winemiller and Rose (1992) 

aligned trade-offs among the three principal demographic variables (T, mx, and lx ) along a 

qualitative continuum of three major types of environmental forcing, resulting in a 

framework that enables prediction of a species adaptive responses to particular environmental 

circumstances (Figure 1.1).   

 

 

 

    

 

 

Figure1.1  The triangular model of life history evolution, illustrating environmental gradients 

which have selected for evolutionary endpoints indentified by Winemiller and Rose (1992).  

Source: Winemiller (2005). 
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The Winemiller and Rose (1992) triangular model of life history evolution (Figure 1.1) 

enables identification of essential trade-offs among life history tactics within a conceptual 

framework; the prediction of a population’s response to acute environmental disturbances and 

subsequently, a framework for comparing responses of different species to the same 

environmental disturbance (Winemiller 2005).  Alternatively, an individual species’ response 

to different environmental disturbances can be predicted (Winemiller 2005).  Briefly, the 

opportunistic endpoint may be considered a colonising strategy, whereby fitness is 

maximised in environments dominated by density independent, ecological influences 

(Winemiller 2005).  Opportunistic life history strategists are generally observed within 

habitats subject to frequent, unpredictable and intense disturbances (Winemiller 2005) such 

as intermittent streams or ephemeral pools that experience seasonal drought or flash flooding.  

The periodic strategy maximises juvenile survival when environmental conditions favouring 

the survival of offspring occur periodically, are relatively predictable, but occur at large 

spatial (patch) and temporal (seasonal) scales (Winemiller 2005).  Periodic fishes spread their 

reproductive effort over numerous reproductive events throughout their long lifetimes, but the 

probability of juvenile survival is more variable than adult survival and high reproductive 

success occurs only intermittently, during particularly favourable environmental conditions, 

between prolonged intervals of low reproductive success (Winemiller 2005).  Winemiller and 

Rose (1992) aligned the periodic strategy to a form of bet-hedging; a strategy that increases 

the likelihood that some individuals achieve reproductive success some of the time (Murphy 

1968), but occasionally favourable conditions for offspring coincide with a reproductive 

event and recruitment is high (Winemiller 2005).  Winemiller (2005) indicated that periodic 

strategists are dominant amongst the teleosts, in response to the ubiquitous, large scale 

heterogeneity of aquatic ecosystems. 

 

Winemiller and Rose (1992) and Winemiller (2005) aligned the equilibrium strategists to the 

K- selected traits of high adult investment in fewer offspring of larger size, which they 

considered maximised fitness in density-dependant environments where resources are 

limited, competition is high and habitats may be stressful.  Equilibrium traits include large 

eggs, parental care and small clutches that develop into large embryos (Winemiller and Rose 

1992).  Equilibrium fishes tend to be smaller bodied species, in contrast to the original r-K 

theory which predicts that K selected species should be large bodied (Winemiller 2005).  

Winemiller and Rose (1992) identified that a variety of species exhibiting diverse strategies, 

frequently co-exist in the same environment, most likely due to constraints of different 
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feeding niches and occupation of different microhabitats.  Furthermore, Winemiller and Rose 

(1992) identified that numerous species are intermediate along the trilateral continuum.  For 

example, fishes such as Lepomis sp. are medium sized, exhibit seasonal spawning of 

moderately large clutches and nest guarding (Winemiller and Rose 1992).  Others, such as 

Sebastes spp. have large clutches, small eggs and exhibit viviparity (Winemiller and Rose 

1992).  These fishes were positioned in between the periodic and equilibrium endpoints of the 

trilateral gradient by Winemiller and Rose (1992).  Similarly, small bodies fishes such as 

Notropis spp. and Notemigonus crysoleucas exhibit seasonal spawning, moderately large 

clutches and small eggs and have been positioned in between the periodic and opportunistic 

strategists along the continuum (Winemiller and Rose 1992).   

 

1.2 Life history theory and applications for freshwater fishes 
 

Flow defines river geomorphology and sediment transport, determines the type, amount and 

accessibility of habitat for riverine biota, drives food webs via transportation of carbon and 

nutrients, and influences plant and animal behaviour and the evolution of diverse life history 

strategies (Bunn and Arthington 2002; Lyttle and Poff 2004; Humphries et al. 2008; Leigh et 

al. 2010).  The diversity of life history tactics exhibited by freshwater fish species in large 

rivers varies enormously, from livebearers such as Gambusia holbrooki that can continually 

reproduce throughout their short adult lives (Nordlie 2000), to others, such as several species 

of Oncorhynchus that migrate hundreds or even thousands of kilometres to the same stream 

they were spawned in perhaps a decade earlier, to spawn once and then die (Quinn 2005).  

The diversity of life history tactics exhibited by fish species can complicate attempts to 

elucidate the optimal conditions required for the maintenance of whole riverine fish 

communities (Winemiller 2005; Zueg and Winemiller 2005).  Hydrological and habitat 

characteristics that support one species may be detrimental to others (Welcomme et al. 

2006a: Zueg and Winemiller 2007), thus recruitment dynamics may not be synchronised 

among species with divergent reproductive strategies (Olden et al. 2006) or even for the same 

species across its reproductive range (Humphries et al. 1999; King et al. 2003).  In disturbed 

river systems where ‘environmental flow’ regimes have been implemented to restore 

ecological integrity (e.g. Arthington et al. 2010; King et al. 2010), knowledge of the 

evolution of a species’ life history tactics can be incorporated into flow management 
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strategies in an attempt to maintain the full native species assemblage (Schlosser and 

Angermeier 1995; Bunn and Arthington 2002; Lyttle and Poff 2004; Winemiller 2005).        

 

 

1.3 The fish fauna of Australia’s Murray-Darling Basin 
 

Chapter 2 provides a description of Australia’s Murray-Darling Basin (MDB), where the fish 

fauna (46 species: Lintermans 2007) has evolved to persist through prolonged periods of low 

flow (multiple years), typical of other arid zone rivers in the region (e.g. Lake Eyre Basin: 

Arthington et al. 2005; Balcome et al. 2007; Walker et al. 1995) and the world (Kingsford et 

al. 2006).  The fish fauna of arid Australian rivers persist in low numbers during prolonged 

periods of zero flows and contraction of rivers to isolated waterholes (Arthington et al. 2005) 

but respond to flooding with elevated recruitment and survival leading to production levels 

comparable to some of the world’s key freshwater fisheries (Bunn et al. 2006; Balcombe et 

al. 2007).  For most species found in arid Australian rivers, it is generally considered that 

populations are maintained by flexible life history strategies that include an ability to 

reproduce during low or zero flow conditions, as well as during floods, and to benefit from 

extensive floodplain inundation and food resources (Arthington et al. 2005; Balcombe et al. 

2006; Balcombe and Arthington 2009). 

 

In the MDB, numerous species, such as Macquarie perch (Macquaria australasica) and silver 

perch (Bidyanus bidyanus) have declined markedly in abundance (MDBC 2004; Mallen-

Cooper and Brand 2007) and spatial distribution (Lintermans 2007) due largely to hydrologic 

alterations by dams, weirs and inter-basin transfers that have altered hydraulic conditions 

(Walker and Thoms 1993; Mallen-Cooper and Stuart 2003) and resulted in the loss of habitat 

heterogeneity (Koehn 2009).  Others, such as Australian smelt (Retropinna semoni) and 

flathead gudgeon (Phylipnodon grandiceps), have thrived under the same conditions 

(Humphries et al. 2008).  Humphries et al. (2008) classed the latter two species as 

opportunists based upon the Winemiller and Rose (1992) classification of fish life history 

strategies, and suggested that the flexibility of their life history tactics has enabled them to 

overcome alterations to the natural flow regime.  Humphries et al. (2008) suggested that 

proximate to the success of R. semoni and P. grandiceps is a protracted breeding period that 

enables their offspring to encounter favourable conditions more often, as compared to M. 
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australasica and B. bidyanus, which are relatively large bodied, exhibit delayed maturity 

(>3yr), high fecundity and small eggs, brief spawning periods and longer generation times, 

thus may be classified as periodic based upon the Winemiller and Rose (1992) life history 

classification.  Periodic species are most likely to be adversely impacted by anthropogenic 

disturbances such as overharvest of spawners and the alteration – and stabilisation – of 

environmental conditions at large spatial scales (Winemiller 2005).  Periodic species are 

negatively impacted by river regulation or loss of habitat and hydrological heterogeneity, as it 

is the complex interactions of dynamic abiotic and biotic processes at large spatial scales, 

such as occur during floods, which affect the survival of early life history stages thus 

recruitment success for periodic species (Winemiller 2005).   

 

Although some authors have aligned some MDB species to particular endpoint strategies in 

the Winemiller and Rose (1992) life history model (e.g. Humphries et al. 2008; Olden and 

Kennard 2009), to date there exists no empirical assessment of any of the Murray-Darling 

fishes within this framework.  In fact, the basic biological information required to align 

species within this life history framework is to a large degree lacking for many species, even 

though the entire MDB fauna has been qualitatively grouped into various life history modes 

(see Humphries et al. 1999; Schiller and Harris 2001).  Procurement of direct empirical 

observations and analysis of life history strategies within the Winemiller (2005) framework 

should enable more accurate elucidation of the causal mechanisms behind both the decline of 

some native fish species and the comparative success of others.  Furthermore, the impacts of 

introduced species upon native species and the ecological mechanisms underlying their 

success might be better understood if examined in context of the Winemiller and Rose (1992) 

model of life history evolution (Winemiller 2005).  In both respects, water managers must 

take into consideration the types of fish life history strategies relative to natural and modified 

flow regimes and apply this understanding to water management practices, and thereby help 

to restore population processes appropriate for the diversity of native species in riverine fish 

assemblages.       

 

The successful recruitment and maintenance of fish populations in the MDB has long been 

thought to be linked to floods (Lake 1967a; Cadwallader 1977; Walker and Thoms 1993; 

Humphries et al. 1999).  Walker and Thoms (1993) stated that floods were of “…vital 

importance for reproduction of most native fish”.  Lloyd et al. (1989) and later Schiller and 

Harris (2001) grouped native MDB fishes into those for which an association with flooding 
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was believed to be essential for spawning and recruitment (one group), and those which 

spawned regardless of flooding, exhibiting a variety of life history and spawning styles (three 

groups).  Consistent with an opinion that “…the spawning of golden perch [Macquaria 

ambigua] and silver perch [Bidyanus bidyanus] only occurs in conjunction with flooding” 

(Walker and Thoms 1995) and the opinion of Cadwallader and Lawrence (1990) that 

“…flooding was essential for the successful recruitment of most native fish in the [Murray-

Darling] system….”, Harris and Gehrke (1994) conceptualised a flood recruitment model 

(FRM: Figure 1.3) which aligned these two species (golden perch and silver perch) as being 

dependent upon flooding for final maturation of ova, to stimulate spawning and to facilitate 

successful recruitment to the adult population.  The FRM also depicts that flooding fosters 

strong recruitment and maintains populations for most, if not all, fish species native to the 

MDB (Harris and Gehrke 1994).  

 

The FRM is analogous to aspects of Cushing’s (1990) match/mismatch hypothesis and  the  

flood pulse concept (Junk et al. 1989) in proposing that floodplain inundation releases 

nutrients that foster a boom of primary production and favourable conditions (abundant food) 

for offspring, thus enabling high survival and strong recruitment to fish populations.  The 

match/mismatch hypothesis (Cushing 1990) contends that when the spawning period and 

favourable conditions for offspring overlap, a ‘match’ occurs, ensuring that the survival of 

offspring and recruitment to the population is high, as compared to a ‘mismatch’, when the 

spawning period does not coincide with optimal conditions for offspring and their 

survivorship is low. 

 

The large inter-annual variations in the level of recruitment observed for many temperate fish 

populations have been hypothesised to depend upon the degree of temporal overlap between 

the spawning period – controlled by predictable biotic factors such as circadian rhythms in 

response to photoperiod (Humphries et al. 2008) – and the variable timing of favourable food 

conditions for offspring – controlled by abiotic factors, such as climate, or in large rivers, 

floodplain inundation (Junk et al. 1989).  Harris and Gehrke (1994) and later Schiller and 

Harris (2001) cite numerous observations to support the FRM for the larger bodied, iconic 

MDB species such as golden perch, silver perch and Murray cod (Maccullochella peelii), 

including interpretation of commercial fisheries data relative to antecedent flow events 

(Walker and Thoms 1995; Reid et al. 1997), various experimental and aquaculture studies 
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Figure 1.2  The Flood Recruitment Model (FRM) for native fishes of  the Murray-Darling 

Basin, Australia.  Source: Harris and Gehrke (1994). 
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(Lake 1967a,b; Mackay 1973; Arumugam and Geddes 1987; Rowland 1989, 1996) and 

anecdotal reports (Cadwallader 1977; Walker and Thoms 1993).        

 

Humphries et al. (1999) and King et al. (2003) noted that there were very few empirical 

observations available to support a flood recruitment model for MDB species and proposed 

an alternative model for the population maintenance of fishes native to rivers in which flood 

dynamics are unpredictable, or flooding does not coincide with warm or rising temperatures.  

The low-flow-recruitment (LFR) model (Humphries et al. 1999) recognises the importance of 

flooding to ecological processes, but proposes that fishes inhabiting rivers that are highly 

variable or flooding is unpredictable will time reproduction to coincide with more predictable 

low flow periods, when temperatures are elevated, rather than align reproductive output to 

unpredictable floods.  Humphries and Lake (2000) and later King et al. (2003, 2009) 

supported the LFR model for the majority of MDB species, demonstrating that most species 

spawn in the absence of flooding and that littoral areas and backwaters of main river channel 

habitats provide favourable conditions and high prey abundances conductive to the survival 

of larvae during both low-flow and high flow conditions.  Whilst appropriate for describing 

life history strategies for the majority of MDB species (Humphries and Lake 2000; 

Humphries et al. 2002; King et al. 2003), further studies (Humphries and Lake 2000; 

Humphries et al. 2002; King et al. 2003) failed to demonstrate that the LFR model applies to 

the reproduction of either golden perch or silver perch, in that these species were not 

observed to spawn or recruit in high numbers during the low-flow periods examined during 

their evaluations of the LFR model. 

 

1.4 Macquaria ambigua: the golden perch 
 

Of the four species and two sub-species within the genus Macquaria, all are endemic to the 

Australian continent, M. ambigua (Richardson 1845) (golden perch) is found naturally within 

the MDB, M. ambigua sp. B (after Musyl and Keenan 1992) is found naturally within the 

Lake Eyre drainage division, and M. ambigua oriens (after Musyl and Keenan 1992) is 

restricted to the Fitzroy drainage division of central eastern Queensland (Musyl and Keenan 

1992; Pusey et al. 2004).  M. australasica (Cuvier 1830) is found naturally within the MDB 

and an undescribed subspecies of M. australasica occurs east of the Great Dividing Range 

within the Hawkesbury and Sholehaven River (Ingram 1990).  M. colonorum (Günter 1863) 
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and M. novemacuelata (Steindachner 1866) are restricted to coastal rivers of the south-

eastern part of the Australian continent (Harris and Rowland 1996).  

 

All members of the genus Macquaria are long-lived (>10 years), macrophagic carnivores that 

undergo either potamodromous (M. ambigua, M. ambigua oriens, M. australasica) or 

catadromous (M. novemacuelata, M. colonorum) migrations (Harris and Rowland 1996).  All 

species spawn on discrete events during the breeding season, show no parental care of the 

eggs or young and all but M. australasica, which spawns demersal eggs into riffle-beds, 

produce floating, planktonic eggs numbering in the hundreds of thousands (Harris and 

Rowland 1996; Lintermans 2007).  The genus is believed to have radiated from a common 

marine ancestor during the vast Cretaceous inundation period (85-75 million years ago), with 

M. ambigua evolving during the Palaeocene (65-54 million years ago) when the Lake Eyre 

and Murray-Darling drainage divisions were integrated, until M. sp. B diverged 4.6-4.35 

million years ago following uplifting of the Flinders Ranges, which restricted the central 

inland basin (the Lake Eyre Basin) to an internal, endorheic drainage pattern (Musyl and 

Keenan 1992).  The following review of the life history ecology of M. ambigua is focused 

only upon the species native to the MDB, and does not include discussion of the ecology of 

sub-species (M. ambigua sp B, M. ambigua oriens) which naturally occur within other 

drainage divisions. 

 

The golden perch, otherwise known as yellowbelly, callop or Murray perch (Figure 1.3) is 

native to Australia’s MDB, once supported traditional subsistence and commercial fisheries 

(Reid et al. 1997), continues to support a lucrative recreational fishery, but has declined in 

abundance and suffered localised extinctions since European settlement (Cadwallader and 

Backhouse 1983; Brumley 1987; Mallen-Cooper and Stuart 2003; Pusey et al 2004; Mallen-

Cooper and Brand 2007).  For extensive review of the systematics, distribution, habitat use, 

environmental tolerances, reproduction, movement, trophic ecology and conservation status 

of golden perch see Pusey et al. (2004, pp 326 - 336). 

 

Golden perch is  a large bodied species, known to reach 25kg and 700mm total length (Harris 

and Rowland 1996), but more commonly grows to less than 5kg and less than 500mm total 

length (Mallen-Cooper and Stuart 2003).  They are long lived, reaching 26yrs (Mallen-

Cooper and Stuart 2003).  The species occupies a broad variety of habitats throughout the 

large lowland rivers of the MDB, but is most commonly found in the main river channels of 
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the lowland reaches of the larger rivers (Lintermans 2007).  Female golden perch mature at 

around 400mm in length and four years of age and males at around 325mm and three years of 

age (Battaglene 1991; Mallen-Cooper and Stuart 2003).  Depending upon their size, females 

are capable of spawning 300,000-500,000 eggs (Lake 1967a; Battaglene 1991).  The ova of 

mature aged females develop in a synchronous pattern, whereby the ovary contains primary 

or ‘resting’ and maturing or ‘yolky’ oöcytes, with the maturing oöcytes developing as one 

consistent batch (Battaglene 1991).  By the vittelogenic stage, the developing batch of 

oöcytes contains yolk globules and can be maintained in this state for more than six months 

(Lake 1967a; Battaglene 1991), until just prior to spawning, when appropriate hormone 

stimulation results in rapid coalescence of the yolk and ovulation (Lake 1967a; West 1990).  

At this stage the ova become hydrated and increase in size from about 1.0 mm to 4.0 mm in 

diameter and spawning occurs (Lake 1967a; Mackay 1973).  If appropriate hormone 

stimulation does not occur, the oöcytes eventually undergo apoptosis (atresia) (Lake 1967a; 

Mackay 1973; Battaglene 1991) and are most likely resorbed via the hepatic system.  If 

spawned, the ova are externally fertilised when they are shed directly into the water column 

(Lake 1967a).  There is no parental care, and the eggs float until they hatch after 24-48hrs, 

depending upon water temperature (Lake 1967a; Rowland 1983).   

 

Whilst the breeding period can be protracted (August-March) (Balcombe et al. 2006; Ebner et 

al. 2009), actual spawning is not considered to occur over a protracted period (Harris and 

Gehrke 1994); rather spawning events are considered to be brief.  There is evidence that some 

populations spawn multiple times during all seasons (Balcombe et al. 2006) and there are 

observations of fractional spawning, whereby an individual was confirmed to have spawned 

but only a portion of the mature ova were shed (Lake 1967a).  There are also observations of 

complete spawning, whereby all mature ova are shed during brief, one-off events (Lake 

1967a; Mackay 1973; Battaglene 1991).  There is no evidence of individuals spawning on 

multiple occasions during a single breeding season, even though this has been postulated 

(Lake 1967a; Mackay 1973; Battaglene 1991). 
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Figure 1.3  Macquaria ambigua (Richardson 1845).  Reproduced with permission from Dr. Bradley Pusey, Griffith University. 
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It has been reported that if appropriate reproductive cues fail to eventuate then spawning does 

not occur; rather mature ova are resorbed and the development of primary (resting) oöcytes is 

initiated (Lake 1967a; Mackay 1973; Harris and Rowland 1996).  There are no reports of the 

stimulus for ovarian apoptosis in this species, or the natural rate of final ovarian maturation 

and ovulation following the reception of appropriate hormones which stimulate spawning.   

 

Three studies have examined inter-annual patterns of reproductive development among wild 

populations of golden perch, with each demonstrating a seasonal pattern of reproduction, an 

extended breeding season and single spawning events per breeding season (Mackay 1973; 

Jones 1974; Battaglene 1991).  In the Lachlan River, Mackay (1973) observed oöcytes 

developing from May (autumn) to October (spring), with the majority of mature females 

developing their ova at a consistent rate.  Mackay (1973) observed ovarian maturation 

occurring during November (spring) and extending over a protracted period until March 

(autumn).  Jones (1974), in the lower Murray River near Renmark, observed a similar 

seasonal pattern of oöcyte maturation to Mackay (1973), whereby oöcytes gradually 

developed during winter (May) and spring (September) and were mature for an extended 

period from September to March.  Battaglene (1991) observed a similar pattern each year for 

three years in the Manilla River upstream of Lake Keepit, reporting both fractional and 

complete spawning on concise, one-off events per breeding season.  Lake (1967a) examined 

seasonal patterns of ovarian development in a captive population, and commented upon the 

seasonal breeding period (spring-summer) of a wild population in the Murrumbidgee River.  

Similarly, Langtry (1960 in Cadwallader 1977) commented that the seasonal breeding pattern 

of golden perch from the Murray River system occurred during late spring-early autumn 

(October – March).   

 

Several studies have depicted that a combination of a rise in water level and water 

temperatures above 23 
o
C are essential cues to initiate spawning of golden perch and that a 

lack of either of these conditions during the breeding period results in the ova being resorbed 

(Lake 1967a; Battaglene 1991; Harris and Gehrke 1994).  Based upon experimental studies 

within mesocosms, Lake (1967a) emphasised that golden perch would only spawn when a 

rise in water level occurred in conjunction with water temperatures >23 
o
C, but also noted 

that spawning occurred on several separate occasions when mature fish were translocated into 
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treatments for which a rise in water level preceded the introduction of the fish.  In response to 

this, Lake (1967a) suggested that phenols released from recently flooded ground were a likely 

cue to stimulate golden perch to spawn and that hydraulic cues alone were not an obligate 

spawning requirement.  

 

Lake (1967a) emphasised that temperature dictates spawning for golden perch, observing that 

if the water column within experimental treatments was not uniformly greater than 23.6 
o
C, 

then spawning would not occur even if accompanied by a rise in water level.  Following 

surveys of the Murray River system during 1949-1950, Langtry (1960, cited in Cadwallader 

1977) commented that golden perch spawned on both rises and falls in river levels, which 

Mallen-Cooper and Stuart (2003) supported by examining gauged flow data for those sites 

and dates provided by Langtry (1960, cited in Cadwallader 1977).  According to Langtry, if 

golden perch spawning occurred, then it coincided with “...the first rise in water level during 

spring”.   

 

Based upon Lake’s (1967a) experimental observations and Langtry’s (1960) spring flow 

hypothesis, which was refined by Mallen-Cooper and Stuart (2003) to postulate that 

spawning could occur during flow pulses that were contained within the main river channel, 

King et al. (2009) evaluated a hypothesis that golden perch (and silver perch) require rising 

flows and floods, in conjunction with increasing or elevated water temperatures, to trigger 

spawning (King et al. 2009).  King et al. (2009) studied the spawning periodicity of golden 

perch (and several other native fish species) in the Murray River near Barmah in response to 

a targeted environmental flow released from Hume Dam during 2005.  That environmental 

flow supplemented a natural flow pulse and was designed to generate rapidly rising and 

falling limbs in the hydrograph and extend the duration of overbank flooding in the Murray 

River floodplain at Barmah (King et al. 2010).  The flow regime examined by King et al. 

(2009) consisted of three hydrological peaks that departed from base-flows at an increasing 

rate of 1,000 ML/day and decreased at 500 ML/day over the duration of approximately one 

month, during spring 2005 (October-November).  King et al. (2009) did not detect golden 

perch spawning over a protracted period, nor when water levels or daily flow-discharge 

remained relatively constant.  However, they did observe that golden perch spawned in 

conjunction with flow pulses during each of three years during their study, but that the 
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‘intensity of spawning’ (measured as the number of eggs collected) increased substantially 

during the controlled environmental flow of 2005, which exhibited more rapidly increasing 

and decreasing flow peaks as compared to the flow pattern in other years.   

 

King et al. (2009) provided evidence in support of Lake’s (1967a) hypotheses that a flood 

pulse is a proximate spawning cue for golden perch, and also that of Mallen-Cooper and 

Stuart (2003), who proposed that a flow pulse that remained within the banks of the main 

channel could cue golden perch to spawn.  Whilst King et al. (2009) demonstrated that 

golden perch reproductive tactics are somewhat more flexible than strictly aligned to 

overbank ‘flooding’ as earlier workers had suggested (Walker and Thoms 1993; Harris and 

Gehrke 1994), their results and conclusions are still consistent with aspects of a flood pulse 

model. 

 

An even more flexible spawning strategy has been reported recently for golden perch, which 

includes spawning during low and zero flow periods, at temperatures below 23 
o
C and on 

multiple occasions throughout the annual cycle, outside of the conventionally accepted 

‘breeding season’ as identified and discussed above (Balcombe et al. 2006; Ebner et al. 

2009).  By interpreting the age of YOY the year golden perch collected in the Darling River 

system, Ebner et al. (2009) reported that golden perch spawned during each month over a 

protracted period from May-September 1997 at a water temperature range of 10-19 
o
C.  

Ebner et al. (2009) demonstrated that spawning occurred two months after a late-summer 

(February) flood in the Darling River and also during a protracted period of zero flow during 

mid-winter (July-August).  The habitats from which Ebner et al. (2009) collected YOY 

golden perch were recently inundated floodplains (floodplain lakes), and they could not 

discern if spawning had occurred in floodplain habitats, or within the adjacent main channel 

of the Darling River to which these were connected.  Importantly, there are no records of 

golden perch being stocked into this region of the Darling River system. 

 

As mentioned earlier, Lake (1967a) postulated that the inundation of floodplain soils alone 

and the phenols released from them were sufficient to stimulate golden perch to spawn.  Thus 

the studies of Ebner et al. (2009) may provide evidence in support of Lakes’ (1967a) proposal 
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that floodplain inundation provides the proximate cues, whilst also indicating that golden 

perch spawning is not strictly aligned to periods of elevated stream-flow, as postulated by 

Lake (1967a).  Rather, golden perch spawning in relation to flow history and temperature is 

inherently more flexible, as suggested by Pusey et al. (2004) and Balcombe et al. (2006). 

 

Based upon length-frequency analysis of juvenile individuals, Balcombe et al. (2006) 

reported that golden perch in the Warrego River in the north of the MDB spawned in each 

season during 2001-2003, following flow pulses that were contained within the main river 

channel, and also in the absence of any detectable flow event, including during the winter 

period (August).  Balcombe et al. (2006) considered that golden perch exhibit a flexible 

spawning strategy in dryland rivers; a likely adaptation to highly variable flow regimes.  

These observations signify an emerging opinion that golden perch in dryland rivers are 

capable of spawning across a much broader temporal period (i.e. at any time of the year) than 

was reported in earlier studies, and also demonstrate that spawning can occur without the 

previously perceived obligatory cues of increasing flow and elevated (>23 
o
C) water 

temperatures.  However, flooding is more reliable and predictable in the temperate, less-

variable rivers occupied by golden perch, such as in the mid-Murray River (Puckridge et al. 

1998), where the incidence and intensity of spawning is closely aligned to the flood pulse 

(King et al. 2009).   

 

The variable nature of spawning styles exhibited by golden perch across their broad range 

indicates that the stimulus for spawning varies along a continuum of latitude and hydrological 

(flood) predictability.  Variability in the timing of spawning in relation to latitude and 

subsequently a variety of prevailing hydrological and temperature regimes has been reported 

for fish species elsewhere (Winemiller and Rose 1992; Humphries et al. 2008), thus the 

predictability of the flow regime must be considered when describing the spawning style of 

golden perch as either flexible or closely aligned to the flood pulse.     

 

The flow regimes of the MDBs dryland rivers are naturally dominated by extended periods of 

low or zero flows that are punctuated by infrequent and largely unpredictable floods (Walker 

and Thoms 1993; Puckridge et al 2000; Sheldon et al. 2000).  The concept of a flexible 
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spawning strategy in these systems is consistent with the ‘boom and bust’ ecological 

dynamics described for dryland rivers (Kingsford et al. 2006; Bunn et al. 2006; Leigh et al. 

2010) within which fish, macroinvertebrates, frogs and birds have been shown to persist in 

low numbers during prolonged low flow periods, only to respond to floodplain inundation 

with a ‘boom’ in production as increased habitat area and food resources become available 

following flooding (Kingsford et al. 2006; Bunn et al. 2006; Leigh et al. 2010).  Consistent 

with aspects of the low-flow-recruitment model (Humphries et al 1999), fish in Australian 

dryland rivers are capable of surviving prolonged periods of zero flows (the ‘bust’ period) 

and most have been observed to reproduce during this period, ensuring continued, albeit at a 

low level, of ‘maintenance’ recruitment to populations (Puckridge et al. 2000; Unmack 2001; 

Humphries and Lake 2000; Arthington et al. 2005; Balcombe et al. 2006, 2007).   

 

Whilst it is evident that at some locations, golden perch exhibit a flexible spawning strategy 

that includes spawning in response to floods and flow pulses and during low or zero flow 

periods (Balcombe et al. 2006; Ebner et al. 2009), there are very few observations of golden 

perch early life history or ‘recruitment ecology’ (King et al. 2003) in the wild from which the 

factors influencing the survival of early life-stages and recruitment levels, thus life-history 

adaptations, can be elucidated.  Survivorship and relative levels of juvenile recruitment 

during floods and low flow periods remain largely unknown for golden perch, as does the 

role of recruitment from either hydrological period to overall population maintenance.  

Indeed, the overall role of the flood pulse (Junk et al. 1989), whether resulting in greater 

survival and recruitment of progeny (Balcombe and Arthington 2009), or aiding in dispersal 

and recolonisation of desiccated habitats, and thereby promoting gene flow (Walker et al. 

1995; Unmack 2001; Kingsford et al. 2006; Balcombe et al. 2007), are still not well 

understood in the highly regulated Murray-Darling river system.  It remains unknown 

whether flooding is or is not essential to the overall population maintenance of golden perch.  

This point is of increasing importance for the management of regulated rivers within the 

MDB, from which floods, particularly small and medium volume floods, have been 

eliminated by storage in impoundments in many river valleys (Thoms and Sheldon 2000). 

 

Observations of golden perch early life history ecology in the MDB are limited to three 

studies of wild populations (Battaglene 1991; Balcombe et al. 2006; Ebner et al. 2009), 
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observations from aquaculture hatcheries and experimental studies (e.g. Arumugam and 

Geddes 1987; Gehrke 1991; Rowland 1996).  In regard to wild populations, observations are 

very limited.  Battaglene (1991) collected 14 early juvenile golden perch (age < 1 year; 30-

100 mm standard length) during one sampling event within the littoral zone of Lake Keepit, 

NSW, in 1984.  Battaglene (1991) attributed the occurrence of these fish to successful 

spawning in the previous year, but also speculated that they may have been stocked into this 

lake.  Apart from these comments, Battaglene (1991) provided no further insight into the 

early life history of golden perch.  Balcombe et al. (2006) on the other hand collected early 

juvenile golden perch in the Warrego River and related their size and timing of collection to 

antecedent flow characteristics and as mentioned earlier, to seasonal patterns of reproduction.  

Balcombe et al. (2006) suggested that early juvenile golden perch recruited during periods of 

zero flows in isolated water holes and also following flood pulses.   

 

Ebner et al. (2009) captured 75 early juvenile golden perch within the ephemeral deflation 

basin lakes (‘floodplain lakes’) Menindee, Cawndilla, Balaka and Malta, adjacent to the 

Darling River during 1997.  They estimated daily age by examining otoliths to determine 

individual hatch dates and growth rates and concluded that previously reported growth rates 

of the same species from aquaculture studies (0.9-1.1 mm day
-1

: Rowland 1996) eclipsed the 

growth rate observed in their study (which, however, Ebner et al. 2009 did not report).  Ebner 

et al. (2009) suggested that this (slower growth rate) was due to the comparatively low water 

temperatures experienced by the fish that they collected; they were produced (spawned) and 

collected during the winter/spring (August-November) period.  Ebner et al. (2009) and 

Balcombe et al. (2006) provide the only observations of golden perch early life stage ecology 

from populations in the MDB, other than the occurrence of eggs being related to the timing of 

spawning in the Murray River (Gilligan and Schiller 2003; King et al. 2005, 2009, 2010) or 

smaller tributaries (Humphries and Lake 2000; Humphries et al. 2002).   

 

These observations support a model of a flexible strategy for population maintenance based 

upon the flexible spawning strategy, and because the early life stages appear to be produced 

and can survive periods of low or zero flows (Balcombe et al. 2006).  On the other hand, the 

overarching influence of elevated recruitment resulting from floods upon the long term 

viability of populations remains less clear and has not received adequate attention.  It is 
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therefore evident that a vast gap in current knowledge of the early life history and thus 

recruitment ecology of golden perch exists, which must be further examined before 

conceptual and theoretical models of the species’ life history can be fully evaluated. 

 

1.4. Issues specific to this Thesis 
 

Life history tactics are the underlying determinants of an organism’s responses to 

environmental forcing.  Their consideration should be fundamental to the management of fish 

populations in river systems where human activities have modified natural environmental 

patterns, in particular, the patterns of the natural flow regime of large river systems.  A 

conceptual model that incorporates a species’ life history traits together with specific aspects 

of its ecology can facilitate recognition of environmental constraints, which may then be 

manipulated to optimise a population’s overall performance.  As the flow regime takes a 

place of principal influence in opinions regarding the evolution of life history tactics for 

golden perch (e.g. Humphries et al. 2008; King et al. 2010), it will obviously be the focus of 

considerations in the sustainable management of golden perch populations into the future.          

 

At present, it is not possible to support a single conceptual model to holistically describe the 

population maintenance of golden perch from a life history perspective, as several aspects of 

the life history remain either unresolved or unknown.  Whilst published records of biological 

traits for golden perch, such as age and size at maturity, female longevity, mean fecundity 

and mean egg size can be accepted with confidence, more variable life history traits, such as 

the breeding period and the stimulus for spawning (being reported as both dependent upon 

and independent of increasing water levels and or flooding) remain the subject of significant 

conjecture in the literature.  Most importantly, the influence of flooding upon spawning, early 

life history and population maintenance is not well established.  Whilst numerous authors 

have emphasised that flooding is essential for recruitment and population maintenance 

(Cadwallader and Lawrence 1990; Walker and Thoms 1995; Harris and Gehrke 1994; 

Schiller and Harris 2001), others have demonstrated that a level of recruitment does indeed 

occur in the absence of flooding (Mallen-Cooper and Stuart 2003; Balcombe et al. 2006; 

Ebner et al. 2009).  
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It remains unknown if non-flood recruitment events are able to sustain golden perch 

populations, or if this is a form of bet-hedging – a life history trade-off whereby spawning 

occurs in anticipation of favourable environmental conditions which may or may not occur in 

any given year, as is the case for ‘periodic’ strategists in general (Winemiller 2005).  These 

aspects of the life history require closer scrutiny and resolution if successful management of 

golden perch populations, particularly those that are presently believed to be suppressed in 

rivers regulated by dams, is to occur into the future. 

 

As mentioned above, flooding has been considered vitally important for survival of golden 

perch offspring, dispersal and recolonisation of desiccated habitats and maintenance of 

genetic diversity (Unmack 2001; Balcombe et al. 2006; Balcombe and Arthington 2009).  

Whilst floodplains have been nominated as nursery areas and essential habitats to facilitate 

strong recruitment of golden perch (Harris and Gehrke 1994; Schiller and Harris 2001), the 

present knowledge of the role of floodplains in the species’ early life stage ecology remains 

very sparse.  Gehrke (1991) suggested that larval golden perch in a mesocosm experiment 

avoided inundated floodplains, and this may be the case for the eight day old larvae used in 

his study.  Indeed, golden perch larvae have not been collected on a floodplain proper within 

the MDB (King et al. 2003; Humphries et al. 2008), but what of early juveniles, i.e. weeks – 

months old?  Ebner et al. (2009) collected golden perch juveniles between 18-65 mm total 

length and 64-133 days old on recently inundated floodplains.  However, in the Lake Eyre 

Basin, Balcombe and Arthington (2009) collected larvae of Macquaria sp. B. on floodplains 

of Cooper Creek (Dr. Stephen Balcombe, Griffith University, personal communication).  In 

the context of the life history traits exhibited by golden perch in the Murray-Darling River 

system (i.e. high fecundity, drifting eggs and larvae), if spawning occurs during floods then it 

is expected that golden perch larvae would occur on floodplains, as could older larvae or 

early juveniles that are highly mobile (Lake 1967a; Arumugum and Geddes 1987; Mallen-

Cooper and Brand 2007) and may actively seek such habitats.  Inundated floodplains may be 

important for early life-stages stages, yet this inference, like most aspects of the life history of 

golden perch, is not supported by empirical data and remains speculative. 

 

By conceptualising the 16 key aspects of teleost life history evolution identified by 

Winemiller and Rose (1992) (Table 1.1), together with ecological aspects considered to 
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influence specific life stages or processes for an oviparous teleosts, it is possible to recognise 

where empirical observations are available for each life history aspect; to highlight 

knowledge gaps and to identify areas where substantial conjecture exists among researchers 

and can be explored.  Figure 1.4 depicts those 16 life history aspects central to the Winemiller 

and Rose (1992) life history model (Table 1.1), together with other important considerations 

such as spawning stock estimates, spawning duration, spawning cues, and habitat 

requirements proximate to acute life history events for an oviparous teleost.  At the species 

level, this conceptual life history model may assist in developing an understanding of various 

aspects of a species’ life history ecology and provide a framework from which the impacts of 

particular environmental perturbations imposed upon a discrete life history characteristic may 

be understood.  This in turn may lead to targeted mitigation efforts to restore the integrity of 

suppressed populations.  The success of rehabilitation strategies requires qualifying and 

quantifying key aspects of a species’ biology and ecology at appropriate spatial and temporal 

scales, throughout the lifecycle.   

 

Tables 1.2 – 1.6 provide qualification of each attribute aligned to each life stage identified in 

Figure 1.4, with regard to the life history ecology of golden perch.  This approach may lead to 

the resolution of environmental constraints influencing recruitment success and population 

maintenance.  Life history trade-offs can then be identified, from which appropriate 

management regimes to restore golden perch populations throughout the MDB can be 

developed or refined.  
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Figure 1.4  Conceptual model of the teleost life cycle, including the sixteen proximate life history variables identified by Winemiller and Rose 

(1992), and other life history characteristics considered important to the teleost life cycle. 
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Table 1.2  Description of life history traits and important ecological requirements for adult 

golden perch. 

 
Life History Trait Description Citation 

Stock estimates No wild observations  

Reproductive  Mode / guild Variable, single spawning, can delay timing: 

also multiple spawning events over protracted 

period  

Lake 1976a; Humphries et al. 1999; 

Schiller and Harris 2001; Balcombe et 

al. 2006; King et al. 2009.    

Age at maturation females 4 years Mallen-Cooper and Stuart 2003. 

Length at maturation 

females 

Mean 397 mm total length Battaglene 1991; Mallen-Cooper and 

Stuart 2003. 

Maximum length 760mm total length Harris and Rowland 1996. 

Longevity 26 years  Mallen-Cooper and Stuart 2003. 

Fractional growth rate 37.5 mm TL per year (at age 16 years) Mallen-Cooper and Stuart 2003. 

Habitat Warm, turbid, slow-flowing inland rivers and 

floodplain lakes and anabranches.  Affinity 

for large woody debris, macrophyte beds 

Harris and Rowland 1996. 

Functional feeding guild Macrophagic carnivore Kennard et al. 2001. 

Egg size (diameter) Vitellogenic ova 1.1mm, water hardened 

3.9mm  

Lake 1967a; Battaglene 1991; Mackay 

1973. 

Range of egg size Water hardened: 3.3-4.2mm  Lake 1967a. 

Parental care None Lake 1967a. 

 

 

 

Table 1.3  Description of life history traits and important ecological requirements relating to 

golden perch reproduction. 

 
Spawning Description Citation 

Type of Cue Temperature > 23.6 
o
C; Increasing water level 

and discharge; recently inundated ground 

(phenols); Alternatively, highly flexible 

Lake 1967a; Mackay 1973; 

Balcombe et al. 2006; Ebner et al. 

2009. 

Timing since cue <26 – 38 hrs (aquaculture) 

No wild observations 

Lake 1967a; Rowland 1983. 

Maximum clutch size No wild observations  

Mean clutch size No wild observations  

Duration of spawning season 6 months, normally September-April Mackay 1973. 

Number of spawning 

bouts/year 

Single (aquaculture) 

No wild observations 

Rowland 1983; Lake 1967a 

Spawning habitat Main channel of rivers Battaglene 1991; King et al 2009; 

Balcombe et al. 2006. 

 

Table 1.4  Description of life history characteristics related to golden perch eggs. 

 
Eggs Description Citation 

Attached / drift Drift Lake 1967a; King et al. 2003, King et 

al. 2009 

Time in Drift No wild observations  

Time to Hatch 33 – 48 hrs (aquaculture) 

No wild observations 

Lake 1967b; Rowland 1983 

Mortality % No wild observations  
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Table 1.5  Description of life history traits and important ecological requirements for golden 

perch larvae. 

 
Larvae Description Citation 

Size at hatch 3.1-3.4 mm total length (aquaculture) 

No wild observations 

Lake 1967a; Rowland 1983 

Behaviour Float passively, then seek benthos 

(experimental microcosm) 

No wild observations 

Lake 1967b. 

Age at rheotaxis  16 hrs (aquaculture) 

No wild observations 

Lake 1967b. 

Habitat  Pelagic, main channel  Humphries and Lake 2000; King et al. 

2009.  

Age at endogenous feeding 6 days (aquaculture) 

No wild observations 

Lake 1967b. 

Size at endogenous feeding 5.9 mm total length (aquaculture) 

No wild observations 

Lake 1967b. 

Endogenous feeding guild/ 

diet 

Obligate planktivore (aquaculture) 

No wild observations 

Lake 1967b; Rowland 1996. 

Growth rate 0.9-1.1 mm total length/d
-1

 (aquaculture) 

No wild observations 

Rowland 1996. 

Mortality % >90% within 30 days (aquaculture) 

No wild observations 

Rowland 1996. 

 

 

Table 1.6  Description of life history traits and important ecological requirements for juvenile 

golden perch.  

 
Juvenile Description Citation 

Age at juvenile morphotype 18-20 days (aquaculture) 

No wild observations 

Lake 1967b; Rowland 1983. 

Size at juvenile morphotype 9.5-11.5 mm total length (aquaculture) 

No wild observations 

Lake 1967b; Rowland 1983. 

Behaviour No wild observations  

Habitat Main channel of rivers, also floodplain 

lakes 

Balcombe et al. 2006; Ebner et al. 2009. 

Diet/ Functional feeding 

guild 

Micro and macro-invertebrates, terrestrial 

insects: Carnivore 

Rowland 1996; Sternberg et al. 2008. 

Growth rate 0.5-1.1 mm TL/day (aquaculture) 

No wild observations 

Rowland 1989. 

Mortality 81.9-100% mortality (aquaculture) 

No wild observations 

Rowland 1989. 
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1.5 Aims of this Thesis 
 

This thesis examines major aspects of golden perch life history with emphasis on the role of 

aspects of the flow regime as stimuli to initiate golden perch reproduction; to determine if 

floodplains are important nursery areas that facilitate strong YOY survival; and to examine 

the role of river regulation in disrupting these life-history processes for golden perch.  Each 

section of the thesis will address speculation within the literature as well as provide new 

empirical observations that do not currently exist for several key aspects within the 

conceptual framework of golden perch life history identified above.  The thesis is structured 

as follows: 

 

Chapter 2 provides a general introduction to the study area and fish species present. Chapter 3 

examines the ecology of spawning in relation to discrete flow-pulses of increasing and 

decreasing discharge at various rates, periods of zero flow and periods of high flow.  These 

aspects of spawning were examined at contrasting spatial and temporal scales, by observing 

the reproductive response of two discrete populations isolated by a major weir on the Darling 

River at Menindee and accordingly subject to a variety of contrasting flow conditions.     

 

Chapter 4 examines the hypothesis that floodplains are important nursery areas that enhance 

the growth and survival and thus recruitment of golden perch.  This hypothesis was tested by 

elucidating the habitat of spawning, examining the dispersal of larvae and early juveniles 

throughout the riverine and floodplain environment, identifying the habitats used by larvae, 

the timing (in relation to age) and habitat at settlement, and subsequently a comparison of 

growth and mortality rates within floodplain and active channel habitats.  Chapter 4 provides 

examination of a major link in the conceptual life history model for golden perch by 

describing the role of hydrological connectivity to deliver YOY from their over-wintering 

nursery habitat back into the adult population within main river channels.   

 

Chapter 5 combines the knowledge gained from preceding chapters to identify constraints 

arising from the management of a regulated river upon the life history ecology of golden 

perch.  In Chapter 5, an acute impact of river regulation upon two life history events - the 
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ecology and tactics of reproduction and access to nursery habitats by early juveniles - is 

described and discussed in the context of the life history model.  

 

Chapter 6 provides a general discussion of the findings of this thesis and presents a refined 

life history model for golden perch, based upon information gained in the preceding chapters 

blended with the published literature.  Mitigation measures to ameliorate the acute impacts of 

river regulation upon the life history dynamics of golden perch are discussed in the context of 

this life history model. 
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Chapter 2 Study Areas 
 

2.1 The Murray-Darling Basin 
 

The Murray-Darling Basin (MDB) is defined by the catchment area of the Murray and 

Darling Rivers, which drain 1,061,469 km
2
, or one seventh of the Australian continent 

(Crabb1997: Figure 1.1).  The MDB’s main river by discharge is the Murray, followed by the 

Darling, but these two are among 24 major rivers in the MDB which together comprise more 

than 500 tributaries (Walker and Thoms 1993).  The Murray River rises in the alpine region 

of southern New South Wales (NSW) at an elevation of 2,120 m and flows south-westwards 

for 2,530 km to its confluence with the Southern Ocean (Mackay and Eastburn 1990) (Figure 

2.1).  The Darling River, Australia’s longest at 2,740 km, rises from its headwater tributaries 

which drain the western margins of the Great Dividing Range in south-eastern Queensland 

(QLD) and from tributaries which occupy the interior of south-western QLD and western 

NSW (Thoms et al. 2004) (Figure 2.1).  The Darling River flows from the junction of the 

Barwon and Culgoa Rivers to its confluence with the Murray River at Wentworth NSW, 

which is approximately 830 km (by river) upstream from the Murray’s convergence with the 

Southern Ocean (Walker and Thoms 1993; Crabb 1997) (Figure 2.1).   

 

The longest continuous stretch of river in the MDB is approximately 3,750 km, from the 

source of the Condamine River 100 km west of Brisbane QLD, to the mouth of the Murray 

River 100 km south-east of Adelaide (Figure 2.1: Crabb 1997).  The Murray-Darling is the 

18
th

 longest river system in the world (Walker 1992), although its average annual discharge is 

low (767 m
3
.s

-1
 or 11,250 GL year

-1
) compared to other river systems with comparable 

catchment area (Walker 1992; Crabb 1997).  For example, the Purus (8,400 m
3
.s

-1
) and the 

Maderia-Mamorè (17,000 m
3
 s

-1
) (Amazon Basin) are ranked as the world’s 17

th
 and 19

th
 

longest river systems respectively, however the annual flow of these river systems eclipses 

that of the Murray-Darling by an order of magnitude (Puckridge et al. 1998).   

 

The average annual rainfall for the MDB is 440 mm, with 86% of the catchment area arid-

semiarid where rainfall is low (~240 mm pa) and highly variable (Walker 1992).  Nearly 50% 

of the annual average inflow of the river system is contributed by merely 11% of the 

catchment area; the upland regions of NSW and Victoria for the Murray River,  
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Figure 2.1  Australia’s Murray-Darling Basin.  Source: 

www.wikipedia.org/wiki/File:Murray-catchment-map . 
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 and the monsoon-influenced headwater tributaries for the Darling River (Walker et al. 1995; 

Crabb 1997).  The allogenic nature of inflows and the predominance of arid and semiarid 

conditions suit classification of both the Murray and Darling as dryland rivers (Walker et al. 

1995; Kingsford 2006). 

 

2.2 The Murray River 
 

The Murray River contributes 90% of the average annual discharge to the Murray-Daring 

river system, although its catchment drains less than 25% of the MDB catchment area 

(Maheshwari et al 1995).  Approximately 37% of the Murray River’s discharge originates 

from its alpine and upland headwaters, which accounts for only 1.5% of its catchment area 

and less than 350 km of its 2,500 km course (Walker 1992; Walker et al. 1995).  More than 

65% of the catchment area of the Murray flows though semiarid landscapes, where the 

average annual evaporation of 2,000 mm exceeds the average annual rainfall of 440 mm 

(Walker 1992;  Mackay and Eastburn 1990).  

 

Variability in rainfall and discharge characterise the natural flow regime of the Murray River 

(Walker 1992: Puckridge et al. 1998).  Average annual flow in the Murray for the period 

1894 – 1993 ranged from 1,626 GL in a dry year to 54,168 GL in a wet year, or from 6% - 

491% of the long term average of 10,090 GL (Maheshwari et al 1995).  This variability in the 

Murray’s inter-annual flow is dictated by El- Niño-Southern Oscillation (ENSO) cycles 

(Simpson et al. 1993, Chiew et al. 1998), which in turn affect the amount of rainfall in 

southern Australia and the primary catchment area for the Murray River.  For extensive 

review and thorough description of the natural hydrological regime of the Murray River, see 

Mackay and Eastburn (1990), Maheshwari et al (1995), Walker and Thoms (1993), Walker et 

al. (1995) and Puckridge et al. (1998). 

 

Between 1922 and 1940, a series dams, weirs and barrages were constructed to regulate flow 

in the main channel of the Murray River and its main tributary rivers the Mitta Mitta, 

Goulburn and Murrumbidgee (Walker and Thoms 1993).  River regulation markedly changed 

the character of flows in the Murray River, resulting in reduction of average monthly flows 

by 44% and discharge to the sea by 64% (Maheshwari et al 1995).  Low flows (<500 GL 

month
-1

) were naturally commonplace and were punctuated by minor floods every 1–2 years 



34 

 

and major floods approximately every 20 years (Walker and Thoms 1993).  Since regulation, 

the frequency of low flows, which naturally occurred for 60% of months, has been reduced to 

13%, and small-medium floods have been almost completely eliminated, although large 

floods (>2,000 GL/month) have remained largely unaffected (Walker and Thoms 1993).   

 

Whilst natural flows in the Murray River were highly variable, a distinct seasonal pattern in 

flow magnitude was evident (Walker 1992). In the Murray River upstream near Albury, 

highest flows occurred during winter and spring (October – November), whilst approximately 

1,700 km downstream near the Murray’s junction with the Darling River, highest flows 

occurred during early summer (December – January) and low flow periods predominated 

during late summer and autumn, reflecting the seasonal pattern of rainfall in the wetter 

headwater regions of the major tributaries (Walker and Thoms 1993).  Since construction of 

dams on the major tributary rivers, the seasonality of high flows in the upper regions of the 

Murray (at Albury) has changed markedly, from highest flows in winter/spring (August-

October) to highest flows in summer (December).  At Euston , 1,300 km further downstream, 

flow seasonality remains similar to natural (Figure 2.2) (Maheshwari et al 1995).  This 

altered flow-seasonality reflects the period of highest water demand for irrigated agriculture, 

with flows released from headwater storages on the major tributaries for summer irrigation.   

 

There are 17 fixed crest weirs (Figure 2.3) situated on the main channel of the Murray River 

that were constructed during the 1920s-1930s to regulate water levels for navigation and 

irrigation (Walker and Thoms 1993).  Until recently (2004) each of the 10 weirs downstream 

of the Murray-Darling junction remained as a barrier to fish movement (Barrett 2008).  Fish 

ladders have now been retrofitted to most weirs along the lower Murray River (the river 

downstream of the Murray’s confluence with the Darling River) to mitigate the barrier they 

imposed to migratory fish (Barrett 2008).  Prior to the present study, fish ladders had been 

commissioned on weirs in the study area at Murray River Locks 7-9 to enable the passage of 

a wide range of species and fish sizes.  Importantly, the fish ladder at Murray River Lock 10 

was not commissioned until after the field work for the present study was completed 

(Baumgartner et al. 2008).  For thorough reviews of the effects of river regulation upon the 

hydrological regime of the Murray River, see Walker and Thoms (1993), Walker et al. (1995) 

and Puckridge et al. (1998). 
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Figure 2.2  Average monthly flow (GL Month
-1

) for the upper reaches of the Murray River at 

Albury (top) and the lower Murray River at Euston (bottom), indicating natural (blue line) 

and regulated (red line) high and low flow periods.  Adapted from Crabb (1997).   
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Figure 2.3  The fixed-crest lock and weir 8 on the main channel of the Murray River.  Photo:  

Dr. Lee Baumgartner.    

 

 

 

2.3 The Darling River 
 

The Darling is a dryland river that flows through predominantly arid-semiarid regions; 

landscapes that account for 75% of its catchment area (Crabb 1997).  The Darling has a 

catchment area of approximately 650,000 km
2
, or 60% of the MDB (Thoms and Sheldon 

2000) and an average annual rainfall of 400 mm (Crabb 1997).  Like the Murray River, the 

majority of the Darling’s flow is allogenic, derived from headwater tributaries that originate 

on the wetter western slopes of the Great Dividing Range in southern QLD and northern 

NSW, where average annual rainfall is approximately 1,200 mm, contributing 95% of total 

catchment runoff to the river (Thoms and Sheldon 2000).  In contrast, the tributary rivers the 

Paroo and Warrego have their headwaters in the arid west of NSW, where average annual 

rainfall is approximately 240 mm, and these only contribute significant runoff to the Darling 

River periodically (Thoms and Sheldon 2000) (Figure 2.1).   
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Darling River flows are dominated by subtropical summer monsoon rain and to a lesser 

extent by temperate winter storms, both of which, like rainfall runoff to the Murray River, are 

strongly influenced by ENSO cycles (Thoms and Sheldon 2000).  Highest flows in the 

Darling occur during summer-autumn (December-March) but low flow conditions 

characterise the rivers’ flow regime, with low flows (flows less than 15,000 ML day
-1

) 

occurring for more than 90% of the time (Thoms et al. 2004).  During the period 1885 – 

1960, the Darling River at Wilcannia ceased to flow on 48 occasions, with the longest period 

of zero flow occurring for 348 days (Crabb 1997).  During the longer dry periods, the river 

would have contracted to a series of isolated waterholes, not unlike those described for the 

Cooper Creek by Arthington et al. (2005).  The predominant low flow of the Darling is 

punctuated by small and very large floods, having a return period of 1.1 and 5.1 years, 

respectively (Thoms et al. 2004).  Due to the 0.001% to 911% range in flow magnitude from 

the long-term average annual flow recorded at Wilcannia, the Darling has been recognised as 

among the most hydrologically variable rivers in the world (Puckridge et al. 1998; Thoms 

and Sheldon 2000).   

 

Water resource development has resulted in the construction of twelve dams on the Darling’s 

headwater tributaries that have a combined storage of 4,966 GL, together with 15 main 

channel weirs and more than 1,000 small regulatory structures and levees constructed on 

tributaries, anabranches and billabongs to assist in the supply of water for consumptive uses 

(Thoms and Sheldon 2000).  Whilst there is no dam or large reservoir on the main channel of 

the Darling River proper, there was a 32% increase in the diversion of flows from the upper 

Darling River system and a 187 % increase in diversion in surface flows from the Queensland 

portion of the Darling River catchment for the period 1960-1994, result of agricultural 

expansion in the catchment (Sheldon et al. 2000).  Regulation, combined with abstraction and 

diversion of surface waters, has reduced the frequency of small and large floods in the 

Darling River by up to 70% (Thoms and Sheldon 2000; Thoms et al. 2004), the period of 

zero flows has been reduced and the median discharge in the middle reaches at Wilcannia has 

been reduced by 73% (Thoms and Sheldon 2000).  Water resource development in the 

Darling River catchment has significantly altered the hydrological regime of the river by 

reducing the median annual discharge, dampening summer flood peaks and resulted in the 

timing of flows in the river being more predictable (Thoms and Sheldon 2000). 
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2.4 Ephemeral deflation basin lakes 
 

Ephemeral deflation basin lakes (EDBLs) or ‘floodplain lakes’ are prominent features of the 

larger lowland rivers in the MDB (Figure 2.4).  Notable examples of EDBL type include the 

Willandra Lakes on the ancient Willandra Creek (including Lake Mungo), the Menindee 

Lakes on the Darling River (Figure 2.4) and the Hattah Lakes on the Murray River.  EDBLs 

are distinctive and easily distinguished from other floodplain habitats, mostly due to their 

large size (often > 100 ha), and because they can remain inundated for several years 

following flooding (Seddon and Briggs 1998).  They occur where floodplain development is 

broadest, and are formed by thousands of years of erosive wind and wave action, a process 

known as deflation (Bowler 2003).  Prevailing winds create distinctive dunes around the 

shorelines called lunettes that are formed by the deposition of lakebed material which 

consists of fertile clay and silts, and to a lesser extent, coarser sands (Pressy 1990; Bowler et 

al. 2003).  Small sedimentary cliffs are found on the western (prevailing) side of EDBLs 

truncate the surrounding dune system to give EDBLs an elliptical or kidney shape (Figure 

2.4) (Bowler 2003).   

 

Under natural conditions, EDBLs are subject to rapid inundation from floodwaters but 

experience more protracted drying due to their large size (Gawne and Scholz 2006).  

Complete drying can take up to three years (Scholz and Gawne 2002), and some EDBLs 

would have rarely dried (Kingsford 2000).  The frequency of inundation for EDBLs varies 

considerably (Gawne and Scholz 2006), ranging from almost annually, to one-in-one hundred 

years (Jenkins and Boulton 2003).  The frequency of inundation is not well known for most 

EDBLs, with exception of those that are actively managed for water storage, such as the 

Menindee Lakes on the Darling River and Lake Victoria on the Murray River (Gawne and 

Scholz 2006).  

 

Gawne and Scholz (2006) described a conceptual model of EDBL ecological function, 

defined principally by wet and dry cycles with the ecology of those cycles influenced by the 

degree of river regulation imposed.  Five phases of EDBL wetting and drying cycles, 

beginning with and ending in a dry lake bed were identified by Gawne and Scholz (2006).  

During the first phase, the newly flooded lakebed is characterised by high habitat diversity 
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Figure 2.4  Ephemeral deflation basin lakes or ‘floodplain lakes’ associated with the Darling 

River (at right) near Menindee NSW.  Lake’s Bijiji, (foreground) Balaka (middle) and Malta 

(back) are 3 of a series of 11 floodplain lakes in the Menindee Lakes system.  Photo:  C. 

Sharpe. 

 

 

and complexity result of terrestrial vegetation becoming inundated, which when flooded, 

supports the establishment of a diverse and increasingly abundant microbial consumer 

community (Gawne and Scholz 2006).  Following flooding, a pulse of organic nutrients is 

released from the dry sediments, stimulating rapid phytoplankton production, followed by the 

emergence and proliferation of a range of micro invertebrate grazers (Scholz and Gawne 

2006), principally Cladocera and Copepoda (Jenkins and Boulton 2003).  During the second 

phase, fish that arrived with floodwaters as adults, juveniles or larvae grow rapidly in the 

resource rich lake environment (Gawne and Scholz 2006).  Fish abundance rapidly increase, 

whilst habitat complexity and diversity (inundated dry-bed vegetation) decreases due to 

increasing microbial consumption (Gawne and Scholz 2006).  During the third phase when 

the lake is contracting (drying), the aquatic community becomes increasingly concentrated 

and fish exert significant top-down pressure upon the invertebrate community (Scholz and 

Gawne 2006).  When lake contraction continues to decrease during the fourth phase, avian 
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predation exerts significant pressure upon the fish community resulting in a trophic cascade 

causing invertebrate numbers to increase (Gawne and Scholz 2006).  The Lake finally dries 

completely and becomes an important habitat for a range of terrestrial biota in the fifth phase 

(Gawne and Scholz 2006).  It should be noted that re-connection (re-flooding) to the main 

river channel can, and does occur during any phase of the EDBL model proposed by Gawne 

and Scholz (2006), consistent with the variable and unpredictable nature of flows in those 

dryland rivers where EDBLs occur (Thoms et al. 2004).   

 

2.7 The EDBL Menindee Lakes 
 

The Menindee Lakes are a series of 11 ephemeral deflation basin lakes (EDBLs) connected to 

the Darling River near Menindee NSW (Figure 2.5).  Inundation of each lake occurs when 

Darling River levels are higher than the natural sill levels of the lake inlet creeks (Table 2.1).  

Under pre-regulation conditions, the lakes drain back into the Darling River to the sill level of 

each inlet creek, completing the cycle of inundation outlined earlier (after Gawne and Scholz 

2006).  The time that water remains in each lake following disconnection is dependent upon 

lake depth and surface area (Scholz et al. 2002).  Water level records prior to regulation are 

incomplete; however it is believed that the smaller lakes (Malta, Balaka and Bijiji) filled on 

average once every 2-3 years with the longest period between flood events being 11 years 

(Jenkins and Briggs 1997).  The larger lakes Tandure, Pamamaroo, Menindee and Cawndilla 

filled on average once every 1-2 years with the longest dry period being five years (Table 

2.1). 

 

2.8 Post Regulation Water Regime: The Menindee Lakes 

Scheme 
 

In the 1940s, the Menindee Lakes Scheme was created by regulating the main lakes of the 

Menindee system with flow control structures together with construction of > 200 km of 

levees.  The main flow control structure is the 12 m Menindee main weir (MMW), which 

together with the levees, impounds the Darling River to form Lake Wetherell (Figure 2.5).  

The MMW and levee system impounds the Darling River for approximately 200 km, to 80 

km downstream of Wilcannia (Mike Aarandt, NSW State Water, personal communication). 
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Figure 2.5  The Menindee Lakes (shaded grey) of the Darling River, Australia. Adapted from 

Scholz et al. (2002). 

 

 

At full supply level of the scheme, lakes Tandure, Bijiji, Balaka and Malta are individually 

connected to Lake Wetherell via their natural inlet creeks.  Controlled releases of water from 

Lake Wetherell occur from behind the MMW directly to the Darling River downstream, or to 

Lake Pamamaroo, which is joined in series to lakes Menindee and Cawndilla (Figure 2.5).  

Inlet and outlet structures on these latter lakes allow for control of water levels and releases to 

the Darling River or to the Great Darling Anabranch (Figure 2.5).  Table 2.2 displays the 

physical and storage characteristics of each of the Menindee Lakes.  Figure 2.6 depicts water 

level (metres Australian Height Datum, m AHD) in Lake Wetherell and indicates the period 

of connection and disconnection for each of the Menindee Lakes relative to their respective 

sill heights. 

 

The emphasis of present operations for the Menindee Lakes Scheme is to reduce evaporative 

losses by minimizing the surface area of the lakes (Scholz and Gawne 2004).  To achieve 

this, priority is given to filling the smaller lakes above the MMW (Tandure, Bijiji, Balaka and 
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Malta) whilst any additional flows are directed to the much larger lakes Pamamaroo, 

Menindee and Cawndilla.  The procedures for releasing water from the Menindee Lakes are 

based on the same considerations as the filling procedures, maintaining water levels in the 

smaller lakes in preference to lakes Menindee and Cawndilla (NSW State Water 2009).  With 

average annual evaporation rates exceeding 2 m, evaporative losses from the Menindee Lakes 

are substantial (735.8 GL
-1

: Scholz et al. 2002).  Potential monthly evaporation rates range 

from 18.8 GL in July to 100.7 GL in January (Scholz and Gawne 2004).  From 1990 – 1996, 

approximately 45% of stored capacity within the Menindee Lakes was lost due to evaporation 

(Scholz and Gawne 2004).   

 

The impact of regulation on the frequency and duration of complete drying events for each of 

the Menindee Lakes was analysed by Bewsher Consulting (2000), who compared modelled 

‘natural’ and ‘regulated’ inundation scenarios for each of the Menindee lakes between 1900-

1991.  Analysis of pre-and post-regulation wet and dry periods and frequencies indicated that 

as a consequence of regulation, each Lake is now wetter for longer, and that when complete 

lake drying events occur they are generally shorter in duration (Scholz and Gawne 2004) 

(Table 2.1). 

 

Despite the increased duration of lake inundation, large water level fluctuations (littoral 

drying and re-wetting) are still common and drying cycles have not been entirely lost (Scholz 

and Gawne 2004).  Since 1968, when the Menindee Scheme was completed, Lake Malta, 

Menindee and Cawndilla have dried five times, Lake Balaka four times, Lake Bijiji three 

times and Lake Pamamaroo once (Scholz et al. 2002).  Summary statistics for the period of 

inundation, period between dry events and the duration of dry period for each of the 

Menindee Lakes are given in Table 2.2.   
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Table 2.1  Frequency and duration of complete lake drying events experienced by each of the 

Menindee lakes under ‘natural’ and ‘regulated’ Darling River flow scenarios. Values shown 

as mean ± se. na not available. perm = permanently inundated. Source: Scholz and Gawne. 

(2004).  

 

Lake 

Period of inundation 

(years) 

Period between dry 

events (years) 

Period of dryness 

(years) 

Natural Regulated Natural Regulated Natural Regulated 

Malta 3.6±0.6 na 4.5±0.6 8.6 1.0±0.2 na 

Balaka 0.9±0.1 na 1.7±0.1 10.7 0.8±0.1 na 

Bijiji 1.8±0.2 na 3.0±0.2 14.3 1.2±0.2 na 

Tandure 5.2±1.7 perm 21.9±5.9 
 

perm 
15.8±6.4 perm 

Pamamaroo 4.4±1.2 perm 6.5±1.3 perm 1.9±0.4 0.3±0.3 

Menindee 0.8±0.1 4.3±0.1 1.6±0.1 5.1±0.9  0.7±0.1 0.9±0.1 

Cawndilla 4.0±1.0 11.4±2.8 5.4±1.1 10.6±2.8  1.2±0.2 0.5±0.1 

 

 

 

Table 2.2  Frequency of inflows to each of the Menindee Lakes prior to regulation. nd = not 

determined. Source: Scholz and Gawne (2004). 

 

Lake 

% of months 

inflow 

occurred 

Expected 

frequency of 

inflows 

(years)
 

Time required 

to dry 

(months) 

Max 

duration of 

no inflow 

(years)
 

Malta 16 2 10 7 

Balaka 17 2 14 7 

Bijiji 15 2 16 7 

Tandure 32 1 nd 3 

Pamamaroo 33 1 nd 3 

Menindee 29 1 24-36 3 

Cawndilla 29 1 >36 3 
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Figure 2.6 Water level (metres Australian Height Datum, m AHD) for Lake Wetherell with 

the period of connection and disconnection for associated floodplain lakes, relative to their 

respective sill hights, indicated by dashed lines.  Source of data;  NSW State Water 

 

 

2.4 The Role of the Menindee main weir on the Darling River 
 

Since its commission in 1963, the 12 m Menindee main weir (MMW) (Figure 2.7) has 

impounded the Darling River.  Depending upon the magnitude of inflows, which can be zero 

for extended periods, this influence backs up and diverts river flows into the regulated 

Menindee Lakes or onto the levied floodplain adjacent to the main river channel (Lake 

Wetherell).  Impounded water is stored and transferred further downstream for consumptive 

uses such as irrigation along the lower Darling River, and/or further downstream into the 

Murray River system to provide flow to South Australia, dependent upon availability and 

consumptive demand for water.   

 

The MMW has effectively divided the Darling River into two distinct zones, which are 

exposed to contrasting hydraulic scenarios resulting from regulation and storage 

management, apart from during large floods when the weir gates are lifted.  During the 
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present study (January 2004-July 2006), three small flood pulses (10,000-18,000 ML day
-1

) 

occurred in the Darling River upstream of the MMW, but these were diverted into the 

Menindee Lakes by the MMW and apart from one small flow pulse, were not permitted to 

transpire further downstream (Figure 2.8).  During those floods upstream of the MMW, 

releases to the Darling River downstream were contained at 70-700 ML day
-1

, apart from a 

brief pulse of which peaked at 6,300 ML day
-1

, which was released for less than 40 days 

duration, during March 2004 (Figure 2.8).  This example typifies the role of the MMW, 

whereby contrasting hydrological regimes are imposed upon the Darling River upstream as 

compared to downstream result of flow and flood capture for water storage in the Menindee 

Lakes Scheme.  The Darling River downstream of the MMW maintains the natural incised 

channel and terraced floodplain morphology typical of the Darling River (c.f. Sheldon and 

Thoms 2006) (Figure 2.9).  However, the flow regime in the river downstream of Menindee 

is highly regulated, dictated by controlled releases from the MMW.  Regulatory control is 

such that flows into the Darling River downstream of the MMW are initiated, modified or 

terminated instantaneously via the MMW structure or the outlet regulator on Lake 

Pamamaroo and flooding is generally avoided. 

 

2.8 The EDBL Lake Victoria 
 

Lake Victoria is a shallow (average depth 4 metres at full supply level), natural, ephemeral 

deflation basin lake (EDBL) similar in size to the larger of the Menindee Lakes (Figure 2.10).  

Lake Victoria is situated on the lower Murray River, downstream from the confluence of the 

Murray and Darling rivers, approximately 500 km downstream from Menindee, 1,700 km 

downstream from the Hume Dam on the Murray River, and 800 km upstream from the 

confluence of the Murray River and the Southern Ocean (Mackay and Eastburn 1990) (Figure 

2.1).  Lake Victoria is elliptical in shape, 4 km long and 10 km wide, with its long axis 

oriented northwest-southeast (Figure 2.10).  Like the Menindee Lakes, its eastern shore is 

defined by a fluvial dune system or ‘lunette’.  Historically, Lake Victoria filled both during 

small floods via the 26 km, braided Frenchmans Creek, and during large floods by overland 

flow across a floodplain delta from the Murray River (Connell and Close 1996; Hope 2000) 

(Figure 2.10).  Over the past 2,000 years, Lake Victoria would have received inflows 1 in 3 

years except during extreme ‘1-in-100 year’ droughts (Connell and Close 1996; Hope 2000).   
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A B
 

Figure 2.7  (A) Aerial view of the Darling River and the Menindee main weir (MMW), 

indicated by red arrow.  The Darling River flows from the top to the bottom of the plate.  At 

full supply level, the Menindee main weir and associated levee network (adjacent to the weir) 

creates the artificial Lake Wetherell, which inundates the floodplain upstream of the main 

weir (dry in photograph).  (B) The 12 m MMW.  Photos: (A) Google (2009) (B) C. Sharpe. 
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Figure 2.8  Depiction of the contrasting discharge (ML day
-1

) upstream of the Menindee 

Main Weir (MMW) at Wilcannia: (dashed black line) and downstream of the MMW at weir 

32 (red line) throughout the study period (January 2004-July 2006).  Source of data: NSW 

State Water.  

 

 

 

 

 Figure 2.9  The Darling River downstream of the Menindee main weir.  Photo: C. Sharpe.  
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The climate at Lake Victoria is Mediterranean, with hot, dry summers and cooler, wetter 

winters (Connell and Close 1996).  The 1927-2005 average minimum and maximum 

temperatures are 10.8 
o
C and 23.7 

o
C respectively (Australian Bureau of Meteorology 

unpublished data), but temperatures can range from -4 
o
C in winter to 49 

o
C in summer 

(Australian Bureau of Meteorology unpublished data).  Mean annual rainfall is 258 mm with 

the highest mean monthly rainfall of 27.3 mm occurring during October.  The average annual 

evaporation rate is 2,100 mm (Australian Bureau of Meteorology unpublished data).  During 

summer, evaporation can be 10 times greater than the mean monthly rainfall, while during 

winter, rainfall and evaporation rates are similar (Australian Bureau of Meteorology 

unpublished data).  Due to the low rainfall and flat topography of the surrounding area, local 

runoff to Lake Victoria is negligible.  

 

 

 

Figure 2.10  The ephemeral deflation basin lake (EDBL) Lake Victoria, showing the Murray 

River and natural delta in the foreground.  Source: Murray-Darling Basin Authority. 
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2.9 Regulated operations of Lake Victoria 
 

Lake Victoria has been operated as water storage since initial regulation works were 

completed in 1928 (Hope 2000).  The Lake has a storage capacity of 680 GL and its position 

downstream of all tributary inflows to the Murray River means that its catchment is 

effectively all of the MDB (Walker and Thoms 1993).  The sheer size of the catchment area 

that can contribute water to Lake Victoria means that it has very secure inflow, even during 

severe droughts (Walker and Thoms 1993).  Inflows can occur at any time, such is the nature 

of regulation within the Murray-Darling river system, although peak inflows to Lake Victoria 

typically occur June-August and October-December (MDBC 2007).  Unlike natural 

conditions, Lake Victoria now reaches 27 mAHD in most years due to extensive regulation 

works which enable the capture, storage and re-regulation of Murray River flows.  An under-

shot sluice-gate regulator on Frenchmans Creek controls inflows and keeps water in the Lake, 

and together with an extensive (> 100 km) levee system along Frenchmans Creek, prevents 

large uncontrolled Murray River floods from flowing into the lake across the floodplain delta 

(Figure 2.10) (Hope 2000).  An outlet flow control regulator on the Rufus River on the south 

western shore of the Lake enables the release of water from Lake Victoria back into the 

Murray River, downstream of Murray River Lock 7.  Lake Victoria is regulated such that 

Murray River flows can be captured and released at controlled magnitudes in line with 

management of the River Murray system. 

 

 

2.10 Fish assemblages within the study region 
 

Forty six species of fish from twelve families are native to the MDB while eleven exotic 

species have been introduced (Lintermans 2007).  Twenty-two native taxa (21 species and 

one species complex of up to four tentative species of Hypseleotris) are considered to have 

existed naturally in the lower Murray-Darling study area (see Lintermans 2007).  However, 

one of those species, the congolli, Pseudaphritis urvillii, is catadromous, and would rarely 

have migrated upstream from the Murray River estuary into the study region (Lintermans 

2007).  The study region approaches the southern range limit of Hyrtl’s tandan Neosilurus 

hyrtlii, which is an uncommon vagrant from further upstream in the Darling River.  Of the 20 

native taxa expected to regularly exist within the study area, four species - trout cod 
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Maccullochella macquariensis, Macquarie perch Macquaria australasica, flat-headed 

gudgeon Philypnodon grandiceps and dwarf flat-headed gudgeon Philypnodon macrostomus 

are presently only known from the Murray River (Gilligan 2005).  Spangled perch 

Leiopotherapon unicolor is only regularly captured in the Darling River, including the 

Menindee Lakes, and would be considered a vagrant in Lake Victoria and the lower Murray 

River.  Therefore, 19 fish species are expected to occur in the lower Murray River, and 16 

species are expected in the Darling River components of the study area (Table 2.3). 

 

A total of 9 of the 20 (45%) native freshwater fish species naturally occurring within the 

study area are listed under state or federal threatened fauna legislation.  There have been no 

reports of the native southern pygmy perch (Nannoperca australis), flat-headed galaxias 

(Galaxias rostratus), olive perchlet (Ambassis agassizii), southern purple spotted gudgeon 

(Mogurnda adspersa), trout cod (Maccullochella macquariensis) and Macquarie perch 

(Macquaria australasica) in the study region for several decades (Table 2.3).  A number of 

exotic species have also not been recently recorded, including brown trout (Salmo trutta) and 

tench (Tinca tinca) (Table 2.3).  All of these species could potentially be locally extinct in 

study area and are considered unlikely to be encountered during this study.  Omitting the 

vagrant and potentially locally extinct species, the current fish fauna of the study region 

might typically consists of 12 native and 4 non-native fish species (Table 2.3).   
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Table 2.3  Native and exotic fish species previously recorded in the lower Murray-Darling 

study region.  An asterix indicates species likely to be encountered within the study area. � = 

Threatened under State, Territory and National listings. Data Source:Lintermans (2007), 

Gilligan (2005).  

 

Native 
Family Species Common name 

  �Bovichtidae Pseudaphritis urvillii (Valenciennes 1831) Congolli 

*�Clupeidae Nematalosa erebi (Gȕnther 1868) Bony herring 

*   Eleotridae Hypseleotris spp. Carp-gudgeon species complex 

*�Eleotridae Philypnodon macrostomus Dwarf flat-headed gudgeon 

*Eleotridae Philypnodon grandiceps (Krefft 1864) Flat-headed gudgeon 

  �Eleotridae Mogurnda adspersa (Castelnau 1878) Southern purple-spotted gudgeon 

  �Galaxiidae Galaxias rostratus (Klunzinger 1872) Flat-headed galaxias 

*�Melanotaeniidae Craterocephalus stercusmuscarum fulvus 

(Ivantsoff, Crowley and Allen 1987) 

Un-specked hardyhead 

*�Melanotaeniidae Melanotaenia fluviatilis (Castelnau 1878) Murray-Darling rainbowfish 

  �Mordaciidae Mordacia mordax (Richardson 1846) Short-headed lamprey 

  �Nannopercidae Nannoperca australis (Gȕnther 1861) Southern pygmy perch 

*�Percichthyidae Macquaria ambigua (Richardson 1845) Golden perch 

  �Percichthyidae Macquaria australasica (Cuvier 1830) Macquarie perch 

*�Percichthyidae Maccullochella peelii (Mitchell 1838) Murray cod 

  �Percichthyidae Maccullochella macquariensis (Cuvier 1829) Trout cod 

*�Plotosidae Tandanus tandanus (Mitchell 1838) Freshwater catfish 

     Plotosidae Neosilurus hyrtlii (Steindachner 1867) Hyrtl's tandan 

*   Retropinnidae Retropinna semoni (Gȕnther 1867) Australian smelt 

*�Terapontidae Bidyanus bidyanus (Mitchell 1838) Silver perch 

*   Terapontidae Leiopotherapon unicolour (Gȕnther 1859) Spangled perch 

Exotic species 

*Cyprinidae Cyprinus carpio (Linnaeus 1758) Common carp 

*Cyprinidae Carassius auratus (Linnaeus 1758) Goldfish 

 Cyprinidae Tinca tinca (Linnaeus 1758) Tench 

*Percidae Perca fluviatilis (Linnaeus 1758) Redfin perch 

*Poeciliidae Gambusia holbrooki (Girard 1859) Eastern gambusia 

 Salmonidae Salmo trutta (Linnaeus 1758) Brown trout 
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Chapter 3 Spatio-temporal patterns and the influence 

of flow event sequences upon golden perch reproduction in 

the Darling River. 
 

3.1 Introduction 
 

The majority of long lived fish species exhibit an annual pattern of reproductive development 

(Breder and Rosen 1966; Wootton 1998), although some species, such as the sturgeons 

(Acipenser spp. Acipenseridae) reproduce at 4-9 year intervals (Peterson et al. 2007) while 

others, such as Pacific salmon (Oncorhynchus spp. Salmonidae) may reproduce only once in 

their lifetime (Quinn 2005).  For many fish species the reproductive period is extended 

throughout the year but there are generally regularly recurring periods of intense breeding 

activity (Wootton 1998; Matthews 1998).  For other species, especially those occupying 

equatorial regions, a predictable and restricted spawning period predominates (Welcomme 

1985). For species inhabiting environments that exhibit pronounced seasonal climatic 

variability, the breeding period is usually confined to a brief, specific time of the year 

(Matthews 1998).   

 

For each species or population with a particular suite of life history traits and occupying a 

particular reproductive niche, the timing of annual reproduction has presumably evolved to 

ensure that progeny hatch and commence feeding during the period most conductive to their 

survival (Cushing 1990). Inherent in this generalisation is the relationship between 

endogenous and exogenous factors whereby the timing of reproduction is a consideration of 

many environmental circumstances.  Although in the higher latitudes the spawning period in 

seasonal breeders is relatively brief, varying from a few days in some salmonoid species 

(Quinn 2005) to several months for others (King et al. 2003), the annual cycle of 

gametogenesis is generally much more prolonged.  For the highly fecund large-bodied 

species, gametogenesis generally starts well in advance of the breeding season, often at a time 

when environmental conditions are inappropriate for survival of their young (Tyler and 

Sumpter 1996).  Although ambient conditions of temperature, light, nutrients and thus food 

availability are ultimate factors in the survival of the young, the initiation of gonad 
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development must anticipate the season suitable for spawning and survival of offspring many 

months in advance (Tyler and Sumpter 1996).      

 

In large floodplain rivers, the timing, rate, duration and magnitude of increasing and 

decreasing flows have been implicated in stimulating the reproduction of a wide range of 

species (Fausch and Bestgen 1997; Matthews 1998; Robinson et al. 1998; Koel and Sparks 

2002; Lytle and Poff 2004).  Whilst many freshwater fishes show no facultative spawning 

association with flow and other environmental variables known to act as stimuli (e.g. lunar 

phase, Takemura et al. 2010; or photoperiod, Koehn and Harrington 2005), there are 

numerous examples where species have evolved specific reproductive responses in relation to 

particular features of the hydrograph.  In tropical rivers, the flood regime is principal in 

defining seasonality, and is the primary factor influencing biological processes among many 

fishes (Welcomme 1985; Agosthino et al. 2004).  The flood pulse is also recognised as 

important to the spawning of many fishes from temperate rivers.  The freshwater drum 

Aplodinotus grunniens and the shortheaded redhorse Moxostoma macrolepidotum spawn on 

the predictable first rise of the hydrograph following snowmelt in the headwaters of the 

Mississippi River, although their peak spawning effort is concentrated at the later and more 

unpredictable peak in annual discharge associated with seasonal rains (Bednarski et al. 2008).   

 

It has long been considered that rising water levels and flooding stimulate the breeding of fish 

from Australia’s Murray-Darling Basin (MDB) (Langtry 1960 in Cadwallader 1977; Lake 

1967a; Mackay 1973; Battaglene 1991; Gehrke et al. 1995; Humphries 1999, 2005; Mallen-

Cooper and Stuart 2003; King et al. 2003, 2005; 2009).  Several species have been 

considered flood dependent spawners (Harris and Gehrke 1994), however, most fish species 

native to the MDB have been shown to spawn independently of any detectable flood cue 

(Puckridge and Walker 1990; Humphries et al. 1999; Humphries and Lake 2000; Balcombe 

et al. 2006; King et al 2003, 2009,).  Unlike tropical river systems, the probability of floods 

occurring in the arid and semi-arid rivers of the MDB is extremely low, and low flow 

conditions dominate the hydrological regime (Puckridge et al. 1998; Thoms and Sheldon 

2000).  As such, bet-hedging theory (Murphy 1968) suggests that adaption of flexible 

reproductive strategies would enable fish populations to persist during prolonged periods of 

drought or low flow conditions and recruitment opportunities are maximised by 

synchronising reproduction with favourable conditions, such as those proposed to occur 
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during floods (Harris and Gehrke 1994; Schiller and Harris 2001; King et al. 2003; Pusey et 

al. 2004). 

 

Confirmation of the timing of golden perch spawning in the MDB remains limited to a 

handful of studies.  Mackay (1973) and Battaglene (1991) reported that during years when 

flooding did not occur, golden perch failed to spawn, but when overbank flooding occurred, 

spawning was timed to coincide with rising water levels associated with the flood pulse.  

Gilligan and Schiller (2003) concluded that golden perch may, in contrast, spawn in absence 

of any rise in water level; however their observation of spawning occurred during a period of 

elevated stream flow that coincided with rising water temperatures in the Murray River; 

coincidence that, as discussed earlier (Chapter 1), has long been considered critical for golden 

perch reproduction (Lake 1967a).  Balcombe et al. (2006) related the occurrence of small 

juvenile golden perch in isolated water holes of the Warrego River (northern MDB) to 

antecedent flow conditions and suggested that spawning had occurred in the absence of 

flooding, like Ebner et al. (2009), who reported that golden perch in the Menindee region of 

the Darling River spawned both in conjunction with increasing water levels, and in the 

absence of any detectible increase in discharge.  Thus, observations of golden perch 

reproduction, whilst overall depicting spawning across a wide range of hydrological 

conditions, differ for almost each published study.  As successful spawning is prerequisite to 

subsequent recruitment strength and population viability, a better understanding of the 

relationship between the flow regime and its role in stimulating spawning for golden perch is 

needed, particularly in light of the management of regulated rivers.     

 

The spatial and temporal pattern of golden perch reproduction in the Darling River has not 

been directly examined.  The only information related to the occurrence of spawning in the 

Darling is derived from the collection of early juveniles by Ebner et al. (2009), who could not 

discern the habitat and therefore the acute hydrological circumstances when spawning 

occurred.  Do golden perch in the Darling River exhibit a flexible spawning strategy, as was 

proposed by Ebner et al. (2009) and has been observed in other dryland rivers (Balcombe et 

al. 2006)?  Alternatively, does spawning occur only in response to the flood pulse, as was 

considered to occur in the nearby Lachlan River by Mackay (1973) or the mid-Murray River 

near Barmah (King et al. 2009)?  The answers to these opposing questions would provide a 
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different basis from which provision of flow in the Darling River could be managed in order 

to sustain golden perch populations there.  Moreover, examining these questions may have 

direct implications for management of river flows in highly regulated rivers throughout the 

natural range of golden perch.   

 

The design and operation of the 12 m main channel weir on the Darling River at Menindee 

(Figure 2.6) provides an opportunity to examine the acute influence of flow upon the 

reproductive ecology of golden perch, whereby flow and flood pulses can be applied on one 

side of the weir while low or zero flows are applied, at the same time, on the other.  

Importantly, these contrasting flow conditions can be, and are, applied to the Darling River 

both upstream and downstream of the Menindee main weir.  Thus the influence of a range of 

hydrological conditions upon the reproductive period and spawning events for golden perch 

can be examined by studying the range of hydrological conditions experienced in the Darling 

River at a confined temporal scale.  The present chapter aimed to test the following null 

hypothesis within the Darling River: 

 

Ho Golden perch in the Darling River spawn across the range of hydrological and temperature 

conditions experienced. Spawning is not synchronised with flow pulses that coincide with 

elevated water temperatures. 

In order to test this null hypothesis, this study has the following aims:  

• Establish temporal and spatial patterns of golden perch reproductive development to 

determine potential breeding patterns in the Darling River; 

• Observe if an increase in discharge (the flow pulse) is a spawning cue for golden 

perch by examining evidence for reproduction during no flow, low flow and serial 

flow pulse events; and 

• Determine if the magnitude of discharge or the timing (season) of the flow pulse, or 

the rate of increase or decrease in discharge and water level, influence the initiation 

and intensity of golden perch spawning in the Darling River.   
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To achieve these aims, this chapter is presented in three sections: (i) temporal patterns of 

reproductive development; (ii) spatial patterns of reproductive development, and (iii) flow 

pulse monitoring for evidence of spawning.  When considered collectively, these three 

studies may enhance present understanding of the reproductive ecology of golden perch in 

the Darling River. 

 

 

3.2 Materials and Methods 
 

To examine the influence of increasing, decreasing, low and zero flow period upon golden 

perch ovarian development and as a stimulus for spawning, adult reproductive indices and the 

occurrences and age (thus spawning date) of golden perch eggs, larvae and early juveniles 

were examined over two years across a large spatial gradient in the Darling River.  This 

spatial gradient extended from between two and five kilometres downstream of the Menindee 

Main Weir (MMW) (Site 5) and between two and two hundred and fifty kilometres upstream 

of the MMW (Sites 1-4) (Figure 3.1).  A general description of the Menindee study area is 

provided in Chapter 2.  The following descriptions of methods are generic to the three 

subsequent sections of this chapter: (i) temporal patterns of reproductive development; (ii) 

spatial patterns of reproductive development, and (iii) flow pulse monitoring for evidence of 

spawning. 

 

 

3.2.1 Hydrology and water temperature 
 

Hydrological and water temperature data were provided by the NSW Department of Natural 

Resources (DNR) data request service.  NSW DNR gauging stations were situated upstream 

of the MMW at Wilcannia (station number 425008) and Lake Wetherell (station number 

425020) and downstream of the MMW at Weir 32 (station number 425012) (Figure 3.2).  

Discharge (ML day
-1

) and water temperature (
o
C) were only collected from Wilcannia and 

Weir 32, whilst water level (Australian height datum [AHD] in metres) was collected only at 

Lake Wetherell.  Discharge, water level and water temperature were logged every 4 hrs and 

averaged for each day from respective data stations throughout the study period. 
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3.2.2 Fish collection and processing  

Adult golden perch 
 

Adult golden perch were collected using panel nets and large fyke nets.  Deployment of either 

net type was dependent upon flow conditions at the time of sampling; panel nets were only 

effective during low-medium flows as their efficiency was reduced with increasing water 

velocity, and large fyke nets were only effective during higher flow periods, as their 

efficiency increases with increasing velocity.  Panel nets were made from multi-filament 

nylon with a knot-knot stretched mesh size of 12-20.5 cm, a 12 mesh drop, floatless headline 

and weighted bottom-line and were 15m in length.  On those sampling occasions when panel 

nets were deployed, 8 nets were set perpendicular to the bank across the main river channel at 

each study site (Figure 3.1).  Panel nets were cleared at 30 minute intervals until a target of 

15 individual golden perch >390 mm total length were captured (which is the minimum size 

at maturity for females, Mallen-Cooper and Stuart 2003) at each site per sampling event.  

Fish between 300 and 390 mm total length were also collected (which is inclusive of the 

minimum size at maturity for males, Mallen-Cooper and Stuart 2003).  Large fyke nets had a 

single mesh wing (1 m height x 5 m width) attached to the first supporting hoop (0.85 m 

diameter), with two funnels that directed fish into a cod-end.  Large fyke nets were 

constructed of cord with 4.5 cm knot-knot stretched-mesh size.  On those occasions that they 

were deployed, three fyke nets were pegged to the bottom of the river, parallel to the bank in 

main channel habitats, at each study site.  A float in the codend was used to prevent drowning 

of air breathers.  Fyke nets were set late in the afternoon and cleared the following morning.  

On several sampling occasions, golden perch were not readily encountered at particular sites 

from either net type, so the target sample size could not always be met.  Following euthanasia 

in iced slurry, all fish samples (maximum 15 per site per sampling event) were kept on ice for 

transport to the laboratory.  For each fish in the sample, total and standard length (± 1.0 mm), 

weight of gonads, total weight and weight of stomach contents (± 1.0 g) were determined and 

the sagittal otoliths removed.   
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Reproductive indices 
 

Females were classified into one of four stages of ovarian development based macroscopic 

inspection of the gonads following Battaglene (1991) and Pusey et al. (2004) (Table 3.1).  

The weights of ovaries were used to calculate a gonadosomatic index: 

GSI= [Wg/(Wf-WS)]*100% 

where Wg = gonad weight, Wf = gonad-free fish weight and WS = weight of the stomach 

contents.  Ovaries were then preserved whole in 4% buffered formalin solution for at least 

fourteen days before 5 mm sections were cut from six regions of the ovary, placed into coded 

histology cassettes and preserved in fresh 4% buffered formalin solution for 7 days, before 

being transferred to 70% ethanol for storage. 

 

For each site and sampling time, five individual ovarian samples (individual females) were 

randomly sub-sampled from each available macroscopic maturity stage for histological 

analysis.  There were instances when fewer than five females from each macroscopic 

maturity stage were available from particular sampling dates.  On those occasions, all 

available females (i.e. < 5 females) from depauperate macroscopic stages were prepared for 

histological examination.  Ovarian sections were embedded in paraffin wax and serial 6 µm 

sections were cut with a microtone, stained with Harris’ haematoxylin and eosin and mounted 

on glass microscope slides.  After sectioning and staining, the stage of oöcyte development 

for each female was examined at X100-200 magnification to determine the most advanced 

oöcyte stage present from the following groups: un-yoked, early yoked, mid yolk, yolk mass, 

hydrated, post ovulatory follicle (POF) and atretic oöcytes, following West (1990), Tyler and 

Sumpter (1996) and Durham and Wild (2008).  The size (diameter to the nearest 0.01 mm) of 

100 randomly selected oöcytes for each female was measured with a calibrated ocular 

micrometre.   

 

As a preliminary examination, each cross-section taken from six different regions of each 

ovary was examined for 12 individual females aligned to three macroscopic maturity stages 

(Stage IV-VI), to differentiate if oöcyte maturation stage differed in relation to position in the 

ovary.  No difference was found in relation to ovary position.  Based on this finding, samples 

from the middle region of the left ovary were used for the remainder of histological 

examinations.    



59 

 

 

Table 3.1  Macroscopic maturity stages for female golden perch gonads after Battaglene 

(1991). 

 

Stage Description 

I  Immature 

virgin 

Ovaries thin, threadlike, pale pink / translucent.  

II Developing 

virgin 

Ovaries rounded, pale pink.  Oöcytes translucent, small, barely discernible. 

III Developing Ovaries thicker, rounded, and opaque.  Oöcytes small, pale yellow and visible. 

IV Maturing Ovaries enlarged, yellow, thick ovarian wall.  Oöcytes 1mm, yellow 

V  Mature 
Ovaries almost fill body cavity.  Ovaries yellow, thin ovarian wall.  Abdomen 

distended, vent swollen and red.  Oöcytes >1mm, amber.  

VI Running 

ripe 

Ovaries fill most of body cavity, golden yellow.  Oöcytes easily extruded by light 

abdominal pressure. 

VIIa Spent 
Ovaries rounded, misshapen, thin walled and flaccid.  Large translucent oöcytes 

visible, intra-ovarian cavities present. 

VIIb  

Resorbing 

Ovaries flaccid, heavy vascularisation throughout.  Dark purple colour.  Texture 

loose, lumpy and watery.     

 

 

Otoliths – adults 
 

For each fish examined for reproductive indices, the left otolith was used for age 

determination, consistent with other age studies on this species (Anderson et al. 1992; 

Mallen-Cooper and Stuart 2003).  Otoliths were embedded in clear polyester resin in 8 mm 

thick blocks after their nuclei had been aligned over a fine groove cut into the base of the 

mould.  Using a Gemmasta
®

 lapidary saw with a diamond impregnated blade, several 

sections (0.5 mm) were cut on either side of the nucleus.  Sections selected for interpretation 

were those cut closest to the nucleus.  Selected sections were mounted on microscope slides 

under cover slips using polyester resin. 

 

Otoliths were read using transmitted light under compound microscope at X50 magnification.  

Each otolith was examined for the number of opaque (dark) bands, which were used to 
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estimate age in years.  All otoliths were examined without reference to fish size or locality or 

date of collection.  To resolve the complex finer detail visible on the otolith sections and to 

define a consistent reading method, known-age, independently read golden perch otolith 

sections were viewed by the author at the Central Ageing Facility, Primary Industries 

Research Victoria, Queenscliff, Australia.   

 

 

Free eggs, larvae and post-larvae 
 

At each site and sampling time, larval drift nets and or larval trawls were used in main river 

channel habitats to specifically target golden perch eggs and larvae and post larvae (early 

juveniles), to provide an indication of spawning date, spawning duration and the frequency of 

spawning throughout the study period.  When low or zero flows were experienced in the 

river, drift nets were not effective and only larval trawls were used.  Drift nets were 1.5 m 

long with an opening of 0.5 m in diameter and were constructed of 500 µm mesh that tapered 

into a removable reducing jar.  Three drift nets were set at each site late in the afternoon and 

collected the following morning.  Drift nets were suspended from snags so as to sample the 

top 0.5 m of the water column.  Apart from a rigid handle, larval trawl nets were identical to 

drift nets.  Larval trawls were conducted at night from a boat by trawling the larval net 

through the top 0.5 m of the water column.  On each sampling occasion, 3 x 5 minute larval 

trawls were conducted at each site.  The contents of each larval drift or larval trawl net were 

preserved in 70% ethanol and returned to the laboratory.   

 

As for adult samples, specific study sites and deployment details for the specific gear types 

used for larval sampling are described for each of the three sections of the present chapter, 

below. In the laboratory, each golden perch was categorised according to its ontogenetic 

stage following Serafini and Humphries (2004) and the sagittal otoliths from 50 randomly 

selected larvae from each study site were removed under a dissecting microscope.  Otoliths 

were immediately soaked in water for 7 days to dilute any residual ethanol and to limit 

cracking, and were air dried and stored in 5 ml sterile plastic vials.   
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Otoliths – larvae 
 

For each larva, a transverse section of one sagittal otolith was prepared using a bidirectional 

glue and polish method (Campana and Jones 1992).  Sagitta were embedded in Crystal 

Bond
TM

 onto the edge of a glass microscope slide and then ground from the anterior to the 

posterior end towards the core using 1200-grit wet and dry paper fixed to a variable speed 

potter’s wheel.  The polished surface was then flipped onto the flat surface of the microscope 

slide, glued and the grinding and polishing was performed on the posterior end down to 

approximately 75 µm thickness.  The ground otolith was then polished with 3 µm imperial 

lapping film and 1 µm diamond paste.  Prior to examination, a drop of Crystalbond
TM

 or 

immersion oil was applied to each section to enhance resolution of otolith growth increments 

by clearing residual surface scratches. 

 

For each prepared otolith, increments were counted from the primordium (nucleus) to the 

outside edge along a radial transect at 400-1000 X magnification.  The mean of two readings 

from each otolith was considered to represent the age in days for each individual fish,  

following Campana (2001).  Error between age estimates was established by calculating an 

index of average percent error following Beamish and Fournier (1987).  Greater than 5% 

variation in average percent error is considered to confound daily age estimates, however, 

variation in estimated daily age in the current study was moderate at 2.7%.  For each fish, a 

correction factor of ±4 days was applied to determine the date of spawning following Brown 

and Wooden (2007), who demonstrated variation of up to 10 days (mean of ±4 days) in the 

timing of first daily increment deposition among larval golden perch of known age.   

 

 

3.2.3 (i) Temporal patterns of reproductive development in the 

Darling River 
 

To establish temporal patterns in the reproductive development of female golden perch in the 

Darling River, reproductive indices (GSI, oöcyte maturity classification and oöcyte size-

frequency) of females were collected from two 5 km reaches of the Darling River using panel 
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nets: (i) immediately upstream and (ii) immediately downstream of the Menindee main weir 

MMW (Figure 3.1; [Sites 4 and 5], Table 4.1).  Sampling occurred approximately every thirty 

days across a 12 month period (August 2005 – July 2006).  For the purposes of this study, 

golden perch populations upstream and downstream of the MMW were assumed unable to 

mix during the sampling period because of the nature of regulatory releases from the MMW 

(water transfer from upstream to downstream via an underground gated pipe) and the barrier 

to upstream movement imposed by the MMW (Figure 3.2).  Temporal patterns in GSI and 

microscopic oöcyte development, together with the period of time (months) that golden perch 

females possessed yolk-mass or hydrated oöcytes or post ovulatory follicles, were used as 

indicators to define the spawning period for golden perch in the Darling River. 

 

 

3.2.4 (ii) Spatial patterns of golden perch reproductive 

development in the Darling River 
 

Early observations of considerable differences in reproductive status between the upstream 

and downstream MMW golden perch populations were explored by examining spatial 

heterogeneity in population structure (age and size structure) and reproductive indices 

(oöcyte maturity stage, oöcyte size frequency and GSI) for the upstream MMW population 

only, along a spatial gradient, on four sampling occasions every three months between 

November 2005 and July 2006 (24-28
 
November 2005; 30 January-2 February 2006; 17-20

 

April 2006 and 20-23 July 2006).  Sampling sites were situated in the main channel of the 

Darling River and were located approximately 60 km apart, between the MMW and the 

Wilcannia Weir; a distance of approximately 250 river kilometres (Figure 3.1, sites 1-4).  At 

each site, adult golden perch were collected using panel nets set throughout a 1 km reach of 

the main river channel at each site.  Fish within the Wilcannia-Menindee reach of the river 

were not able to move upstream (beyond) the Wilcannia Weir, nor downstream past the 

Menindee main weir (MMW), due to these structures presenting barriers to movement for the 

duration of this (spatial) aspect of the study.  For the same reason, fish from neither upstream 

of Wilcannia weir nor downstream of the MMW were able to move into the study reach 

(Figure 3.2). 
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Menindee Lakes

 

 

Figure 3.1  Location of study sites (black stars) for examination of temporal, spatial and flow-

event patterns of reproduction for golden perch in the Darling River.  Red bars indicate the 

location of both the Menindee and Wilcannia Weirs.   
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A B
 

Figure 3.2  Menindee Main Weir (A) and Wilcannia Weir (B) persisted as impassable 

barriers to fish throughout the August 2005-July 2006 period of the study.  Images: C. 

Sharpe. 

 

3.2.5 (iii) Flow pulse monitoring for evidence of reproduction  
 

To examine the influence of flow as a stimulus for final ovarian maturation and spawning, 

collection of reproductive indices and free floating eggs and larvae was structured around two 

relatively high-magnitude within channel flow pulses upstream of the MMW during January 

and April 2004; three relatively low magnitude within channel flow pulses upstream of the 

MMW during January, March and June 2006; and one medium-magnitude within-channel 

flow pulse which occurred downstream of the MMW during February/March 2004 (Table 

3.2).   

 

In the Darling River upstream of the MMW during the January and April 2004 flow events, 

only free egg and larvae samples were examined, as female golden perch of mature sizes 

were not collected in sufficient numbers for examination of reproductive indices at those 

times.  Larvae/post larvae samples were collected using 3 larval drift nets and/or 3 larval 

trawls, deployed at site 4 (Figure 3.1).  In the Darling River downstream of the MMW prior 

to and following the February/March 2004 flow pulse, adult golden perch were sampled 

using fyke nets and/or panel nets and free floating eggs and larvae/post larvae were sampled 

using drift nets, at site 5 (Figure 3.1).  For the flow pulse events which occurred upstream of 
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the MMW during 2006, larval samples together with adult samples were collected between 

11 and 22 days prior to initiation of the various pulse events and between two and 28 days 

following peak discharge of each flow event at sites 1-4 (Figure 3.1, Table 3.2).  The specific 

deployment of each gear type is described in section 3.2.2. 

 

To relate patterns in reproductive indices and spawning events to hydrological characteristics, 

the maximum and minimum and daily rate of change for discharge (ML day
-1

) and water 

temperature (
o
C) were calculated from gauged data for the period of time between a fish 

sampling event and the preceding fish sampling event for each site (Table 3.2).  When a 

preceding fish sample was not available, the period of time from which to base hydrological 

characterisations was determined by the mean number of days between each fish sample for 

the respective study period.  Figure 3.3 conceptualises the points on a theoretical hydrograph 

from which the periods for hydrological and temperature characteristics were derived. 
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Figure 3.3  Conceptualisation of periods between fish samples from which minimum and 

maximum and rate of change for discharge (ML day
-1

), water level (m AHD) and water 

temperature (
o
C) were determined. 
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Table 3.2  Flow pulse sampling events upstream and downstream of the Menindee main weir 

(MMW).  Samples taken pre and post flow pulse. An asterisk indicates sampling events prior 

to initiation of the flow pulse and ¥ indicates sampling events following peak discharge of the 

flow pulse.  L = larval sampling and A = adult sampling techniques. No sample was taken 

upstream of MMW Jan/Feb 2004 prior to flow pulse. 

 

Month Flow 
event 

upstream 
MMW 

Sample 
date 

Upstream 
MMW 

Sampling 
technique 
upstream 

MMW 

Flow event 
downstream 

MMW 

Sample date 
downstream 

MMW 

Sampling 
technique 

downstream 
MMW 

Jan/Feb 
2004 

High 
magnitude  

within 
channel 

flow pulse 

*11 Feb 
¥
27 Feb  

L,A 

Medium 
magnitude  

within 
channel flow 

pulse 

*12-Feb 
¥
26-Feb 

 
L,A 

Mar/Apr/May 
2004 

High 
magnitude  

within 
channel 

flow pulse 

*18-Mar  
¥ 

7-April
  

6-May 

L,A 
No flow pulse 
(base flow) 

11-Mar 

 
¥
20-Mar 

L,A 

Dec 2005/ 
Jan 2006 

Low 
magnitude 

within 
channel 

flow pulse 

*28-Dec 
¥
31-Jan 

L, A 
No flow pulse 
(base flow) 

*29-Dec 

 
¥
2-Feb 

L,A 

March/April 
2006 

Low 
magnitude 

within 
channel 

flow pulse 

 
*12-Mar 
¥
18-Apr 

L, A 
No flow pulse 
(base flow) 

*13-Mar 
¥
20-Apr 

L, A 

June/July 
2006 

Low 
magnitude 

within 
channel 

flow pulse 

*27-Jun 
¥ 

28-Jul 
L, A 

No flow pulse 
(base flow) 

*28-Jun 
¥ 

29-Jul 
L, A 

 

 

3.2.6 Data Analysis 
 

Data were analysed using PRIMER (Version 6: Clarke and Gorley 2008) and SPSS (Version 

17: Polar Engineering and Consulting 2007).  Two-tailed Kolmogorov-Smirnov tests (KS) 

were performed on total length (TL) of male and female golden perch at each site to assess 

differences in length-frequency distributions between sites and sampling times.  Female : 

male ratios were calculated for each sample site and time.  One-way ANOVA was applied to 

examine differences in mean age structure of the sample population at each site.   
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Multidimensional scaling ordinations were used to plot golden perch reproductive indices 

(dominant oöcyte developmental stage, presence or absence of post ovulatory follicles, 

oöcyte size and GSI) based upon sampling site and sampling event (date).  Data for 

reproductive indices were fourth-root transformed and converted to Bray-Curtis similarity 

values as described in Clarke and Warwick (1994).   

 

Two-way analysis of similarities (ANOSIM) using sample sites and times (sampling events) 

as factors was performed to identify if reproductive indices differed in relation to spatial 

location (site), sampling event, discharge and temperature characteristics.  Where possible, 

each ANOSIM was conducted using 20,000 Monte Carlo randomisations to calculate 

approximate probabilities.  Similarity percentages (SIMPER) tests were performed to identify 

reproductive indices contributing most to average dissimilarities between factors.  Two-way 

factorial Analysis of Variance (ANOVA) was performed to identify significant spatial and 

temporal differences in female golden perch reproductive indices between upstream and 

downstream MMW populations using sites and sampling date (sampling event) as factors in 

both instances.  The normality and homogeneity of variances of the data were checked by 

examining probability plots compared with normal distributions in SPSS, and subsequently 

all data were log10 transformed.  When ANOVA detected significant differences, Bonferroni 

post-hoc examinations were conducted.  All statistical tests were considered significant at α = 

0.05. 

 

3.3 Results 
 

3.3.1  Hydrology and water temperature 
 

Upstream of the Menindee main weir (MMW), two high-magnitude within channel flow 

pulses (January/February 2004 and April 2004) and three low-magnitude within channel flow 

pulses (January, March and July 2006) were examined for the spawning response of golden 

perch (Figure 3.4B).  These flow pulses punctuated periods of low or zero discharge in the 

Darling River upstream of the MMW (Figure 3.4B).   
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In contrast, the hydrograph downstream of the MMW exhibited only one medium-level 

within channel flow pulse, which occurred in summer (February/March) 2004, and the 

spawning response of golden perch to this event was also examined.  No other distinct flow 

pulse occurred downstream of the MMW for the duration of the study (Figure 3.4C).  During 

the month prior to the downstream MMW February/March 2004 flow pulse, discharge was 

less than 0.2 ML day
-1

 (Figure 3.3C).  The flow pulse that terminated this low-flow period 

peaked at 6,324 ML day
-1

 and persisted for 37 days (Figure 3.4C).  Following this flow pulse, 

discharge downstream of the MMW stabilised within a range of 250-600 ML day
-1

 

throughout the summer-autumn (March-May 2004) period and gradually declined to 

approximately 100 ML day
-1

 throughout the winter period (June-August 2004) (Figure 3.4C).  

Discharge gradually increased downstream of the MMW during spring (October/November 

2004) to magnitudes comparable to those of the previous summer/autumn (Figure 3.4C).  

This seasonal pattern of relatively higher discharge during spring/summer as compared to 

autumn/winter occurred in the downstream MMW reach throughout 2005 and 2006, within a 

similar range of flow magnitudes each season, but no flow pulse occurred; rather flow was 

gradually increased and decreased during this period (Figure 3.4C).  The only departure from 

this seasonal pattern of discharge downstream of the MMW throughout the study period was 

the summer (January/February) 2004 flow pulse (Figure 3.4C).  Peak discharge magnitudes, 

rate to peak and rate of fall from peak discharge between sampling events for each flow pulse 

for upstream and downstream MMW sites are given in Table 3.3.   

 

Water temperature for both upstream and downstream of the MMW were not statistically 

different (t=0.28, P = 0.39, df=20) and followed a seasonal pattern (Figure 3.5).  Maximum 

and minimum water temperatures preceding fish sampling events are given in Table 3.4. 
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C

B

A

 
Figure 3.4  Average daily discharge (ML day

-1
) during the study period recorded at (A) 

upstream/downstream of the Menindee Main Weir (MMW), (B) upstream MMW and (C) 

downstream of the Menindee main weir.  Data source:  NSW DLWC data request service. 
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Table 3.3  Peak discharge (Flow MAX in ML day
-1

), rate of increase to peak discharge (ML 

day
-1

), minimum discharge (Flow MIN in ML day
-1

) and rate of fall (ML day
-1

) from peak 

discharge between fish sampling events in study reaches upstream and downstream of the 

Menindee Main Weir (MMW) for discrete sampling  periods during 2004 – 2006.  Date of 

sample collection given for upstream and downstream MMW respectively. * = number days 

calculated as mean days between consecutive samples for sampling period. 

 

Sample date  

US MMW, DS MMW 

respectively 

Days 

Between 

Samples 

FlowMAX (ML/d) 

between samples 

Rate (ML/d) to 

FlowMAX from  

FlowMIN 

between samples 

FlowMIN(ML/d) 

between samples 

**Rate (ML/d) to 

FlowMIN from 

FlowMAX 

between samples 
US 

MMW 

DS 

MMW 

US 

MMW 

DS 

MMW 

US 

MMW 

DS 

MMW 

US 

MMW 

DS 

MMW 

 
Period 1 

         

11
th

,12
th

 /02/ 2004 
 

17* 7400 502 546 26 851 187 NA 
(rising) 

NA 
(rising) 

 
26

th
,27

th
 /02/ 2004 
 

14 15738 2788 493 162 8344 313 NA 
(rising) 

NA 
(rising) 

 
11

th
 /03/ 2004 

 
14 15738 6324 NA 

(falling) 
 

520 1258 601 -905 -572 

18
th

,20
th

 /03/ 2004 
 

7,9 1420 750 NA 
(falling) 

NA 
(falling) 

 

966 309 -935 -30 

18
th

,20
th

 /4/ 2004 31 9033.2 
 

829.3 
 

298.1 
 

17.0 
 

859.3 
 

364.7 
 

-422.2 
 

-55.8 
 

Period 2          
8

th
,
 
9

th
 /08/ 2005 35* 

 
9466.5 95.2 350.5 1.6 3.8 63.0 -584.1 -5.0 

 
13

th
,14

th
 /09/ 2005 
 

35 49.7 129.9 0.0 2.9 0.3 55.9 -1.3 -3.2 

 
12

th
,13

th
 /10/ 2005 
 

29 540.5 319.5 17.5 8.4 115.5 104.3 -13.3 -21.8 

 
23

rd
,24

th
 /11/ 2005 
 

42 251.4 540.6 18.3 15.5 34.0 101.4 -5.7 -13.7 

 
28

th
,29

th
 /12/ 2005 

35 10.7 590.8 NA 
(falling) 

16.2 0.0 136.9 -77.9 -1.4 

 
31

st
 /01/ 2006 

1
st
 /02/ 2006 

34 
623.1 633.3 28.3 21.4 0.0 329.7 -36.8 -10.4 

12
th

,13
th

 /03/ 2006 40 108.1 505.1 
 

NA 
(falling) 

20.4 0.4 225.9 -9.3 -3.4 

18
th

,19
th

 /04/ 2006 37 535.0 235.3 23.3 
 

NA 
(falling) 

21.6 162.6 -9.5 -3.3 

29
th

, 30
th

 /05/ 2006 41 354.6 404.6 
 

NA 
(falling) 

22.0 54.6 57.9 -7.1 -13.3 

 
27

th
, 28

th
 /06/ 2006 

29 54.6 108.2 1.6 5.4 5.9 59.7 -1.7 -0.7 

 
28

th
, 29

th
 /07/ 2006 
 

31 346.5 97.4 11.4 0.4 3.6 68.6 -28.6 -1.6 

 

**  Rate to Flow MIN from Flow MAX in temporal progression toward the later sample.  If flow 

increased during that period, then this rate was NA (not applicable). 
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Figure 3.5  Average daily water temperature (

o
C) for the upstream and downstream Menindee 

Main Weir (MMW) study reaches.  Source: NSW DLWC unpublished data (2007). 

 

 

 

Table 3.4 Maximum and minimum temperature (
o
C) recorded upstream (US) and 

downstream (DS) of the Menindee Main Weir (MMW) at each sampling event.  

 

Sample date 

US MMW, DS MMW 

respectively 

Temperatrue MAX (
o
C) 

between samples 

Temperatrue MIN (
o
C) 

between samples 

US MMW DS MMW US MMW DS MMW 

11
th

,12
th

 /02/ 2004 28.6 29.9 25.8 25.8 

26
th

,27
th

 /02/ 2004 29.7 32.1 27.5 26.3 

11
th

 /03/ 2004 27.45 26.3 24.9 23.8 

18
th

,20
th

 /03/ 2004 24.9 23.8 23.1 22.4 

18
th

,20
th

 /4/ 2004 23.2 22.4 21.0 19.7 

8
th

,
 
9

th
 /08/ 2005 13.3 13.5 10.7 10.5 

13
th

,14
th

 /09/ 2005 14.7 15.0 11.3 11.6 

12
th

,13
th

 /10/ 2005 19.2 19.7 15.1 15.3 

23
rd

,24
th

 /11/ 2005 24.5 23.6 17.4 18.0 

28
th

,29
th

 /12/ 2005 25.6 28.6 21.7 22.9 

31
st
 /01/ 2006, 1

st
 /02/ 2006 29.6 31.1 24.1 25.6 

12
th

,13
th

 /03/ 2006 30.2 32.7 24.3 27.2 

18
th

,19
th

 /04/ 2006 25.6 27.7 18.2 19.5 

29
th

, 30
th

 /05/ 2006 18.8 20.2 11.4 12.0 

27
th

, 28
th

 /06/ 2006 11.5 13.1 9.2 10.0 

28
th

, 29
th

 /07/ 2006 11.7 12.4 9.4 10.2 
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3.3.2 Population Structure 
 

An overall total of 661 adult golden perch was collected from the five sites examined during 

this study (Table 3.5).  The size of fish ranged from 332 mm to 532 mm TL.  Overall, golden 

perch populations from each of the five sites were similar in length frequency distribution 

(KS P >0.05) and age (One-way ANOVA: Location F =2.2018, 238 P >0.05).  Sex ratios were 

strongly biased toward females at each site (Table 3.5).  

 Table 3.5 Total number and sex ratio of adult male and female golden perch collected at five 

sites in the Darling River between Wilcannia and Menindee. 

 

  

FEMALE n= 

MALE n= 

Female:Male 

downstream 

MMW (site 5) 

US/ MMW 

(Tandure, site 4) 

Barraroo 

(site 3) 

Bakara  

(site 2) 

Wilcannia 

(site 1) 

187 198 43 49 62 

54 40 6 14 8 

3.5 : 1 3.5 : 1 7.2 : 1 3.5 : 1 7.8 : 1 

 

 

3.3.3 (i) Temporal patterns in reproductive development 
 

Ovarian development 
 

Two-way ANOVA revealed that there were significant differences of individual GSI between 

upstream and downstream MMW positions (F= 102.82, P <0.001) and among sampling times 

(F= 3.31, P <0.001).  Upstream of the MMW, average female GSI did not exceed 2.0% on 

any sampling occasion, remained consistently low and showed no seasonal pattern 

throughout the year (Figure 3.6).  From the upstream MMW reach, only three individuals 

exhibited GSI >2.0% throughout the sampling period from a total of 198 female fish 

examined.  Ovaries were consistently classified as developing, apart from one individual 

collected during October 2005 that was classified in an advanced stage of ovarian 

development (stage 5 mature) based upon microscopic classifications (Figure 3.7). 

 

Average GSI of females downstream of the MMW did exhibit seasonal fluctuations, whereby 

average GSI increased from August 2005 (GSI = 6.0%) to a peak of 16.5 in November 2005, 
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before declining between January 2005 and April 2006 (GSI = 8.0% - 3.6%) (Figure 3.6).  

Average GSI was lowest during May 2005 (mean GSI = 3.4%) and steadily increased 

throughout winter (May-July 2006) (Figure 3.6).  There was a marked decline in average GSI 

between the November and December 2005 sampling dates, suggesting that spawning had 

occurred following the November sample (Figure 3.6), but this was not supported by 

histological analysis, which did not detect any post ovulatory follicles.  Rather, the proportion 

of individuals with early yolk oöcytes and lower GSI increased (Figure 3.8).  Unlike the 

upstream MMW population, there was a high proportion of females with ovaries of advanced 

maturity (yolk mass) during each sampling month, with exception of June and July 2006 

downstream of the MMW (Figure 3.8).     
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Figure 3.6  Mean gonadosomatic index (GSI) ± S.E. of female golden perch collected from 

site 4 (upstream MMW n = 152: solid circle) and site 5 (downstream MMW n = 187: open 

circle) on the Darling River between August 2005 and July 2006.  
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Oöcyte development  
 

Histological evaluations were conducted for 72 and 146 females from the upstream MMW 

and downstream MMW populations, respectively.  Histological examinations were only 

conducted on five individuals from each macroscopic ovarian stage on each sampling 

occasion, explaining the proportionally lower number of individuals evaluated by histology 

for the upstream MMW site, where the majority of individuals revealed relatively few 

maturity stages.  Oöcyte development was classified as group-synchronous based upon the 

presence of only two dominant types of oöcytes within the ovaries of individuals at any 

sampling time (Figure 3.7).  No hydrated oöcytes nor post ovulatory follicles were present 

among either the upstream MMW or downstream MMW populations on any sampling 

occasion during the August 2005-July 2006 study period; thus there was no histological 

evidence for spawning during this time (Figure 3.8). 

 

The upstream MMW female population was dominated by individuals that possessed 

unyolked and early yoked oöcytes on each sampling occasion throughout the year (Figure 

3.7a, Figure 3.8), with a relatively lower proportion of mid yoked oöcytes present from 

November to May (Figure 3.7 b, Figure 3.8).  One female only collected from the upstream 

MMW population (the same individual collected during October 2005 that expressed an 

elevated GSI mentioned above), possessed oöcytes in the late vitellogenic stage of 

development (yolk mass: Figure 3.7c).  This was the only instance of advanced oöcyte 

development at the upstream MMW site throughout the year, from a total of 72 individuals 

examined histologically.  Atretic oöcytes were observed in a small proportion of females in 

all months (Figure 3.22c), with the exception of October-January (Figure 3.8) when no atresia 

was evident within the upstream MMW population (Figure 3.8). 

 

The downstream MMW population showed evidence of continuous recruitment of 

vitellogenic oöcytes throughout the study period, with oöcytes classified as yolk-mass (late 

vitellogenic) present in all months except June and July 2006, and mid yolk oöcytes present 

in all months throughout the year (Figure 3.8).  Late vitellogenic (yolk mass) oöcytes were 

present in a high proportion of females at the downstream MMW site, as were atretic oöcytes, 
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although these were present in all months (Figure 3.8).  The proportion of atretic oöcytes 

increased in frequency during the winter months (June-August), consistent with the decline in 

mean GSI (Figure 3.6). 

 

 

 

Figure 3.7  Histological sections of female golden perch at various stages of reproductive 

development in the Darling River. (a) un yoked (UY) and early yolk (EY) oöcytes; (b) mid 

yolk (MY) oöcytes; (c) Yolk-mass (YM) oöcytes and (d) atretic (AT) oöcytes.  Image: C. 

Sharpe. 

 

The protracted period for which late vitellogenic oöcytes were present within the female 

population from downstream of the MMW suggests that oöcyte development was not 

dependent upon season and that spawning could occur at any time of the year (Figure 3.8).  
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Figure 3.8  Mean ± S.E. of oöcyte maturity stages for golden perch females sampled monthly 

from upstream (grey bars) and downstream (black bars) of the Menindee Main Weir between 

August 2005 – July 2006. UY = un-yoked, EY = early yolk, MY = mid yolk, YM = yolk 

mass (late vitellogenic), HY=hydrated, POF = post ovulatory follicle and AT=atretic oöcytes. 
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Overall, oöcyte size (diameter) ranged from 0.11 mm to 0.91 mm in diameter.  Apart from 

five individuals from the upstream MMW site, fish with larger oöcytes (>0.6 mm in 

diameter) were generally only sampled from downstream of the MMW (Figure 3.9).  The 

upstream MMW showed no seasonal pattern of increase or decrease in oöcyte size, in 

contrast to the downstream MMW population (Figure 3.9).  The seasonal pattern of 

increasing and decreasing oöcyte size among the downstream MMW population showed 

evidence of temporal synchronisation in oöcyte growth throughout the population (Figure 

3.9).     

 

Maximum oöcyte diameter among the downstream MMW population increased from 

September 2005 (0.6 mm) to December 2005 (1.0 mm) and was maintained at the latter, 

larger size until March 2006 (Figure 3.9).  This increase in oöcyte diameter corresponded to 

the increase in female GSI (Figure 3.6) and to the increasing frequency of yolk-mass (late 

vitellogenic) oöcytes among the downstream MMW population (Figure 3.8).  A major shift 

from predominantly large oöcytes to smaller oöcytes between one sampling date and the next 

occurred between samples taken in March and April 2006 downstream of the MMW (Figure 

3.9).  This shift in the size distribution of vitellogenic oöcytes corresponded to the decreasing 

frequency of yolk mass (late vitellogenic) oöcytes present within individuals during April and 

May (Figure 3.8).  

 

Ordination confirmed the distinct differences between the reproductive status of the upstream 

and downstream MMW populations (Figure 3.10) (ANOSIM: Global R=0.54, P=0.001).  

Differences arose because of the significantly greater average GSI and substantially greater 

presence of late vitellogenic, mid yoked and atretic oöcytes within the downstream MMW 

population (SIMPER: Table 3.6).  The spatial differences in physiological attributes 

(upstream vs downstream MMW) provided a better explanation for the differences in 

reproductive status between the upstream and downstream MMW populations than did 

sampling time (ANOSIM: Global R=0.11, P=0.001).  Because ANOSIM is unable to 

compute an interaction term, a two-way ANOVA was performed to identify whether the 

frequency of oöcyte maturity stage was consistent among times and between sampling 

positions upstream and downstream of the MMW.  Significant differences in the frequency of 

un-yoked, mid-yolk and yolk-mass (late vitellogenic) oöcytes were detected between 
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upstream and downstream MMW positions, but not sampling times (ANOVA Table 3.7).  

The frequency of early-yoked and atretic oöcytes was significantly different between 

sampling times but not position (ANOVA Table 3.7).  There was a significant position by 

time interaction effect for un-yoked and early-yoked oöcytes, indicating that the temporal 

pattern in the frequency of their occurrence was dependent upon position.   Two-way 

ANOVA also revealed that there were significant differences in oöcyte diameter between 

upstream and downstream MMW positions (F 110.52, P< 0.001) and sampling times (F 7.32, 

P< 0.001).  There was significant position by time interaction effect (F 4.52, P<0.001), which 

indicated that the temporal pattern of variation in oöcyte diameter was dependent upon 

sampling position. 
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Figure 3.9  Oöcyte size-frequency (diameter) for golden perch females sampled monthly 

from upstream (grey bars) and downstream (black bars) of the Menindee Main Weir, between 

August 2005 – July 2006. 
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Figure 3.10  Multidimensional scaling (MDS) ordination of spatial and temporal differences 

in reproductive physiology attributes (GSI, oöcyte developmental stage and oöcyte size) 

between populations from upstream (green marker) and downstream (blue marker) of 

Menindee Main Weir (MMW). Numbers represent sampling events (August 2005 – July 

2006).  Groupings represent 83% similarity.   

 

Table 3.6  The contribution of individual physiological features to observed differences in 

reproductive status of populations at sites sampled upstream and downstream of Menindee 

Main Weir (MMW) on the Darling River as determined by SIMPER analysis. Mean 

dissimilarity describes the degree to which both groups differ, ranging from 0% (totally 

dissimilar) to 100% (totally similar). Mean abundance is the mean abundance of each 

physiological attribute for females from each site, CR is the consistency ratio, with higher 

values indicating the physiological attribute which most consistently contributes to observed 

differences. The cumulative % denotes the cumulative contributions of individual 

physiological attributes to observed differences.  

 

Physiological Attribute Mean Abundance CR  Cumulative% 

Upstream V Downstream         Mean dissimilarity = 18.01  

 

Upstream 

MMW 

Downstream MMW 

Atretic oöcyte 0.53 1.86 23.97 23.97 

yolk mass oöcyte 0.03 1.58 22.63 46.6 

un yoked oöcyte 2.94 1.99 14.27 60.87 

mid yolk oöcyte 0.62 0.45 11.98 72.85 

GSI (%) 0.77 1.5 10.81 83.65 

largest eggs size (mm) 2.22 2.69 7.37 91.02 
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Table 3.7  Results of Two-way ANOVA highlighting differences in oöcyte maturity stage 

between populations upstream and downstream of Menindee Main Weir (Postion) and 

between sampling times (Time). F-values are given for each factor and results are based on 

log-transformed data. Oöcyte maturity stages are: UY, un-yoked; EY, early yoked; MY, mid 

yolk; YM, yolk mass (late vitellogenic); AT, Atretic.  An asterisk denotes a significant result 

at p <0.05.  

  

Effect Df Oöcyte maturity stage 

 UY EY MY YM AT 

Position 1 179.964* .340 .127* 76.808* 29.792 

Time 10 2.388 .523* 1.983 5.473 1.550* 

Position x Time 10 1.295* .523* 2.145 4.117 2.015 

 

 

3.3.4 (ii) Spatial patterns in reproduction for golden perch in the 

Darling River 
 

Spatial patterns of ovarian development 
 

Initial observations of the marked difference between the reproductive status of the upstream 

and downstream MMW populations led to examination of the spatial structure, with regard to 

reproductive indices, of the female golden perch population within the reach of the Darling 

River between the MMW and Wilcannia Weir, a distance of approximately 300 km.  This 

examination was based upon 200 adult female golden perch encountered at four sites over 

four sampling occasions (Table 3.8).  The population at each site was statistically similar in 

length (KS P >0.05) and age frequency distribution (Location F =2.2018, 238 P >0.05).  Sex 

ratios were strongly biased toward females across all sites (Table 3.8).  

 

Table 3.8  Total number and sex ratio of female and male golden perch collected on four 

sampling occasions sampled at four sites spatially separated by approximately 60 km on the 

Darling River between Menindee and Wilcannia from November 2005-July 2006. 

 

 Wilcannia (site 1) Bakara (site 2) Barraroo (site 3) Tandure (site 4) 

 Female Male Female Male Female Male Female Male 

Total Number 62 8 49 14 43 6 46 5 

Sex ratio 

Female : Male 
7.8 : 1 3.5 : 1 7.2 : 1 9.2 : 1 



82 

 

Golden perch females at the most upstream site (Wilcannia: site 1) exhibited the highest 

overall average GSI (%) which peaked during November 2005 (Figure 3.11).  Average GSI 

was lowest at the most downstream site (Tandure: site 4) and remained relatively constant 

there throughout the study period (Figure 3.11).  Sites 2 and 3, which are located between 

Wilcannia (site 1) and Tandure (site 4), exhibited contrasting patterns of increasing and 

decreasing average GSI between sampling events (Figure 3.11).  Average GSI at Wilcannia 

(site 1) and Bakara (site 2) declined substantially between January (second sample) and April 

2006 (third sample), and by July 2006 all sites exhibited similar GSI profiles (Figure 3.11).   

 

Two-way ANOVA revealed significant differences in mean GSI % between sampling sites 

(F= 28.89, P = 0.001) and between sampling times (F= 15.09, P= 0.001) (ANOVA Table 

3.9).  Bonferroni post-hoc test confirmed that GSI profiles at Wilcannia (site 1) were 

significantly different from all other sites, which were similar to each other (Table 3.9).  

However, there was an overall significant site x time interaction effect (F 2.548,195 P= 0.013) 

which indicated that GSI % was dependent upon site. 
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Figure 3.11  Spatio-temporal pattern of average gondadosomatic index (GSI %) ± S.E. for 

female golden perch collected on four sampling occasions sampled at four sites spatially 

separated by approximately 60 km on the Darling River between Menindee and Wilcannia 

from November 2005-July 2006. 
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Table 3.9 Two-way ANOVA with Bonferroni comparisons highlighting differences in 

gonadosomatic index (GSI %) of female golden perch between four positions on the Darling 

River. F-values are given for each comparison and results with an asterisk denote a 

significant difference at α<0.05.   

 

Position Comparison F ratio Std. Error P 

95% Confidence Interval 

Lower Bound Upper Bound 

Wilcannia Bakara 4.67
*
 .697 .000 2.82 6.53 

Barraroo 5.47
*
 .791 .000 3.36 7.58 

Tandure 6.08
*
 .786 .000 3.98 8.17 

Bakara Wilcannia -4.67
*
 .697 .000 -6.53 -2.82 

Barraroo .79 .762 1.000 -1.24 2.82 

Tandure 1.40 .756 .392 -.61 3.42 

Barraroo Wilcannia -5.47
*
 .791 .000 -7.58 -3.36 

Bakara -.79 .762 1.000 -2.82 1.24 

Tandure .61 .844 1.000 -1.64 2.86 

Tandure Wilcannia -6.08
*
 .786 .000 -8.17 -3.98 

Bakara -1.40 .756 .392 -3.42 .61 

Barraroo -.61 .844 1.000 -2.86 1.64 

 

 

Spatial patterns of oöcyte development   
 

Histological evaluations were conducted for 200 female golden perch from study sites 1 – 4 

in the upstream Menindee main weir reach of the Darling River.  Oöcyte development was 

again classified as group synchronous.  There were no hydrated oöcytes nor post ovulatory 

follicles encountered from any site or sampling time; thus there was no histological evidence 

for spawning throughout the study period (Figure 3.12).  Yolk-mass (late vitellogenic) 

oöcytes were only observed at Wilcannia (site 1) and Bakara (site 2), but were present in the 

highest proportion of fish at Wilcannia (site 1) (Figure 3.12).  Yolk mass (late vitellogenic) 

oöcytes were not present among any fish during April and July 2006, corresponding with the 

decline in average GSI at each site at these sampling times (Figure 3.11).  Mid-yolk oöcytes 

were present only at Wilcannia (site 1) and Bakara (site 2) during April and July 2006, but 

were proportionally higher at Bakara (Figure 3.12).  During November 2005, mid-yolk 

oöcytes were present at each of the four sites (Figure 3.12).  Early-yolk oöcytes were also 
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present in fish at each site during November 2005, but were only present at sties 2, 3 and 4 

(Bakara, Barraroo and Tandure) and not at Wilcannia (site 1) during January, April and July 

2006 (Figure 3.12).  Atretic oöcytes were present among fish at all sites during July 2006, but 

occurred only at Wilcannia and Bakara during November 2005, January and April 2006 

(Figure 3.12).  The proportion of atretic oöcytes increased in conjunction with the decreasing 

proportion of yolk-mass oöcytes during April and July 2006 (Figure 3.12). 

 

Overall, oöcytes ranged in size from 0.2-1.1 mm in diameter between sites 1-4.  Oöcytes 

larger than 0.8 mm in diameter were only observed in fish at the Wilcannia site, and only 

during November 2005 and January 2006 (Figure 3.13).  Oöcytes between 0.6 and 0.8 mm in 

diameter were present within fish at Wilcannia (site 1), Bakara (site 2) and Barraroo (site 3) 

during November 2005, but only at Wilcannia during January, April and July 2006 (Figure 

3.13).  Oöcytes between 0.3 and 0.6 mm in diameter occurred in fish from all sites and 

sampling times (Figure 3.13).  The occurrence of generally larger oöcytes at the Wilcannia 

site (site 1) only, corresponded to the prevalence of yolk-mass (late vitellogenic) oöcytes 

among fish at this site (Figure 3.12).  Females at Tandure (site 4) were not observed to 

contain oöcytes greater than 0.4 mm in diameter, which corresponded to the prevalence of 

un-yoked and early yolk oöcyte stages at Tandure among each fish sampled on each sampling 

event (Figure 3.12).  

 

Ordination indicated distinct differences in reproductive indices among female golden perch 

between study sites and among sampling times, with the Wilcannia and Tandure populations 

exhibiting the most unique combinations of reproductive indices (Figure 3.14).  ANOSIM 

confirmed this observation and revealed that each site exhibited significantly different suites 

of reproductive indices (Table 3.10).  
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Figure 3.12  Spatio-temporal pattern of the proportion of the most advanced oöcyte maturity 

stages for individual female golden perch sampled at four sites approximately 60 km apart on 

the Darling River between Menindee and Wilcannia from November 2005-July 2006. 
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Figure 3.13 Spatio-temporal patterns of oöcyte diameter (mm) for female golden perch 

sampled at four sites spatially separated by approximately 60 km on the Darling River 

between Menindee and Wilcannia from November 2005-July 2006. 
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Figure 3.14  Multidimensional scaling ordination based on differences among reproductive 

indices for female golden perch sampled at four sites along a spatial gradient from Wilcannia 

Weir – Menindee Weir (~250 kilometres, sample sites approximately 60 kilometres apart).   

 

 

Table 3.10  ANOSIM pair-wise comparison between sampling sites among sample times for 

reproductive indices from female golden perch sampled in the Darling River at four sites 

between Menindee and Wilcannia from November 2005 – July 2006.  

  

Groups R Statistic P (α 0.05) Permutations 

Wilcannia, Bakara 0.127 0.001 999 

Wilcannia, Barraroo 0.44 0.001 999 

Wilcannia, Tandure 0.448 0.001 999 

Bakara, Barraroo 0.379 0.001 999 

Bakara, Tandure 0.361 0.001 999 

Barraroo, Tandure 0.12 0.008 999 
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3.3.5 (ii) Flow pulse spawning 
 

Upstream of the Menindee Main Weir 
 

Golden perch adults were not collected in sufficient numbers in the Darling River upstream 

of the MMW on the first (January 2004) and second (April 2004) flow pulse events to enable 

examination of adult reproductive indices.  As such, results are presented for the collection of 

larvae/post larvae only for flow pulse events one (January 2004) and two (April 2004).  

Golden perch larvae/post larvae were collected on three occasions and only at Site 3 

(Barraroo) within the upstream MMW reach, and their occurrence was related to the first 

(January 2004) and second (April 2004) upstream MMW flow pulse events (Table 3.11).  No 

eggs or larvae were collected in conjunction with subsequent flow pulse events (Table 3.11).  

The estimated daily age (EDA) was determined for a minimum of 50 golden perch 

larvae/post larvae collected on each sampling occasion, unless fewer than 50 individuals were 

collected on a sampling occasion when the estimated age of all larvae/post larvae was 

attempted (Table 3.11).  The minimum, maximum and average estimated daily age (EDA) 

subsequently enabled an estimate of the timing of spawning events in relation to hydrological 

features for each flow pulse event examined in the upstream MMW reach (Table 3.11; Figure 

3.15).  

 

Reproductive indices collected from mature female golden perch on the fourth, fifth and sixth 

flow pulse events during 2006 in the upstream MMW reach were analysed in conjunction 

with the examination of spatial patterns of reproductive development, results for which were 

presented earlier, in Section 3.3.4.  The relatively constant average GSI for mature females 

sampled at Wilcannia (site 1), Barraroo (site 3) and Tandure (site 4) between November 2005 

and January 2006 (Figure 3.11), together with analysis of oöcyte maturity stage (Figure 3.12) 

and the lack of larvae/post larvae from samples taken during January 2006 (Table 3.11), 

indicated that spawning did not occur in response to the fourth flow pulse examined (January 

2006, maximum discharge 432 ML day
-1

; Table 3.2).  The marked decline in female average 

GSI between the January-April 2006 fish samples at the Wilcannia (site 1) and Bakara (site 

2) sites (Figure 3.11) occurred in conjunction with the fifth flow pulse examined, which was 

of low-magnitude (maximum discharge 503 ML day
-1

) during March/April 2006 (Figure 

3.4C).  Whilst the marked reduction in female average GSI observed on the April 2006 
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sample could be considered a result of spawning (Figure 3.11), there were no larvae/post 

larvae collected (Table 3.11).  Nor was there any direct evidence of spawning based upon the 

presence of post ovulatory follicles among histological samples taken at any upstream MMW 

site during April 2006 (Figure 3.12).   

 

Average female GSI from each of the four upstream MMW sites following the sixth flow 

pulse event (July 2006) was low (Figure 3.11).  The overall low average GSI for females at 

each upstream MMW site, together with the lack of larvae/post larvae (Table 3.11) and the 

lack of evidence of spawning from histological samples (Figure 3.12) indicated that spawning 

had not occurred in conjunction with the sixth (July 2006) flow pulse.   

 

Table 3.11 Sampling date, total number, minimum (min), maximum (max) and mean ± 

standard deviation (S.D.) estimated daily age (EDA) of golden perch larvae/post larvae 

collected in the Darling River upstream of the Menindee Main weir at Barraroo (Site 3). 
 

Sample Date 

Flow pulse 

sampling event 

N
o
 and timing 

in relation to 

flow event
 

N
o
 of 

larvae/ 

post 

larvae 

Max 

EDA 

Min 

EDA 

Mean age 

± S.D. 

Estimated date of 

spawning 

 

11/2/2004 N
o
 1, before 0     

26/2/2004 N
o
 1, during 1227 38 27 33.0 ± 3.66 20/1/2004-31/1/2004 

11/3/2004 N
o
 1, during 148 55 33 44.45 ± 6.62 17/1/2004-8/2/2004 

20/3/2004 N
o
 1, after 41 71 49 64.7 ± 22.36 10/1/2004-1/2/2004 

7/4/2004 N
o
 2, before 0     

17/4/2004 N
o
 2, during 0     

6/5/2004 N
o
 2, after 0     

23/6/2004 N
o
 4, before 50 107 65 83.0 ± 17.22 9/3/2004-20/4/2004 

7/8/2005 N
o
 4, after 0     

29-31/1/2006 N
o
 5, before 0     

18-20/4/2006 N
o
 5, after 0     

28-29/7/2006 N
o
 6, after 0     
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Figure 3.15   Raw abundance of golden perch larvae/post larvae and estimated spawning 

dates based upon daily age (dark grey bars) in the Darling River upstream of the Menindee 

Main weir across the six flow pulse events examined.  Discharge (ML day
-1

) on right axis.    

 

 

Downstream of the Menindee Main Weir 
 

One flow pulse occurred at the downstream MMW site during the study period: during 

February/March 2004 (Figure 3.4C).  Sampling of adult and larvae/post larvae golden perch 

downstream of the MMW (site 5) occurred on two occasions prior to the flood pulse 

(between six and nineteen days prior to the peak discharge of 6,324 ML day
-1

) and, on two 

occasions between nine and eighteen days following the peak discharge (Table 3.2).  GSI % 

for the downstream MMW female golden perch population from each of the four samples 

taken in conjunction with the March 2004 flow pulse are shown in Figure 3.16.  Prior to the 

February 2004 flow pulse, mean GSI % of the female population was 7.2 ± 1.54 S.E. (range 

1.4- 9.8 GSI%).  In the second sample near the peak of the flow event, mean GSI % was 8.3 

± 0.99 S.E. (range 1.4 -11.6 GSI%).  The rapid decline in mean GSI, from the second to the 

third sampling event on March 11
th

, to 4.1± 1.64 SE (range 1.1-9.7 GSI%) followed the 

maximum (peak) discharge for the flow event (6,324 ML day
-1

) by nine days.  The rapid 

decline in mean GSI % indicated that spawning had occurred between the second (27
th

 

February) and third (11
th

 March) sample, prior to or following the maximum discharge 

(Figure 3.16).  Direct evidence of spawning was confirmed by the presence of post ovulatory 
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follicles and to a lesser degree by the presence of hydrated oöcytes on the third sampling 

event (11
th

 March) (Figure 3.17; Figure 3.18a,b).  In the fourth sample, average GSI 

remained relatively low, yolk-mass (late vitellogenic) oöcytes were present in relatively low 

abundance, post ovulatory follicles were present within one individual only, and hydrated 

oöcytes were not observed (Figure 3.17).   

 

 

 

Figure 3.16  Discharge (ML day
-1

) and average gondadosomatic index (GSI %) ± 1S.E. of 

female golden perch sampled downstream of the Menindee Main Weir during February and 

March 2004.   

 

 

         



92 

 

12 Feb 2004

Oocyte maturity stage

0

20

40

60

80

26 Feb 2004

F
re

q
u

e
c
n

y

0

20

40

60

80

100

11 Mar 2004

0

10

20

30

40

50

20 Mar 2004

Oocyte maturity stage

UY EY MY YM HY POF AT
0

5

10

15

20

25

30

35

 

Figure 3.17  Mean ± S.E. of oöcyte maturity stages for golden perch females sampled on four 

occasions in conjunction with the February 2004 flow pulse downstream of the Menindee 

Main Weir. UY = un-yoked, EY = early yolk, MY = mid yolk, YM = yolk mass (late 

vitellogenic), HY=hydrated, POF = post ovulatory follicle and AT=atretic oöcytes.
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Ordination revealed distinct differences among the suite of reproductive indices for golden 

perch females on the third sampling occasion, with the grouping of individuals to the bottom 

left of the ordination corresponding to the abrupt decline in GSI and the emergence of post 

ovulatory follicles among a high proportion of individual females sampled (Figure 3.19).  

ANOSIM confirmed this observation statistically (ANOSIM: Global R = 0.32, P= 0.001).  

The occurrence of post ovulatory follicles followed by the decline in abundance of yolk-mass 

oöcytes, and the occurrence of hydrated oöcytes, in that order – on the third sample – 

accounted most for the observed difference (SIMPER: Appendix 1).  Ordination of 

reproductive indices was adapted by applying bubble plots to demonstrate the occurrence and 

influence of post ovulatory follicles upon the difference in reproductive status in the sample 

population on the third sampling occasion, when it was considered the population had 

recently spawned (Figure 3.20).   

 

Post ovulatory follicles were observed within the downstream MMW population in 

conjunction with the March 2004 flow event.  However, there were no golden perch eggs or 

larvae were collected in drift or trawl nets during concurrent sampling.  This either indicated 

that eggs had drifted out of the sample reach, or that spent adults had migrated from 

downstream spawning areas into the sample area, which was within close proximity to the 

impassable Menindee main weir (MMW). 

 

HY

A 1.0 mm

POF

B

1.0 mm

 

Figure 3.18  Histological sections of female golden perch collected from downstream of the 

Menindee Main Weir during March 2004. (a) Hydrated (HY) oöcytes; (b) post ovulatory 

follicles (POF). Images: C. Sharpe.   
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Figure 3.19  Multidimensional scaling (MDS) ordination of temporal differences among 

reproductive indices of female golden perch sampled downstream of the Menindee main weir 

prior to (time 1 and 2) and following (time 3 and 4) peak discharge during the February 2004 

flow pulse.  
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Figure 3.20  Multidimensional scaling (MDS) ordination of the temporal occurrence and 

relative proportion of post ovulatory follicles (green bubbles) observed among female golden 

perch sampled downstream of the Menindee main weir on four occasions in conjunction with 

the February 2004 flow pulse.  Numbers indicate individual fish from one of four sampling 

events (1-4) and the size of bubbles indicates proportion of post ovulatory follicles per fish.   
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3.4. Discussion 
 

3.4.1 (i) Temporal patterns of reproductive development 
 

The presence of large, late vitellogenic oöcytes among the downstream MMW golden perch 

population in all months of the year with the exception of June and July 2005 is indicative of 

a protracted breeding period and suggests that golden perch in the Darling River are capable 

of spawning at almost any time throughout the year.  The lack of direct physiological 

evidence for spawning, and, apart from distinct occurrences – a general lack of larvae/post 

larvae – indicates that despite being able to spawn at any time of the year, golden perch did 

not spawn over a protracted period during this study, rather, spawning was only observed to 

have occurred in conjunction with distinct flow pulses.   

 

This result is in contrast to the work of Ebner et al. (2009), who showed that golden perch 

from the same region of the Darling River spawned across a protracted period during one 

year, by back calculating the age of YOY juveniles to the timing of spawning, which they 

concluded spanned May-September 1997.  Balcombe et al. (2006) also inferred golden perch 

spawning across a protracted period spanning all seasons throughout their period of study in 

the Warrego River.  Mackay (1973) reported that golden perch in a tributary of the Lachlan 

River near Condobolin had a shorter breeding period, reaching ovarian maturity during 

November (late spring), with larger vitellogenic oöcytes present from November-April.  

However, Mackay (1973) did not make the distinction between the conspicuous phases of 

vitellogenesis (early yolk, mid yolk and yolk-mass) as was done in the present study, from 

which the breeding period (period when yolk-mass oöcytes are present) was more accurately 

discerned.  Mackay (1973) described ‘yolky’ (vitellogenic) oöcytes of 0.7 mm in diameter 

being present during June and July 1968, and by August of that year some oöcytes in his 

sample had reached 0.8 mm in diameter, comparable to the size of late-vitellogenic (yolk 

mass) oöcytes described in the current study.  It is possible, had Mackay (1973) applied more 

rigorous criteria to the phases of golden perch vitellogenesis, similar to those used in the 

current study, then a similar conclusion of a prolonged breeding period and ability to spawn 

at almost any time of the year would have been reached.      

 

Despite the extended period that golden perch remained reproductively mature i.e. (possessed 

late vitellogenic oöcytes) during this study, there was no direct evidence of spawning over a 
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protracted period, although there were instances when a marked decline in average female 

GSI between samples may have been consistent with a prior spawning event.  Reliance on 

interpretation of a marked decline in average GSI between samples as an indication of 

spawning may be considered ambiguous without concurrent evidence (West 1990), however, 

there are numerous examples of its use as an indicator for spawning in a broad range of 

species throughout the world (West 1990; Barbieri et al. 1994; Matthews 1998 and references 

therein; Durham and Wilde 2008).  There are also examples of its use to confirm spawning 

among wild golden perch (Mackay 1973; Battaglene 1991).  In the present study, the lack of 

physiological evidence (histology) to confirm spawning, together with an absence of free 

floating eggs, larvae or post larvae does not support a conclusion that spawning occurred 

when a marked decline in average GSI alone was observed.  Rather, it was considered that 

ovarian involution – resporption of mature oöcytes following their apoptosis (phenomenon 

widely considered to occur within golden perch, Lake 1967a), had occurred as evidenced by 

relatively high rates of atretic oöcytes at those times when relatively lower GSI occurred.  

 

The presence of post ovulatory follicles is directly evidence of spawning (Durham and Wild 

2008).  However, the use of their presence to confirm or reject the occurrence of spawning 

should also be treated with caution.  Whilst there are very few studies available, post 

ovulatory follicles have been shown to persist for only about 48 hours among several species 

(Hunter and Macewicz 1985; Fitshugh 1995).  Under laboratory conditions, Fitshugh (1995) 

demonstrated that post ovulatory follicles persisted for 36-60 hours for Brevoortia tyrannus 

following spawning, after which time these structures were indistinguishable in histological 

samples.  The sampling regime in the current study involved histological observations on an 

approximately monthly basis, and it was therefore possible that this sampling frequency may 

not have enabled the detection of spawning, based upon the presence of post ovulatory 

follicles from histologic examination, because the duration for which post ovulatory follicles 

can be detected is unknown for golden perch.   

 

This is an important point for consideration, as golden perch have been considered not to 

spawn over a protracted period; rather spawning is considered to occur in brief, synchronised 

events (Lake 1967a; Mackay 1973 King et al. 2009), but as was observed here, the period 

when this can occur is protracted.  Thus, it may have been possible that a spawning event was 

not detected if it was brief and occurred more than 48-60 hours prior to sampling.  However, 

the concurrent sampling regime for free floating eggs, larvae and post larvae also failed to 
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provide an indication of spawning.  Conversely, if spawning had occurred over a protracted 

period, post ovulatory follicles and larvae/post larvae would most likely have been 

encountered due to the frequency of sampling and the number of mature individuals 

examined on each occasion.  The use of multiple lines of evidence, as discussed above, 

provides the most robust discrimination available to detect fish spawning (West 1990; 

Durham and Wild 2008).  As such, spawning of golden perch was not considered to have 

occurred in those instances when a moderate, but obvious, decline in average GSI alone 

occurred between samples, nor at any time during the 2005-2006 part of this investigation. 

 

 

3.4.2 (ii) Spatial patterns of reproductive development 
 

The persistent contrast in reproductive status of golden perch at concurrent sample times 

upstream and downstream of the MMW, and the distinct decline in female GSI between 

particular sampling events, but a lack of other indicators of spawning, together with 

knowledge of golden perch movement from other studies (Koehn and Nicol 1995; O’Connor 

et al. 2005), prompts consideration of the postulation by O’Connor et al. (2005) that golden 

perch migrate to particular locations for spawning.  In the present study, examination of the 

spatial structure in female reproductive status undertaken within the Menindee-Wilcannia 

reach of the Darling River revealed that reproductively mature fish were persistently located 

at, and numerically dominated, the population below the Wilcannia Weir, whilst 

reproductively ‘inactive’ fish were persistently located at and numerically dominated the 

most downstream site within the reach (Tandure).  Furthermore, sites intermediate to the 

most upstream and downstream sites within this reach were also intermediate in the 

reproductive status of females upon each sampling occasion, with GSI, oöcyte maturity and 

oöcyte size all decreasing in the downstream direction from Wilcannia at each sampling time.   

 

These data support a model of golden perch movement to a common location, in this case 

downstream of the Wilcannia Weir, in relation to an increasing level of ovarian maturity in 

anticipation of spawning, irrespective of the time of year or occurrence of a high flow event 

(as high flows did not occur during this section of the study), when golden perch have 

otherwise been shown to migrate upstream (Mallen-Cooper and Brand 2007).  Following 

spawning or upon the onset of ovarian involution, a return movement, in this case in the 
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downstream direction, was likely undertaken as indicated by the spatial patterns of ovarian 

development.  In the present study, longitudinal connectivity of the river channel was intact 

(between the barriers imposed by Menindee and Wilcannia weirs) and the river was flowing 

at low-levels.  As such, it remains unknown if a similar pattern of migration would occur 

during high flow periods, and it is unlikely to occur during periods of extreme drought when 

the main channel of the river contracts to a series of isolated pools.  Given that low flow 

dominates the temporal hydrology of the Darling River at Wilcannia (Thoms and Sheldon 

2000), the pattern of movement proposed here may not be a unique phenomenon.           

 

Migrations of golden perch have been observed by several workers (Reynolds 1983; 

O’Connor et al. 2005; Mallen-Cooper and Brand 2007), and the species is generally 

considered to be highly migratory at both juvenile and adult phases of its life-cycle (Mallen-

Cooper et al 1995).  Reynolds (1983) proposed that golden perch migrate upstream during 

periods of increased discharge to spawn, in order to compensate for egg and larval drift.  

Stuart et al (2008) detected high numbers of golden perch migrating upstream during brief 

periods of increased discharge in the Murray River at Lock 7, and considered that movement 

to represent a spawning migration, while Koehn and Nicol (1998) showed that golden perch 

moved broadly throughout the year in both upstream and downstream directions.  O’Connor 

et al. (2005) observed the majority of golden perch in their telemetry study moving to 

common locations at either the junction of the Wakool or Speewa River’s with the Murray 

River, from both upstream and downstream directions, during spring and in conjunction with 

increasing discharge and water temperatures.  Radio-tracked fish remained at these river 

junctions for an average of 42 days prior to migrating back to respective ‘home’ sites; 

O’Connor et al. (2005) proposed that these observed directional movements and aggregations 

at common locations were related to reproduction, but did not examine aspects of 

reproductive biology during their study.  The findings of the present study support the model 

proposed by O’Connor et al. (2005) and provide a reproductive validation component that 

could be further developed by the tracking of mature individuals within the Wilcannia-

Menindee reach of the Darling River.      

 

The present study observed accumulations of reproductively mature golden perch (containing 

late-vitellogenic oöcytes) downstream of the MMW and downstream of the Wilcannia Weir, 

and given that these aggregations consisted predominantly of reproductively mature females, 

that generally exhibited an advanced stage of oöcyte development, they were presumably 
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associated with reproduction.  Investigation into the spatial structure with regard to 

reproductive maturity was however only conducted in the Wilcannia to Menindee reach of 

the Darling River, upstream of the MMW.  Therefore, it remains unclear if this pattern was 

operating downstream of the MMW.  The role of impassable barriers to movement, such as 

the Wilcannia and Menindee Weirs, must also be considered in the ‘low flow’ movement 

model suggested above, because if not for their construction, aggregations may not have 

occurred below them, or indeed may have occurred at other locations or, alternatively, may 

not have occurred at all.       

 

Baumgartner (2007) described spatial differences in the diet of golden perch upstream as 

compared to downstream of an impassable weir in the Murrumbidgee River, relating spatial 

differences in diet to prey availability, which in turn were related to increased predation 

pressure due to higher abundances of golden perch and other percichthyids present 

downstream of a focus weir.  Baumgartner (2007) did not examine the spatial or temporal 

reproductive status of golden perch in relation to contrasting diets, although several authors 

have described changes in diet associated with the reproductive cycle of golden perch 

(Collins and Anderson 1999) and other percoid fishes (Matthews 1998).  Weirs are also 

considered to block access to spawning and nursery grounds or core habitats, and fish 

accumulations immediately below weirs are well documented (Thorncraft and Harris 2000).  

Weirs have been implicated in the decline of several potamodromous native fish species in 

the MDB (Harris and Gehrke 1997; Koehn 2005; Mallen-Cooper and Brand 2007).  Despite 

significant declines, no studies have demonstrated exactly which ecological processes, 

interrupted by weirs, impact upon potamodromous species; however self-sustaining 

populations have been established both below and above impassable weirs; if conditions 

favour spawning and recruitment (Baumgartner 2007).       

 

 

3.4.3 (iii) Flow pulse spawning 
 

Golden perch spawning was observed on three discrete occasions during this study and only 

during flow pulses that remained within the main river channel.  Spawning events upstream 

of the MMW were confirmed by the presence and estimated age of larvae and early juveniles, 

rather than by examination of adult reproductive indices as these could not be collected due 
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to the low abundance of adults on each flow-pulse sampling event.  The low abundance of 

adults may be attributed to extensive upstream (and out of the study area) migration in 

response to high-flow events, a well known behavioural response by this species to rapidly 

increasing discharge (Mallen-Cooper et al. 1995; Stuart et al. 2008), or may have been 

related to distinct spatial patterns of reproduction, as discussed above.  The larvae and early 

juveniles collected during the January and April 2004 flow pulses upstream of the MMW 

were likely to have been spawned upstream and outside of the study area, due to the range in 

their estimated age and subsequent time spent in the drift.  These observations support the 

proposal that golden perch undertake upstream migrations for spawning (Reynolds 1983; 

Harris and Gehrke 1994; Stuart et al. 2008) and enhance the flow response component of the 

spatial movement model presented earlier. 

    

It was not possible to relate the exact timing of spawning to acute aspects of the hydrograph 

for the instances of spawning upstream of the MMW during 2004, as spawning likely 

occurred outside of the study area.  However, it is important to consider that on each 

occasion, spawning did coincide with a within-channel flow pulse.  However, for the 

spawning event detected downstream of the MMW during March 2004, it was possible to 

relate acute aspects of the hydrograph to the incidence of spawning as the presence of post 

ovulatory follicles, which are known to degenerate within 48-60 hrs in other species 

(Fitshugh 1995), was observed within the population sample taken nine days following the 

peak discharge of 6,324 ML day
-1

 for the flow event.   

 

There was no evidence of spawning from the first or second samples of the March 2004 flow 

pulse downstream MMW (12 and 26 of February 2004, respectively).  These samples were 

collected prior to the peak of the flow pulse when daily discharge rates were increasing at 26 

and 162 ML day
-1

, respectively.  However, in the third sample of the flow pulse (11
 
March 

2004), the majority of mature females within the sample had spawned, which coincided with 

a more rapidly increasing daily discharge rate of 520 ML day
-1

, up to the peak of the flow 

pulse, and a rapidly decreasing daily discharge rate of -905 ML day
-1

 following the flow 

peak.  In the fourth sampling event, nine days following the third sample when spawning was 

detected and eighteen days following the flow peak, one of twelve females collected revealed 

evidence of spawning, and this was associated with a decreasing daily discharge rate of -935 

ML day
-1

.  With the exception of one other individual, the female population at this time 

possessed large, late-vitellogenic oöcytes, and there was no evidence of oöcyte hydration.  
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This observation indicates either that those females of advanced maturity sampled on the 

fourth occasion had migrated into the study area, or that resident females had rapidly re-

developed oöcytes in anticipation of a second spawning.  This observation also indicates that 

the spawning event observed was synchronised within this population.   

 

The present study supports the proposal by Mallen-Cooper and Stuart (2003) that golden 

perch are stimulated to spawn during within-channel flow pulses, and is consistent with the 

findings of King et al. (2009) who related the timing of golden perch spawning to both 

within-channel flow pulses and to pulses that breached the main channel of the Murray River 

near Barmah during 2005.  King et al. (2009) indicated that spawning intensity was lower 

during flow events that were restricted to the main channel, relative to those observed during 

over-bank flooding during 2005.  In the present study, the spawning response in the Darling 

River upstream of the MMW during a within channel flow pulse was similar in intensity 

(number of larvae collected) to that observed by King et al. (2009) during an overbank flood. 

 

King et al. (2009) suggested that particular aspects of the flow pulse, including the rate of 

increasing and decreasing daily discharge, may be important elements governing the 

initiation and intensity of spawning for golden perch.  This was an important element in the 

present study, whereby spawning corresponded to relatively fast increases and decreases in 

daily discharge rates, as compared to rates of change in discharge that were relatively lower 

when spawning did not occur.  The difference in spawning intensity observed by King et al. 

(2009) may have been related to the rate of increase of flow events, a feature of that study 

which could be re-examined to further enhance knowledge of the spawning response by 

golden perch to acute features of the hydrograph.    

 

With the exception of the June 2006 flow event, each flow pulse in the present study, 

including those when spawning was not detected, occurred in conjunction with relatively 

warm water temperatures of between 25.6-29.6
o
C.  Thus, water temperature alone probably 

did not govern the lack of a spawning response.  More likely, the relatively slow increase in 

daily discharge in each instance (11.4; 23.0 and 28.0 ML day
-1

) was not sufficient to induce 

spawning.  For those flow events associated with estimated spawning during 2004, daily 

discharge rates increased and decreased an order of magnitude more rapidly, from 493-546 

ML day
-1

. 
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Ebner et al. (2009) found that golden perch in the Darling River near Menindee spawned 

during 1997 on a within-channel flow pulse similar in magnitude to those correlated to 

spawning upstream of the MMW in the present study.  However, Ebner et al. (2009) also 

observed spawning across a protracted period (four months) when no flow pulses occurred.  

Their result is not necessarily indicative of golden perch spawning during low-flow 

conditions; rather, their observations can be linked to a flood pulse model because the 

habitats from which they collected YOY golden perch were recently inundated floodplains.  

Lake (1967a) postulated that inundation of floodplain soils alone, and the phenols released 

from them, were enough to stimulate golden perch to spawn.  Ebner et al. (2009) provide 

evidence in support of Lake’s (1967a) proposal, whilst also indicating that golden perch 

spawning is not strictly aligned to periods of elevated stream flow.   

 

King et al. (2009) suggested that to enhance spawning and subsequent recruitment 

opportunities for golden perch, the characteristics of managed flow pulses need further 

examination.  The present study has demonstrated that spawning intensity during within 

channel flow pulses can be high.  The features of the flow regime associated with spawning 

in the current study demonstrate that the rate of increasing and decreasing daily discharge is 

an important spawning stimulus for golden perch. 

 

 

3.4.4 Conclusions 
 

This study is the first to document temporal patterns of reproduction for golden perch in the 

Darling River, and the first to observe spatial differences in reproductive status in a golden 

perch population along a longitudinal spatial profile within a discrete river reach.  The results 

of this study support the prevailing paradigm of a strong association between spawning and 

periods of elevated stream flow for golden perch (Lake 1967a; Harris and Gehrke 1994).  

While golden perch in the Darling River exhibited a protracted breeding period and were 

potentially capable of spawning at almost any time of the year, spawning was only observed 

to occur at discrete times that were associated with rapidly increasing and or decreasing daily 

discharge during flow pulses.  These aspects of the flow pulse appear to be important 

influences to stimulate spawning in this species.  Experimental determination of thresholds 

for their influence would benefit the management of flow-regulated rivers to provide 
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spawning opportunities for golden perch in the future.  Golden perch appeared to aggregate at 

certain locations in anticipation of spawning, and based upon the results of this study, this 

was potentially in ‘anticipation’ of a suitable flow pulse.  Furthermore, mature females may 

have moved to and from these locations irrespective of flow or seasonal cues.  This model 

could be evaluated via a tracking study of mature females in the Wilcannia-Menindee reach 

of the Darling River.   
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Chapter 4 Golden perch early life-history in the 

Darling River 

4.1 Introduction 
 

The survivorship of young of the year (YOY) fish is generally dictated by starvation and 

predation (Hjort 1908 in Sinclair 1997; Anderson 1988; Cushing 1990; Chambers and Trippel 

1997).  Starvation is primarily influenced by food availability, or density dependent 

influences such as competition, whilst predation is a selective process, dependent upon both 

the size of the predator and the prey (Houde 1997).  These factors are in turn influenced by 

growth rate; faster growth enhances the survival of YOY by increasing an individual’s ability 

to encounter food of increasing size and quality (Houde 1994), consequently reducing the 

likelihood of itself being eaten by being more readily able to escape predation (Pepin 1987; 

Miller 1988; Sogard 1997).  Indeed, it has been shown that the faster an individual attains a 

larger body size, the greater probability it will have surviving the first year of life (Miller et 

al. 1988; Houde 1997). 

 

The majority of fish species spawn large numbers of small pelagic eggs (Winemiller and 

Rose 1992).  Enhanced recruitment in such species occurs when spawning coincides with the 

peak occurrence of appropriately-sized food for larvae (Cushing 1990; Houde 1997).  

Sufficient growth of early life stages is then achieved, reducing the effects of starvation and 

predation and increasing the cohorts’ survivorship (Pepin et al. 1992; Houde 1994).  

Consistent with this match/mismatch model of survivorship and subsequent recruitment 

(Cushing 1990), the flood pulse concept (FPC, Junk et al. 1989) predicts that the reproductive 

period of many fishes in tropical floodplain rivers has evolved to coincide with periods of 

floodplain inundation, when a pulse of productivity results in higher densities of invertebrates 

(Gladden and Smock 1990; Zeug and Winemiller 2007) thereby increasing early life stage 

survival and subsequent recruitment (Bayley 1991; Tockner et al. 2000; Schram and 

Eggleton 2006).  The FPC paradigm has been broadly applied to management of many 

floodplain river fisheries throughout the world, including those native to temperate and sub-

tropical river systems (Tockner et al. 2000; Schram and Eggleton 2006).  Proponents of the 

FPC in temperate floodplain rivers emphasise that within-channel flow pulses and floods 

coupled with rising or relatively warm water temperatures are important for young fish to be 

able to benefit from floodplain productivity, because temperature dictates metabolic rate and 
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growth potential (Wootton 1998).  When optimal temperature and discharge occur in phase 

with one another, recruitment of many riverine fish species is enhanced (Junk et al. 1989; 

Tockner et al. 2000).   

 

Floods and flow pulses that occur in conjunction with relatively warm water temperatures 

have long been considered critical to initiate reproduction for golden perch (Langtry 1960 in 

Cadwallader 1977; Lake 1967a; Mackay 1973; Harris and Gehrke 1994; King et al. 2003).  

Studies of golden perch reproduction have largely focused upon the role of hydrology and 

water temperature.  Most authors have emphasised the role of within-channel flows and flood 

pulses as cues to initiate spawning (Lake 1967a,b; Mackay 1973; Battaglene 1991; Reid et al. 

1997; Gilligan and Schiller 2003; Mallen-Cooper and Stuart 2003; Balcombe et al. 2006; 

Ebner et al. 2009; King et al. 2009), whilst temperature has received peripheral consideration 

(Lake 1967a; Ebner et al. 2009).  Spawning has been observed to occur across a wide range 

of hydrological conditions including during periods of zero flow (Balcombe et al. 2006; 

Ebner et al. 2009), within channel flow pulses (King et al. 2009; Chapter 3 this thesis) and 

over-bank floods (Mackay 1973; Ebner et al. 2009; King et al. 2009) across a wide 

temperature range 11-27
 o

C (Lake 1967a; Balcombe et al. 2006; Ebner et al. 2009; King et al. 

2009).  As described earlier, these observations of spawning across a broad range of 

hydrological and temperature conditions support a description of the golden perch spawning 

strategy as being ‘flexible’ (Pusey et al. 2004).   

 

The ecology of golden perch recruitment has similarly been subject to much attention in the 

literature and the role of flooding has likewise long been emphasised (Langtry 1960 in 

Cadwallader 1977; Lake 1967a; Walker and Thoms 1993; Harris and Gehrke 1994; Reid et 

al. 1997; Mallen-Cooper and Stuart 2003).  The reproductive traits (late maturation, high 

fecundity and small, pelagic eggs) and early life-history attributes (small size and 

underdeveloped at hatching, rapid development) exhibited by golden perch, together with 

rudimentary analysis of annual commercial fishery yield data, led Walker and Thoms (1993) 

to suggest that the reduced incidence and magnitude of flow pulses and flooding as a result of 

river regulation in the Murray-Darling system are responsible for the reduced abundance, 

fractured population structure and reduction in distribution of golden perch throughout their 

natural range.  Harris and Gehrke (1994) refined this theory by developing a flood-

recruitment model (FRM) for golden perch.  Consistent with the foundations of the FPC, this 

model proposes that the cascade in productivity associated with floodplain inundation 
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facilitates high YOY survival, thus strong recruitment by golden perch.  Indeed, high 

densities of suitably-sized prey are known to facilitate high survival of golden perch larvae 

and age 0+ juveniles in aquaculture hatcheries (Arumugum and Geddes 1987; Rowland 1989; 

Herbert and Graham 2007).  These hatcheries are presently managed within the tenets of a 

flood-recruitment model, whereby ponds are dried and flooded to stimulate plankton 

production (Rowland 1989; Herbert and Graham 2007).   

 

Despite long held convictions that flooding and access to floodplain habitats facilitates 

strongest golden perch recruitment (Lake 1967a; Harris and Gehrke 1994; Reid et al. 1997), 

there remain no quantitative studies of golden perch early life history in the wild from which 

to determine the influence of flooding upon YOY survivorship.  Nor is it possible to address 

the impact of current river management regimes (e.g. reduced frequency of floodplain 

inundation, Walker and Thoms 1993) upon recruitment.  Moreover, reliance upon hatchery 

observations to infer natural recruitment processes has been dismissed by fish biologists as 

unlikely to reveal natural reproductive requirements and accurately inform river management 

strategies for golden perch and other iconic Australian fishes (Humphries et al. 1999).  Thus, 

research into the ecology of recruitment of golden perch and the role of the flood pulse is 

important, particularly in light of restoration programs that aim to manipulate the 

hydrological regime and restore the natural flood pulse of numerous regulated rivers in 

Australia’s Murray-Darling River system.  Restoration of flooding presumably will improve 

the status of native fish populations and enhance other ecosystem components 

(http://www.mdba.gov.au/programs/tlm).  If water management strategies are to achieve 

realistic restoration targets, they must be informed by a thorough understanding of the life-

history requirements of those species for which hydrology may play a crucial role. 

 

Only one study has examined the influence of flooding upon the strength of golden perch 

recruitment.  Mallen-Cooper and Stuart (2003) related the strength of year classes to the 

incidence of flooding in the first year of life and, contrary to the prevailing opinion that 

floods enhanced golden perch recruitment, demonstrated that in the mid Murray River at 

Torrumbarry, strongest year classes occurred in years when over-bank flooding did not occur.  

Whilst not excluding recruitment following floods, Mallen-Cooper and Stuart (2003) 

concluded that golden perch recruitment is, like the stimuli for spawning discussed earlier, far 

more flexible than previously thought and that it can occur in the absence of flooding.  

However, Mallen-Cooper and Stuart (2003) specified that the flow and habitat circumstances 
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experienced by YOY were not examined nor established in their study, leading Ebner et al. 

(2009) and King et al. (2009) to question if a non-flood recruitment strategy was realistic, 

given the highly migratory nature of golden perch at various points in the life cycle (Mallen-

Cooper and Brand 2007).  This suggestion demonstrates that very little has been resolved by 

recent studies of the role of flow and floods in golden perch recruitment.  There remains an 

almost complete lack of knowledge regarding the early life history of golden perch in the 

MDB, including the influence of flood or non-flood conditions upon growth and survivorship 

in their first year of life.   

 

Whilst several researchers have collected golden perch eggs, larvae and early juveniles in the 

wild (Brown and Neira 1998; Humphries and Lake 2000; Gilligan and Schiller 2003; 

Balcombe et al. 2006; Ebner et al. 2009; King et al. 2009), as well as the larvae of Lake Eyre 

golden perch Macquaria sp B (Balcombe and Arthington 2009), the occurrence of these early 

life stages has been related principally to the timing of spawning and not to the factors 

affecting the survivorship of YOY, nor the ecology of natural recruitment.  Eggs and larvae 

of this species have been collected exclusively from main channel habitats of large rivers
1
 

(Brown and Neira 1998; Humphries and Lake 2000; Gilligan and Schiller 2003; King et al. 

2009), indicating that main-channel habitats are important spawning areas (King et al. 2010).  

Early juveniles on the other hand have been collected from both main channels (Balcombe et 

al. 2006; King et al. 2009) and floodplains (Ebner et al. 2009).  Despite these observations, 

details regarding the ecology of early life stages and survivorship of YOY golden perch are 

extremely limited.  This is somewhat surprising given the attention directed toward 

understanding the species’ reproductive tactics in relation to flow conditions, especially 

flooding, that have in turn profoundly influenced river management strategies (e.g. King et 

al. 2010).   

 

 

 

 

 

 

 

1
 Balcombe et al. (2007) collected larvae of the congeneric Lake Eyre golden perch 

(Macquaria sp. B) on floodplains of Cooper Creek in the Lake Eyre Basin. 
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Because the factors influencing natural recruitment exert selective pressures upon the 

evolution of reproductive traits (Stearns 1983; Winemiller and Rose 1992), a life-history 

approach has been recommended for effective population management of fish in regulated 

river systems (Humphries et al. 1999; Lytle and Poff 2004; Winemiller 2005).  In this thesis, 

Chapter 1 extended the life history framework developed by Winemiller and Rose (1992) and 

Winemiller (2005) to include current knowledge of the life history attributes of golden perch, 

and applied these within a conceptual framework representing the species’ life history 

strategy.  This approach aimed to facilitate evaluation of the environmental factors and 

conditions supporting the maintenance of resilient golden perch populations.  From this 

perspective, knowledge gaps pertaining to key life history events and processes were 

established for this species, and filling some of those gaps has been the major objective of 

this thesis.   

 

Chapter 3 demonstrated that in the absence of a flow pulse, golden perch spawning was not 

observed in the Darling River, but did occur in conjunction with acute flow pulse events that 

exhibited rapidly rising and falling limbs of the hydrograph.  King et al. (2009) observed a 

similar spawning response by golden perch to marked increases in flow in the Murray River 

near Barmah, as did Mackay (1973) in the Lachlan River and Battaglene (1991) in the 

Manilla River.  It has also been shown that golden perch can spawn in the absence of 

flooding and indeed, during periods of zero flow in the Warrego River, Darling catchment 

(Balcombe et al. 2006).  This latter observation reveals a logical reproductive strategy for an 

organism inhabiting highly variable and unpredictable hydrologic environments (Stearns 

1977) such as the dryland rivers of arid Australia (Puckridge et al. 1998).  However, 

spawning in response to a rapidly increasing hydrograph, at potentially any time of the year 

(Chapter 3), is also likely to represent an adaptive trait selected to maximise the survival of 

offspring, on the offchance that a rising hydrograph will develop into a strong flood pulse.  

This spawning strategy is therefore consistent with the main tenets of the FPC and its 

extension to dryland rivers.   

 

The rate of growth attained by YOY fish drastically influences their probability of survival.  

Relatively few studies have examined the growth of YOY fishes in large temperate 

floodplain rivers in relation to water level fluctuations, flooding, or consistency with 

predictions made by the FPC (Sommer et al. 2004).  Growth is a familiar process to 

biologists, so the ramifications of change or differences in growth rate can be readily 
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interpreted and conveyed to river managers (Gutreuter et al. 1999).  If growth and 

survivorship of the early life stages for YOY golden perch are enhanced by flooding, as so 

many authors have proposed, then growth rates during the first year of life can be expected to 

differ between floodplain and non-floodplain (riverine) habitats.  Robust comparative data on 

YOY growth rates will enable the influence of floods on this phase of golden perch 

recruitment to be resolved.  Once this critical information becomes available, it will be 

possible to refine the conceptual model of the early life history requirements of golden perch, 

and evaluate its implications for the management of regulated rivers throughout the species’ 

natural range.   

 

In consideration of this, the present chapter evaluates the following null hypothesis:   

 

Ho - Age 0+ golden perch growth rate and survival are similar in floodplain and main river 

channel habitats.   

 

Ho - Age 0+ golden perch growth rate and survival do not differ in floodplain and main river channel 

habitats.   

 

 

In order to test this null hypothesis, the present study established the following aims: 

• determine whether YOY golden perch occupy floodplain habitats, 

• compare YOY growth rates in floodplain and riverine habitats, 

• examine the effects of water quality, with particular attention to temperature, upon 

YOY growth; 

• establish the availability of prey for early life history stages in discrete floodplain and 

riverine habitats and relate to observed YOY growth rates, and 

• relate temporal patterns in the relative abundance of YOY to mortality rates in 

floodplain and riverine habitats 

 

Each of these aims is drawn from ecological theory and models of golden perch recruitment 

presented in Chapter 1.  Meeting these aims will enable further evaluation of the conceptual 

model of golden perch life history presented in Chapter 1 (Figure 1.4).  This model is 

reproduced below, with the focus of the present chapter highlighted.  Addressing this 
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hypothesis may improve the potential for river management strategies to maintain or restore 

golden perch populations within the regulated rivers of the MDB.   
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Figure 4.1 The teleost life cycle, identified in Chapter 1, with life history aspects investigated 

in the present study (Chapter 4) highlighted in blue (shaded green). 
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4.2 Materials and Methods 
 

4.2.1 Study Area 
 

This study was conducted in two distinct habitat types of the lowland Darling River: (i) the 

main river channel environment of the Darling River and (ii) two natural, ephemeral deflation 

basin lakes (EDBLs, or ‘floodplain lakes’), both situated near Menindee in south western 

New South Wales (Chapter 2, Figure 2.5).  The floodplain lakes Balaka and Malta, part of the 

Menindee Lakes Scheme, were selected for this study because (i) their hydrology is less 

manipulated than those of the main storage lakes in the Menindee Lakes Scheme; (ii) 

anthropogenic barriers to connectivity during flooding are minimal (low-level sills) (Jenkins 

and Boulton 2003); and (iii) because temporal changes in wetting and connectivity provided 

ideal circumstances for examination of the comparative differences in recruitment biology in 

floodplains and main river channels.  The floodplain lakes were dry at the inception of this 

study, and were then naturally inundated by a flood in the Darling River.  Subsequently they 

were disconnected from the main river channel at recession of the flood pulse and remained 

inundated until they were re-connected by a second ‘follow-up’ flood pulse later in the study 

period.  River channel habitats were situated in the main-stem of the Darling River, upstream 

and adjacent to the above mentioned floodplain lakes, near Barraroo and Viewmont pastoral 

stations.  Chapter 2 provides a detailed description of study locations (Section 2.4).  Figure 

4.2 depicts the river and floodplain lake study sites. 

 

4.2.2 Hydrology  
 

A detailed description of the hydrologic regime of the Darling River and Menindee Lakes is 

given in Chapter 2 (Section 2.3).  Flows recorded in the Darling River at Wilcannia, the 

nearest flow gauge to riverine study sites during the study period (2003-2005), are given in 

Chapter 2, Figure 2.7.  It was possible to determine the frequency and periodicity of 

floodplain lake connection to and from the river by correlating water level (metres Australian 

Height Datum: mAHD) in Lake Wetherell to the sill heights of Lake’s Balaka and Malta are 

connected (Figure 2.6, Chapter 2).  Hydrological data were provided by the NSW DPNR data 

request service. 
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Figure 4.2  The Darling River near Menindee (above) and the floodplain Lake Balaka 

(below).  Photos, C. Sharpe.   
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Most relevant to the current study were two distinct flood pulses, the first of which (February 

2004) inundated Lakes Balaka and Malta, both of which had dried since their last inundation 

during 2000.  The second flood pulse (January 2005) followed the first by 11 months, and 

reconnected both lakes to the Darling River following their disconnection upon recession of 

the first flood pulse.  The first flood pulse inundated Lake Balaka on 24 February 2004 and 

Lake Malta four days later.  Lake Balaka became disconnected from the Darling River on 2 

October 2004 and remained isolated from the Darling River until it was reconnected to the 

river by the follow-up flow pulse that occurred 11 January 2005.  Prior to its reconnection 

with the Darling River, Lake Balaka was approximately 1.6 m deep.  Following its 

inundation, Lake Malta remained connected to the Darling River until 3 June 2004.  Lake 

Malta remained disconnected for a period of 219 days until 14 January 2005; when Lake 

Malta was reconnected by the same flood pulse as for Lake Balaka.  Just prior to its 

reconnection with the Darling River, Lake Malta had contracted substantially in inundated 

area and depth, the latter being approximately 0.8 m at its deepest point.  Lake Malta became 

isolated from the main channel of the Darling River sooner than Lake Balaka due to its 

greater sill height (61.85 mAHD) at its effluent point on the Darling River. 

 

4.2.3 Sampling Design.   
 

A nested sampling design of sites (replicates) within location ([i] Darling River at Viewmont, 

[ii] Lake Balaka and [iii] Lake Malta) within habitat type (main river channel and floodplain 

lake) was used to assess spatial and temporal dynamics of water quality parameters, the 

instantaneous density of zooplankton, and the timing of production (spawning), relative 

abundance, size frequency, growth rate and relative mortality rates of YOY golden perch.  

Sampling was conducted between February 2004 and January 2005 and was undertaken 

weekly for the first two months post-inundation of the floodplain (seven sampling trips 

throughout February and March 2004) and then monthly between April 2005 and January 

2005 (eight sampling trips).  Sampling dates are given in Table 4.1.   

 

4.2.4 Water quality 
 

During each sampling event, water quality parameters were recorded at the three fish-netting 

sites at each location (see below) using a Horiba™ U-10 multi-probe at approximately 0.5 m 
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from the surface.  Only water temperature, turbidity and electrical conductivity (EC) were 

analysed as dissolved oxygen and pH showed no consistent patterns among trips or locations. 

 

4.2.5 Zooplankton 
 

Zooplankton as used here collectively describes ‘rotifers’ (Rotifera taxa) and 

‘microcrustaceans’ (Cladocera, Ostracoda and Copepoda taxa combined).  Taxonomic 

resolution was limited to the level of order in line with the aim of determining the spatial 

(floodplain lakes and river) and temporal density of known prey for YOY golden perch 

(Rowland 1996), following Zeug and Winemiller (2007). 

 

As for water quality, zooplankton were sampled at each of three replicate sites per location at 

each sampling time by passing 75 L of water collected with a bucket through a 50 µm mesh.  

The sample was filtered to approximately 20 ml and preserved in 70 % ethanol. In the 

laboratory, the field sample was filtered through 50 µm mesh and transferred to 50 ml 

distilled water, mixed and sampled by calibrated pipette to provide 10 x 1 ml subsamples.  

Each 1.0 ml subsample was then examined in a Sedgewick-Rafter Cell using a dissecting 

microscope with an inverted light source.  Identification of rotifers and microcrustaceans 

followed Williams (1980) and Ingram et al. (1997).  All count data were converted to 

densities (# L
-1

).  

 

4.2.6 Young of year golden perch 
 

Three sampling sites were selected at each study location (Darling River at Viewmont, Lake 

Balaka and Lake Malta).  Sampling sites at the Darling River location were randomly 

distributed within the littoral zone of the main river channel along a 7 km reach of the river at 

Viewmont (Chapter 2, Figure 2.5).  Three sampling sites were situated along the southern or 

south-eastern shorelines at each floodplain lake location (Balaka and Malta) as determined by 

access (Chapter 2, Figure 2.5).  At each sampling site and time per location, 3 small fyke nets 

and 3 large fyke nets (18 nets in total per river or floodplain lake location per sampling trip) 

were deployed in the afternoon and collected the following morning.  Large fyke nets had a 

central wing (8 m x 0.6 m) attached to the first supporting hoop (diameter = 0.5 m) with a 
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mesh entry (0.3 m, stretched), and stretched mesh size of 28 mm.  Small fyke nets had dual 

wings (each 2.5 m x 1.2 m), with a first supporting hoop (diameter = 0.4 m) fitted with a 

square entry (0.15 m x 0.15 m) covered by a plastic grid with rigid square openings (0.05 m x 

0.05 m).  Small fyke nets had a stretched mesh size of 2 mm.  Examples of both large and 

small fyke nets, and the sizes of fish typically captured within them, are shown in Figure 4.3.  

The soak time for fyke nets set at each site per sampling time was recorded to enable 

calculation of catch per unit effort (CPUE), whereby the total numbers of fish captured at 

each of three sites per floodplain lake or main river channel habitat were combined and 

standardised to 24 hours soak time. 

 

Drift nets identical to those used in Chapter 3 were deployed in main river channel habitats 

during periods of high river flow to specifically target drifting golden perch eggs, larvae and 

early juveniles.  When low or zero flows were experienced, drift nets were not effective and 

were not used.  As such, drift nets were only utilised on the first three sampling occasions 

(Table 4.1).  One drift net was set at each site in the afternoon and collected the following 

morning.  Fish collected from drift nets were not included in comparison of CPUE between 

habitats, sites or sampling times; data from drift nets was only utilised for analysis of age and 

growth rates.  On each sampling occasion, all individual golden perch captured were counted 

and up to 50 individuals were randomly selected from each location for measurement of 

standard length (SL) to the nearest 0.1 mm and weighed to the nearest 0.1 g following fatal 

immersion into iced slurry.  Remaining fish were released at their point of capture.  Each 

individual was then preserved in 70% ethanol within a uniquely identifiable container and 

returned to the laboratory.  In the laboratory, each fish was categorised according to its 

ontogenetic stage and the sagittal otoliths were removed and processed according to the 

methods described in Chapter 3, section 3.2.  

 

For sampling trips 2, 3 and 4, individuals less than 70 mm total length were selected for daily 

age estimation to determine the date when they were spawned, as required to track the growth 

rate of a single cohort.  If larger fish were collected, they were not selected for age analysis 

because they were likely to be greater than 100 ± 20 days old and hence unlikely to be 

derived from the same spawning event and not therefore belong to the cohort of interest 

(Ebner et al. 2009).  As sampling progressed through the growing season and beyond 100 

days, members of the sample cohort were clearly discernible due to their size, and these 



117 

 

progressively larger fish were collected and their otoliths examined.  Finally, to address the 

aim of measuring growth rates at separate locations, it was assumed that golden perch YOY 

did not migrate between the floodplain lakes and main river channel habitat prior to the 

disconnection of the floodplain lakes from the river (Table 4.1). 

 

 

  

  

Figure 4.3  Large (top left) and small (bottom left) fyke nets as deployed in this study, with 

examples of the sizes of YOY golden perch typically encountered from each net type 

(corresponding at right).  Images:  C. Sharpe and O. Scholz. 
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4.2.7 Data Analysis 
 

Water quality 
 

All analysis was undertaken in SPSS
TM

 V 17 (Polar Engineering and Consulting 2007).  

Differences in water temperature, turbidity and EC between the three locations were analysed 

independently using a two-way analysis of variance (ANOVA); with ‘location’ (river and two 

lakes) and ‘trip’ as fixed factors.  To create a balanced design, the first four sampling trips 

were not included in the analysis, as the floodplain lakes had not commenced inundation until 

trip 2 (Lake Balaka) and trip 4 (Lake Malta).  When ANOVA indicated a significant effect, 

post-hoc examination was conducted using Tukey’s test.  The normality and homogeneity of 

variances of the data were checked by examining probability plots compared with normal 

distributions and Levene’s test for equal variance, and subsequently did not require 

transformation.   

 

Zooplankton 
 

Differences between rotifer and microcrustacean densities # L
-1

 at each study location were 

analysed using a two-way ANOVA with ‘location’ and ‘trip’ as fixed factors.  All data were 

checked to meet the assumption of ANOVA by examining plots of means versus variances 

and subsequently all data was log10 transformed.  When ANOVA indicated a significant 

effect, post-hoc comparisons were made using Tukey’s test.   

 

Young of year golden perch age and growth rate 
 

Differences in mean age (age in days) of YOY collected at each of the three locations were 

analysed using a two-way ANOVA with ‘location’ and ‘trip’ as fixed factors.  Homogeneity 

of variance was checked with Leven’s test and no significant differences were detected thus 

no data transformations were made.   

 

To compare growth rate among locations, linear regression lines were fitted between age and 

standard length (SL) of YOY and the slopes of these lines were then compared.  Following 
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Chen et al. (1992), analysis of the residual sum of squares (ARSS) was used to compare the 

von Bertalanffy growth function (VBGF) of YOY between locations.  Procedures of the 

ARSS were as follows: (i) rSS and the associated degree of freedom (DF) of the VBGF were 

calculated for each sample population (location), (ii) the resultant rSS and DF of each sample 

were added to yield summed rSS and DF, (iii) all data from each population were pooled to 

calculate the rSS and DF of a total VBGF, and (iv) the F-statistic was calculated as:  

 

F =
DFrSS(p) - DFrSS(s) = 3*(K -1)

rSS(s)

DFrSS(s)

rSS(p) - rSS (s)

3*(K -1)

rSS(s)

N – 3*K

rSS(p) - rSS (s)

=

 

 

where rSS(p) = rSS  of each VBGF fitted by pooled growth data, rSS(s) = sum of the rSS of 

each VBGF fitted to growth data for each population sample, n = total sample size, and K = 

number of samples in the comparison.  This method was modified from the ARSS developed 

for the comparison between linear models in Zar (1984).  To test for differences in the VBGF 

between the samples, the calculated F value was then compared with the critical F, with the 

DF’s of numerator and denominator equal to 3*(K-1) and N-3*K, respectively. 

 

 

4.3 Results  

4.3.1 Spatial and temporal patterns in water quality 

Water Temperature 
 

Water temperature varied seasonally in the Darling River and both floodplain lakes (Figure 

4.5).  Water temperature (
o
C) ranged from 11.6 - 30.7 in the Darling River, 11.8 – 30.8 in 

Lake Balaka, and 11.4 – 31.4 in Lake Malta (Figure 4.5).  Overall, water temperature in the 

floodplain lakes was significantly different to that in the river (F = 100.62, P <0.001).  

However there was no overall significant difference in water temperature between floodplain 

lakes Balaka and Malta (P = 0.059).  Higher water temperatures occurred in both lakes, 
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compared to the river, during each sampling event (Figure 4.5).  This pattern became more 

pronounced following the winter period (beyond trip 12, September 2004), when both 

floodplain lakes achieved higher water temperature earlier than the river (Figure 4.5).  This 

pattern was similar between lakes and was maintained until the lakes were reconnected with 

the river in January 2005, when water temperature in the lakes and the river were similar 

(Figure 4.5). 

 

Turbidity 
 

There was a significant difference in turbidity levels between each study location throughout 

the study period (F = 270.34, P < 0.001).  Turbidity ranged from >999 NTU
-1

 (upper limit of 

instrument) in the Darling River at sampling trips 1-6; to 111 NTU
-1

 in Lake Malta at 

sampling trip 8 (Figure 4.5).  Considerably higher turbidity levels were observed in the 

Darling River during initial sampling events, in conjunction with the February 2004 flood 

pulse, whereas turbidity levels observed in both floodplain lakes immediately following their 

inundation (sampling trips 4 and 5 for Balaka and Malta, respectively) were considerably 

lower than in the river at the same sampling times (Figure 4.5).  With the passing of the initial 

flood pulse, turbidity levels declined rapidly in the Darling River and by sampling trip 10 

(July) turbidity stabilised at a relatively moderate level (155-235 NTU), a pattern that was 

maintained for the five month period July-December 2004.  During that time, turbidity in 

both floodplain lakes Balaka and Malta had also stabilised to relatively moderate levels, 

albeit higher than those observed in the Darling River (Figure 4.5). 

 

The decline in turbidity observed in the floodplain lakes following their initial inundation was 

less rapid compared to the decline observed in the Darling River during the same period 

(Figure 4.5).  Despite the higher turbidity levels recorded in the Darling River during initial 

sampling events (which tested the source of water within the floodplain lakes), turbidity 

levels in the floodplain lakes did not reach a comparable level to that observed in the Darling 

River at any time.  Thus, initial turbidity levels were higher in the Darling River than in either 

floodplain lake, but the lakes exhibited overall higher turbidity levels for the majority of the 

sampling period.     
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Figure 4.5 Mean (± 1SE) (a) water temperature (
o
C), (b) turbidity (NTU) and (c) electrical 

conductivity (µS/cm) in the Darling River and floodplain lakes Balaka and Malta for the 

period March 9
th

 2004 – January 5
th

 2005. 
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Electrical Conductivity 
 

Overall, there was a significant difference in electrical conductivity (EC) between each study 

location (F = 25.57, P < 0.001).  EC ranged from 145-150 µS/cm in the Darling River, 213-

451 µS/cm in Lake Balaka and 268-721 µS/cm in Lake Malta (Figure 4.5).  Overall, EC in 

both lakes was persistently higher than that observed in the Darling River (Figure 4.5) and 

this was attributed to the liberation of concentrated salts on the dry lakebeds following 

inundation.  An increase in EC was evident through time within the floodplain lakes, which 

was again attributed to concentration of salts as surface waters evaporated.  EC only declined 

in both floodplain lakes when dilution flows from the Darling River arrived in January 2005 

(Figure 4.5). 

 

 

4.3.2 Spatial and temporal patterns in zooplankton density 
 

In the Darling River, instantaneous rotifer and microcrustacea abundances were highest 

during sampling trip 2; at which time inundation of the floodplain lakes had not commenced.  

This occurred in conjunction with bank-full flow in the Darling River at sampling time 2, at 

the peak of the flow pulse in the river.  At that time, instantaneous microcrustacean 

abundance was relatively high as compared to densities observed in later samples, and higher 

than subsequent samples collected from the floodplain lakes at any time (Figure 4.6).   

 

In the floodplain lakes, both microcrustacean and rotifer abundance was highest in the first 

days following commencement of floodplain inundation (Figure 4.6).  Following the third 

sampling event in each floodplain lake (six weeks post inundation), overall zooplankton 

densities declined marginally, but fluctuated to higher abundances through time.  This was in 

contrast to the temporal pattern of zooplankton density in the river, which exhibited a stable 

decline until trip 7 (one month post-flow pulse) and then remained at a relatively low, but 

constant density until trip 14 (nine months post flow pulse) (Figure 4.6).   

 

Throughout the entire study period, there was a significant difference in the instantaneous 

density of both rotifers and microcrustaceans between study locations (rotifer: F = 104.98, P 

< 0.001; microcrustacea: F = 199.03, P = 0.001).   
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Figure 4.6  Densities (# L
1
 mean ± 1SE) of rotifers (○) and micro-crustaceans (●) collected 

from floodplain lakes Balaka, Malta, and the Darling River during the period February 2004 

– February 2005.  Horizontal axis reflects the number of days post-commence to flood for 

each lake and the total number of day since the peak of the February 2004 flow pulse in the 

Darling River.  Note log10 scale for density # L
-1

. 
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Instantaneous densities of zooplankton were overall significantly different between 

floodplain lakes Balaka and Malta (rotifer F = 853.63, P < 0.001; microcrustacea F = 8.58, P 

<0.005), the Darling River and Lake Balaka (rotifer F =  64.61, P < 0.001; microcrustacea F 

= 51.19, P < 0.001) and the Darling River and Lake Malta (rotifer F = 148.07, P<0.001; 

microcrustacea F = 11.04, P < 0.001).  However, there was an overall significant location by 

time interaction effect (rotifer F = 39.34, P < 0.001; microcrustacea F 33.69, P < 0.001), 

indicating that the temporal pattern of variation in zooplankton density was dependent upon 

location.  This was evident in the temporal patterns of zooplankton density observed for each 

location (Figure 4.6). 

 

 

4.3.3 Spatial and temporal abundance of the 2004 golden perch 

YOY cohort 
 

A total of 2002 golden perch of YOY size classes was captured between February 2004 and 

January 2005 (Table 4.1).  Despite equally intensive sampling in the river, YOY were not 

encountered at any sampling site prior to February 26
th

 2004.  YOY from a range of 

developmental stages including post-flexion larvae, metalarvae, and early juveniles (Figure 

4.7) were first collected in the main river channel habitat of the Darling River near the peak 

of the January/February 2004 flood pulse, 26 February 2004 (Figure 4.8).  YOY were 

collected in the floodplain lakes 12 days (9 March 2004) and 17 days (17 March 2004) 

following commencement of inflow to Lakes Balaka and Malta respectively (Table 4.1).   

 

At the timing of first collection in both floodplain lakes (Table 4.1), all golden perch YOY 

had passed through the larval stages and were determined to be early juveniles.  Moreover, 

neither golden perch eggs nor larvae were collected in either floodplain lake on any sampling 

occasion throughout the study period.  At sampling time 5 (17-20 March 2004), when YOY 

were first collected at Lake Malta, the number of YOY encountered at the river sites had 

declined considerably from that first observed (26 February 2004), and by sampling time 9 

(22 June 2004) had declined to the point that none were collected in the river during 

subsequent sampling events, until sampling trip 15 (Table 4.1).  In contrast, the relative 

abundance of the 2004 YOY cohort at each floodplain lake remained relatively constant 

throughout the entire study period, until the lakes reconnected with the main channel of the 
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Darling River (January 2005), when abundances declined markedly (Figure 4.8).  Coinciding 

with the abrupt decline in relative abundance of the 2004 YOY in the lakes at sampling trip 

15 (5 January 2005), relative abundance in the Darling River increased markedly, following 

the reconnection of the lakes to the river (Table 4.1; Figure 4.8). 

 

 

 

Figure 4.7  Post-flexion golden perch larvae collected from the Darling River during 

sampling trip 2, February 26
th

 2004. 
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Figure 4.8  CPUE (log10) abundance of young of the year (YOY) golden perch in the Darling 

River, Lake Balaka and Lake Malta throughout the study period.  Commencement of lake 

inundation indicated by solid arrow and disconnection by dashed arrow.  Re-connection to 

the Darling River indicated by solid green arrow.  Collection of YOY from drifts nets in the 

Darling River (sampling trips 1-3) not shown (see Table 4.1). 
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Table 4.1 Summary of the days since commence to flow of each floodplain lake in relation to 

sampling trip and sample date, together with the raw number of individual young of the year 

(YOY) golden perch (0+ cohort) captured using a combination of available methods.  Period 

of connection, disconnection and reconnection of each lake to the main channel of the 

Darling River is indicated. 
 

Sampling 

trip 

Date N
o
 0+  

fish 24hr
-1 

Darling 

River 

Main 

Channel 

Days since 

Lake Balaka 

commenced 

inundation 

N
o
 0+  

fish 24hr
-1 

Floodplain 

Lake 

Balaka 

Days since 

Lake Malta 

commenced 

inundation 

N
o
 0+ 

fish 24hr
-1 

Floodplain 

Lake 

Malta 

1 11-Feb-04 0 DRY DRY DRY DRY 

2 26-Feb-04 1227 1 0 DRY DRY 

3 3-Mar-04 NO 

SAMPLE 

6 0 DRY 0 

4 9-Mar-04 148 12 13 9 0 

5 17-20-

Mar-04 

41 20 76 17 17 

6 24-Mar-04 0 27 56 24 24 

7 30-Mar-04 0 33 40 30 0 

8 6-May-04 18 71 51 68 22 

9 22-Jun-04 0 118 45 115 

(disconnected) 

11 

 

10 17-Jul-04 0 143 56 140 9 

11 10-Aug-04 0 167 19 163 16 

12 7-Sep-04 0 195 32 192 11 

13 19-Oct-04 0 237 

(disconnected) 

15 234 14 

14 28-Nov-04 0 277 24 274 4 

15 5-Jan-05 13 318 0 

(reconnected) 

314 0 

(reconnected) 

TOTAL  1447  427  128 
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4.3.4 2004 YOY cohort age determination  
 

Across all sites, the number of YOY selected for age analysis (which was set at a maximum 

of 50 individuals per site per sampling time) varied according to the total number of fish 

captured on each sampling occasion (Table 4.1).  Daily age estimates for the 2004 YOY 

cohort were reliable up to approximately 115 days (trip 8, May 2004) for each location, 

beyond which time daily increments were not discernable at the otolith edge.  Therefore, 

from sampling trip 9 onwards (June 2004), the formation of the coalesced zone (formation of 

first winter check) at the edge of otoliths, together with the lack of an annulus check, was 

used as an indication that an individual belonged to the study cohort (2004 YOY cohort).  For 

consistency across locations, daily age was therefore only established for YOY up to and 

including trip 8 (May 2004).  From sampling trip 9 onward (June 2004), for Lake Balaka and 

Malta only (as there were no YOY collected from the river habitat at those times), daily age 

estimates were modelled from standard length data.  This involved extrapolation of the linear 

regression equations developed for each location between sampling times 2 and 8, to enable 

growth rate to be determined throughout the entire sampling period from standard length (SL 

mm).  Based upon examination of otoliths, YOY fish were not considered to have contributed 

to the population from spawning more recent than January 2004.  Confidence in this 

determination was gained from the following data: from sampling trips 5 to 8 the increase in 

mean daily age of the sample population was consistent with the duration in time between 

sampling trips.     

 

4.3.5 Darling River: age and size structure of the 2004 YOY 

cohort  
 

At the date of first collection in the Darling River (Table 4.1), the small range of 

developmental stages and sizes of YOY (Figure 4.9) indicated that spawning of those fish 

was limited to a relatively brief period; supported by age estimation, which ranged from 27 – 

38 days (mean 33.04 days ± 4.2).  As such, this cohort was estimated to have been spawned 

between 18 and 29 of January 2004 (mean birth date 25 January 2004 ± 4 days) over a period 

of eleven days.  Following this collection, catch rates of this cohort dropped substantially in 

the Darling River such that no individuals were collected there by sampling trip 6 (20 March 

2004); twenty-seven days following the first collection date (Table 4.1).  The 2004 cohort 
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then remained undetected in the Darling River between sampling trips 6 (20 March 2004) and 

8 (6 May 2004), when 18 individuals were collected (Figure 4.8).  Those individuals (trip 8) 

were estimated to range in age from 93 – 109 days (mean 103 days ± 4.6) and ranged in size 

from 22 – 59 mm (mean 42.7 mm
-1 

± 10.9 mm
-1

).  The range in age of those individuals (trip 

8) indicated that they were spawned at approximately the same time as those collected from 

earlier sampling trips.  This was confirmed by back calculation of birth date from estimated 

daily age, which indicated that those individuals sampled in the river at trip 8 (6 May 2004) 

were spawned between 20 January and 3 February 2004 (mean birth date 24
th

 January 2004 ± 

4 days).  This date was consistent with the mean birth date determined for those individuals 

collected earlier (trip 2: 25 January 2004 ± 4 days).  The size-frequency distribution of YOY 

in the Darling River at the time of first observation was uni-modal (Figure 4.9).  At sampling 

times 4 and 5, a bi-modal pattern had become established in the length-frequency distribution 

of the YOY cohort (Figure 4.9).  However, by sampling time 8, a bi-modal pattern was no 

longer evident within the population and the YOY cohort was dominated by individuals 

within a narrow size distribution (Figure 4.9). 

 

4.3.6 Lake Balaka: age and size structure of the 2004 YOY cohort  
 

At the date of first collection (9 March 2004), the standard length of YOY golden perch in 

Lake Balaka ranged from 25.0 – 45 mm (mean 32.2 mm ± 6.1 mm).  Estimation of daily age 

for these individuals ranged from 38 – 51 days (mean 45.0 days ± 3.3).  As such, the birth 

date of this cohort was estimated to have occurred between 18 and 31 of January 2004 (mean 

birth date 24 January 2004 ± 4 days), consistent with the mean birth date of the 2004 YOY 

cohort first collected in the Darling River.  The size-frequency distribution of YOY in Lake 

Balaka was uni-modal at the time of first collection (Figure 4.10).  The size range of the 2004 

YOY cohort broadened throughout the sampling period and a subtle bi-modal pattern was 

established by sampling time 9 (Figure 4.10).  This pattern was maintained for the remainder 

of the study period, whilst the relative abundance of the larger and smaller size classes of the 

2004 cohort remained relatively consistent (Figure 4.10).      
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4.3.7 Lake Malta: age and size structure of the 2004 YOY cohort  
 

At the date of first collection in Lake Malta, the standard length of 2004 YOY cohort  ranged 

from 35.0 – 50.0 mm (mean 35.0 mm
 
± 6.5 mm) and daily age estimates ranged from 57 – 72 

days (mean 63.1 days ± 4.2).  As such, the birth date of this cohort was estimated to have 

been between 8 and 23 January 2004 (mean birth date 17 January 2004 ± 4 days), which was 

relatively consistent with but marginally earlier than the mean birth dates of the same YOY 

cohort first collected in the Darling River and Lake Balaka.  The size-frequency distribution 

of YOY in Lake Malta exhibited a subtle bi-modal pattern at the time of first collection and 

this became more distinct throughout the study period (Figure 4.11).  Whilst increasing in 

size at progressive sampling events, the abundance of each size-mode remained constant 

throughout the study period, until sampling time 14 (January 2005) when relative abundance 

of both size-modes declined substantially (Figure 4.11). 
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Figure 4.9 Length-frequency of YOY golden perch collected in the Darling River January 

2004-January 2005.  *NB: YOY were not collected during sampling trips 1, 6, 7 and  9 – 14.  

Sampling dates correspond to trip numbers given in Table 4.3.1.  Time progression from 

bottom to top of page.  
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Figure 4.10 Length-frequency of YOY golden perch collected in Lake Balaka January 2004 -

January 2005.  *NB: YOY were not collected during sampling trips 1 – 3 or trip 15.  

Sampling dates correspond to trip numbers given in Table 4.3.1.  Time progression from 

bottom to top of page.  
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Figure 4.11 Length-frequency of young of the year (YOY) golden perch collected in Lake 

Malta January 2004-January 2005.  *NB: YOY were not collected at sampling trips 1 – 4, and 

trip 15.  Sampling dates correspond to trip numbers given in Table 4.1.  Time progression 

from bottom to top of page 
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Growth analysis 

Figure 4.12 displays the size-at-age relationships determined for each study location, for 

which linear models best described these relationships (see Table 4.2 for regression 

parameters).  Mean instantaneous daily growth rate of the 2004 YOY cohort in the Darling 

River, determined from sampling trips 2-8 (26 February-6 May 2004) to be 0.12 mm day
-1

, 

which was less than that determined for Lake Malta (0.31 mm day
-1

) and Lake Balaka (0.39 

mm day
-1

) for the same period.  Because YOY were collected in both Lake Balaka and Malta 

from sampling trips 5-14 (17 March-28 November 2004), mean growth rate during this 

period (nine months) was determined to be 0.29 mm day
-1 

for YOY in Lake Balaka, and 0.24 

mm day
-1 

in Lake Malta.  One-way ANOVA identified that there was no significant 

difference in the mean age structure between the three study locations (F = 3.79, P = 0.08).  

ANOVA did however reveal a significant difference in age between sampling times at each 

site (F = 9.05, P = 0.003), supporting the inference that the same cohort was followed 

throughout the sampling period at each study location.   

 

Comparison of growth rates between the Darling River, Lake Balaka and Lake Malta was 

only possible for trips 5-8, during which growth data were available from all three locations.  

Regression analysis (ARSS) revealed significant differences in growth between the Darling 

River and Lake Balaka (F = 9.02, P < 0.001) and the Darling River and Lake Malta (F = 9.36, 

P < 0.001), whereas the growth rate of YOY in floodplain lakes Balaka and Malta was 

similar (F = 0.62, P = 0.60).  For the floodplain lakes Balaka and Malta, corresponding 

growth data were available from sampling trip 5-14 inclusive, a period of nine months.  

ARSS revealed that growth rates of YOY in both lakes were similar for this period (F = 0.62, 

P = 0.54).  Thus, the floodplain lakes Balaka and Malta exhibited similar growth trajectories 

or similar increase in YOY size-at-age throughout the sampling period, and growth rates were 

significantly greater than the rate determined for the Darling River (Figure 4.12).  
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Figure 4.12 Growth rates for young of the year (YOY) golden perch collected from the 

Darling River (DR, blue labels), Lake Balaka (BAL, red labels) and Lake Malta (MAL, green 

labels), between sampling trips 2 (February) and 8 (May) 2004 (inclusive) as indicated by 

relationship between standard length (vertical axis) and estimated daily age based upon daily 

increment counts within sagittal otoliths.  Linear regression lines are plotted separately for 

each location; regression equations given at right.  See Table 4.2 for regression parameters.  

Raw abundance of YOY from each sampling trip given in Table 4.1. 

 

 

Table 4.2 Linear regression parameters for standard length v daily age for the 2004 young of 

the year (YOY) cohort in the Darling River, Lake Balaka and Lake Malta.    

 

 Regression df R
2 

MS F 

Significance 

F 

Darling 

River 
1 

0.380 

 
4524.321 76.082 <0.001 

Lake Balaka 1 
0.406 

 
8501.213 89.672 <0.001 

Lake Balaka 1 
0.418 

 
2990.394 43.751 <0.001 
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4.4 Discussion 
 

This study demonstrated that growth rates of age 0+ (YOY) golden perch were significantly 

greater in floodplain lakes Balaka and Malta than in main river channel habitats of the 

Darling River.  Water temperature and zooplankton densities were higher in both floodplain 

lakes than in the river and these factors are considered to have facilitated more rapid YOY 

growth there.  If, as has been reported elsewhere for other fish species, faster growth rate 

enhances YOY survivorship and this subsequently enhances the strength of recruitment 

(Miller et al. 1988; Houde 1997; Stunz et al. 2002), then this study indicates that large, 

ephemeral floodplain lakes may play an important role in the recruitment ecology of golden 

perch in the Darling River.  This finding provides support for the long-held conviction that 

flooding, and access to floodplain habitats, enhances the success of golden perch recruitment 

(Langtry 1960 in Cadwallader 1977; Lake 1967a; Mackay 1973; Walker and Thoms 1993; 

Harris and Gehrke 1994; Reid et al. 1997).  

 

The effects of access to floodplain habitats upon growth of YOY fishes have been described 

in several tropical rivers (Welcomme 1979; Gomes and Agostinho 1997; Agostonho et al. 

2001), however studies in temperate rivers are few (Gutreuter et al. 1999; Sommer et al. 

2001; Schram and Eggleton 2006; Limm and Marchetti 2009).  Nonetheless, in temperate 

floodplain systems, growth of YOY fishes has generally been shown to be greater on 

floodplains.  In the Cosumnes River, California, juvenile Chinook salmon (Oncorhynchus 

tshawytscha) achieved greater growth on floodplains than in main river channel habitats, with 

this difference reflected for a neighbouring catchment (Sommer et al. 2001).  Sommer et al. 

(1997) found that floodplains were important for spawning, foraging, and juvenile growth for 

Sacramento splittail (Pogonichthys macrolepidotus) in the Sacramento River and suggested 

that access to floodplain habitats was critical to the persistence of P. macrolepidotus in that 

river system.   

 

Despite such observations that floodplains provide benefit to YOY fish, rarely have the 

effects of floodplain habitats upon growth, a key indicator of YOY survival potential, been 

quantified.  Rather, benefit to YOY is often assumed, based upon abundance comparisons 

between habitats, rather than direct comparisons of actual growth performance (Gutreuter et 

al. 2000).  In the Rio Solimões River, Amazon Basin, Brazil, Bayley (1988) examined short-
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term (about two weeks) growth rates in YOY juveniles among 12 species of fish on 

floodplains, and demonstrated that growth of all species combined was 60% faster on 

floodplains.  Bayley (1988) also found that growth of detritivorous fish was not influenced by 

flooding, whereas that of omnivores and predators was, and suggested that growth responses 

of fish to floodplain inundation in the Amazon Basin differed with trophic position.  Thus, for 

particular guilds of species, floodplain inundation was crucial to recruitment and population 

integrity (Bayley 1988).  Similarly, Gutreuter et al. (1999) demonstrated that omnivores and 

predators exhibited faster growth rates during floods on the Mississippi River floodplain, and 

highlighted that species-specific ontogenetic dietary and habitat niche dictated any growth 

benefit during floodplain inundation.  Moreover, Gutreuter et al. (1999) demonstrated that 

floods of longer duration resulted in the greatest growth benefit for those species, but only if 

the inundation period coincided with warm water temperatures, as per the FPC.   

 

Floodplain inundation may not be beneficial for the growth, survival, and recruitment 

ecology of all floodplain river fish, as Rutherford et al. (1995) showed by examining the 

annual growth for age 0+ fish from four species in channelised reaches of the Mississippi 

River where floodplains have been alienated by levees.  Rutherford et al. (1995) found that 

growth for each species examined was not positively correlated to floods, but was positively 

correlated to the duration of the ‘growing season’ (period with water temperature > 15 
o
C).  

Rutherford et al. (1995) rejected the hypothesis that fish growth and recruitment in the 

temperate Mississippi River was related to flooding and predictions of the FPC, although they 

recognised that extensive regulation by levees, which reduced the floodplain area in their 

study location by 90%, likely influenced the ecological function of the river-floodplain 

system and thus any potential floodplain benefit.  Gutreuter et al. (1999) agreed with 

Rutherford’s et al (1995) conclusion, but supported a similar hypothesis (that flooding 

enhanced YOY growth) by studying growth of four species (two the same as Rutherford’s) in 

the same river system (Mississippi), but within an area constituting vast areas of floodplain 

(approximately 35,000 ha) not isolated by levees.  Gutreuter et al. (1999) concluded that 

“…the study of Rutherford et al. (1999) concludes a negative result that is nonetheless 

consistent with [the tenets of] the FPC if only because the Lower Mississippi River is no 

longer an ecologically functional floodplain river in the sense of Junk et al. (1989), and the 

FPC applies to relatively rare pristine river-floodplain systems.”  
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Unlike other temperate river systems, no study has ever measured the effect of floodplain 

inundation and access to floodplain habitats upon growth rates of YOY fish in Australia’s 

MDB, although flooding is widely considered important for strong recruitment (Walker and 

Thoms 1993), nor has any study demonstrated the timing and duration of utilisation of 

floodplain habitats required by YOY fish for successful recruitment (King 2002).  Working in 

the more or less ‘pristine’ Cooper Creek system (Lake Eyre drainage basin), Balcombe et al. 

(2007) demonstrated that inundation of the Cooper-Creek floodplain near Windorah 

enhanced the growth of YOY Lake Eyre golden perch (Macquaria sp. B), and based upon the 

contribution of up to 50% fish biomass in the main river channel as a result of growth on the 

floodplain, YOY survival was presumably enhanced by floodplain access.  The results of 

Balcombe et al. (2007) demonstrate that, like in tropical rivers, floodplain inundation in an 

arid zone river plays an important role in the growth and survival of young fish and in the 

transfer of energy from the floodplain to the river channel environment.  Whilst most fish 

species native to the Cooper Creek (all except Neosilurus hyrtlii) can spawn and potentially 

recruit in the absence of floods (Balcombe and Arthington 2009), strong recruitment as a 

result of access to floodplains, as well as improved distributary/colonisation pathways 

provided during flooding, are considered important to the long-term resilience of fish 

populations in the Lake Eyre Basin (Arthington et al. 2005; Balcombe and Arthington 2009) 

and other dryland floodplain river systems (Bunn et al. 2006; Leigh et al. 2010), such as 

those within the arid and semi-arid zones of the MDB.   

 

Whilst access to floodplains is known to enhance the growth and survival of YOY and 

recruitment success for numerous fish species (Gutreuter  et al 1999), the timing and duration 

of floodplain inundation required for optimal growth and survival of YOY fish is not well 

established (King 2002).  Yet it is considered a key factor relevant to optimising growth of 

YOY fish (Walker et al. 1995; Gutreuter et al. 1999) and broader ecosystem function (Leigh 

et al. 2010), because the duration of an individual flood determines how effectively an 

organism can exploit floodplain resources (Junk et al. 1989; Leigh et al. 2010).  As young 

fish increase in size on the floodplain, they are able to consume larger and more energy 

efficient prey and may experience exponential growth under favourable conditions offered by 

floodplains (Gamito 1998).  Thus, the longer the period that young fish are able to exploit 

floodplain resources, the longer the period of rapid growth (Power et al.1995).   
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Whilst the optimal period of floodplain duration for YOY golden perch growth is not known, 

periods of between two and four months have been suggested, based upon the estimated time 

between spawning and development into juveniles for golden perch (King 2002) and other 

species (King et al. 2003).  In the present study, growth and survival rates of YOY golden 

perch were higher within inundated floodplain lakes Balaka and Malta compared to the 

Darling River, and this was evident after a period of three months following floodplain 

inundation.  With the floodplain lakes remaining inundated for >9 months (March 2004-

January 2005), YOY continued to achieve a rapid growth rate and thus gain benefit from 

floodplain inundation.  In January 2005 a flood pulse reconnected the floodplain lakes to the 

river and provided a conduit for the movement of YOY back to the main river channel.  This 

sequence of flow pulses, floodplain inundation and connectivity between floodplain and 

riverine habitats resulted in rapid growth and high survival for YOY golden perch in the 

floodplain lakes and potentially enhanced recruitment to the Darling River population. 

 

Prior to regulation and extraction of water in the Darling River system, Lakes Balaka and 

Malta exhibited similar characteristics in terms of flood frequency (Chapter 2, Section 2.4).  

Inflows to these lakes would have occurred in about 30% of months, with the long-term 

average flood frequency being one in three years (Jenkins and Briggs 1997; Scholz and 

Gawne 2004).  Prior to regulation of the Darling River and the development of the Menindee 

Lakes Scheme, Lake Balaka retained floodwater for up to 16 months, and Lake Malta for 10 

months (Scholz and Gawne 2004).  Lakes Cawndilla, Menindee, Pamamaroo and Tandure, 

which are also ephemeral deflation basin lakes (EDBLs) within the Menindee Lakes system, 

are deeper and less prone to evaporative water losses than Lakes Balaka and Malta (Scholz 

and Gawne 2004), thus they would have remained wetter for longer periods (Chapter 2).  

Lake Menindee, with a surface area of 170 km
2
, is the largest lake within the Menindee 

system, and like other EDBLs of similar size (e.g. Lake Numalla on the Paroo River, 

Kingsford 1998), would frequently have contracted but rarely have dried, apart from during 

exceptional drought.   

 

The Menindee Lakes are among 567 EDBLs located in western New South Wales (Seddon 

and Briggs 1998).  These lakes range in flood-frequency from one-in-three to one-in-one 

hundred years (Seddon and Briggs 1998; Jenkins and Boulton 2003).  EDBLs are also a 

prominent feature of the lower reaches of each major river in the Murray-Darling River 

system including the Paroo, Lachlan, Murrumbidgee, Murray and Darling Rivers.  Prior to 
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extensive river regulation and isolation from the main rivers via levees (with exception of the 

Paroo River system), many of these EDBLs were likely to be similar in terms of  zooplankton 

dynamics, growth and survival potential of YOY golden perch, and comparable to the 

floodplain lakes observed in the present study.  Thus, large EDBLs, such as lakes Balaka and 

Malta, would historically have facilitated strong and fairly regular recruitment opportunities 

for golden perch throughout the Murray-Darling River system. 

 

More than half of the EDBLs in western New South Wales have now been isolated from 

flooding by block-banks and levees (Gawne and Scholz 2006).  Conversely, the Menindee 

Lakes are now wetter for longer periods than they were historically, and dry periods are much 

shorter due to an extensive levee and flow regulation system (Scholz et al. 2002).  Lake 

Malta has dried completely only on five occasions since regulation (1980-84, 1986, 1994-5, 

1998 and 2002-3) and Lake Balaka four times (1986 and 1994-5, 1998 and 2002-3) (Scholz 

and Gawne 2004).  The other lakes in the Menindee system share similar modifications to 

their natural wet-dry cycle.  This departure from a more frequent ephemeral regime is likely 

to have imposed a negative impact upon the natural ecosystem function of these lakes, 

however, how large an impact has not been fully determined. 

 

Few studies have examined the ecological function of large EDBLs in Australia (Scholz et al. 

2002; Jenkins and Boulton 2003; Scholz and Gawne 2004; Gawne and Scholz 2006).  

Moreover, no study has examined the effect of EDBL inundation in regard to the recruitment 

ecology of golden perch or other fish species.  The present study demonstrates that the 

recruitment ecology of golden perch is strongly associated with the hydrologic regime of 

EDBLs.  The growth and survivorship of YOY golden perch observed here were considered 

to be less influenced by ambient temperature and more by zooplankton dynamics, the latter of 

which exhibited greater temporal abundance within EDBLs than in the main river channel 

environment.   

 

Zooplankton density has been shown to dictate the survivorship of golden perch larvae.  

Rowland (1996) demonstrated in aquarium experiments that densities of <100 zooplankton  

L
-1

 (rotifers and microcrustaceans) at the time of first feeding resulted in mortality of 100% 

of golden perch larvae by 30 days of age.  Rowland (1996) also established that densities of 

500-3000 individual zooplankton L
-1

 facilitated the highest survival rates of golden perch 

larvae from first feeding through to metamorphosis (13.7% to 30 days), deeming that >500 
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zooplankton L
-1

 was a ‘optimal’ level for larval survivorship.  The present study observed 

densities of 1204.67 L
-1

±136.89 L
-1

 and 3717.33 L
-1

±237.59 L
-1

 for microcrustaceans and 

rotifers, respectively (combined density of 4922.48 L
-1

), in conjunction with the collection of 

golden perch larvae in the main channel of the Darling River.  Based upon evidence from 

aquaculture studies (Arumugum and Geddes 1987; Rowland 1996), sufficient densities of 

zooplankton therefore occurred for golden perch larvae to avoid starvation, sustain growth, 

and presumably, to achieve high survivorship in the main river channel environment – in 

conjunction with a flood pulse (cf. Rowland 1996).   

 

The first collections of YOY from the recently inundated floodplain lakes yielded ‘early 

juvenile’ golden perch, that is, individuals that had recently completed metamorphosis.  

Importantly, neither golden perch eggs nor larvae were collected on the floodplain at any 

time, indicating that the period considered to represent highest mortality for fish – transition 

through the larval stages (Houde 1997; Winemiller and Rose 1992), occurred within the main 

river channel environment.  When early juveniles first arrived at the floodplain lakes, 

densities of both rotifers and microcrustaceans were initially high, and significantly higher 

than in the adjacent main river channel at that time, a pattern that persisted for the remainder 

of the study.  Zooplankton densities declined rapidly in the main river channel from the 

second sampling trip onward (February 2004) and by May 2004 had declined to less than 50 

individuals L
-1

.  This decline coincided with a decline in abundance of YOY in the main river 

channel, and this coincidence is considered to reflect high mortality of early juveniles, or 

active migration of YOY into the floodplain lakes during the period that the lakes and river 

remained connected.  Regardless of which scenario applies, both are likely to have been 

influenced by the declining food resources within the main river channel, which by May 2004 

had declined below a level critical to YOY golden perch survival (Rowland 1996).  

 

Unlike the main river channel, zooplankton densities in the floodplain lakes declined 

marginally from initial abundances, but fluctuated through time at significantly higher 

densities than in the Darling River.  Jenkins and Boulton (2003) suggested that emergence 

from lakebed sediments, particularly of cladocerans, sustains high zooplankton production 

over many months in EDBLs.  Scholz et al. (2002) observed prolonged, high-level release of 

nutrients from EDBL sediments following inundation, which was likely mirrored by elevated 

primary production which in turn would presumably sustain high densities of zooplankton.  

Moreover, Sommer et al. (2001) suggested that the longer residence time of water on 
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floodplains sustained zooplankton persistence, whereas zooplankton are more rapidly flushed 

from main river channel habitats, resulting in higher densities on floodplains.  Either of these 

processes likely explained the significantly greater densities of zooplankton observed in the 

floodplain lakes Balaka and Malta during this study.   

 

In consideration of the factors affecting the survival and growth of early juvenile golden 

perch, densities of microcrustacea in the floodplain lakes did not fall below the ‘optimal’ 500 

individuals L
-1 

proposed for growth of golden perch larvae and early juveniles by Rowland 

(1996) at any time in Lake Malta and did so only marginally on two occasions in Lake 

Balaka.  Moreover, whilst occurring at persistently high densities in the floodplain lakes, 

microcrustaceans, namely Daphnia sp., also achieved extraordinarily large size, as evident in 

Figure 4.13, most likely providing an abundant and more energetically rich food source 

compared to densities of zooplankton occurring within the main river channel.  

 

In the main river channel habitat, zooplankton densities declined beyond the ‘critical’ 100 

individuals L
-1

  proposed by Rowland (1996) for YOY golden perch survival, three months 

following the first encounter with larvae in the river (February-May 2004).  Zooplankton did 

not attain the large sizes or volumes in the river that were observed in the floodplain lakes 

(Figure 4.13).   

 

Water temperature is considered to have played a less significant role in the survival of YOY 

golden perch than the abundance of zooplankton, as water temperatures within both 

floodplain lakes and the main river channel were similar during the period for which growth 

rates were compared.  During the same period, a marked decline in YOY golden perch 

abundance, eventually reducing to zero abundance, was observed in the main river channel of 

the Darling River.  Thus, the dynamics of zooplankton abundance observed within the main 

river channel and floodplain environments are considered to have played a crucial role in the 

growth and survivorship of YOY golden perch occupying one or another of these habitats 

during this study. 

 

The warmer temperatures and more abundant food found in the floodplain lake habitats 

observed in this study likely supported higher productivity of golden perch.  Floodplains 

elsewhere enhance invertebrate production (Jenkins and Boulton 2003; Sommer et al. 2001),  
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Figure 4.13 Contents of a fyke net sample (approximately 19 hrs soak time) collected from 

Lake Malta in September (spring) 2004, depicting the volume and size of the zooplankton 

present (predominantly cladocerans).  Such volumes and sizes of zooplankton were observed 

within Lakes Balaka and Malta throughout August-December 2004.  Inset:  Age 0+ golden 

perch collected in Lake Malta, September 2004, in conjunction with zooplankton depicted.  

Photos:  Zooplankton (O. Scholz): golden perch (C. Sharpe).   

 

 

fish growth (Welcomme 1979; Bayley 1991; Gutreuter et al. 2000; Sommer et al. 2001), and 

secondary production (Bayley 1991; Power et al. 1995; Balcombe and Arthington 2009).   

They contribute significant biomass to the river system ( Balcombe et al. 2007; Huryn and 

Benke 2007; Leigh et al. 2010) and recruits to riverine fish populations (Sommer et al. 2001; 

Agostinho et al. 2004).  Whether the enhanced YOY growth observed in the current study 

yields a significant contribution to the main channel population, that is, enhances recruitment, 

remains unclear.  Whilst relative abundance of golden perch YOY exhibited a marked shift 

from the floodplain lakes to the main river channel upon reconnection of these habitats late in 

this study, it is also possible that the increase in abundance within the river at that time was 

due to individuals entering the study area from upstream main channel reaches.  The 
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movement of YOY from the floodplain lakes to the main river channel is a crucial life history 

event, assuming that the reproductive ecology of golden perch is adapted to benefit from 

floodplain inundation.  This aspect of the early life history (migration from floodplain lake 

nursery areas to rivers following reconnection) requires clarification and further 

investigation.  It is critically important from a management perspective, because current 

floodplain rewatering practices in the MDB do not necessarily provide a return pathway for 

fish recruiting on floodplains.  

 

4.4.1 Conclusion 
 

This study has demonstrated that optimum environmental conditions for growth and survival 

of YOY golden perch do occur in EDBLs of the Murray-Darling river system.  If golden 

perch reproductive strategies are adapted to utilising floodplain lake habitats as nursery areas, 

lack of EDBL reconnection to the main channel habitat provides a significant risk of 

stranding and recruitment failure in the temporally variable and unpredictable hydrological 

regime of the Murray-Darling River system (Puckridge et al 2000).  Thus, the flexible 

reproductive strategy of spawning in the absence of flooding (Mallen-Cooper and Stuart 

2003; Pusey et al. 2004; Balcombe et al. 2006) would ensure that some, albeit a lower or 

‘maintenance’ level of recruitment (Arthington et al. 2005) would sustain populations in the 

absence of EDBL inundation, or where there is no re-connection of such habitats by ‘follow-

up floods’.  Whilst no other study has demonstrated the influence of floodplain inundation 

upon this or any other aspect of the golden perch life cycle, it is not considered that this 

benefit is unique to the Menindee Lakes; rather, that EDBLs which occur throughout the 

species natural range are likely to exhibit similar attributes and facilitate high YOY golden 

perch growth and survival, dependent upon the degree of anthropogenic disturbance to the 

magnitude, frequency, duration and connectivity of flooding.  These issues are taken up in the 

following chapter, which examines the role of a large floodplain regulation structure upon the 

ability for YOY golden perch to colonise a large ephemeral deflation basin lake (EDBL) from 

the main river channel of the Murray River. 
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Chapter 5 The effects of river regulation upon golden 

perch spawning and recruitment in the Murray River 
 

5.1 Introduction 
 

The natural flow regime paradigm (Poff et al. 1997) proposes that the structure and function 

of riverine ecosystems and the life-history adaptations of riverine biota are dictated by the 

hydrological (flow) cycle.  Flow has been penned “...the maestro that orchestrates patterns 

and process in rivers” (Walker et al. 1995), determining the shape, size and complexity of 

river channels, the amount and type of habitats for biota (Bunn and Arthington 2002) and the 

nature of interactions between a river and its floodplains (Walker et al. 1995; Balcombe and 

Arthington 2009; Humphries et al. 2008).  These processes are influenced by the magnitude, 

timing (seasonality), frequency, duration, and rate of change of flows (Walker et al. 1995; 

Poff et al. 1997; Leigh et al. 2010) with variability among those attributes considered the 

overarching determinant of the adaptations exhibited by riverine biota (Walker et al. 1995; 

Poff et al. 1997; Lyttle and Poff 2004).   

 

Adaptations to natural flow regimes are considered to have evolved in response to flow 

characteristics at three temporal scales: the flood pulse (< 1 year), flow history (1-100 years) 

and the long-term statistical flow pattern, or flow regime (centuries) (Walker et al. 1995; 

Arthington and Pusey 2003).  Adaptations range from behaviours such as fish migration in 

response to flood pulses (Agostinho et al. 2004; Junk et al. 1989) to the evolution of life 

history strategies that are synchronised with long term flow characteristics, for example fish 

spawning during periods of low summer flow (Milton and Arthington 1984; Humphries and 

Lake 2000) or waterbird breeding in arid Australia in response to unpredictable flooding 

(Kingsford et al. 2010). 

 

In Australia and throughout the world, the construction of dams, weirs, levees and other flow-

regulation structures together with the extraction of water for human use is recognised as a 

major threat to the ecological sustainability of river ecosystems (Kingsford 2000; Bunn and 

Arthington 2002; Lytle and Poff 2004; Vörösmarty et al. 2010).  In Australia there are 440 

large dams capable of storing an estimated 8.8x10
7
 ML of water (Kingsford 2000) and more 

than 4,000 smaller structures such as weirs on rivers and creeks (Harris and Gehrke 1997).  In 
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Australia's most regulated river system, the Murray-Darling, storage capacity is capable of 

retaining 103% of the average annual runoff (Humphries and Lake 2000) and more than 80% 

of mean annual inflows to rivers are extracted for human use (Kingsford 2000).  Headwater 

dams on the main rivers and tributaries can eliminate floods by capturing the flood pulse, 

denying floodplain inundation, and then re-releasing water in a controlled manner, reducing 

the magnitude, frequency, and duration of flooding, altering natural flow seasonality and 

reducing the incidence of natural low-flow periods (Walker et al. 1995).  In contrast to dams, 

weirs are much smaller and generally constructed to provide re-diversion of water via canals 

or natural streams, and stable water levels for naviagion. Nevertheless, they regulate smaller 

flow and flood pulses and maintain artificially high water levels (Baumgartner 2006; Graham 

and Harris 2005). 

 

Reviews of the impacts of river regulation (the operational regime of dams and weirs) upon 

the biota of Australia’s rivers have generally focused on within-channel processes (Walker 

1985; Kingsford 2000).  However, the greatest impact of river regulation is arguably the 

alienation of floodplains and wetlands from the river channel, which has received less 

attention, despite river-floodplain interaction being understood as one of the most important 

features of riverine ecosystem function (Junk et al. 1989; Bayley 1991; Kingsford 2000; 

Bunn and Arthington 2002; Arthington et al. 2006, 2010).  Reduced floodplain connectivity 

prevents the periodic resetting of riverine ecosystem processes (Walker and Thoms 1993; 

Bunn and Arthington 2002; Leigh et al. 2010), limits access to crucial habitats for water birds 

(Kingsford and Thomas 1995, Kingsford 2000), and limits the productivity of invertebrates 

(Sheil 1990; Boulton and Lloyd 1991; Jenkins and Boulton 2003), aquatic plants (Pressy 

1990; Roberts and Ludwig 1991) and native fish (Gehrke and Harris 1994; Bunn and 

Arthington 2002; Arthington and Pusey 2003).   

 

Golden perch are native to Australia’s most highly regulated and arguably most degraded 

river system – the Murray-Darling.  The species has decreased in abundance by an estimated 

90% since European settlement (~1830’s) (MDBC 2004) with observers first highlighting 

declining populations as early as 1910 (Trueman 2007).  Following decades of extensive 

river-regulation works and flow regime modifications, Mallen-Cooper and Brand (2007) 

reported a 51% decline in numbers of golden perch passing through the Euston Weir fish 

ladder on the Murray River for the period 1940-1990.  Reid et al. (1997) depicted a similar 

decline among NSW commercial catches of golden perch – from more than 1,100 tonnes 
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throughout the 1940s to 429 tonnes by 1990.  These observations, in concert with others (c.f. 

Harris and Gehrke 1997), resulted in the total closure of the commercial fishery for the 

species in New South Wales, its listing as vulnerable in the State of Victoria, and 

prioritisation of management strategies to return golden perch and other native fish 

populations of the Murray-Darling Basin (MDEB) to robust, self-sustaining levels 

(www.mdba.gov.au/programs/nativefishstrategy).   

 

River regulation, in particular large lowland weirs as barriers to longitudinal movement, has 

been implicated as a major factor in the decline of golden perch populations (Mallen-Cooper 

and Brand 2007; Thorncroft and Harris 2000; MDBC 2004).  Golden perch are considered to 

undertake extensive upstream longitudinal migrations and weirs are considered to deny 

access to spawning grounds (O’Connor et al. 2005), preventing upstream colonisation by 

adults and recolonisation of upstream areas by YOY that drifted downstream as eggs and 

larvae (Thorncraft and Harris 2000; Baumgartner et al. 2006).  As a result of blocked 

migration pathways, golden perch are now considered rare or even extinct in reaches where 

they once were common and abundant (Brumley 1987; Pusey et al. 2004).  Mitigation of 

barriers to restore longitudinal movement for golden perch and other migratory species has 

been a major priority for management investment, and fish ladders are now being retrofitted 

to existing weirs at many locations on the major rivers of the MDB (Barrett 2008; 

Baumgartner et al. 2010).   

 

Whilst the impact of weirs upon longitudinal golden perch migrations are well recognised 

and are being addressed (Baumgartner et al. 2010), not so well recognised or understood are 

the impacts of barriers to lateral migrations, and in particular, the effects of alienation of 

floodplain habitats.  In the MDB as much as 90% of floodplain wetlands are estimated to 

have been alienated by river regulation (Beeton et al. 2006).  Access to floodplain habitats by 

larvae or YOY golden perch has long been thought conductive to strong recruitment and 

maintenance of resilient populations (Lake 1967a; Harris and Gehrke 1994).  Indeed, Walker 

and Thoms (1993) proposed that the fractured status of golden perch populations was in large 

part due to reduced recruitment opportunities coincident with a significant decrease in the 

magnitude, frequency and duration of flooding as a result of river regulation.   

 

In this thesis, Chapter 3 reported golden perch spawning only in response to channel flow and 

flood pulses, presumably in anticipation of flooding, and Chapter 4 showed that when golden 
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perch YOY colonised large ephemeral deflation basin lakes (EDBLs or ‘floodplain lakes’), 

recruitment opportunity was enhanced by environmental conditions that facilitated rapid 

growth and strong survival.  Chapter 4 postulated that following natal rearing in floodplain 

lake habitats, riverine habitats are recolonised by YOY golden perch when a conduit for their 

lateral migration arises with ‘follow-up floods’ that reconnect the river and floodplain.  This 

process was considered essential if floodplain benefit to YOY golden perch is to be realised 

as subsequent recruitment to the main river system.  These life history processes are likely 

dictated by the degree of anthropogenic modification to natural flow regimes and barriers to 

lateral migration pathways during both initial floodplain colonisation and return of YOY fish 

to the riverine environment. Investigation of these processes is the subject of Chapter 5.   

 

The aim of the present chapter is to examine how river regulation and a large flow control 

structure, which dictates the timing, magnitude and duration of flow into a large EDBL 

floodplain system (similar to the Menindee Lakes examined in Chapter 5), may disrupt 

golden perch life-history processes, thus denying a population that persists in a highly 

regulated part of the Murray River the opportunity for strong recruitment.  

 

In order to address this aim, the present chapter evaluates the following null hypothesis: 

 

Ho – Operation of a flow-regulation structure does not affect opportunity for age 0+ (YOY) 

golden perch to colonise a large floodplain lake nursery ground.  

 

In order to test this null hypothesis, the present study aims to: 

• examine the timing of golden perch spawning and egg/larval drift in the main channel 

of a large lowland river and within a highly regulated EDBL floodplain system,  

• determine if YOY golden perch are spawned within a highly regulated EDBL 

floodplain system, or colonise the EDBL from an adjacent large river, 

• examine growth and survival rates of YOY golden perch within a highly regulated 

EDBL floodplain system,  

• relate the potential for floodplain colonisation by YOY golden perch to management 

of a floodplain flow-control structure (regulator). 
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Meeting these aims will enhance understanding of the factors affecting golden perch 

recruitment and the status of golden perch populations (distribution and abundance) in highly 

regulated rivers throughout the MDB.   

 

 

5.2 Materials and Methods 
 

5.2.1 Study Area 
 

This study was conducted in the highly regulated lower River Murray, downstream of the 

confluence of the Murray and Darling Rivers at Wentworth (Lock 10), within the Lake 

Victoria region of far-western NSW, between Murray River Locks 7-10 (Figure 5.1).  Flow 

in the region is dictated by regulated flows from headwater storages that are located on the 

Murray River approximately 1,400 km upstream (Hume Dam), as well as regulated inflows 

from the Menindee Lakes storage scheme on the Darling River, about 500 kilometres 

upstream from the Murray-Darling junction.  Flow in the study area is regulated by a series of 

locks and weirs which dampen flow pulses and minor floods and maintain stable water levels, 

except during large floods or managed manipulations (McCarthy et al. 2004).  Central to the 

study area is Lake Victoria; a large ephemeral deflation basin lake (EDBL) similar in 

function and geomorphology to the Menindee Lakes of the Darling River that were the focus 

of Chapter 4 (Figure 5.1).  Chapter 2, section 2.5, provides a detailed description of the lower 

Murray River and Lake Victoria study region. 

 

The Lake Victoria inlet regulator is situated on Frenchmans Creek, approximately 1.6 km 

downstream from its off-take from the Murray River, approximately 8 km upstream of 

Murray River Lock 9 (Figure 5.10).  The inlet regulator controls the timing and magnitude of 

inflow to Frenchmans Creek and its associated floodplain network, and Lake Victoria.  The 

operations of the Lake Victoria inlet regulator, in particular its role in flow regulation and 

control of inflow to Lake Victoria, is central to the present investigation.  The Lake Victoria 

inlet regulator (Figure 5.2) is a remotely controlled, undershot regulator (flow passes from 

high to low head-water, under the gated regulator) with a vertical operational (opening) range 

of 0.0 – 4.2 m, via sluice gates that enable it to be closed completely, even during the largest 

Murray River floods (Hope 1998).  It has no infrastructure adaptations for fish passage. 
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Figure 5.1 The Lake Victoria study area, with key landscape features indicated.  Yellow bars 

represent the location of Murray River Locks and Weirs from Lock 7 (left of page) - Lock 10 

(right of page).  Dashed red line indicates the Frenchmans Creek channel and the dashed 

white line represents the Murray River channel.  Adapted from Google (2010).  

 

 

Whilst fish ladders have been retrofitted to Murray River Locks 7, 8 and 9 (Figure 5.1) to 

enable upstream fish passage, Murray River Lock 10 remained as a barrier to upstream 

movement of fish as no fish ladder has been fitted at the time of this study.  A vertical-slot 

fish ladder on Murray River Lock 10 was however commissioned in July 2006, after the 

completion of field work for this study.  During this study, fish passage from the Murray 

River below Lock 10 to Lake Victoria via Frenchmans Creek was possible in both directions 

when the inlet regulator was open.  However, water velocity, which spans a broad range 

depending upon tail-water level and the extent of regulator opening (in-flow magnitude), is 

likely to limit the extent, in particular, of upstream fish passage (Dr. Martin Mallen-Cooper, 

Fishway Consulting Services, personal communication).  That the inlet regulator can be shut 

upon demand and that its design, being under-shot, is known to limit upstream passage and 

potentially cause serious injury to larval fish when they are passed downstream (Baumgartner 
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et al. 2006), are the principal features of the Lake Victoria inlet regulator that are the focus of 

the present study.     

 

5.2.2 Hydrology and water temperature 
 

Hydrological and water temperature data for the Murray River, Frenchmans Creek inlet 

regulator and Lake Victoria were obtained from the NSW Department of Infrastructure and 

Natural Resources (DIPNAR) data request service.  Gauges were situated at Murray River 

Lock 10, on Frenchmans Creek 50 m downstream of the inlet regulator, and within Lake 

Victoria proper.  Discharge (ML day
-1

), water level (mAHD) and water temperature (
o
C) 

(latter gauged only at Lock 10 on the Murray River) were averaged daily for the period 1 

January 2003-1 January 2007 (study period June 2005 – June 2006). 

 

5.2.3 Inlet regulator operations and lateral connectivity 
 

The Lake Victoria inlet regulator is capable of modifying inflows by more than 10,000 ML 

day
-1 

via opening and closing of the three under-shot sluice-gates (NSW DIPNAR 

unpublished data) (Figure 5.2).  Operational data for the opening and closing of the inlet 

regulator sluice gates (0.1 m
-1

 increment) was obtained from NSW DIPNAR for the same 

period as for hydrological data mentioned above.   

 

Following drawdown of Lake Victoria during summer-autumn (January-March), managed 

inflows during winter/spring (August-November) sequentially re-inundate extensive 

ephemeral floodplain habitats along the ~40 km Frenchmans Creek, and increase water level 

within Lake Victoria, as its storage capacity is reached.  Habitats potentially available to fish 

in the Lake Victoria floodplain system include: (1) permanently inundated main channel of 

Frenchmans Creek, (2) permanently inundated anabranch channels, (3) ephemeral floodplain 

habitats along Frenchmans Creek, and (4) Lake Victoria itself (Figure 5.3). 
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Figure 5.2  The Lake Victoria Inlet Regulator on Frenchmans Creek downstream of its off-

take from the Murray River.  Note water flowing from the opened sluice-gates under the 

regulator structure.  Photo:  Dr. Martin Mallen-Cooper, Fishway Consulting. 

 

5.2.4 Collection of YOY golden perch  
 

Three representative sites from each of the four habitat types listed above were randomly 

chosen from an initial survey of the Lake Victoria system during April 2005.  Habitat types 

were broadly classified by their geomorphic features.  Sampling within each habitat type was 

undertaken over four days and three nights at fortnightly intervals from July 2005-July 2006 

(25 sampling trips), with the exception of ephemeral floodplain habitats adjacent to 

Frenchmans Creek that were sampled only when they were inundated; which was from 9 

September 2005-15 January 2006 (15 sampling events). 

 

On each sampling occasion, one large and one small fyke net were deployed at each of three 

replicate sites within each of the four habitat types (up to 24 fyke nets per sampling trip when 

ephemeral floodplains were inundated) and drift nets were set at three main channel 
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Figure 5.3  Representative habitats surveyed within the Lake Victoria floodplain system: (A) 

main channel of Frenchmans Creek (white arrows), permanently inundated anabranch 

channels (red arrows) and ephemeral floodplains (yellow arrows); (B) ephemeral floodplain 

habitat; (C) Frenchamns Creek main channel and (D) Lake Victoria.  Images:  (A) Google 

(2010); (B, C, D) C. Sharpe.   

 

 

sites on Frenchmans Creek, which was the only flowing habitat suitable for deployment of 

drift nets.  The methods of deployment of fyke and drift nets and calculation of catch per unit 

effort (CPUE) were identical to those described in Chapter 4, section 4.2.   

 

Murray River sites were not directly examined during the present study for logistic reasons.  

However, the author was part of a project team that sampled YOY fish concurrently within 

the main channel habitat of the Murray River in the Lock 7 weir pool, immediately adjacent 

to Lake Victoria and about 90 km downstream of the Lake Victoria off-take (Vilizzi et al. 

2007).  In that study, larval fish were targeted at three Murray River main channel sites 

situated approximately 3 km apart using boat-mounted night trawls and modified quatrefoil 

light traps.  The latter were identical to those used by Humphries and Lake (2000) except that 
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a 3.0 mm mesh was fitted across the opening to exclude small predatory fish (see Vilizzi et 

al. 2008).  Sampling was conducted monthly, from June 2005-July 2006.  Light traps were 

constructed from clear Perspex®, had a removable collecting dish, and included a 24hr 

yellow cyalume
TM

 light-stick.  Light traps were set late in the afternoon and collected the 

following morning.  The boat-mounted trawl net was identical to that described in Chapter 3, 

section 3.2.  At each of the three Murray River sites, three 5-minute trawls were conducted at 

night from a boat (9 trawls/monthly sample).  The contents of each trawl were concentrated 

into a 500 ml container, and preserved in 70% final concentration ethanol as was the contents 

of light traps.  Catches of golden perch larvae collected by Vilizzi et al. (2007) were made 

available to the present study and analysed to address the aims of the present investigation.    

 

5.2.5 Laboratory processing and age determination 
 

Golden perch larvae and YOY were identified, enumerated and otoliths processed according 

to the methods outlined in Chapter 3, section 3.2.  For protolarvae, daily increments in 

otoliths were unable to be confidently identified, therefore daily age was estimated by 

comparison of size and developmental stage for known age golden perch larvae (0-10 days) 

provided by the native fish hatchery, Narrandera Fisheries Centre.  

 

 

5.3 Results 
 

5.3.1 Hydrology and water temperature 
 

Mean daily discharge (ML day 
-1

) in the Murray River at Lock 10 and in Frenchmans Creek 

downstream of the Lake Victoria inlet regulator, together with average daily water 

temperature (
o
C) in the Murray River at Lock 10, are presented in Figure 5.4.  Average daily 

discharge into Lake Victoria generally mirrored that for the Murray River at Lock 10 in the 

pattern of daily flow variability, but inflows to Lake Victoria were generally of lower 

magnitude (Figure 5.4).  Operation of the Lake Victoria inlet regulator did however result in 

contrasting discharge in the Murray River compared to flow directed into Lake Victoria on 

three occasions, when discharge into Lake Victoria was reduced to comparatively low 

magnitudes (~220 ML day
-1

), while discharge in the Murray River was relatively high and 
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was increasing (Figure 5.5).  Contrasting (high vs low) flow conditions between the Murray 

River and flow into Lake Victoria occurred on 5-15 January 2006, 29 June-6 July 2006, and 

15 October-11 November 2006.  The latter low-inflow period to Lake Victoria (~220 ML 

day
-1

) is of note, as this coincided with rapidly increasing discharge in the Murray River, up 

to a peak of 11,000 ML day 
-1

 at Lock 10 (Figure 5.5).  Reduced inflows to Lake Victoria for 

each low-flow period were the result of the management (closing) of the Lake Victoria inlet 

regulator.   

 

Of particular relevance to this study were two flow pulses that occurred in the Murray River 

at Lock 10; (1) September-October 2005 and (2) November-December 2005 (Figure 5.4).  

These originated upstream of the study area from a natural flood which was supplemented by 

an environmental flow released from Hume Dam on the Murray River to extend its duration 

(King et al. 2010).  The first flow pulse in the study area resulted in discharge in the Murray 

River at Lock 10 increasing from 2,270 ML day 
-1

 28 June 2005 to a peak of 13,340 ML day
-1

 

18 Sept 2005 (Figure 5.4).  The Lake Victoria inlet regulator was opened to its maximum 

height (4.2m) throughout the first Murray River flow pulse (June-Sept 2005) to divert 

approximately half the discharge occurring in the Murray River at Lock 10 into Lake Victoria 

(Figure 5.5).  This inflow resulted in the water level within the Lake reaching full capacity 

(27.0 mAHD) by 15 October 2005 (Figure 5.6), at which time the Lake Victoria inlet 

regulator was closed to a very low level (0.1 mAHD and ~ 220 ML day
-1

), remaining at that 

level during initiation of and throughout the second flow pulse in the Murray River at Lock 

10 (Figure 5.5).  The inlet regulator was opened briefly near the peak of the second Murray 

River flow pulse (Figure 5.5).  During the second flow pulse (25 October-22 November 

2005), the Lake Victoria inlet regulator remained closed to very low levels for a period of 25 

days (15 October – 11 November 2005), during which time flow in the Murray River was 

comparatively high and rapidly increasing (Figure 5.5). 
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Figure 5.4  Water temperature (dashed red line) and average daily discharge (ML/day) in the 

Murray River downstream of Lock 10 (solid grey line) and in Frenchmans Creek downstream 

of the Lake Victoria inlet regulator (solid black line).  Sampling period June 2005-June 2006. 
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Figure 5.5  Average daily discharge in the Murray River at Lock 10 (dashed black line) and 

opening height of the Lake Victoria inlet regulator sluice-gates (blue line) throughout the 

study period June 2005-June 2006.   

 

 

In response to operation of the Lake Victoria inlet regulator, water level in Lake Victoria 

fluctuated over a range of 0-4.1 m
-1

 (Figure 5.6).  Coinciding with the increase in water level 

at Lake Victoria during spring (September – November 2005) was extensive over-bank 

flooding along Frenchmans Creek which commenced to inundate previously dry lateral 

floodplains and floodplain wetlands at 26.0 mAHD (8 September 2005) (Figure 5.6).  The 

increase in water level also resulted in extensive re-wetting of littoral margins around the 

Lake Victoria lakebed of up to 90.0 lateral metres.  The littoral area had been exposed during 

the autumn-winter period (April-September 2005) due to the controlled drawdown of the 

Lake.  Similarly, ephemeral floodplains remained connected to Frenchmans Creek and Lake 

Victoria until 17 January 2006, following drawdown of the Lake Victoria system for 

regulated delivery of flow to South Australia (Figure 5.6).  Water temperature in the Murray 

River at Lock 10 ranged from 9.6-30.3
o
C and exhibited a seasonal pattern throughout the 

study period (Figure 5.4).   
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Figure 5.6  Water level (metres Australian Height Datum) in Lake Victoria throughout the 

study period (June 2005-June 2006).  Commencement of lateral floodplain inundation along 

Frenchmans Creek indicated by dashed red line.  

 

 

 

5.3.2 Golden perch YOY 
 

A total of 30,780 fyke net hours and 1,425 drift net hours (combined sampling effort of 

32,205 hours) in the Lake Victoria system, and 2,052 light trap hours and  9 hours of larval 

trawls (combined effort of 2,061 hours), for a combined sampling effort of 34,266 hours, 

were deployed during the 12 months of this study.  This effort resulted in the capture of a 

total of 34 golden perch YOY; 33 larvae in the Murray River (CPUE = 6.5 YOY golden 

perch 24 hr
-1

 trawl) and 1 age 0+ small juvenile within the Lake Victoria system (CPUE = 

0.00074 YOY golden perch 24 hr
-1

 fyke net).  All YOY collected in the Murray River were 

larvae and were captured by boat trawls and only on one occasion; 22 November 2005.  

Despite deployment of gear types specifically designed to target golden perch eggs, larvae 

and early juveniles in the Lake Victoria system, no golden perch eggs or larvae were 

collected between June 2005 and July 2006.  The lone YOY golden perch encountered within 

the Lake Victoria system was collected using a small fyke net set in the channel habitat of 

Frenchmans Creek on 19 May 2006.  At the same time, no golden perch larvae or YOY were 

collected in adjacent Murray River sampling sites.  
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Larvae and metalarvae collected from the Murray River ranged in size from 4.0 mm
-1

 

(protolarvae) to 9.0 mm
-1

 (metalarvae) (Figure 5.7A).  The single small juvenile golden perch 

collected in the Lake Victoria system measured 45.0 mm total length, 40.0 mm standard 

length and weighed 1.1 g.   

 

Figure 5.8 depicts the range of developmental stages for larvae collected in the Murray River.  

Of these, 5 were metalarvae, which had recently completed metamorphosis and ranged in age 

from 23-26 days (mean 24 ± 0.55 S.E. days), 11 were post-flexion stage larvae which ranged 

in age from 12-25 days (mean 15.45 ± 1.95 S.D.), and 14 were flexion stage larvae which 

ranged in age from 12-19 days (mean 13.64 ± 0.51 S.D.).  The 4 protolarvae collected were 

estimated to be approximately 5 days old, based upon comparison to developmental stages of 

known age hatchery-larvae.  Daily age could not be determined for the individual small 

juvenile collected from the Lake Victoria system due to coalescence of daily increments at 

the edge of its otoliths.  Due to the absence of a winter (annual) growth check, the age of that 

individual was estimated to be greater than 115 days (as was determined appropriate for YOY 

golden perch discussed in Chapter 5), but less than 1 year of age.  By subtracting estimated 

daily age from the date of collection, the older larvae (23-26 ± 4 days) collected from the 

Murray River were determined to have been spawned between 27 October – 3 November  

2005, and the younger cohort between 7 November - 17 November 2005 (Figure 5.7B).   
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Figure 5.7  Length-frequency distribution (A) and back calculated spawning dates (B) for 

golden perch larvae and metalarvae collected in the Murray River Lock 7 weir pool, 22 

November 2005. 
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1 mm

 

Figure 5.8  Developmental stages of golden perch larvae collected in the Murray River Lock 

7 weir pool.  Stages range from metalarvae (top) to protolarvae (bottom).  Photo, C. Sharpe. 

 

 

5.4 Discussion 
 

This study identified that neither golden perch eggs, larvae nor early juveniles successfully 

colonised Lake Victoria, Frenchmans Creek or its associated floodplain habitats despite 

larvae being present, albeit briefly (one sampling event), in the adjacent Murray River.  

Moreover, golden perch spawning was not observed within the Lake Victoria system, rather 

spawning was considered to have been limited to the main channel of the Murray River 

during the present study.  In Chapter 4 it was demonstrated that YOY golden perch had high 

growth rates and enhanced survivorship upon colonisation of large ephemeral deflation basin 

lakes (EDBLs or ‘floodplain lakes’) at Menindee.  The virtually nil result from the field 

sampling program in Lake Victoria suggests that similar benefit was denied to YOY for the 

lower-Murray River golden perch population during 2005. 

 

Based upon the age of larvae collected in the Murray River, golden perch spawning was 

determined to have occurred during October and November 2005 in conjunction with a flow 
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pulse and rising water temperatures in the river.  Spawning was considered to have occurred 

only in the main channel of the Murray River both within the immediate study area (due to 

the presence of larvae < 5 days old), and possibly further upstream, with the older larvae 

collected (25 days old) presumably having drifting into the present study area, possibly as a 

result of spawning in the Murray River near Barmah (‘Barmah spawning’) during the period 

3 October-3 November 2005, as was observed by King et al. (2009).  Golden perch larvae 

from both spawning events (Barmah and locally) are likely to have been present in the 

Murray River within the vicinity of the inlet to Lake Victoria, however, none were 

encountered within Lake Victoria, its inlet conduit via Frenchmans Creek, nor the extensive 

lateral floodplains adjacent to Frenchmans Creek that were inundated during the present 

study.  These observations suggest that the hypothesis – YOY golden perch within the lower 

Murray River region were able to successfully colonise a large, highly regulated EDBL 

floodplain lake  – should be refuted.  It appears that conditions favourable for rapid growth, 

high survivorship and potentially strong recruitment were denied to the lower Murray River 

golden perch population during this study period.   

 

Impacts of the management of the Lake Victoria inlet regulator and the design of the 

regulator itself upon the opportunities for golden perch YOY to successfully colonise the 

Lake Victoria system are considered below by examining three alternative hypothesis based 

upon the data collected during the present study, and by considering the findings of research 

conducted by others at locations along the Murray River during the present study period.   

 

(H1) Opportunity for YOY golden perch to colonise the Lake 

Victoria floodplain system was denied via the timing of operations 

for the Lake Victoria inlet-regulator. 
 

In the Murray River, adult golden perch are known to undertake extensive upstream 

spawning migrations in response to increasing river flows that coincide with increasing water 

temperature (Reynolds 1983; Mallen-Cooper et al. 1995; O’Connor et al. 2005).  In their 

study of fish movement through the fish ladder retrofitted to the weir at Lock 8 (within the 

present study area) on the lower Murray River during 2004-2006 (during the present study 

period), Stuart et al. (2008) observed large numbers of adult golden perch (maximum 202 per 

day) passing upstream through the Murray River Lock 8 fish ladder over a relatively brief 
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period during spring 2005 (October-November 2005).  That movement coincided with the 

second flow pulse in the Murray River during the present study (25 October- 22 November 

2005).  This flow pulse exhibited a rapidly increasing hydrograph (discharge and water level) 

and coincided with increasing water temperature (Stuart et al. 2008).   

 

Stuart et al. (2008) considered the brief, large-scale, upstream movement of adult golden 

perch they observed at Murray River Lock 8 to represent a spawning migration, as all adult 

golden perch observed were in spawning condition, with males running ripe and some 

females extruding eggs; the latter condition only occurs just prior to the onset of spawning 

(C. Sharpe, personal observation).  During the same period (October-November 2005), 

similarly large numbers of adult golden perch were also migrating upstream through the fish 

ladder retrofitted to the weir at Murray River Lock 9 (Zampatti et al. 2008).  Some of those 

golden perch adults had arrived from downstream of Lock 8, evidenced by tagged individuals 

having earlier passed through the fish ladder at Lock 8 during the spawning migration 

described by Stuart et al. (2008), as noted by Zampatti et al. (2008).  However, upon 

migrating upstream through the Lock 8 and Lock 9 fish ladders, the 2005 golden perch 

spawning migration was halted from further upstream travel by the impassable Murray River 

Lock 10, which at the time of the present investigation, had no fish ladder (Baumgartner et al. 

2008). 

 

The off-take for inflow to Lake Victoria is situated on the Murray River approximately 45 km 

downstream of Lock 10.  During late October-early November 2005, large numbers of adult 

golden perch in spawning condition had aggregated immediately downstream of Lock 10, 

upstream of the Lake Victoria off-take – evidenced  by large numbers of adult golden perch 

in spawning condition migrating through the fish ladders at Lock 8 and Lock 9 (the latter 

approximately 8 km downstream from the Lake Victoria inlet on the Murray River), at the 

same time as a large aggregation of mature adults occurred below the impassable Lock 10 (C. 

Sharpe, personal observation).  Because (a) the golden perch spawning migration was forced 

to end at Lock 10, (b) golden perch larvae were collected further downstream in the Lock 7 

weir pool during the present study (22 November 2005), and (c) the age of those larvae (5-23 

days) coincided with the timing of the upstream spawning migration observed by others 

(Stuart et al. 2008; Zampatti et al. 2008), it was considered that golden perch spawned during 

the present study within the vicinity of Lock 10; approximately 45 km upstream of the inlet 

for Lake Victoria.   
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Golden perch spawn large numbers of small, pelagic eggs (~500,000 eggs per female; Lake 

1967a; Battaglene 1991) in an all-or-none fashion (Lake 1967a).  Eggs are pelagic and drift 

passively, take 1-2 days to hatch (Lake 1967a) and larvae and early juveniles continue to drift 

and occur in the nekton until at least 38 days in age (see Chapter 4).  Upstream spawning 

migrations by mature individuals are considered to offset downstream egg and larval drift 

(Reynolds 1983; Mallen-Cooper et al. 1995).  During the present study, spawning was not 

observed to have occurred within the Lake Victoria system; however, spawning was 

confirmed in the Murray River during the study period and was considered to have occurred 

downstream of the impassable Murray River Lock 10, which is situated upstream of the Lake 

Victoria inlet.  Based upon the narrow age-range of larvae, spawning is considered to have 

occurred over a relatively brief period (27 October-17 November 2005).  Due to the mode of 

golden perch spawning and the drifting nature of eggs and larvae described above, high 

numbers of golden perch eggs and larvae were potentially available to colonise the Lake 

Victoria system, but only if flow was directed into Lake Victoria during the period when eggs 

and larvae occurred in the river further upstream.   

 

Prior to the period for which spawning was determined to have occurred in the Murray River, 

Lake Victoria had reached full supply level (27.0 mAHD) due to managed inflows, and the 

inlet regulator was subsequently closed to a very low level (from 4.2 m down to 0.1 m – 15 

October 2005 – 11 November).  During the period when spawning occurred in the Murray 

River, by far the majority of Murray River flows, and presumably golden perch eggs and 

larvae, were therefore transported downstream in the main channel of the Murray River, 

rather than into Lake Victoria.  These observations provide a probable explanation as to why 

golden perch eggs and larvae were not collected in the Lake Victoria floodplain system at the 

time when they occurred in the adjacent Murray River.  These observations therefore provide 

support for the hypothesis that the timing of operations for the Lake Victoria inlet regulator 

(i.e. timing when flow was directed either into Lake Victoria or downstream in the Murray 

River) denied opportunity for the 2005 YOY golden perch cohort to successfully colonise the 

Lake Victoria floodplain system.  The impacts upon recruitment of the 2005 golden perch 

year class will be discussed further following consideration of a second alternative 

hypothesis.  
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(H2) Golden perch eggs and larvae spawned in the Murray River 

were directed into the Lake Victoria floodplain system but 

experienced extreme mortality upon passage through the under-

shot Lake Victoria inlet regulator. 
 

During the present study, golden perch spawning also occurred in the Murray River near 

Barmah (King et al. 2009), approximately 1,000 km (by River) upstream of the present study 

area.  Golden perch eggs from the ‘Barmah spawning’ were collected between 3 October and 

3 November 2005 in the Murray River near Barmah by King et al. (2009), with by far the 

highest number of eggs collected 3 November 2005 (Dr. Alison King, Arthur Rylah Institute, 

personal communication).  Based upon a transit time of water in the Murray River of 45 km 

per day at discharge of 20,000 ML day 
-1

 (Stuart and Jones 2006), and assuming passive drift 

of golden perch eggs and larvae (King et al. 2009; Chapter 4), larvae from the spawning 

event 3 November 2005 at Barmah could have been transported downstream and into the 

present study area, and thus to the vicinity of the Lake Victoria inlet, by 23 November 2005, 

20 days following the collection of eggs at Barmah by King et al. (2009).   

 

Indeed, golden perch larvae 23 days old were collected in the lower Murray River at the Lock 

7 weir pool during the present study (22 November 2005) and their age and the transit time of 

water described by Stuart and Jones (2006) supports the explanation above.  It was therefore 

possible that based upon transit time of water from Barmah, together with the biology of eggs 

and larvae described above (i.e. passive drift), that these older larvae, which constituted 11% 

of the total number of larvae collected in the present study, were progeny of the Barmah 

spawning observed by King et al. (2009).  Based upon the distance from Barmah to the inlet 

of Lake Victoria on the Murray River, larvae from the 3 November Barmah spawning could 

have occurred in the vicinity of the Lake Victoria inlet from about 19 November 2005.  The 

Lake Victoria inlet regulator was closed to low levels (0.1m) between 16 October and 11 

November 2005 and passed minimal flow (220 ML day 
-1

) compared to that which occurred 

in the Murray River at that time (maximum 12,270 ML day
-1

).  However, the Lake Victoria 

inlet regulator was opened from 0.1m to 4.2m on 12 November 2005, to pass an average 

daily flow of 4,368 ML day 
-1

 for the period 12 November-31 December 2005.   

 

If ‘Barmah larvae’ occurred in the Murray River within the vicinity of the Lake Victoria inlet 

regulator on 19 November 2005, half of the flow in the Murray River, and presumably golden 
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perch larvae, could have been diverted into Lake Victoria just prior to and during that time.  

It is therefore considered possible that some larvae spawned at Barmah may have been 

directed (drifted) through the Lake Victoria inlet regulator and into the Lake Victoria 

floodplain lake system, whilst others continued to drift downstream in the Murray River with 

the remainder of flow.  Some of those larvae were subsequently collected in the Murray River 

Lock 7 weir pool (22 November 2005).  If this scenario is accurate, then it could be expected 

that golden perch larvae would have been collected in the Lake Victoria system at around the 

same time that they were collected in the Lock 7 weir pool (22 November 2005); albeit at 

similar or greater abundances (due to the more efficient techniques and greater sampling 

effort deployed within the Lake Victoria system) to the number of larvae collected in the 

Lock 7 weir pool.  As this was not the case, with zero golden perch larvae and only 1 early 

juvenile collected (May 19 2005) some 5 months following the spawning event observed 

upstream by King et al (2009), despite > 30,000 hours of targeted netting throughout a range 

of available habitats in the Lake Victoria system during the present study, the impact of the 

Lake Victoria inlet regulator upon the ability for golden perch larvae to successfully colonise 

the Lake Victoria system must be considered further. 

 

The Lake Victoria inlet regulator is undershot in design, whereby all water flowing through it 

flows under gated boards, rather than over a fixed crest as for over-shot weirs.  Baumgartner 

et al. (2006) showed that passage though undershot regulators imposed >95% mortality for 

golden perch larvae released upstream and then collected downstream of an experimental 

undershot regulator.  In their study, Baumgartner et al. (2006) identified that eventual golden 

perch recruitment may be enhanced by mitigating the mortality effects of passage through 

undershot regulators, such is their impact upon golden perch larvae.  In the present study, 

golden perch larvae were not collected in the Lake Victoria system despite their occurrence in 

the adjacent Murray River and despite approximately half of Murray River flows being 

directed into Lake Victoria during the period when larvae were encountered in the river.  It is 

therefore possible that this observation reflected extreme mortality of larvae upon their 

passage through the undershot Lake Victoria inlet regulator (c.f. Baumgartner et al. 2006).  

However, if golden perch larvae collected during the present study were indeed progeny from 

the Barmah spawning observed by King et al. (2009), and if younger larvae collected in the 

Lock 7 weir pool during the present study were spawned downstream of Murray River Lock 

10 as proposed above, then those larvae too must have traversed weirs in the downstream 

direction prior to being collected in the Murray River Lock 7 weir pool.   
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Between Barmah on the Murray River and the Lock 7 weir pool there are six main channel 

weirs on the Murray River.  However, their design is different to the Lake Victoria inlet 

regulator as they are overshot rather than undershot in design.  Whilst the latter are known to 

exert tremendous mortality upon golden perch larvae, overshot weirs have been shown to 

impose only 8% mortality upon golden perch larvae that pass overshot weirs (Baumgartner et 

al. 2006).  Larval passage through overshot weirs does not impose the sudden pressure or 

flow changes that passage through undershot weirs does (head-level pressure), and this is 

considered the factor which causes high larval mortality upon passage through undershot 

regulators (Baumgartner et al. 2006).  Thus, despite their occurrence within the Murray 

River, the absence of golden perch larvae in targeted samples within the Lake Victoria 

system in the present study, during the period when larvae were collected in the Murray 

River, could be explained as a result of potentially high rates of larval mortality following 

passage through the undershot Lake Victoria inlet regulator.  This hypothesis (H2) is 

supported by the collection of only 1 YOY golden perch within the Lake Victoria system, 

five months following the collection of golden perch larvae within the Murray River, 

indicating that, as  Baumgartner et al. (2006) observed in their controlled experiments, some 

larvae, albeit a very low percentage, survived passage through the undershot Lake Victoria 

inlet regulator.  

 

(H3) Golden perch eggs or larvae were not present in the Murray 

River within the vicinity of the Lake Victoria inlet. 
 

Despite being wide-spread and one of the more abundant large-bodied native fish species in 

the Murray River system (Lintermans 2007), observations of golden perch spawning in the 

Murray River are few (Gilligan and Schiller 2003; Koehn and Harrington 2005; King et al. 

2009).  Spawning has only been determined to have occurred at discrete locations and unlike 

other species, spawning events have not been observed to occur over a protracted period or 

broad spatial range (O’Connor et al. 2005; King et al. 2009; Chapter 3).  Rather, golden 

perch spawning in the Murray River system is only known to occur in conjunction with rising 

water levels or relatively high flow periods that coincide with increasing or relatively warm 

water temperatures, as observed in the present study, and by King et al. (2009).  Furthermore, 

spawning may occur only at particular locations, such as the junctions of rivers or tributaries 
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(O’Connor et al. 2005) and has only been observed to occur for relatively brief periods of up 

to about one month duration (Gilligan and Schiller 2003; King et al. 2009; Chapter 3).   

 

Based upon the very young age of some larvae collected in the present study (5 days old), a 

level of spawning was considered to have occurred within the immediate vicinity of the 

present study region.  Due to the persistent barrier to upstream fish migration imposed by 

Murray River Lock 10 to fish within the study region, those younger larvae that were 

collected in the Lock 7 weir pool (further downstream than Lock 10) were likely spawned 

somewhere downstream of Lock 10.  Lock 10 is immediately downstream of the junction of 

the Murray and Darling Rivers, and is within the vicinity (~ 20km further downstream) of the 

junction between the Great Darling Anabranch and the Murray River.  If golden perch 

spawning is indeed restricted to locations such as the junctions of major rivers and their 

tributaries, as proposed by O’Connor et al. (2005), then determination of spawning within the 

vicinity downstream of Murray River Lock 10 warrants further investigation as an important 

spawning site for golden perch in the lower Murray River region.   

 

Given that the presence of eggs or larvae indicates that fish have successfully spawned 

(Humphries et al. 2008), King et al. (2009) were able to correlate environmental 

circumstances with the timing and intensity of golden perch spawning, and concluded that the 

intensity of daily rates of change in discharge that coincided with rising or relatively warm 

water temperatures were important stimuli that affected the onset and intensity of golden 

perch spawning.  Similarly, the presence of larvae was used to confirm the occurrence of 

spawning in the present study.  Based upon the age of larvae collected, spawning occurred 

within the study area and potentially further upstream in the Murray River near Barmah.  

Likewise, the absence of eggs or larvae may not indicate that fish have not spawned, rather 

that spawning did occur but hatching of eggs did not, or that mortality of eggs and larvae was 

high (Humphries et al. 2008).  In the present study, the absence of golden perch eggs and 

larvae within the Lake Victoria system can be interpreted with confidence as spawning not 

having occurred within the Lake Victoria system.  However, spawning within the adjacent 

Murray River was confirmed by the collection of very young larvae (5 days old), together 

with older larvae (23 days old); the latter which may have been transported into the study 

area by the flow-pulse, from far upstream at Barmah.   
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The absence of golden perch eggs and larvae, and collection of only one YOY sized 

individual within the Lake Victoria system indicates that spawning did not occur there during 

this study.  However, the collection of larvae spanning 5-23 days in age from the Murray 

River downstream and adjacent to Lake Victoria does not support the hypothesis that golden 

perch were not encountered within the Lake Victoria system due to a lack of spawning, as 

spawning was confirmed to have occurred in the Murray River upstream of the study area 

(near Barmah) (King et al. 2009) and was also likely to have occurred in the Murray River 

within the study area – upstream of the Lake Victoria inlet (downstream of the impassable 

Lock 10) during this study period.  Therefore the lack of golden perch eggs or larvae within 

the Lake Victoria system is more likely explained by hypotheses H1 and H2; that golden 

perch eggs and larvae were either denied opportunity to colonise the Lake Victoria floodplain 

system due to closure of the Lake Victoria inlet regulator gates, or that extreme larval 

mortality during their passage through the undershot Lake Victoria inlet regulator restricted 

the number of larvae which survived to colonise the Lake Victoria system.  Figure 5.9 

combines the timing of golden perch spawning observed in this study, based upon the age of 

larvae collected, together with the average daily discharge in the Murray River and the 

operation (gate opening and closing height) of the Lake Victoria inlet regulator, to 

demonstrate support for H1 and H2 presented above, while H3 is considered the most unlikely 

explanation as to why golden perch larvae were not able to successfully colonise the Lake 

Victoria floodplain system during this investigation. 

 

Despite that no eggs or larvae and only one golden perch YOY were collected in the Lake 

Victoria system during this study, golden perch adults are abundant within Lake Victoria and 

the associated Frenchmans Creek (C. Sharpe, unpublished data 2005) as are at least seven 

other native and three exotic species (Gilligan 2005; C. Sharpe unpublished data).  Golden 

perch constituted a major proportion of the commercial catch for fishermen who worked 

within the Lake Victoria system, particularly within Frenchmans Creek, for the period 1900-

2000 (Langtry 1960 in Cadwallader 1977; Reid et al. 1997; Bill Lever, professional 

fisherman, personal communication 2006).  Moreover, large aggregations of adult golden 

perch have been often been observed in Frenchmans Creek, downstream of the Lake Victoria 

inlet regulator (C. Sharpe, personal observation).  As there is no opportunity for golden perch 

to migrate into the Lake Victoria system from the Murray River via the Lake Victoria outlet 

regulator on the Rufus River (Dr. Martin Mallen-Cooper, Fishway Consulting, personal 

communication 2010), golden perch existing within the Lake Victoria system must have 
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either been spawned there, or drifted into the system as eggs or larvae, or migrated there as 

larvae, juveniles or adults from the Murray River via the Lake Victoria inlet regulator.   
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Figure 5.9  Opening and closing of the Lake Victoria inlet regulator gates in relation to the 

timing of golden perch spawning in the Murray River.  The solid blue line represents the 

height of gate opening-and-closing for the inlet regulator (major left vertical axis), the minor 

vertical-axis at left indicates the number of golden perch larvae collected from the Murray 

River on corresponding spawning dates (pink bars).  Spawning occurred between 27 October 

and 17 November 2005 (pink bars), determined by back-calculation of daily increment counts 

from otoliths.  Larvae were collected in the Murray River Lock 7 weir pool 22 November 

2005 downstream, collection date indicated by the green star.  Discharge (ML day
-1

) in the 

Murray River at Lock 10 represented by dashed-black line (right axis).  

 

 

Regardless of which scenario applies, the abundance of golden perch within Lake Victoria 

indicates that the system provides environmental conditions suitable to the maintenance of a 

robust adult population.  The results of the present study do not enable clarification of how 

the Lake Victoria golden perch population is maintained and this warrants further research.  

Nevertheless, the present study provides evidence which demonstrates the effects of river 

regulation upon the life-history processes exhibited by golden perch.  A large ephemeral 

deflation basin lake (EDBL) of the type shown in Chapter 4 to foster strong recruitment 

potential for golden perch was essentially alienated from colonisation by drifting YOY that 

were spawned in the main channel of the Murray River during the present study. 
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5.4.4 Conclusion 
 

Potamodromous fishes such as golden perch are considered to be especially vulnerable to 

altered migration pathways, disrupted hydrological and temperature regimes and floodplain 

alienation as a result of river regulation (Dodson 1999; Agostinho et al. 2001).  These 

alterations to the natural flow regime are known to impact spawning cues (Koehn et al. 1996) 

and affect YOY survivorship, ultimately affecting the strength of recruitment for 

potamodromous species (Agostinho et al. 2004; Sanches et al. 2006).  Whilst several studies 

have examined the effects of altered hydrological regimes and barriers to longitudinal 

migration upon potamodromous fish in Australian rivers’ (Mallen-Cooper et al. 1995; 

Baumgartner et al. 2008,  2010), studies examining the impacts of river regulation upon their 

early life history processes are few (Mallen-Cooper et al. 1995; Baumgartner et al. 2006), 

and studies that evaluate the acute effects of river regulation upon larvae and subsequent 

recruitment are almost nonexistent (Baumgartner et al. 2006; Sanches et al. 2006).  The 

present study has demonstrated that river regulation, principally the timing of lateral flows 

and the design criteria of a large floodplain regulatory structure, have strong potential to 

affect the strength of golden perch recruitment via denying colonisation of a large ephemeral 

deflation basin lake by larvae and early juveniles.  As demonstrated in Chapter 4, this type of 

habitat fosters more rapid growth and higher survivorship for golden perch YOY compared to 

the main channel habitat of lowland rivers.   

 

Opportunities for colonisation of habitats such as ephemeral deflation basin lakes are 

increasingly reduced in the lower Murray River due to their permanent alienation by present 

day river management regimes.  As such, altering management regimes to provide floodplain 

connections to coincide with the period of greatest probability of golden perch spawning and 

larval drift, together with mitigation of the adverse impacts of under-shot regulatory 

structures on larval passage, should be considered priorities to enhance recruitment 

opportunities for golden perch in the lower Murray River system. 
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Chapter 6 Synthesis 
 

6.1 Introduction 
 

Floodplain rivers are among the most dynamic ecosystems on earth (Power et al. 1995; 

Kingsford 2000, Tockner et al. 2010).  Spatial and temporal variability in the flow regime is 

widely recognised as the principal factor defining the ecology of floodplain river ecosystems, 

because flow affects all aspects of the physical environment and plays a key role in shaping 

the ‘physical habitat template’ (Junk et al. 1989; Walker et al. 1995; Poff et al. 1997; Olden 

and Kennard 2009).  Flow defines river morphology and sediment dynamics, the type, 

amount and accessibility of habitat for riverine biota, drives food webs via transportation of 

carbon and nutrients, and influences plant and animal behaviour and the evolution of life 

history strategies (Bunn and Arthington 2002; Lytle and Poff 2004, Olden and Kennard 2009; 

Leigh et al. 2010).   

 

The importance of flow variability to the integrity of river ecosystems is well recognised 

(Walker et al. 1995; Poff et al 1997; Bunn and Arthington 2002; Lytle and Poff 2004).  

However, the flow regimes of virtually all of the world’s large river systems have been 

altered or ‘regulated’ to secure reliable freshwater supplies for human consumption, irrigated 

agriculture, water dependent industries and flood control (Nilsson et al. 2005; Vörösmarty et 

al. 2010).  Regulation of rivers has compromised their integrity by constraining the 

variability of river flows (Bunn and Arthington 2002; Naiman et al. 2008).  For many 

regulated rivers, spatial and temporal flow variability has been reduced by the elimination of 

within-channel flow pulses and small to medium floods, and seasonal patterns of flow 

magnitude have been altered and in some cases inverted (Walker et al. 1995; Arthington and 

Pusey 2003).  River regulation has also drastically affected the amount of water that reaches 

floodplains and wetlands (Kingsford 2000; Tockner et al. 2008).  Such changes, while 

ensuring social and economic benefits, combine to degrade the ecological function of 

floodplain river ecosystems (Bunn and Arthington 2002; Nilsson and Svedmark 2002; Pinay 

et al. 2002; Naiman et al. 2008).   
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In disturbed river systems, ‘environmental flow’ regimes have been implemented to restore 

ecological integrity by attempting to mimic key components of the natural variability of a 

river’s flow regime (Tharme 2003; Arthington et al. 2006).  Consideration of several flow 

factors including the timing, magnitude, duration, rate of change and the frequency and 

sequences of flow events is essential if provision of environmental flows is to achieve 

environmental benefits, or maintain the integrity of disturbed river systems (Arthington et al. 

2010; King et al. 2010; Poff et al. 2010).  Moreover, documented empirical evidence and 

mechanistic understanding of ecological responses to these facets of the natural flow regime 

are required to confidently prescribe targeted environmental flows for specific rivers 

(Arthington et al. 2006).  When these relationships are poorly understood or lacking, long-

term, hypothesis-based adaptive flow management experiments are essential to inform 

environmental flow management (Poff et al. 2003; King et al. 2010).  Basic scientific 

research is also needed to extend and deepen understanding of flow-ecological response 

relationships and the underlying mechanistic processes.  

 

Environmental flows are often prescribed to maintain or enhance native fish communities 

(Bunn and Arthington 2002; Welcomme et al. 2006b; King et al. 2010).  Repeatedly, 

environmental flow strategies are based on the assumption that aspects of the natural flow 

regime are linked to the life history requirements of riverine fish, including maturation of 

gametes, movement to spawning areas, and provision of spawning cues and the habitat and 

prey requirements conductive to the survival of larvae and early juvenile fish (King et al. 

2010).  Because the status of fish populations is dictated by the success of spawning and rates 

of survival in the early life stages, knowledge of life history tactics is essential to the design 

of flow management strategies to maintain native fish assemblages and individual species 

(Schlosser and Angermeier 1995; Lyttle and Poff 2004; Winemiller 2005).   

 

Understanding a species’ life history strategy makes possible prediction of a population’s 

response to environmental forcing and, because life history traits are the fundamental 

determinants of a population’s performance, investigation of life history characteristics is 

central to both theoretical ecology and to natural resource management, such as the provision 

of environmental flows (Winemiller and Rose 1992; Humphries et al. 1999; King et al. 

2010).  Consideration of life history strategies should be fundamental to the management of 

fish populations in rivers where human activities have modified natural environmental 

patterns, in particular, the patterns of the natural flow regime of large river systems.  The 
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broad aim of this dissertation was to improve understanding of the life history tactics of the 

golden perch, Macquaria ambigua, that have enabled the species to persist, and succeed, in 

rivers that are among the most hydrologically variable in the world (Walker et al. 1995).  The 

six chapters of this thesis are focused upon contributing new knowledge to present 

understanding of the life history tactics of this species in Australia’s highly regulated Murray-

Darling River system.  The Murray-Darling Basin Authority’s Native Fish Strategy estimates 

that members of the native fish assemblages of the Murray-Darling Basin (MDB) have 

declined by up to 90% in abundance and spatial distribution as a result of anthropogenic 

impacts (MDBC 2004).  Environmental flows are being prescribed to benefit the Basin’s 

native fish assemblages and to maintain supporting ecosystem processes (King et al. 2010).   

 

For more than four decades, the flow regime has been central to perceptions of the life history 

tactics of golden perch.  Many authors consider that the flow pulse is a proximate spawning 

stimulus and that floods enhance survival of the early life stages to sustain recruitment to 

golden perch populations (Chapter 1).  Langtry (1960, cited in Cadwallader 1977) proposed 

that the timing of golden perch spawning in the Murray River system “...can be fixed as the 

first rise in the river [during spring]”.  Since then, spring flow pulses and floods have taken a 

central role in perceptions of golden perch reproduction and set the direction for research to 

determine the environmental stimuli for spawning (Lake 1967a; Mackay 1973; Reynolds 

1983; Battaglene 1991; Walker and Thoms 1993; Harris and Gehrke 1994; Schiller and 

Harris 2001; King et al 2010).  Whilst it is evident that at some locations, golden perch 

exhibit a flexible spawning strategy that includes spawning in response to floods and flow 

pulses as well as during low or zero flow periods (Balcombe et al. 2006; Ebner et al. 2009), 

there are very few observations of golden perch early life history or ‘recruitment ecology’ 

(King et al. 2003; King et al. 2010) in the wild from which the factors influencing the 

survival of early life-stages and recruitment levels can be elucidated.  Survivorship and 

relative levels of juvenile recruitment during floods and low flow periods remain largely 

unknown for golden perch, as does the contribution of recruitment from either hydrological 

period to overall population maintenance.  Indeed, the overall roles of the flood pulse (Junk et 

al. 1989), whether resulting in greater survival and recruitment of progeny (Balcombe and 

Arthington 2009), or aiding in dispersal and recolonisation of desiccated habitats and thereby 

promoting gene flow (Walker et al. 1995; Unmack 2001; Kingsford et al. 2006; Balcombe et 

al. 2007), are still not well understood for any fish species in the highly regulated Murray-

Darling River system (Humphries et al. 1999).  In summary, it remains unknown whether 
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flooding is or is not essential to the overall population maintenance of golden perch.  This 

point is of increasing importance for the management of regulated rivers within the MDB 

from which floods, particularly small and medium volume floods, have been eliminated in 

many river valleys (Thoms and Sheldon 2000).  Great effort and expense is being invested to 

restore these components of the natural flow regime to benefit communities and ecosystems, 

and in some instances specifically, to enhance golden perch spawning opportunities and 

recruitment thus maintenance of golden perch populations (King et al. 2010).  

 

The aim of this chapter is to highlight key life history traits and tactics identified in the 

preceding data chapters and, based upon this information, to develop and evaluate the 

capacity of a conceptual life history model to predict the impacts of present river 

management regimes, including river rehabilitation programs, upon key life history processes 

for golden perch.  The conceptual life history model is intended to highlight flow restoration 

opportunities that may support golden perch recruitment, population maintenance and 

potentially, recovery of suppressed populations in regulated rivers of the MDB.   

 

In Chapter 1, a conceptual model of teleost life history was developed to include: 

•  the 16 key aspects of teleost life history evolution identified by Winemiller and Rose 

(1992) (Table 1.1), and  

• ecological aspects considered to significantly influence specific life history stages or 

events for an oviparous teleost (Figure 1.4) 

 

This conceptual modelling approach enabled identification of available empirical 

observations and knowledge gaps relevant to the life history of golden perch (Table 1.2 – 

1.6), identifying that, in particular, the flow regime has taken a central role in perceptions of 

the ecology of golden perch spawning and use of floodplains as nursery areas that foster 

strong recruitment.  However, there is limited empirical evidence to support the role of flow, 

especially flooding, as fundamental to the ecology of golden perch reproduction and 

recruitment.  Few studies have directly examined the factors influencing natural reproduction, 

and no study has evaluated the role of floodplains in the early life history ecology of golden 

perch.  Indeed, recent studies suggest three new insights: spawning and recruitment can occur 

in the absence of flooding (Balcombe et al. 2006; Ebner et al. 2009), strongest recruitment 

events can occur outside of flood periods (Mallen-Cooper and Stuart 2003), and both 
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spawning and recruitment can occur during periods of low and even zero flows – at least in 

the dryland rivers of the Basin’s arid zones (Balcombe et al. 2006).    

 

Given these uncertainties and recent insights, this dissertation set out to test three null  

hypotheses, derived from the general teleost life history model developed in Chapter 1 

(Figure 1.4), as follows: 

 

Chapter 3: 

Ho - Golden perch in the Darling River spawn across the range of hydrological and 

temperature conditions experienced. Spawning is not synchronised with flow pulses that 

coincide with elevated water temperatures. 

 

Chapter 4: 

Ho - Age 0+ golden perch growth rate and survival are similar in floodplain and main river 

channel habitats.   

 

Chapter 5: 

Ho – Operation of a flow-regulation structure does not affect opportunity for age 0+ (YOY) 

golden perch to colonise a large floodplain lake nursery ground.  

 

 

6.2 Spatio-temporal patterns of reproductive development and 

flow pulse spawning in the Darling River 
 

Chapter 3 tested the following null hypothesis:  

 

Ho - Golden perch in the Darling River spawn across the range of hydrological and 

temperature conditions experienced. Spawning is not synchronised with flow pulses that 

coincide with elevated water temperatures. 

 

In Chapter 3, studies in the Darling River found no evidence of golden perch spawning in the 

absence of a flow or flood pulse.  Spawning was only observed to have occurred in 

conjunction with rapidly increasing, and importantly, rapidly decreasing, flow and flood 

pulses that coincided with elevated or relatively warm water temperatures (21.0 – 27.0 
o
C).  

Evidence for the occurrence of spawning was compiled from multiple field data sets 



175 

 

including the occurrence of eggs and larvae in the river, the age of larvae and early juveniles 

collected, and observations of oöcyte physiology from mature golden perch females.  These 

data sets were collected over the course of two annual cycles across a spectrum of 

hydrological and thermal conditions.  On the basis of the data collected and relationships with 

flow conditions, the hypothesis postulated in Chapter 3 was supported.  Thus, for golden 

perch populations in the Darling River, flow pulses that exhibited rapidly increasing and 

decreasing discharge played an important role in the ecology of reproduction. 

 

It was established in Chapter 3 that, based upon microscopic examination of mature oöcytes 

from golden perch collected in the Darling River, female golden perch were potentially able 

to spawn at any time of the year, bringing into question the respective roles of the flow pulse 

and water temperature in the ecology of golden perch reproduction, at least in the Darling 

River.  It was observed that spawning occurred in conjunction with some flow pulses, but not 

others, including those which occurred during periods of elevated water temperature 

throughout the previously recognised ‘spawning season’ for golden perch of October – April 

(Mackay 1973).  The occurrence of spawning, or lack thereof, was found to be influenced 

chiefly by the rate of increase and importantly, decrease in daily discharge exhibited during 

flow pulses in the Darling River (298 – 546 ML day
-1

 increase, -422 – -935 ML day
-1

 

decrease in discharge).  Spawning was not observed on flow pulses that exhibited lower rates 

of change in daily discharge, despite these flow pulses occurring in conjunction with 

‘elevated’ water temperatures.  Thus, the characteristics of change in the rate of average daily 

discharge were considered important stimuli for golden perch to spawn in the Darling River; 

stimuli potentially more relevant than a minimum or ‘critical’ water temperature, as proposed 

by Lake (1967a) and extensively supported by other workers (Mackay 1973; Battaglene 

1991; Harris and Gehrke 1994; King et al. 2003; King et al. 2009).   

 

Based upon the observations reported in Chapter 3, the role of water temperature in 

governing a spawning response for golden perch in conjunction with flow pulses requires 

further research.  Serial flow pulses were examined to provide insight into hydrological 

stimuli associated with a spawning response, and these occurred during periods of elevated 

water temperature.  If such discharge characteristics are considered relevant to environmental 

flows in the future, across a range of temperature scenarios, then the hydrological 

characteristics recognised in Chapter 3 could be further evaluated to refine understanding of 

the respective roles of discharge and water temperature that result in successful spawning for 
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golden perch across the MDB.  Understanding the role of water temperature is particularly 

relevant to environmental flows targeted to achieve golden perch spawning in the highly 

regulated rivers of the MDB, where water temperatures can be altered downstream from 

thermally stratified impoundments (Todd et al. 2005).  The importance of understanding the 

thermal regime requirements of aquatic species has been shown to be a vital consideration in 

the provision of environmental flows to benefit fish in river basins elsewhere (Olden and 

Naiman 2010). 

 

Three separate aspects of the female golden perch reproductive cycle were examined in 

Chapter 3; temporal, spatial and flow-pulse related patterns of oöcyte development and 

spawning.  Each of these aspects enhances present understanding of the reproductive tactics 

exhibited by golden perch.  By observing, for the first time in the Darling River, the temporal 

pattern of oöcyte development for golden perch, it was established that mature aged females 

at particular locations were potentially capable of spawning at any time of the year.  The 

examination of spatial patterns of oöcyte development between two discrete and impassable 

barriers (weirs situated approximately 300 km apart) revealed that mature, gravid females 

consistently occupied upstream areas of the focus river reach, situated in the main channel of 

the Darling River between Menindee and Wilcannia Weirs, throughout the calendar year.  

Further downstream, a ‘transitional’ state of oöcyte maturity (regressing, or developing) was 

observed, and at the furthest downstream sites within the study reach, mature females 

exhibited a ‘resting’ phase in their reproductive cycle (Section 3.3.4).  This spatial pattern 

prevailed throughout a protracted period of low and zero flows in the Darling River.  Whilst 

temporal tracking of individual females was not conducted in this study, this result could be 

considered to reflect a migration, firstly in the upstream direction, that is stimulated by the 

maturity cycle of oöcytes, and secondly, in the downstream direction, either following 

spawning or during regression of the ovaries following oöcyte apoptosis.  Importantly, this 

movement, if occurred as described above, took place regardless of any cues previously 

associated with migration for this species, such as increasing river discharge, as no significant 

flow pulse was evident at the time of these observations.  An upstream migration by golden 

perch prior to spawning, in conjunction with flow pulses or floods (i.e. increasing discharge) 

has been described previously and is considered a life history tactic evolved to compensate 

for the passive downstream drift of eggs and larvae (Reynolds 1983; Humphries et al. 2002).  

The spatial patterns in reproductive development reported in Chapter 3 may represent a life 
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history adaptation by golden perch in response to the unpredictable nature of flow pulses and 

floods in the Darling River.   

 

The timing of flow and flood pulses is temporally variable and highly unpredictable in the 

Darling River (Puckridge et al. 1998) and to a lesser extent in the Murray River (Maheshwari 

et al. 1995).  Indeed, the Darling River is considered to be among the World’s most 

hydrological variable large rivers (Puckridge et al. 1998).  In Chapter 3, flow pulses in the 

Darling River were identified as being typically short in duration, ranging from 

approximately 3-7 weeks.  A protracted, synchronised period of oögenesis, as has been 

reported for golden perch elsewhere in the MDB (i.e. Lachlan River, Mackay 1973; Namoi 

River, Battaglene 1991) would not facilitate a spawning response to an unpredictable flow 

pulse event, the duration of which may be shorter than the period required for oögenesis (~ 

12-18 weeks:  Mackay 1973; Battaglene 1991).  Thus, in the Darling River, where golden 

perch exhibited a spawning strategy closely aligned with the flow pulse (Chapter 3), and 

where flow pulses are inherently unpredictable and temporally variable, an ability to spawn in 

response to a suitable flow event would seem a likely explanation for the spatial and temporal 

patterns of oöcyte development observed in this study.  This reproductive tactic is enhanced 

by consideration of the early life history traits exhibited by golden perch; small and 

underdeveloped at hatching, rapid ontogenetic development, and passive drift.  The 

importance of these attributes is reviewed in Chapter 4. 

 

 

6.3 Early life history 
 

Chapter 4 tested the following null hypothesis:  

 

Ho - Age 0+ golden perch growth rate and survival do not differ in floodplain and main river 

channel habitats.   

 

Until the studies described in Chapter 4 of this dissertation, there existed no empirical 

observation of the role of floodplains in the early life history of golden perch in the MDB, 

despite floods and access to floodplain habitats being considered central to the strength of 

recruitment for golden perch by earlier investigators (Lake 1967a; Harris and Gehrke 1994; 
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Schiller and Harris 2002).  In Chapter 4 it was observed that following spawning in response 

to a flood pulse in the Darling River during January 2004, larval-early juvenile transition 

occurred in the nekton of the main river channel habitat, and early juvenile golden perch 

remained drifting with the flood pulse in the main river channel for up to 38 days in age.  

YOY that were transported downstream with the flood pulse colonised the ephemeral 

deflation basin lakes (EDBLs) Balaka and Malta, which were central locations for evaluation 

of the hypothesis postulated in Chapter 4.  A proportion of early juveniles may have settled in 

other habitats, including those that were observed to have settled in the main river channel.  

However, YOY settled in the main channel exhibited relatively lower growth and higher 

mortality rates compared to rates observed in the floodplain lakes; these levels of response 

were associated with declining food resources in the main channel.  Those YOY which 

colonised the floodplain lakes exhibited significantly greater growth and higher over-winter 

survivorship, as a result of significantly higher densities of zooplankton prey and warmer 

water temperatures, than did those which inhabited the main river channel.   

 

These results do not support the hypothesis examined in Chapter 4 – that age 0+ golden perch 

growth rate and survival are similar in floodplain and main river channel habitats. Rather, 

access to floodplain habitats, in particular, the large ephemeral deflation basin lakes (EDBLs) 

or ‘floodplain lakes’ Balaka and Malta, fostered more rapid growth and greater survivorship 

for YOY golden perch than did main river channel habitats sampled during this study. 

 

As described by Gawne and Scholz (2006) and Jenkins and Boulton (2003), a boom in 

invertebrate production follows initial inundation of EDBL lakes, and this was observed in 

Lakes Balaka and Malta, where high densities of zooplankton rapidly developed following 

inundation of these lakes.  High zooplankton densities were sustained over a protracted 

period in the Lakes, as compared to the zooplankton dynamics observed in the River, where 

densities rapidly declined following passing of the flood pulse.  As zooplankton are the 

principal prey of larval and early juvenile golden perch (Rowland 1996), the protracted 

period of high zooplankton density in the floodplain lakes facilitated higher growth and 

greater survivorship of YOY in these lakes.  Upon reconnection of the lakes to the main river 

channel, a shift in the abundance of YOY occurred between the lakes and the river, indicating 

migration from the floodplain back to the riverine habitat by YOY.  Thus, the EDBL or 

‘floodplain lakes’ Lakes Balaka and Malta, and functional EDBL habitats elsewhere, were 

considered to be important nursery habitats for golden perch in the Darling River system.    
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Whilst further research identifying the location of spawning areas and quantifying distances 

travelled in the drift by golden perch larvae and early juveniles is necessary, this study has 

highlighted that for golden perch, important life history processes may occur at a large spatial 

scale.  This notion has important implications for the management of regulated rivers in the 

MDB, whereby the impacts of river management practices upon one life history event at one 

location can influence the level of recruitment, or the success of the golden perch life history 

strategy, at distant locations.  This concept was further explored in Chapter 5.  

 

 

6.4 The impact of river regulation upon life history events and 

recruitment ecology  
 

Chapter 5 examined the following null hypothesis:  

 

Ho – Operation of a flow-regulation structure does not affect opportunity for age 0+ (YOY) 

golden perch to colonise a large floodplain lake nursery ground.  

 

Golden perch larvae and early juveniles exhibited significantly greater growth and lower 

mortality rates in two floodplain lakes or ‘EDBL’ habitats associated with the Darling River 

(Chapter 4).  Therefore, access to EDBLs by YOY was considered to be an important 

element in the recruitment ecology of golden perch in this river system.  In Chapter 5, the 

role of a large flow regulation structure, which dictates all aspects of inundation for the 

EDBL floodplain Lake Victoria, was examined to determine the influence of river regulation 

upon the life history attributes, and ecology of golden perch recruitment, described in the 

preceding chapters.   

 

As in the Darling River studies described in Chapter 4, drifting golden perch larvae and early 

juveniles (YOY) were collected in the main river channel habitat of the Murray River 

(Chapter 5).  Unlike the Darling River study area, where early juvenile’s colonised large 

EDBLs (floodplain Lakes Balaka and Malta), YOY were not collected in the EDBL Lake 

Victoria or other associated habitats of the Lake Victoria system, despite intensive and 

targeted sampling during the period when YOY were collected in the adjacent Murray River.  

Based upon this result, the hypothesis evaluated in Chapter 5, that operation of a flow-
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regulation structure does not affect opportunity for age 0+ (YOY) golden perch to colonise a 

large floodplain lake nursery ground, was rejected.  In order to explain this result, three 

alternative hypotheses were postulated and evaluated using multiple lines of evidence.  

 

(Chapter 5 H1) Opportunity for YOY golden perch to colonise the Lake Victoria floodplain 

system was denied via the timing of operations for the Lake Victoria inlet regulator. 

In Chapter 5, golden perch were not observed to have spawned within the Lake Victoria 

system; rather, spawning was confined to the adjacent main channel river habitat of the 

Murray River.  Based upon the narrow age-range of larvae collected in the River, spawning 

was considered to have occurred over a relatively short period (27 October-17 November 

2005) and, as was observed in the Darling River (Chapter 3), was associated with a marked 

flow pulse in the River.  Due to the mode of golden perch spawning and the drifting nature of 

eggs and larvae described earlier, high numbers of golden perch eggs and larvae were 

potentially available to colonise the Lake Victoria floodplain system via passive drift, but 

only if flows were directed into the Lake Victoria system during the period when eggs and 

larvae occurred in the Murray River.   

 

Inflows to Lake Victoria are extensively regulated, as the Lake is utilised as a storage 

reservoir in the management plan for the ‘River Murray System’.  Immediately prior to the 

period when golden perch spawning was deemed to have occurred in the Murray River, Lake 

Victoria had reached full supply level (27.0 mAHD) due to managed inflows. At this time the 

inlet regulator, situated on the Murray River, was closed to deny any further inflow.  During 

that time, by far the majority of Murray River flow (98%), and presumably the majority of 

passively drifting golden perch eggs and larvae that were observed to occur in the River, were 

transported downstream in the main river channel, rather than into the floodplain lake habitat.  

These observations (lack of golden perch eggs, larvae and early juveniles in the Lake Vitoria 

system, the presence of larvae in the adjacent Murray River and the timing of flow 

management into Lake Victoria), together with the life history attributes exhibited by golden 

perch, which include a brief period of spawning, provide support to the alternative hypothesis 

proposed (H1 Chapter 5) and potentially explain why golden perch eggs and larvae were not 

collected in the Lake Victoria system at the time when they occurred in the adjacent Murray 

River.  Thus, operation of the Lake Victoria inlet regulator apparently denied drifting early 

life history stages access to this floodplain lake, thus, as identified in Chapter 4, the ‘nursery 

habitat’ of Lake Victoria.  These observations indicate that the timing of management 
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operations for the Lake Victoria inlet regulator may have had significant implications for the 

level of recruitment of the 2005 YOY golden perch cohort spawned in the Murray River. 

 

Two other scenarios were considered likely to explain the lack of golden perch eggs, larvae 

or early juveniles in the Lake Victoria system throughout 2005/06; and two contrasting 

alternative hypothesis were thus explored based upon the observations reported in Chapter 5: 

 

(Chapter 5 H2) Golden perch eggs and larvae spawned in the Murray River were directed 

into the Lake Victoria floodplain system but experienced extreme mortality upon passage 

through the under-shot Lake Victoria inlet regulator. 

 

Based upon coincidence in the timing of collection for golden perch eggs in the Murray River 

near Barmah by King et al. (2009), the range in ages of golden perch metalarvae collected in 

the Murray River at Lock 7 (Chapter 5), and the transit time of water between Barmah and 

Lock 7 (45 km day
-1

, Stuart and Jones 2008), it was considered that a proportion of those 

larvae collected in the Murray River (Chapter 5) may have originated from the spawning 

event observed in the River near Barmah during October/November 2005 by King et al. 

(2009).   

 

If ‘Barmah larvae’ could have occurred in the Murray River within the vicinity of the Lake 

Victoria inlet at the time when half of the flow in the Murray River was diverted into Lake 

Victoria, then it was considered possible that some larvae spawned near Barmah may have 

been directed through the Lake Victoria inlet regulator and on into the Lake Victoria 

floodplain system, whilst others continued to drift downstream in the Murray River with the 

remainder of flow, and some of those larvae were subsequently collected in the Murray River 

Lock 7 weir pool during this study.  If this scenario was accurate, then it is also plausible that 

golden perch larvae should have been collected in the Lake Victoria system at around the 

same time that they were collected in the Lock 7 weir pool, albeit at similar or greater 

abundances, due to the higher volume of flow (thus number of larvae) and more efficient 

sampling techniques and greater sampling effort deployed within the Lake Victoria system in 

Chapter 5.  This was however not the case, with zero golden perch eggs and larvae and only 1 

early juvenile collected in Lake Victoria, some five months following the known times of 

spawning, despite >30,000 hours of targeted netting throughout a range of habitats in the 

Frenchman’s Creek and Lake Victoria system.  Therefore, the impact of the Lake Victoria 
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inlet regulator upon the ability for golden perch larvae to successfully colonise the Lake 

Victoria system was considered further. 

 

The Lake Victoria inlet regulator is undershot in design, whereby all water flowing through it 

flows under gated boards, rather than over a fixed crest as for over-shot weirs.  It was 

considered in Chapter 5 that, as Baumgartner et al. (2006) showed, extreme mortality may 

have been imposed upon golden perch larvae if they drifted from the Murray River through 

the undershot Lake Victoria Inlet regulator.   

 

A third alternative hypothesis (H3 Golden perch eggs or larvae were not present in the 

Murray River within the vicinity of the Lake Victoria inlet) was refuted due to consecutive 

observations which included the collection of golden perch larvae within the study region and 

confirmation of spawning further upstream by King et al. (2009), together with a confirmed 

spawning migration of adults through fish ladders on the Murray River from downstream and 

into the study area (Stuart et al. 2008).  These observations coincided over a four week period 

during this study, when no golden perch eggs or larvae were collected in the Lake Victoria 

system.    

 

Regardless of which scenario (H1 or H2 ) resulted in the lack of golden perch early life history 

stages colonising the EDBL Lake Victoria, an acute impact of river regulation upon a key life 

history event – colonisation of an important nursery habitat (c.f. Chapter 4), – was indeed 

observed in the studies of Chapter 5.   

 

 

6.5 A refined conceptual model for the life history of golden 

perch 
 

Extensions of the FPC propose that for fish native in temperate floodplain rivers, recruitment 

success is determined by the coincidence of floodplain inundation and seasonally warm water 

temperatures (Tockner et al. 2000; Schram and Eggleton 2006).  The findings of this thesis 

concur with this extension of the concept for golden perch in the Murray-Darling River 

system.  However, due to the unpredictable nature of flow pulses and floods in the Darling 

River, which can occur at any time of the year (Puckridge et al. 1998), together with the 
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observation in Chapter 3 that spawning can occur at almost any time of the year in the 

Darling, the role of temperature in the occurrence, and success of golden perch reproduction 

is less clear and requires further research.  Indeed, temperature was considered to play less of 

a role than the density of suitable prey in the survivorship of YOY golden perch on 

floodplains (Chapter 4).  Nevertheless, this study has demonstrated that for golden perch in 

the Darling River, spawning was closely aligned with flow pulses and floods and that the 

strength of recruitment was enhanced by access to floodplains by YOY, consistent with 

predictions of the flood pulse concept (Junk et al. 1989) and the flood recruitment model for 

golden perch (Harris and Gehrke 1994).   

 

The findings of this study indicate that the timing of golden perch reproduction is inherently 

flexible, at least in the Darling River – but closely aligned with conditions conductive to the 

survival of offspring – i.e. discrete flow pulses and floods that open up large areas of 

‘nursery’ habitat on floodplains.  Based upon the information presented in the preceding 

chapters, together with information from the literature, a refined model of golden perch life 

history ecology can be presented (Figure 6.1) to include the 16 proximate teleost life history 

attributes depicted by Winemiller and Rose (1992), together with important environmental 

considerations in the life history of oviparous teleosts (Chapter 1). 

 

At the species level, this conceptual life history model may assist in quantifying various 

aspects of any fish species’ life history ecology, and provides a framework for understanding 

the impacts of particular environmental perturbations imposed upon discrete life history 

characteristics.  One set of perturbations has been described in Chapter 5.  Such an enhanced 

understanding of disturbance processes may lead, in turn, to targeted mitigation efforts to 

restore the integrity of suppressed fish populations, but requires qualifying and quantifying 

key aspects of a species’ life history ecology at appropriate spatial and temporal scales. 
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Figure 6.1  Refined conceptual model of the life history attributes and key life history events for golden perch. Data obtained from this thesis 

highlihgted in blue. 
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The utility of the golden perch conceptual life history model to predict the impacts of river 

regulation upon key life history processes, such as provision of suitable spawning stimuli, 

access to nursery habitats for YOY, or return pathways to facilitate migration from ephemeral 

natal areas to the permanent adult riverine habitat, thus facilitating strong recruitment, can be 

examined in the context of existing examples of river management scenarios from the 

Murray-Darling River system.  

 

 

The Hattah Lakes 

The Hattah Lakes are a series of 18 Ramsar listed ephemeral wetlands and ephemeral 

deflation basin lakes associated with the Murray River, near Mildura, Victoria (Walters et al. 

2010).  Due to the effects of river regulation and extraction, mean discharge (ML day
-1

) in the 

Murray River adjacent to the Hattah Lakes has been reduced by 50% (Maheshwari et al. 

1993), and the frequency and duration of wet and dry events in the lakes have likewise been 

reduced (Walters et al. 2010).  For the period 1998-2007, the Hattah Lakes were inundated 

once, whilst modelled natural flow data indicated that in the absence of river regulation, 

inundation would have occurred six times during that ten year period (Walters et al. 2010).  

Furthermore, following their inundation, re-connection events between the lakes and the 

Murray River would have occurred frequently, prior to desiccation of the deeper EDBL type 

lakes.   

 

Due to the reduction of inundation frequency caused by river regulation, the ecological values 

of the Hattah Lakes have been maintained by the management intervention of pumping water 

from the Murray River into the lakes (Walters et al. 2010).  During September-November 

2005, pumping was undertaken to inundate six of the Hattah Lakes (Scholz et al. 2007).  Fish 

were not considered among the ecological objectives of the environmental watering, because 

fish were not expected to survive passage through the pumps.  However, golden perch early 

juveniles (and juveniles of several other species) were collected in six lakes following the 

pumping event (Scholz et al. 2007).  The timing of this pumping coincided with the 

occurrence of golden perch eggs and larvae in the Murray River (October-November 2005, 

Chapter 5), and a proportion of these must have survived passage through the pumps, because 

no other connection to the River was available at the time.  Samples taken shortly following 

the pumping events (January 2006) showed that golden perch early juveniles (27-37 mm
-1
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total length) were present in relatively high abundance in the Hattah Lakes (Scholz et al. 

2007).  These YOY were pumped into the lakes during October-November 2005, and as was 

observed to occur in the EDBLs Balaka and Malta in Chapter 4, grew rapidly, attaining 145-

260 mm total length 14 months following their first detection in 2006 (Walters et al. 2010).  

The relative abundance of YOY remained fairly constant throughout the period 2006-2008 

(Figure 6.2), indicating high survivorship of golden perch in the lakes up until the lakes 

began to contract substantially in depth and wetted area (Figure 6.2).  However, unlike the 

observations made in Lakes Balaka and Malta on the Darling River (Chapter 4), the growth 

and survival of golden perch in the Hattah Lakes was not realised as a contribution of 

recruitment to the riverine and adult population, as no conduit for their migration back to the 

permanent river channel was provided, and all fish perished when the Hattah Lakes dried in 

January 2009 (Figure 6.2; Walters et al. 2010).   

 

Whilst the Hattah Lakes were inundated specifically to achieve ecological outcomes (MDBC 

2007), for golden perch, no provision was made for movement from the nursery area 

provided by the EDBL habitat type back to the permanent and adult habitat of the main river 

channel.  This example demonstrates support for the conceptual model of golden perch life 

history presented above (Figure 6.1), where migration from the natal to the adult habitat is 

identified as a proximate life history requirement if strong recruitment, as a result of 

floodplain benefit to YOY, is to be realised (Chapter 4).   
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Figure 6.2.  Size class distribution for golden perch collected in the Hattah Lakes system for 

the period 2006-2010.  The dashed line indicates the maximum size considered to represent 

young of the year (YOY) fish.  Arrows indicate progress of cohorts through time.  Source:  

Walters et al. (2010).  
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The Great Darling Anabranch, 2010 

Based upon the conceptual model of golden perch life history ecology developed in this study 

(Figure 6.1), it was predicted that should water be released into the Great Darling Anabranch 

from the ephemeral deflation basin lake (EDBL) Lake Cawndilla, on the Darling River near 

Menindee (Figure 6.3), and that flow be permitted to extend downstream into the Murray 

River (Figure 6.3), then YOY golden perch would likely be present in Lake Cawndilla and 

they would migrate from Lake Cawndilla into the Great Darling Anabranch, and then into the 

permanent riverine habitat of the Murray River (Figure 6.3).  Based upon the conceptual 

model of golden perch life history (Figure 6.1), golden perch juveniles were predicted to have 

colonised Lake Cawndilla as a result of spawning in the Darling River in conjunction with a 

flood pulse that occurred in the Darling during January 2010.  It was predicted that following 

its inundation, Lake Cawndilla would exhibit water quality and zooplankton dynamics similar 

to those observed in Lakes Balaka and Malta (Chapter 4), thus, YOY were anticipated to 

achieve rapid growth rates and high survivorship in Lake Cawndilla.  It was then predicted 

that YOY would seek a migration pathway back to the permanent riverine habitat when a 

conduit was made available, in this instance, via an environmental flow released from Lake 

Cawndilla into the then dry Great Darling Anabranch.  Based in part upon these predictions, 

an environmental flow was released from Lake Cawndilla to the Great Darling Anabranch in 

September 2010 (Howard Jones, Murray-Darling Wetlands Limited, personal communication 

2010). 

 

In response to the 2010 environmental flow in the Great Darling Anabranch, The Murray-

Darling Freshwater Research Centre initiated an event-based monitoring program for various 

ecological responses, including fish, to watering of the Great Darling Anabranch (see 

Wallace et al. 2009).  The first fish survey of this program was conducted in the previously 

dry Great Darling Anabranch during October/November 2010, and yielded 699 golden perch 

of YOY sizes (mean size = 77.7 mm-1 ±2.73 S.E., range 17-123 mm-1 S.L).  As there was no 

connection with surface waters other than from Lake Cawndilla, and golden perch YOY had 

not been collected in comparable numbers in earlier surveys of the Great Darling Anabranch 

(Dean Gilligan, NSW Fisheries, personal communication 2010), all YOY collected in 

October 2010 were considered to have migrated into the Great Darling Anabranch from Lake 

Cawndilla, in association with the flow pulse released from the lake. 
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Figure 6.3  Aerial view of the Great Darling Anabranch, showing Lake Cawndilla and the 

Murray and Darling Rivers.  Modified from Google (2010).  



190 

 

At the time of writing (February 2011), fish surveys in the Great Darling Anabranch were 

continuing.  When the 2010 - 2011 environmental flow reaches the lower Murray River, 

those YOY which migrated from the Lake Cawndilla EDBL nursery habitat will have 

opportunity to complete each phase identified in the conceptual model of golden perch life 

history (Figure 6.1).   

 

6.6 Life history classification of golden perch 
 

Golden perch may be aligned towards the periodic endpoint of the Winemiller and Rose 

(1992) model of teleost life history strategies, as they exhibit life history attributes typically 

exhibited by periodic species including: moderate-large body size (>20kg), delayed maturity 

(4+ females), longevity (>20 years), relatively high fecundity (>500,000), no parental care 

and high inter-annual variation in recruitment (Winemiller 2005).  Periodic strategists 

maximise population fitness when environmental conditions facilitating high offspring 

survival are relatively predictable and occur at large spatial scales (Winemiller 2005).  In the 

present study, favourable conditions for golden perch offspring were shown to occur in 

recently inundated, large floodplain lakes (Chapter 4).  Inundation of such habitats occurs 

infrequently in the Murray-Darling River system, ranging from between 1 in 3 to 1 in 100 

years (Jenkins and Boulton 2003).  Reid et al. (1997) proposed that annual fluctuations in 

commercial catches of golden perch reflected years of strong recruitment following floods.  

Whilst flooding has long been considered to influence the strength of golden perch 

recruitment (Lake 1967a; Mackay 1973; Harris and Gehrke 1994; Reid et al. 1997; Schiller 

and Harris 2001), no quantitative measures of the influence of floodplains upon YOY growth 

and survivorship – indicators of potential recruitment strength were available.  The 

observations reported in Chapter 4 provide the first data sets to establish the importance of 

floodplain nursery habitats for golden perch YOY growth and survivorship. 

 

A major challenge for natural resource managers is to understand population and community 

responses to environmental forcing and variation at a variety of spatial scales (Winemiller et 

al. 2000).  Periodic species are particularly vulnerable to environmental modification which 

disrupt – and stabilise – natural environmental patterns (Winemiller and Rose 1992).   
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6.5 Conclusion 
 

It is widely recognised that river regulation has reduced the biological diversity and disrupted 

the ecological integrity of many of the world’s great river systems (Bunn and Arthington 

2002; Lytle and Poff 2004; Dudgeon et al. 2006; Vörösmarty et al. 2010).  The management 

of many regulated rivers now incorporates water release strategies and infrastructure 

modifications to mitigate the negative effects of river regulation upon the life history 

strategies of riverine biota (Arthington et al. 2010).  Underpinning attempts to sustain 

biodiversity and freshwater ecosystem processes in regulated rivers is targeted research that 

identifies key life history processes and their links to flow regime, enabling managers to 

confidently predict responses to prescribed flow mitigation efforts (e.g. King et al. 2010).  In 

this thesis, the Winemiller and Rose (1992) model provided a sound foundation for 

examining the life-history strategy of golden perch in the variable environments of the MDB.  

It provided the basis for assignment of golden perch as a periodic species, and therefore likely 

to be particularly vulnerable to environmental modifications which disrupt natural 

environmental patterns (Winemiller 2005).  In this case the loss of opportunity for golden 

perch YOY to take advantage of floodplain habitats has been shown to have potential 

implications for recruitment over large spatial scales.  This thesis provides a conceptual 

model and supportive field data to guide how river management strategies may be adapted to 

incorporate knowledge of the life history requirements of golden perch.  The research 

reported here demonstrates that occasional flow and flood pulses are crucial to golden perch 

spawning and recruitment, and must be incorporated into management plans for the 

rehabilitation or enhancement of populations in regulated rivers throughout the MDB.  The 

approach taken in this thesis, built around a conceptual life history model supported by 

empirical data and life history theory, may be transferable to other species and river systems.  

For example, it may be used to identify and mitigate the factors responsible for the decline of 

other native fish species in the MDB, or vulnerable species elsewhere that have suffered 

declines in abundance and geographic range as a result of anthropogenic disturbances to flow 

regimes and disruption of key life history processes.   
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Appendix 1.  

The contribution of individual physiological features to observed differences in reproductive 

status between sample events during the March 2004 flow pulse downstream of Menindee 

Main Weir on the Darling River as determined by SIMPER analysis. Mean dissimilarity 

describes the degree to which sampling events differ ranging from 0% (totally dissimilar) to 

100% (totally similar). Mean abundance is the mean abundance of each physiological 

attribute from each site; CR is the consistency ratio, with higher values indicating the 

physiological attribute which most consistently contributes to observed differences. The 

cumulative % denotes the cumulative contributions of individual physiological attributes to 

observed differences. Only pairwise comparisons deemed significant by ANOSIM are shown.  

Differences of less than 2% have been omitted.   

Reproductive Indices    
Mean 

abundance 

Mean 

abundance CR Contribution% 

Cumulative 

% 

Samples 1  &  2 Average dissimilarity = 9.97     

   Sample 1  Sample2                        

Reproductive Indices          

yolk mass 2.11 2.62 0.79 30.12 30.12 

early yolk 0.47 0.39 0.63 18.68 48.8 

un yoked 1.91 1.82 0.87 10.53 59.32 

mid yolk 0.39 0 0.38 9.71 79.41 

largest eggs size 

microns 2.9 2.95 0.75 8.45 87.85 

GSI 1.59 1.65 0.96 6.63 94.49 

Samples 1  &  3 Average dissimilarity = 21.21     

   Sample 1  Sample 3                        

Reproductive Indices          

pof 0 1.8 1.4 19.46 19.46 

atretic 0.13 1.85 2.64 19.37 38.83 

yolk mass 2.11 1.21 1.19 18.23 57.07 

hy 0 1.45 1.58 15.76 72.83 

early yolk 0.47 0 0.48 5.4 78.23 

mid yolk 0.39 0.1 0.45 5.02 83.25 

GSI 1.59 1.36 1.49 3.96 91.8 

Samples 2  &  3 Average dissimilarity = 20.51     

  Sample 2  Sample 3                        

Reproductive Indices          

atretic 0 1.85 3.35 21.18 21.18 

yolk mass 2.62 1.21 1.29 20.27 41.45 

pof 0 1.8 1.4 20.24 61.69 

hy 0 1.45 1.58 16.39 78.08 

early yolk 0.39 0 0.42 4.61 82.69 

GSI 1.65 1.36 1.55 4.49 87.18 

Samples 1  &  4 Average dissimilarity = 16.00     

  Sample 1 Sample 4                        
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Reproductive Indices          

yolk mass 2.11 1.58 1.31 23.79 23.79 

atretic 0.13 1.54 1.35 22.89 46.69 

early yolk 0.47 0.42 0.64 11.76 58.45 

mid yolk 0.39 0.4 0.58 10.52 68.96 

un yoked 1.91 1.97 1.09 8.48 77.45 

largest eggs size 

microns 2.9 2.86 0.88 5.94 90.98 

Samples 2  &  4 Average dissimilarity = 15.26     

  Sample 2 Sample4                        

Reproductive Indices          

yolk mass 2.62 1.58 1.31 25.39 25.39 

atretic 0 1.54 1.39 24.73 50.12 

early yolk 0.39 0.42 0.6 11.47 61.59 

un yoked 1.82 1.97 1.01 8.79 70.38 

mid yolk 0 0.4 0.44 6.43 83.93 

largest eggs size 

microns 2.95 2.86 0.81 6.22 90.15 

Samples 3  &  4 Average dissimilarity = 18.84     

  Sample 3 Sample 4                        

pof 1.8 0.12 1.42 21.14 21.14 

yolk mass 1.21 1.58 1.31 17.69 38.83 

hy 1.45 0 1.58 17.51 56.34 

atretic 1.85 1.54 1.13 12.1 68.45 

un yoked 1.61 1.97 0.92 5.99 74.44 

mid yolk 0.1 0.4 0.51 5.62 85.76 

early yolk 0 0.42 0.45 5.38 91.15 

 

 


