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ABSTRACT 

In this thesis I investigate the link between environmental flows and black bream, 

Acanthopagrus butcheri productivity in the Gippsland Lakes in south-eastern Australia. 

Environmental flows describe the quantity, timing and quality of freshwater flows to 

maintain a healthy ecosystem. This is of particular importance to estuaries which are 

highly productive ecosystems supporting many fisheries. Over the past decade, there 

has been increasing evidence of a link between environmental flows and catch per unit 

effort (CPUE) data. Many studies have attempted to understand the basis of this 

relationship but with limited success. The focus of this thesis is on black bream; an 

iconic species that supports large recreational and commercial fisheries. Black bream is 

also unique in that it completes its entire life-cycle within a single estuary. In recent 

decades there has been a marked decline in commercial catches of black bream that has 

coincided with a decline in freshwater flows. Although such declines are often blamed 

on fishing pressure, it is possible that environmental flows underpin this pattern.  

 

In 2007, I sampled 23 sites, including the lakes and three tributary rivers, to establish 

the temporal and spatial distribution of black bream eggs and larvae. Using oblique 

plankton tows, I established that black bream spawned from September through to 

December with egg concentrations peaking in October. Black bream eggs were found in 

similar concentrations throughout the lakes and rivers. However, more than 99 % of 

larvae were collected from within rivers, with very few larvae being collected from the 

lakes. A comparison of two spawning seasons revealed that the year with higher 

freshwater flows also had greater spawning activity and higher concentrations of larvae. 

Interestingly, there was a significant relationship between the distribution of eggs and 

larvae with the level of stratification. The highest concentrations of larvae occurred at 

sites with a difference in bottom and surface salinities of 15-20. In 2008, I altered the 

sampling methodology to use stratified plankton tows to establish both vertical and 

horizontal distribution of eggs, larvae and prey. I collected eggs, larvae, zooplankton 

and water quality data at multiple depths from eight sampling sites over seven fieldtrips 

from August to December 2008. Spatial coupling between black bream larvae and 

copepods and the halocline was observed in the upper estuary. Nauplii of the copepod 

Gladioferens pectinatus, an important prey species for larval fish, dominated the 

zooplankton assemblage (>80 %) and larval gut contents. This part of the thesis 
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demonstrates that freshwater flows and the generation of salinity stratification have a 

large influence on the size of suitable habitat for larval bream.  

 

Adult black bream are more prevalent in salinities in the range 15-25 and I hypothesised 

that environmental flows would therefore also influence the location of mature fish. 

With the use of acoustic transmitters and receivers, I was able to tag fish and monitor 

their locations for up to ~450 days. I implanted VEMCO V9 acoustic transmitter tags 

into 41 black bream between July and August 2008. Over the same period, 25 estuary 

perch, an iconic estuarine fish species that is believed to having contrasting ecology to 

black bream, were also tagged. Receivers were placed at 2 km intervals from the river 

mouth in both the Mitchell and Tambo Rivers. Black bream were highly mobile, with 

distinct temporal patterns, including tagged fish moving to the upper estuary in late 

winter and remaining until early summer before returning to the lower estuary. In 

contrast, estuary perch were highly site attached and only moved short distances with 

the exception of a distinct downstream migration during significant freshwater flow 

events. Generalised linear models revealed a significant effect of freshwater flows on 

the positions of tagged fish, with a greater effect in the Mitchell River compared to the 

Tambo River. Moon phase also had a significant effect, with tagged fish moving further 

upstream during a full moon compared to the new moon. The effect of moon phase was 

much greater for black bream.  

 

Unlike juvenile and adult fish, tagging techniques are not suitable for studying larval 

fish movement, dispersal and connectivity. I therefore aimed to investigate if the otolith 

microchemistry of larval black bream could be used to determine natal origins and 

dispersal patterns throughout an estuary. The otolith or ear bone of a fish is often 

referred to as a ‘black box recorder’; growing continuously whilst incorporating 

chemical elements into the calcium carbonate structure. These elements and their 

corresponding concentrations are often reflective of the water chemistry the fish are 

residing in. I collected larvae and water samples from sites in the Mitchell and Tambo 

rivers. I analysed both larval otoliths and water for a suite of elements to determine 

whether they could be used to distinguish between intra- and inter-estuary variability. 

Water samples from both the Mitchell and Tambo rivers revealed three significant water 

layers (freshwater, halocline and marine waters) based on their chemical signature. 

Sufficient otoliths from larvae for analysis were collected from the Mitchell River. 
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Significant spatial and temporal variability in otolith chemistry was detected, however, 

the level of variability was limited to broad spatial scales of upper and lower estuary 

and halocline and marine layers. Further research is needed to validate this potential use 

of otoliths. 

 

The findings of this thesis have highlighted the importance of sufficient environmental 

flows to establish and maintain optimal conditions for black bream spawning and 

larvae. While this study concentrate on one species, these results can be applied to other 

species of estuarine resident and dependant fishes. As estuaries are highly susceptible to 

the impacts of climate change and anthropogenic estuaries, so are the fluctuations of 

year-class strengths of fishes that rely on estuaries. These finding have and will assist 

managers of catchments, environmental flows and fisheries to ensure that our aquatic 

environment and fisheries are managed sustainably into the future.  
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GENERAL INTRODUCTION 

Linking Environmental Flows, Salt-Wedge Dynamics and 

Fisheries Productivity 

 

 

There is still a common misperception that freshwater flowing into the 

ocean is going to waste.  

    - Pers. obs. 
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INTRODUCTION 

The concept of environmental flows is not a formally recognised concept but is used 

widely around the world, particularly in Australia, South Africa and the USA (Dyson et 

al. 2008). The concept of environmental flows was first introduced by the International 

Union for Conservation of Nature (IUCN) and the Global Environmental Flows 

Network (www.eflownet.org) and defined as “…the quantity, timing, and quality of 

water flows required to sustain freshwater and estuarine ecosystems and the human 

livelihoods and well-being that depend on these ecosystems” (Dyson et al. 2008). A 

major concern is the current lack of knowledge of the ecological impacts of alterations 

to environmental flows on estuaries, which are the ‘end users’ of freshwater and one of 

the most productive aquatic ecosystems in Australia and elsewhere in the world (Day et 

al. 1989, Loneragan & Bunn 1999). The flow of freshwater into estuaries determines the 

nature and extent of the fresh-saltwater interface (salt-wedge), which is a region of high 

productivity and critical habitat for the early life history stages of fish and invertebrates 

(Newton 1996, Gillanders & Kingsford 2002, Kimmerer 2002, North & Houde 2003). 

 

Throughout this thesis I attempt to link environmental flows with the spawning and 

larval ecology of an iconic species of estuarine resident fish, the black bream, (Sparidae: 

Acanthopagrus butcheri) in the Gippsland Lakes, south-eastern Australia. The main 

purpose is to link spawning and early life history ecology of black bream to freshwater 

flows and the consequential structure of salt-wedge estuaries. Over the past couple of 

decades, there has been a marked decline in freshwater flows into the Gippsland Lakes 

and coincidently commercial fishery data has shown a steady decline in catch rates 

(Jenkins et al. 2010, Kemp et al. 2011). It is hypothesised that there is a trophodynamic 

relationship between freshwater flows and black bream productivity that explains 

variability in year class strength determined during the early life stages.  

 

Estuaries, freshwater flows and salt-wedges 

There are many definitions of an estuary (Day et al. 1989, Perillo 1995, Potter et al. 

2010). A recent published definition incorporating previous definitions is “a partially 

enclosed coastal body of water that is either permanently or periodically open to the 

sea and which receives at least periodic discharge from a river(s), and thus, while its 

salinity is typically less than that of natural sea water and varies temporally and along 

http://www.eflownet.org/
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its length, it can become hypersaline in regions when evaporative water loss is high and 

freshwater and tidal inputs are negligible” (Potter et al. 2010). A key process in this 

definition of an estuary is freshwater discharge/flows. 

 

Freshwater flows are a critical landscape process that has profound effects on the 

geomorphology and bio-physical structure of estuaries and the near-shore coastal 

systems (Skreslet 1986, Gillanders & Kingsford 2002). Freshwater flows originate from 

terrestrial runoff, ground water, snowmelt, urban storm water, and sewage outfalls and 

often flow towards the ocean where they meet saline waters in the estuary. Freshwater 

flows vary spatially, in volume and with latitude (Walker 1985, Finlayson & McMahon 

1988). Higher latitude systems tend to have sustained flows with seasonal peaks often 

due to snow and glacial melt (Walker 1985). Freshwater flows at mid and low latitudes 

tend to be more unpredictable and exhibit high annual variability due to climatic 

patterns (Walker 1985). The volume of freshwater flowing into an estuary also varies on 

a range of temporal scales from diel, seasonal and annual scales. Large scale climate 

patterns, such as the North Atlantic Oscillation (NAO) (Hurrell et al. 2003) and the El 

Niño and La Niña Southern Oscillation (ENSO) (Molles & Dahm 1990), cause unusual 

weather and precipitation patterns that can have a profound effect on freshwater flows 

in catchments.  

 

Freshwater flows alter the structure of estuaries, resulting in turbid, low salinity plumes 

at the saltwater-freshwater interface, often referred to as the salt-wedge due to the two 

distinct wedged shape bodies created when freshwater flows over saltwater (Gillanders 

& Kingsford 2002). The structure, time of formation and extent of salt-wedge estuaries 

depends on tidal regimes, wind, bathymetry and local hydrodynamics (Grimes & 

Kingsford 1996, Gillanders & Kingsford 2002), but freshwater flows are thought to be 

most important (North & Houde 2001, Gillanders & Kingsford 2002). These factors 

interact to determine the movement of salt-wedges up and downstream (North & Houde 

2001, Gillanders & Kingsford 2002). During periods of low flow, salt-wedges move 

upstream and are generally less well defined, but during high flow periods, salt-wedges 

are displaced downstream and generally have more clearly defined boundaries 

(Sherwood & Backhouse 1982, Newton 1996, North & Houde 2001, Gillanders & 

Kingsford 2002). 
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Many of the estuaries in temperate Australia form as salt-wedge estuaries due to the 

seasonal nature of freshwater flows. However, from 1997 to 2010, southeastern 

Australia experienced one of the worst prolonged droughts on record. Drought resulted 

in a significant decrease in precipitation and an increase in evaporation leading to less 

water entering the catchments and flowing through to the estuaries and the near-shore 

coastline. A large proportion of the focus on the impacts of drought in the public 

domain, media and scientific literature is around the impacts of drought on water supply 

for human use, agriculture and native terrestrial and freshwater flora and fauna. As 

estuaries are the ‘end users’ of freshwater and are highly important ecosystems it is 

concerning that very little is known about how they are affected by decreased 

freshwater flow. 

 

Estuarine fish and fisheries 

Estuaries support important habitat for fish and fisheries with some of the highest 

biomass of upper trophic levels found in any natural ecosystem around the world (Day 

et al. 1989, Beck et al. 2001). The value of estuaries to fish is due to their high 

productivity ensuring abundant food and ample complex habitats such as seagrass 

meadows and mangroves (Day et al. 1989, Potter et al. 1990, Drinkwater & Frank 

1994). Thus, many marine and freshwater species utilise estuaries to complete at least a 

part of their life cycle. Many species utilise estuaries as nursery habitats for early life 

stages (Day et al. 1989). There are three dominant reproductive strategies utilising 

estuaries as nursery areas (Day et al. 1989): 

 Saltwater spawning, followed by larvae/juveniles passively or actively migrating 

to an estuary, 

 Estuarine spawning, eggs, larvae/juveniles remain within the estuary, and 

 Freshwater spawning, followed by downstream migration of eggs, 

larvae/juvenile towards the estuary.  

 

Over the past decade there has been an increase in the number of peer-reviewed 

publications reporting both positive and negative relationships between freshwater 

flows and commercial catches of fish, crustaceans and molluscs. However, the causal 

mechanisms that explain this pattern are not completely understood. Fishery year class 

strength is known to naturally fluctuate with environmental factors (Sissenwine 1982). 
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There is an increasing understanding of the trophodynamic linkage between freshwater 

flows and year class strength. High levels of nutrients, suspended organic matter and 

particulate organic carbon and nitrogen stimulate productivity of phytoplankton and 

zooplankton (North & Houde 2003, Islam et al. 2006). Zooplankton, particularly 

copepods that are important prey for larval fishes (Sirois & Dobson 2000), have been 

found to be more concentrated around the salt-wedge interface than other areas in the 

estuary (Kimmerer et al. 1998, North & Houde 2006). Complex circulation patterns 

within salt-wedges can also retain and concentrate fish larvae and eggs within optimal 

salinity and temperature conditions (Kimmerer et al. 1998), and higher levels of 

turbidity may provide larvae with a refuge from predation (Chesney 1989). These 

enhanced conditions in the salt-wedge are thought to result in greater rates of growth 

and improved survival for larval fish, which in turn may improve recruitment to, and 

retention in, favourable juvenile habitats (Sirois & Dobson 2000). 

 

Research from North America on the diadromous white perch, Morone americana, 

suggests that the productivity of estuarine fisheries may be strongly linked to freshwater 

flows through the movement and structure of salt-wedge estuaries. During low flow 

conditions, the salt-wedge moves upstream, turbidity levels are low and the freshwater 

saltwater interface becomes diffuse (North & Houde 2001, Shoji et al. 2005). By 

contrast, during high flow conditions, salinity stratification occurs, turbidity levels 

increase and the resulting salt-wedge is displaced down-stream (North & Houde 2001). 

The high flow conditions are associated with an increased incidence of feeding by larval 

fish due to the retention of zooplankton prey in a well defined convergence zone (Shoji 

et al. 2005). Recruitment of fish also appears to be improved in high flow conditions, 

with larger numbers of young-of-the-year during high flow years, and a positive 

correlation between young-of-the-year abundance and freshwater discharge (North & 

Houde 2001, 2003). These findings highlight the link between environmental flows and 

fisheries productivity in two species of fish that converge on estuaries during the egg 

and larval phase. 

 

Black bream, Sparidae: Acanthopagrus butcheri (Munro, 1949) 

Black bream is a unique sparid species as it completes its entire life cycle within its 

natal estuary. It is a highly iconic species that is numerous and endemic to temperate 
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estuaries in southern Australia (Munro 1949). The biology and ecology of black bream 

subtly varies geographically across southern Australia (Butcher 1945, Newton 1996, 

Haddy & Pankhurst 1998, Morison et al. 1998, Sarre & Potter 1999, Nicholson et al. 

2008, Sakabe et al. 2011). Norris et al. (2002) provides a comprehensive synopsis of the 

biology and ecology of black bream across southern Australia. 

 

Black bream populations support large commercial and recreational fisheries, giving the 

species social, economic and environmental significance (Butcher 1945, Ling 1958, 

Jenkins et al. 2010, Kemp et al. 2011). The largest commercial and recreational fishery 

exists in the Gippsland Lakes (Fig. 1). Investigations in the age structure of black bream 

populations show that there is natural variability in year class strength, dominated by a 

few year classes (Fig. 1) (Hobday & Moran 1983, Morison et al. 1998, Jenkins et al. 

2010). Recruitment fluctuations are a characteristic of many fisheries (Sissenwine 

1982). Natural fluctuations in year class strength of other estuarine species have been 

attributed to environmental factors such as freshwater flows, water temperature, prey 

availability and meteorological events (Dew & Hecht 1994, Drinkwater & Frank 1994, 

Fortier et al. 1995, North et al. 2005, Houde 2008). Since 1997, there has been a steady 

decline in black bream CPUE that has coincided with a reduction in freshwater flows 

(Jenkins et al. 2010, Kemp et al. 2011). The public perception is that this is a result of 

overfishing (J. Williams pers. obs.) however, it is more likely due to environmental 

factors attributed to a link between environmental flows and early life stages (Jenkins et 

al. 2010). 

 

It is hypothesised that the decline in commercial catches of black bream in the 

Gippsland Lakes is closely linked to freshwater flows influencing spawning ecology. 

The spawning ecology of black bream is highly variable on both spatial and temporal 

scales (Newton 1996, Sarre & Potter 1999, Sakabe et al. 2011). Spawning usually 

occurs in salinities >10 and is triggered once water temperatures rise to >15 °C (Newton 

1996, Haddy & Pankhurst 1998, Sarre & Potter 1999, Walker & Neira 2001, Nicholson 

et al. 2008, Sakabe et al. 2011). Mature black bream are believed to move upstream in 

search of optimal salinities and temperatures in preparation for spawning (Fig. 2) 

(Hindell et al. 2008, Sakabe & Lyle 2010). Females are capable of releasing in the order 
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Figure 1. Commercial catches (solid line) and catch per unit effort (dotted line) of black bream 

for the Gippsland Lakes, demonstrating the natural variability over time. Note: there were 

several gear restrictions and size limit changes throughout this period. Source: Jenkins et al. 

2010. 

 

of millions of pelagic eggs, multiple times during the spawning season from August to 

January (Butcher 1945, Sarre & Potter 1999, Walker & Neira 2001). The egg duration is 

approximately 48 hours before they hatch into pelagic larvae (Fig. 2). The larval 

duration and growth rates are highly dependent on temperature and prey availability, but 

generally, based on aquaculture stock, it takes ~22-28 days to reach 10 mm (Jenkins et 

al. 1999). Black bream eggs and larvae commonly occur in the upper sections of 

estuaries, often closely associated with the saltwater / freshwater interface (Fig. 2) 

(Sherwood & Backhouse 1982, Newton 1996, Nicholson et al. 2008).  

 

The dietary composition of larval black bream is usually dominated by calanoid 

copepods, in particular nauplii and copepodites (Newton 1996, Willis et al. 1999). 

Newton (1996) suggested that food supply is critical to black spawning success and the 
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variable year-to-year recruitment. In the Hopkins River, peak concentrations of larvae 

occurred in the upper estuary, coinciding with the re-establishment of calanoid copepod 

populations after flooding (Newton 1996). Combined, these findings suggest that black 

bream may time spawning to coincide with freshwater flow that generates salinity 

stratification (Sakabe and et al. 2011), which then creates optimal conditions for the 

production of larval food and optimal hydrography for the transport and retention of 

larvae in areas of high prey availability. 

 

Estuary perch, Macquaria colonorum (Günther, 1863) 

In Chapter 3, the acoustic tracking study, I included estuary perch, Macquaria 

colonorum as a study species, as it was hypothesised to provided a stark contrast in 

estuarine use and environmental flow requirements. As well as, very little being known 

about the ecology of estuary perch in regards to movements (McCarraher & McKenzie 

1986, Walsh et al. 2010). Estuary perch is a euryhaline species and along with 

Australian bass, Macquaria novemaculeata are the only two known catadromous 

percichthyids worldwide. Both species share similar morphology, habitat and 

geographical distribution (Harris 1986, Jerry et al. 1999, Trnski et al. 2005). There is a 

degree of spatial overlap between the two species and it is known that hybridisation 

between the species can occur (Jerry et al. 1999). 

 

Adult fish have been caught in freshwater through to coastal waters, but are more 

commonly found in brackish estuarine water (McCarraher & McKenzie 1986). It is 

thought that adult fish make multiple downstream migrations throughout the year to 

spawn in the middle to lower sections of an estuary. Furthermore, it is hypothesised that 

increases in freshwater flows and displacement of the salt-wedge estuary trigger these 

spawning migrations (Harris 1986). Spawning occurs during the winter months from 

July to August in New South Wales and from July to November in western Victoria 

(McCarraher & McKenzie 1986, Newton 1996). Eggs and larvae of estuary perch have 

also been found in coastal waters (McCarraher & McKenzie 1986).  

 

 

 



 

           Figure 2. A conceptual life cycle of black bream. 



 10 

Gippsland Lakes, south-eastern Australia 

The Gippsland Lakes is Australia’s largest estuarine lagoon system, covering 340 km
2
 

(Fig. 1). The Gippsland Lakes are recognised by the Ramsar Convention and are home 

for many species of rare, endangered or threatened flora and fauna. The Gippsland 

Lakes consist of three large lakes and four major river catchments, including the 

Latrobe (4786 km
2
), Mitchell (4778 km

2
), Nicholson (530 km

2
) and Tambo (2876 km

2
) 

rivers. The system has a small tidal range of approximately 30 cm and is connected to 

the ocean through a narrow, permanently open, man-made entrance. Historically, the 

Gippsland Lakes were a freshwater system with infrequent saline intrusion, but saline 

intrusion into the lakes and lower sections of the rivers has been enhanced since 1889 

by the permanent opening of the entrance (Webster et al., 2001). More recently, drought 

and the lack of rainfall and freshwater flow downstream have resulted in greater 

penetration of marine water upstream into the lakes causing a steady increase in salinity 

(Victorian EPA). Although there is limited physico-chemical data for the estuarine 

reaches of the Mitchell, Nicholson and Tambo Rivers, a recent study of these river 

estuaries found that all three rivers were stratified, with a saline layer all year round 

despite some seasonality in freshwater flows (Lovell and McAlister, 2003). In recent 

decades, saline water has reached either man-made or natural barriers in all of these 

rivers, preventing further saline intrusion. 

 



 

 
Figure 3. The Gippsland Lakes with study sites marked ( sites that were only sampled in 2007 

(Chapter 1),  sites that were sampled in 2007 and 2008 (Chapters 1 & 2) for the inter-annual 

comparison). Inset: Location of the Gippsland Lakes on the south-eastern Australian Coast. 
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Thesis structure 

In this thesis I take a holistic approach in investigating the link between environmental 

flows, salt-wedge dynamics and black bream productivity in the Gippsland Lakes, 

south-eastern Australia. I have four data chapters that are outlined below: 

 

CHAPTER 1: Influence of freshwater flows on the distribution of eggs and larvae of 

black bream Acanthopagrus butcheri within a drought-affected estuary. This chapter 

was published in 2012 in the Journal of Fish Biology. 

 

CHAPTER 2: Linking environmental flows with the distribution of black bream 

Acanthopagrus butcheri, eggs, larvae and prey in a drought affected estuary. This 

chapter has been accepted for publication in Marine Ecology Progress Series. 

 

CHAPTER 3: Environmental flows and movements of black bream Acanthopagrus 

butcheri and estuary perch Macquaria colonorum using acoustic telemetry. 

 

CHAPTER 4: Spatio-temporal variability in the elemental composition of estuarine 

waters and fish otoliths: developing environmental markers for determining larval 

dispersal histories within estuaries.  

 

The broad aim of this thesis is to gain a greater understanding of the role and 

importance of environment flows to the spawning and larval ecology of estuarine fish, 

including the movement patterns of the mature fish. The findings from this thesis have 

led to greater insight into fisheries productivity in estuaries and elucidated the 

connection between environmental flows and variability in year class strength. This 

information can be used by fisheries managers, catchment managers and governments 

to better understand and manage environmental flows and estuarine fisheries to ensure 

the conservation and sustainability of estuarine habitats and the fisheries that utilise 

these habitats. 
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CHAPTER 1 

Influence of freshwater flows on the distribution of eggs and 

larvae of black bream Acanthopagrus butcheri within a drought-

affected estuary* 

 

 

 

 

 

 

 

 

 

 

 

 

 

*Williams J, Hindell JS, Jenkins GP, Swearer SE (2012) Spatial and temporal variation in black bream, 

Acanthopagrus butcheri (Munro, 1949), egg and larval distribution in response to freshwater flows in a 

drought affected estuary. Journal of Fish Biology 80:2281-2301 
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ABSTRACT 

This study tested the hypothesis that variable freshwater flow in the 

Gippsland Lakes, Australia, influences the location and extent of 

environmental conditions suitable for spawning and larval 

development of black bream, Acanthopagrus butcheri (Munro 1945). 

Freshwater flow had a large influence on the salinity and level of 

stratification (difference between bottom salinity and surface salinity) 

in the Gippsland Lakes. Freshwater flows throughout this study varied 

from no/low flows through to major flooding in 2007. Eggs of A. 

butcheri were found in similar concentrations throughout the lakes 

and rivers. However, more than 99 % of larvae were collected from 

within rivers, with very few larvae being collected from the lakes. A 

comparison of two spawning seasons revealed that the year with 

higher freshwater flows also had greater spawning activity and higher 

concentrations of larvae. Interestingly, there was a significant 

relationship between the distribution of eggs and larvae with the level 

of stratification. The highest concentrations of larvae occurred at sites 

with a difference in bottom and surface salinities of 15-20. This study 

demonstrates that despite A. butcheri spawning in the lakes and rivers, 

it is only locations with a halocline that function as larval nursery 

habitat. 
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INTRODUCTION 

Freshwater flows are an important physical feature contributing to variability in the 

physico-chemical structure of estuaries (Gillanders & Kingsford 2002). In many 

estuaries, the less dense freshwater flows over the denser marine waters and the density 

gradient between layers creates a highly stratified water column, commonly referred to 

as a salt-wedge estuary (Sherwood & Backhouse 1982, Geyer and Farmer 1989, Kurup 

et al. 1998). Often, a strongly compressed halocline separates the two layers and the 

depth of the halocline gradually increases upstream giving a ‘wedge’ shape to the 

salinity structure (Kurup et al. 1998). Under certain freshwater flow conditions there is a 

coupling between the halocline, primary productivity, zooplankton and larval fish 

(Cloern et al. 1983, North & Houde 2001, Kimmerer 2002, North et al. 2005). Larval 

fish that converge from upstream or downstream and are retained within the vicinity of 

the halocline can benefit from faster growth due to high prey availability, and reduced 

risk of starvation and predation (Sirois & Dobson 2000, North & Houde 2001, 2003, 

Islam et al. 2006). Therefore, the halocline forms an important habitat for estuarine 

spawning fish and for other species with larvae that develop in estuaries. As this habitat 

is quite dynamic, exhibiting a high degree of temporal and spatial variability, the 

spawning behaviour and reproductive success of species that utilise estuaries are also 

likely to be dynamic and highly variable.  

 

Although several studies have linked variability in freshwater flow with fluctuations in 

commercial catches of fish and crustaceans that utilise estuaries (Loneragan & Bunn 

1999, Robins et al. 2005, Meynecke et al. 2006, Balston 2009, Gillson et al. 2009, 

Jenkins et al. 2010), the mechanisms behind these relationships are complex and not 

well understood. There is however, some evidence that annual variation in year-class 

strength of estuarine dependent fish species is linked to annual variation in freshwater 

flow (North & Houde 2001, Shoji & Tanaka 2007, Jenkins et al. 2010). This suggests 

that during extended periods of low flow conditions due to drought or climate change 

(Vorosmarty et al. 2000, Pittock 2003, Bates et al. 2008), there is the potential for 

spawning or recruitment failure leading to continual years of weak year-class strength.  

 

Such environmental impacts are occurring on a large scale in south-eastern Australia, 

with severe drought over the past decade resulting in river flows well below average 
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(Pilgram 2007). Recent weather models have shown that droughts are becoming longer 

and drier and south-eastern Australian rivers may experience further decreases of 5-45 

% in flow by 2030 (Jones & Durak 2005). These conditions are compounded by 

anthropogenic impacts such as diverting, extracting and damming freshwater flow for 

agriculture, industry and human consumption (Boon 1992, Zann, 1996, Gillanders & 

Kingsford 2002).  

 

Black bream, Acanthopagrus butcheri (Munro 1949), of the family Sparidae, is a 

common estuarine fish species that is endemic to estuaries in southern temperate 

Australia. There are significant recreational and commercial fisheries for A. butcheri, 

the largest being in the Gippsland Lakes in south-eastern Australia. Over the last 

century commercial catches of A. butcheri have fluctuated considerably (Butcher 1945, 

Jenkins et al. 2010). In the last decade, however, there has been a steady decline in 

annual catch rates from between ~90-400 tonnes to between ~26-140 tonnes, with 

2002/03 (26 tonnes) being the lowest on record (Kemp 2010). The decline in catches 

corresponds with a 10-year trend in decreasing rainfall leading to a reduction in 

freshwater inflow into the Gippsland Lakes (Jenkins et al. 2010). Jenkins et al. (2010) 

reported a significant relationship between freshwater flows and the level of 

stratification (the difference between bottom and surface salinities) with abundance of 

0+ aged fish. Moderate flows that lead to higher stratification had the highest 

abundances of 0+ fish (Jenkins et al. 2010). This suggests that freshwater flows may be 

necessary for providing suitable environmental conditions for successful spawning 

and/or larval development. 

 

Reproductive success of A. butcheri may be particularly sensitive to changes in 

freshwater flow as the species completes its entire life cycle within a single estuary 

(Butcher 1945, Sherwood & Backhouse 1982). Acanthopagrus butcheri are broadcast 

spawners and are capable of releasing millions of pelagic eggs multiple times 

throughout the spawning season (Sarre & Potter, 1999). Spawning is thought to 

primarily occur in brackish water as A. butcheri eggs are most commonly found in 

salinities ranging from 15-25 (Sherwood & Backhouse 1982, Newton 1996, Nicholson 

et al. 2008). Although A. butcheri have a prolonged spawning season that varies 

geographically and ranges from September through to late December (Butcher 1945, 

Sherwood & Backhouse 1982, Haddy & Pankhurst 1998, Sarre & Potter 1999, Sakabe 
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et al. 2011), the location, timing and success of spawning is believed to be highly 

dependent on levels of freshwater flow (Newton 1996, Sakabe et al. 2011). During 

winter, mature A. butcheri move up the estuary seeking lower salinities for spawning 

(Newton 1996, Hindell et al. 2008, Nicholson et al. 2008, Sakabe et al. 2010). In river 

estuaries fish spawn in deeper pools upstream, close to the freshwater/saltwater 

interface or halocline, where the water is often highly oxygenated, has lower salinity 

and is rich in zooplankton (Sherwood & Backhouse 1982, Newton 1996, Nicholson et 

al. 2008). The location of spawning in the Gippsland Lakes, an atypical estuary with 

extensive estuarine lakes, rivers and wetlands, is highly dependent on freshwater inflow 

(Butcher 1945). Historically, A. butcheri have spawned throughout the entire lake 

system (Butcher 1945). However, there are no data on the spawning locations under low 

flow conditions, the current state in the Gippsland Lakes. 

 

The overall objective of this study was to conduct the first, broad-scale investigation of 

the spatial and temporal distribution of A. butcheri eggs and larvae in the Gippsland 

Lakes, in order to assess the importance of salinity structure on the distribution of eggs 

and larvae, particularly under drought conditions. Based on the hypothesis that 

freshwater flows are important for successful reproduction in A. butcheri, it was 

predicted that under low flow/drought conditions there will be higher concentrations of 

eggs and larvae in: 1) the tributary rivers when compared to the lakes proper; 2) the 

spawning season with higher freshwater flow; and, 3) sites that are highly stratified. 

 

 

MATERIALS AND METHODS 

Study area 

The Gippsland Lakes are Australia’s largest estuarine lagoon system, covering 

approximately 340 km
2
 (Fig. 1). The Lakes consist of three large lakes and four major 

tributary rivers (Table 1). The lakes system is a micro-tidal system connected to the 

ocean via a single permanently open man-made entrance. Prior to the permanent 

opening in 1889, the Gippsland Lakes were a freshwater system with infrequent saline 

intrusion (Webster et al. 2001). After the permanent opening, the salinity regime and 

ecology shifted to a more brackish estuarine system. However, recent severe drought 
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and the lack of rainfall and freshwater flow downstream have resulted in greater 

penetration of marine water upstream into the lakes, causing a steady increase in salinity 

(J. Williams, unpublished data; Lovell & McAlister 2003). Although there is limited 

physico-chemical data for the estuarine reaches of the Mitchell, Nicholson and Tambo 

rivers, three of the major tributaries to the Lakes, a recent study of these river estuaries 

found that all three rivers were stratified with a salt-wedge all year round despite some 

seasonality in freshwater flows (Lovell & McAlister 2003).  

 

This study focused on the eastern half of the Gippsland Lakes (Fig. 1). Sampling 

stations were set up at 23 sites in 2007: eight at 3 km intervals in the Mitchell River 

estuary, five at 3 km intervals in both the Tambo and Nicholson River estuaries, and 

five in the Lakes proper (Fig. 1). Sampling was conducted from August to late 

December in 2007, the peak reproductive period for A. butcheri, in the Mitchell, 

Nicholson and Tambo Rivers and selected lake sites. From here on, sites located within 

the Mitchell, Nicholson and Tambo Rivers are referred to as ‘river sites’ (n = 18) and 

sites within the Lakes proper as ‘lake sites’ (n = 5). For an inter-annual comparison the 

Nicholson and Tambo Rivers were surveyed from August to December in 2008. Data 

for the Mitchell River in 2008 were not available as the survey methods were altered to 

allow for a fine-scale study of ichthyoplankton (J. Williams, unpublished data). The 

lake sites were not sampled in 2008 as almost all larvae were captured in the rivers in 

2007 (see Results). The advantage of comparing the Nicholson and Tambo Rivers 

estuaries is that they are of comparable physical size (But note the catchment size is 

much greater for the Tambo River cf. the Nicholson River). 
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Figure 1. The Gippsland Lakes with study sites marked ( sites that were only sampled in 2007, 

 sites that were sampled in 2007 and 2008 for the inter-annual comparison). Inset: Location of 

the Gippsland Lakes on the south-eastern Australian Coast. 

 

 

 

Table 1. Catchment area for the tributary rivers with the largest influence on salinity and 

stratification in the Gippsland Lakes, Victoria, Australia. 

 Catchment area, km
2 

Latrobe River 4786 

Mitchell River 4778 

Nicholson River 530 

Tambo River 2867 
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Ichthyoplankton sampling 

Ichthyoplankton samples were collected using oblique plankton tows. A conical net 

with a 750 mm diameter opening and 333 μm mesh was towed at approximately 1-1.5 

knots and was lowered from the surface to within 1 m of the bottom at a rate of 

approximately 0.5 m per minute. The duration of the tows were approximately 5-6 

minutes. A flow meter (General Oceanics, 2030, Florida, USA) was fitted to the 

entrance of the net to calculate volume of water sampled.  The volume of water sampled 

ranged from 70-120 m
-3

. Samples were fixed in a 5 % seawater formalin solution in the 

field and later preserved in 70 % ethanol in the laboratory. Some samples required 

splitting using a Folsom plankton splitter to as little as 1/32 of the original sample 

depending on the amount of plankton present. Multiple splits were counted to ensure 

that there was < 5 % discrepancy between each split. Samples were sorted under a 

dissecting microscope (20x magnification). Acanthopagrus butcheri, larvae were 

identified based on morphometrics and fin meristics (Miskiewicz & Neira, 1998). 

Acanthopagrus butcheri eggs were identified based on size, oil globule size and shape 

(Miskiewicz & Neira 1998). A sub-sample of eggs (n=30) was sent to the molecular 

genetics laboratory at Museum Victoria for DNA extraction and sequencing of the 

cytochrome oxidase subunit 1 (CO1) gene with sequences matched using a BLAST 

nucleotide search in Genbank (Ward et al. 2005). All samples that were successfully 

extracted and sequenced and that were not contaminated with DNA from an aquatic 

bacterium (70 % of samples) were 99.8 % confidently identified as A. butcheri eggs. 

 

Hydrographic data collection 

Hydrographic and water quality data were collected at all sites at 0.5 m depth intervals. 

A Hydrolab data sonde fitted with temperature, salinity, turbidity, dissolved oxygen and 

fluorescence probes were used. The Hydrolab was connected to a PDA and data were 

logged with Hydras 3 software. The data sonde was regularly calibrated using standard 

solutions. 

 

Data analysis 

Repeated measures analysis of variance (ANOVA) was used to test for differences in 

egg and larval concentrations between sites located within rivers and sites located 
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within the lakes. Sites were categorised as either river or lake depending on their 

location. Field survey was treated as a repeated measure; Location (river or lake) was 

treated as the between-subjects factor.  

 

Repeated measures analysis of covariance (ANCOVA) was used to determine the 

spatial and temporal patterns in egg and larvae concentrations within and among the 

Mitchell, Nicholson and Tambo rivers in 2007. Field survey was treated as a repeated 

measure; River was treated as the between-subjects factor, and distance from the river 

mouth was treated as the covariate. As more sites, and therefore a greater length of 

estuary, were sampled in the Mitchell River, the distance of each site from the river 

mouth was coded as a proportion of the total length of the estuary sampled (i.e. 0 = river 

mouth and 1 = most upstream site). When significant within-subjects interactions 

occurred, each survey was analysed separately with ANCOVA. 

 

Interannual comparisons were only possible for the Nicholson and Tambo Rivers as the 

methodology changed to a depth-stratified sampling in the Mitchell River in 2008 in 

order to more finely resolve the spatial distribution of A. butcheri eggs and larvae (J. 

Williams, unpublished data). Seven surveys were done at comparable times for both 

years. Repeated measures analysis of covariance (ANCOVA) was used to test for 

differences in egg and larval concentrations between the two years with varying flow 

pattern. As surveys were conducted during the same months in both years, field survey 

was treated as the repeated measure and year and river as between-subjects factors with 

distance from the river mouth (DRM) as the covariate. Descriptive comparisons were 

also used to evaluate relationships between freshwater flow, salt-wedge structure and 

egg and larval distributions between years. 

 

All statistical analyses were done using SPSS 16. All concentration data were natural 

log transformed (ln(x+1)) to meet assumptions of normality and homogeneity of 

variances. The test of sphericity for the repeated measures ANOVAs was always 

assumed to be violated as it is very sensitive to deviations from multivariate normality 

(Quinn & Keough 2002). Therefore, F-ratios were adjusted using the conservative 

approach with the Greenhouse-Geisser correction factor. Repeated measures (the more 

conservative approach) was used instead of treating survey as a fixed effect because 

there was no a priori expectation that concentrations of eggs or larvae for each survey 
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would be independent. Regardless, both approaches yielded qualitatively identical 

results. 

 

Due to the use of oblique plankton tows it was not possible to determine the distribution 

of eggs and larvae within the water column and therefore their relationships with 

hydrological variables. Therefore, descriptive statistics were used to relate the 

distribution of eggs and larvae in regards to the salinity structure at each site. Egg and 

larval concentrations were also plotted against salinity and level of stratification 

(surface salinity subtracted from bottom salinity, Jenkins et al. 2010). Pearson 

correlation coefficients were used to test the significance of the relationships between 

these variables. 

 

 

RESULTS 

Hydrography 

Freshwater flows from the Mitchell, Nicholson and Tambo Rivers were very low to 

negligible from January to June in both 2007 and 2008 (Fig. 2). The exception was a 

large rainfall event in June 2007 that resulted in a significant increase in flow and 

causing significant flooding throughout the estuaries. All three rivers rose between 4-

8 m and broke their banks in several places (www.bom.gov.au). During the floods it 

was not possible to collect salinity in the rivers but monitoring stations in the lakes 

suggested that the lakes were predominately freshwater with the exception of some 

deeper sections (Environmental Protection Agency, unpublished data). During the 

sampling period, large rainfall events (>100 mm) leading to large increases in flow 

occurred in the first week of November in 2007 and the first week of December in 2008. 

Average daily flows were 45 % lower and 14 % lower in 2008 compared to 2007 in the 

Nicholson and Tambo rivers, respectively (Fig 2).  

 

Salinity at lake sites ranged from 9-34 and the water column was relatively well mixed 

with the exception of Lake King and Metung that had a moderately stratified water 

column from August to September. No surface freshwater was detected in the Lakes 

throughout this study. In contrast the rivers were highly stratified and displayed all the 
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Figure 2. Average monthly discharge in 2007 (black line) and 2008 (grey line) for the a) 

Mitchell, b) Nicholson, and c) Tambo rivers (www.vicwaterdata.net). The shaded area 

represents the period of sampling. 

  

http://www.vicwaterdata.net/
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characteristics of a salt-wedge estuary. The amount of freshwater flowing downstream 

determined the location of the salt-wedge within the river. The Mitchell River has a 

much larger catchment and therefore received more freshwater flow than the Nicholson 

and Tambo Rivers (Fig. 2). During the first survey, the Mitchell River was 

predominately freshwater with a small highly stratified salt-wedge, ~6 km upstream of 

the river mouth. The salt-wedge then proceeded upstream and by late September it 

extended the length of the estuary. In comparison the Nicholson River estuary received 

very little freshwater flow. A freshwater layer was not detected at the sampling sites 

between 27 September and 18 October 2007 and between 9 September and 12 

November 2008. A flow event prior to 7 November 2007 and 4 December 2008 surveys 

re-established the salt-wedge structure in the Nicholson River. The Tambo River 

estuary always had a salt-wedge with a shallow freshwater layer often extending 

between 3-12 km upstream of the river mouth. 

 

Acanthopagrus butcheri spawning in lakes and rivers 

Acanthopagrus butcheri spawned at all 23 sites sampled in the lakes and rivers in 2007. 

Eggs were first collected in low concentrations (<10 m
-3

) on 4 September when water 

temperature was ~13 °C (Fig. 3a). The mean concentration of eggs peaked in the lakes 

(116 m
-3

) on 27 September and in the rivers (67 m
-3

) on 18 October when water 

temperatures were between 14-17 °C (Fig. 3a). The higher mean concentration of eggs 

at lake sites was dominated by one site, Newlands Arm, the most western site (Fig. 1). 

Mean egg concentration decreased to <1 m
-3 

at lake sites by 1 December, and river sites 

by 21 December (Fig. 3a). There was no significant difference in egg concentration 

between lake and river sites through time in 2007 (F1,21 = 3.23, P >0.05).  

 

Acanthopagrus butcheri larvae were collected at two of the five lake sites and at all 18 

river sites. Larvae were first present at lake sites on 4 September and at river sites on 27 

September (Fig. 3b). Larvae were only recorded in very low concentrations (<1 m
-3

) in 

the lakes (Fig. 3b). Larvae were far more concentrated in the rivers than the lakes 

(F1,21 = 5.00, P <0.05), with 99 % of all larvae collected coming from river sites and 

mostly on 18 October. Mean larval concentration in the rivers decreased from 55 m
-3

 on 

18 October to less than 2 m
-3

 on 7 November, coinciding with the flow event in early 

November. 
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The Mitchell, Nicholson and Tambo River sites were analysed separately to determine 

the importance of each river. Mean egg concentration and water temperature gradually 

increased and peaked in mid-October for the Mitchell (98 m
-3

; ~16 °C water 

temperature; Fig. 3a) and Tambo Rivers (70 m
-3

; ~17 °C water temperature; Fig. 3a); 

mean egg concentration peaked during early November in the Nicholson River (83 m
-3

; 

~16 °C water temperature; Fig. 4a). As water temperature increased to >18 °C egg 

concentration decreased considerably. There was a marginally significant difference in 

egg concentration between rivers (F2,11 = 3.80, P <0.05), and no significant effect of the 

covariate, distance from river mouth (F1,11 = 0.01, P >0.05). The significant river effect 

was driven by differences between the Mitchell and Nicholson Rivers (P <0.05). There 

was a significant interaction between survey and river (F4,26 = 3.73, P <0.05). Due to the 

significant interaction, each survey was analysed separately using ANCOVA (Table 2, 

Fig. 5). Egg concentration was significantly different among rivers on 7 November and 

1 December (Fig. 5c,d, Table 2). There was also a significant effect of the covariate, 

distance from river mouth, on 27 September when eggs were found in high 

concentrations between 9-12 km from the river mouth in all three rivers and after the 

flow event on 1 December when the majority of eggs were found between 0-6 km from 

the river mouth in all three rivers (Fig 5a,d, Table 2).  By 21 December very few eggs 

were collected in any of the rivers with the exception of one site at 9 km from the river 

mouth (Fig. 5e). 

 

Larval concentration peaked at the same time as eggs; during 18 October for the 

Mitchell and Tambo Rivers and three weeks later, 7 November, for the Nicholson River 

(Fig. 4b). There was no significant difference in mean larval concentration among rivers 

(F2,14 = 0.34, P >0.05) but there was a significant effect of the covariate, distance from 

river mouth (F1,14=7.55, P <0.05). There was also a significant interaction between 

survey and river (F3,20 = 3.74, P <0.05). There was a significant difference in larval 

concentration among rivers on 27 September and a significant effect of the covariate, 

distance from river mouth, on 27 September and 18 October, with the majority of larvae 

located between 9-18 km upstream (Fig 6a,b, Table 2). After a large flow event during 

the first week of November 2007, larvae were collected in the lower section of the river 

estuaries (0-6 km upstream from the river mouth; Fig. 6c).  
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Figure 3. Mean (±SE) concentrations of a) eggs and b) larvae for lake sites (closed circle, solid 

line) and river sites (open circle, dotted line) in 2007. The curved line represents mean water 

temperature at lake sites (solid line) and river sites (dotted line). 
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Figure 4. Mean (± SE) concentrations of a) eggs and b) larvae for the Mitchell (closed circle, 

solid line), Nicholson (open circle, dotted line) and Tambo Rivers (closed triangle, dashed line) 

in 2007. The curved line represents mean water temperature for sites in the Mitchell River (solid 

line), Nicholson River (dotted line) and Tambo River (dashed line). 
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Figure 5. Concentrations of eggs plotted against distance from the river mouth on a) 27 

September, b) 18 October, c) 7 November, d) 1 December and e) 21 December for the Mitchell 

(closed circle, solid line), Nicholson (open circle, dotted line) and Tambo Rivers (closed 

triangle, dashed line) in 2007. 
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Table 2. Summary of the analyses of covariance comparing egg and larval concentrations across 

location and distance from the river mouth (DRM). Surveys without eggs or larvae were 

excluded from analyses. All data were log10(x+1) transformed (*P= <0.05). 

 27 Sep. 18 Oct. 7 Nov. 1 Dec. 21 Dec. 

Eggs df F df F df F df F df F 

River 2 1.71 2 1.57 2 8.15* 2 12.91* 2 0.31 

DRM 1 6.78*
 

1 0.01
 

1 1.19 1 8.05* 1 0.12 

Larvae df F df F df F     

River 2 4.03* 2 2.69 2 2.11     

DRM 1 11.69* 1 3.65* 1 0.13     
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Figure 6. Concentrations of larvae plotted against distance from the river mouth on a) 27 

September, b) 18 October and c) 7 November for the Mitchell (closed circle, solid line), 

Nicholson (open circle, dotted line) and Tambo Rivers (closed triangle, dashed line) in 2007. 
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Comparison of two spawning seasons  

As mentioned previously, freshwater flow into the Tambo and Nicholson Rivers was 

considerably less in 2008 compared to 2007 (a reduction of 45 % and 14 % 

respectively), Based on when eggs were first collected, spawning had begun by 27 

September in 2007 and by 9 September in 2008 (Fig. 7a). Egg concentration peaked on 

7 November in 2007 and 27 September in 2008 (Fig. 7a). Egg concentration was 

significantly higher in 2007 compared with 2008 (F1,15 = 6.08, P <0.05) and there was 

no significant difference between rivers (F1,15 = 3.61, P >0.05). There was a significant 

effect of the covariate, distance from the river mouth, with eggs being more 

concentrated at sites ≥6 km (F1,15 = 5.64, P <0.05). However, there was significant 

interaction between years and rivers (F1,15 = 14.19, P <0.01). Due to the significant 

interaction each river was analysed separately, which revealed significantly higher 

concentration of eggs in 2007 compared to 2008 in the Nicholson River (F1,63 = 10.50, P 

<0.01), but not in the Tambo River (F1,63 = 0.37, P >0.05). 

 

Larvae were first collected in late September, with concentrations peaking in mid-

October in both years (Fig. 7b). There were five times more larvae collected in 2007 

compared to 2008, although this difference was not statistically significant due to low 

statistical power (Fig. 7b; F1,15 = 3.36, P >0.05). There were marginally more larvae in 

the Tambo River compared to the Nicholson (F1,15 = 4.59, P <0.05) and there was no 

significant interaction between rivers and years (F1,15 = 0.88, P >0.05). There was also a 

significant effect of the covariate, distance from river mouth, with greater 

concentrations of larvae ≥6 km upstream of the river mouth (Fig. 7d).  
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Figure 7. A comparison of 2007 (closed circle, solid line) and 2008 (open circle, dashed line) 

mean ( SE) a) egg concentrations over time, b) larval concentrations over time, c) egg 

concentrations over distance from the river mouth, and d) larval concentrations over distance 

from the river mouth.  

 

Eggs and larvae in relation to salinity and stratification 

There were no strong relationships between egg and larval concentrations and mean 

salinity. Egg concentrations varied little with respect to salinity, whereas larvae were 

predominately found in salinities ranging from 7-17 (Fig. 8a,b). There were however, 

significant relationships with the level of stratification (the difference between bottom 

and surface salinity). Sites that were highly stratified and with a difference in salinity 

>10 had the highest concentrations of eggs and larvae (Fig. 8c,d). In general, there was 

significant positive correlation between the level of stratification at each site and the 

concentration of eggs (r = 0.24, P <0.01; Fig. 8c) and larvae (r = 0.30, P <0.05; Fig. 8d).  
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Figure 8. a) Egg concentration against mean salinity for each site sampled, b) larval 

concentration against mean salinity for each site sampled, c) egg concentration against level of 

stratification calculated by subtracting the top salinity from the bottom salinity, and d) larval 

concentration against level stratification calculated by subtracting the top salinity from the 

bottom salinity. Data has been natural log transformed. 
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DISCUSSION 

The findings of this study suggest that the magnitude of freshwater flow during a period 

of drought has important consequences for reproductive success in A. butcheri. Despite 

evidence of extensive spawning throughout the Gippsland Lakes, larval concentrations 

were greatest in the rivers, in areas typified by high stratification, and greatest in a year 

with higher freshwater flow. The significant positive correlations between the level of 

stratification and egg and larval concentrations suggest that the formation of the salt-

wedge and halocline results in more optimal conditions for successful reproduction, 

most likely through enhanced larval survival. This conclusion is supported by similar 

studies on A. butcheri in other estuaries (Sherwood & Backhouse 1982, Nicholson et al. 

2008, Jenkins et al. 2010) and on other fish species such as white perch (Morone 

americana) and striped bass (Morone saxatilis) in the USA (North & Houde 2001, 

2006). 

 

Egg and larval distributions in the lakes and rivers 

Previous studies of A. butcheri spawning ecology prior to the drought in the Gippsland 

Lakes suggest that eggs and larvae are distributed throughout the system in salinities 

ranging from 11-18 (Butcher 1945, Walker & Neira 2001). Over the past decade 

drought has led to increasing salinities and further saline intrusion into the tributary 

rivers. It was unclear where A. butcheri would spawn in these conditions and it was 

hypothesised that A. butcheri would move into the tributary rivers in search of lower 

salinities at the freshwater saltwater interface or halocline. Contrary to this prediction, 

spawning occurred at all 23 sites sampled. However, the most significant finding of this 

study was that 99 % of A. butcheri larvae came from river sites, with the majority of 

larvae collected in the unregulated larger Mitchell River.  

 

It is possible that the high concentrations of eggs in the lakes in 2007 may have been an 

artefact of the floods in June 2007, with fish avoiding the freshwater and moving out of 

the rivers and into the lakes. Prior to the flood, salinity in the lakes was >30 

(Environmental Protection Agency, unpublished data). A reduction in salinity through 

the Lakes due to the increased flows may also have encouraged A. butcheri that were 

residing in the lakes to spawn in the lakes rather than moving into the rivers. The 

reasons for low larval concentrations in the lakes is unclear as water conditions, 
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including salinity, temperature and dissolved oxygen, were all within optimal ranges at 

both lake and river sites (Hassell et al. 2008a, 2008b; J. Williams, unpublished data). 

One possible explanation is that the lakes have a greater surface area and are more 

exposed to wind driven currents than river sites, which could potentially disperse larvae 

over a greater area, leading to lower concentrations at lake versus river sites despite 

similar levels of spawning. Alternatively, larvae may survive better in the rivers. Within 

the rivers, larvae are potentially passively transported upstream towards a hydrological 

barrier in the halocline and are then retained within this region. The halocline can act as 

a physical barrier accumulating eggs and larvae from fish species that spawn upstream 

in freshwater or downstream in the saline water (Secor & Houde 1995, Acha et al. 1999, 

North & Houde, 2001).  As higher turbidity and aggregation of zooplankton prey are 

often associated with haloclines in estuaries (Chesney, 1989; Kimmerer et al., 1998; 

Sirois & Dobson 2000), favourable conditions for larval growth and survival are more 

likely to be found in the rivers, particularly during drought, which may explain why 

99 % of all larvae were captured at river sites.  

 

Comparison of two spawning seasons 

The inter-annual difference in egg concentrations was predominately driven by 

differences in the Nicholson River. Average daily freshwater flow into the Nicholson 

River decreased by 45 % from 2007 to 2008, leading to an increase in salinity, further 

saline intrusion and reduced levels of dissolved oxygen, ultimately leading to a decrease 

in ‘optimal’ conditions for reproduction. This was further supported by an even greater 

reduction in larval concentration, though this result was not statistically significant due 

to low statistical power. The low concentrations of larvae in 2008 could have been a 

result of very low levels of dissolved oxygen, a critical factor in A. butcheri egg and 

larval survival (Hassell et al. 2008a, 2008b; J. Williams, unpublished data). Hassell et 

al. (2008b) found that hatch rates and larval survival were influenced by complex 

interactions between salinity, temperature and dissolved oxygen. Without variable flows 

the salt-wedge can remain stagnant and dissolved oxygen levels decrease, leading to 

anoxic conditions that are fatal to aquatic biota (Kurup et al. 1998, Kurup & Hamilton 

2002, Becker et al. 2009). The Nicholson River received very little to no freshwater 

flow during 2008 and dissolved oxygen was recorded well below the critical and 

potentially fatal levels of <50 % saturation (Hassel et al. 2008a, Becker et al. 2009). 
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In comparison, the reduction of freshwater flow into the Tambo River estuary was much 

lower (14 %) and there was no significant difference in egg and larval abundance 

between years. Throughout both spawning seasons a salt-wedge was present, with most 

sites being highly stratified during each survey. These results further highlight the 

importance of salt-wedge presence and freshwater flows for providing optimal 

environmental conditions for successful reproduction in estuarine-dependent fish.  

 

Eggs and larvae in relation to salinity structure 

In this study the use of oblique plankton tows enabled the sampling of more sites but 

not the vertical distribution of eggs and larvae within the water column, and hence the 

exact salinity where they occurred. Thus, further research is needed to determine where 

eggs and larvae are located within the water column in relation to hydrography. 

However, A. butcheri eggs have been shown to be positively buoyant in seawater and 

negatively buoyant in salinities less than 10 (Jenkins et al. 1999). Based on this 

knowledge, eggs were collected in salinities ranging from 10-30, with the highest 

concentrations between 16 and 20, which is consistent with previous estimates of the 

optimal salinity range for A. butcheri spawning (Butcher 1945, Sherwood & Backhouse 

1982, Sarre & Potter 1999, Nicholson et al. 2008). Larvae were collected in salinities 

ranging from 7-17, with the highest concentrations associated with mean salinities 

around 13, which were most often associated with the presence of a halocline. 

 

Haloclines may enhance larval survival because environmental conditions are more 

favourable for growth and predator avoidance (Chesney 1989, Shoji et al. 2005). 

Suspended carbon rich sediments, predominately from terrestrial sources, flow down 

stream into estuaries where they sink towards the upstream moving deeper saline layer 

(Cloern et al. 1983, Vincent et al. 1996). The area of sediment and nutrient 

accumulation in estuaries is often referred to as an estuarine turbidity maximum (ETM), 

(North & Houde 2001, Goni et al. 2005, Shoji et al. 2005). When the ETM forms in the 

vicinity of the halocline, it has been shown to enhance larval feeding and growth (Shoji 

et al. 2005). These studies have predominately focused on anadromous species that 

spawn upstream of the salt-wedge, in freshwater, and their larvae are passively 

transported towards the halocline. However, upstream transport of larvae developing in 
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estuarine water towards the halocline and potentially into an ETM region is possible. 

Further research is required to determine whether such a mechanism is facilitating 

survival of A. butcheri larvae in the Gippsland Lakes and more generally for estuarine 

spawning fishes in other systems.  

 

Implications of drought on fish and fisheries productivity 

In the Gippsland Lakes, A. butcheri populations are dominated by a few year classes 

(Morison et al. 1998, Jenkins et al. 2010). Jenkins et al. (2010) found that the level of 

stratification combined with freshwater flow explained a large amount of variation in A. 

butcheri recruitment (determined from annual surveys of 0+ fish and population age 

structure). The relationship suggests that high recruitment occurs during intermediate 

flows that maximise the level of stratification. The results from the present study 

suggest that the link between high recruitment and stratification is the provision of 

optimal environmental conditions for larval survival; a prediction supported by studies 

on other species with estuarine larval development (Newton 1996; Boynton et al. 1997, 

North & Houden 2001, 2003). 

 

Decreasing freshwater flows into estuaries from drought and climate change are 

therefore likely to have important consequences to the productivity of estuarine-

dependent species as a decrease in flow would result in increasing salinity, further 

saline intrusion upstream and decreasing levels of dissolved oxygen (Bates et al. 2008). 

The implications of drought, the changing climate and decreased and/or unpredictable 

flows on species that utilise estuaries as spawning and larval habitats is potentially high 

and could result in a decrease in levels of recruitment for many fishes, crustaceans and 

molluscs in estuaries worldwide, as evidenced by CPUE data for commercially 

harvested species (Loneragan & Bunn 1999, Robins et al. 2005, Gillson et al. 2009). 

Current climate change models predict significant increases in freshwater flows in the 

Arctic, northern Argentina, southern Brazil, Indian sub-continent and China, while 

reduced freshwater flows are suggested for southern Argentina and Chile, southern 

Australia, western and southern Africa and the Mediterranean Basin (Bates et al. 2008). 

Climate models for rivers in Victoria, Australia predict decreases in flow by 5-45 % as 

well as more frequent extreme flow events such as floods (Jones & Durak 2005). This 

suggests that production of estuarine-dependent species in predicted drought-affected 
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regions is likely to decline in the future. Adapting harvest strategies to this greater 

uncertainty is needed if estuarine fisheries are to remain sustainable.  
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CHAPTER 2 

 Linking environmental flows with the distribution of black bream 

(Acanthopagrus butcheri) eggs, larvae and prey in a drought-

affected estuary* 

 

 

 

 

 

 

 

 

 

 

 

*Williams J, Jenkins GP, Hindell JS, Swearer SE (2013) Linking freshwater flows and salt-wedge 

dynamics with the distribution of black bream, Acanthopagrus butcheri, eggs larvae and potential prey in 

a drought affected estuary. Marine Ecology Progress Series 483:273-287 
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ABSTRACT 

Estuaries are under threat from changes in freshwater flows resulting 

from anthropogenic impacts and climate change, with unknown 

consequences for estuarine biota. In the past decade, significant rain 

deficits in south-eastern Australia have coincided with a decrease in 

commercial catches of black bream, Acanthopagrus butcheri, an 

important commercial and recreational fish species that spawns in 

estuaries. I investigated the temporal and spatial distribution of black 

bream eggs and larvae, and copepods, their preferred larval prey, in 

relation to the hydrology of the Mitchell River, a drought stricken 

tributary of Australia’s largest estuarine lagoon system. We collected 

eggs, larvae, zooplankton and water quality data at multiple depths 

from eight sampling sites over seven fieldtrips from August to 

December 2008. The hydrology of the Mitchell River during this 

study was highly complex and influenced by freshwater flow. Spatial 

coupling between black bream larvae and copepods and the halocline 

was observed in the upper estuary. Nauplii of the copepod 

Gladioferens pectinatus, an important prey species for larval fish, 

dominated the zooplankton assemblage (>80 %) and larval gut 

contents. This study demonstrates that freshwater flows and the 

generation of salinity stratification have a large influence on the size 

of suitable habitat for larval bream. Drought, water abstraction and 

climate change could potentially reduce flows to the point where 

salinity stratification in the estuary is diminished, resulting in declines 

in replenishment to populations of black bream and possibly other 

estuarine resident or dependent fish species. 
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INTRODUCTION 

Productivity of coastal marine ecosystems, and the fisheries they support, depends on 

freshwater flows (Loneragan & Bunn 1999, Robins et al. 2005, Meynecke et al. 2006, 

Gillson et al. 2009). The ecological mechanisms linking freshwater flows with year 

class strength are not well known, but evidence suggests that episodic wind and 

freshwater flow events influence larval survival and recruitment of estuarine-dependent 

species by retaining eggs and larvae in an area of increased prey (North & Houde 2001, 

North et al. 2005). Freshwater flow is an important process resulting in stratification and 

transport of sediments and nutrients that promote retention and primary productivity, 

respectively, in estuaries (Cloern et al. 1983). As a consequence, freshwater flows could 

result in strong ‘bottom-up’ effects and the timing and extent of flows could influence 

larval growth and survival. 

 

Estuaries are characterised by a salinity structure that is influenced by variable 

freshwater flows (Kurup et al. 1998). A common feature in many estuaries is a salt-

wedge, where differences in water density create a highly stratified water column 

(Geyer & Farmer 1989, Kurup et al. 1998). This density gradient can prevent vertical 

mixing by acting as a physical and biological barrier (Kurup et al. 1998). Salinity 

structure has also been linked to recruitment variability (Kimmerer et al. 2001, North & 

Houde 2003, Jenkins et al. 2010). Jenkins et al. (2010) reported a positive relationship 

between freshwater flow, the level of stratification (the difference between bottom 

salinity and surface salinity) and recruitment of black bream Acanthopagrus butcheri 

(Munro, 1949), an estuarine resident, with the greatest recruitment occurring at 

intermediate flows. Sakabe et al. (2011) reported a link between high freshwater flow 

and low recruitment of black bream on the east coast of Tasmania. Both studies suggest 

a link between flow and year class strength (Jenkins et al. 2010, Sakabe et al. 2011). 

 

Natural variability in environmental conditions has long been recognised as a driver of 

variation in year class strength and recruitment in fishes. Variability in hydrography and 

water chemistry as well as prey and predator abundance can impact the success of egg 

and larval survival (Hjort 1914, Cushing 1975, Iles & Sinclair 1982, Sissenwine 1982, 

Cushing et al. 1990, Houde 2008, Leggett & Frank 2008). Hjort (1914) was the first to 

recognize that the early larval period was a ‘critical period’ in the life history, where 
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survival rates between hatching and first feeding could ultimately determine recruitment 

rates into the adult life stage. Cushing’s match-mismatch hypothesis (1975) extended 

this concept by further hypothesising that an overlap (i.e., match) in the timing of 

primary and secondary productivity with fish spawning could increase larval survival 

from post-hatch through to the juvenile stage. The spatial alignment of larval and prey 

populations has also been shown to influence recruitment, with larval survival and 

recruitment enhanced when physical processes transport and retain larvae in areas of 

high prey availability (Iles & Sinclair 1982, Sirois & Dodson 2000, North & Houde 

2001, 2003, North & Houde 2006). 

 

Black bream is an estuarine resident fish species that completes its entire life cycle 

within an estuary and is endemic to temperate estuaries in southern Australia. Spawning 

in black bream is highly variable on both spatial and temporal scales. Spawning usually 

occurs in salinities >10 and is usually triggered once water temperature rises to >15 °C 

(Haddy & Pankhurst 1998, Sarre & Potter 1999, Walker & Neira 2001, Nicholson et al. 

2008). Mature fish are capable of spawning multiple times from August to December by 

releasing millions of pelagic eggs that take up to 48 hours to hatch (Butcher 1945, Sarre 

& Potter 1999, Walker & Neira 2001). The larval duration and growth rates are highly 

dependent on temperature and prey availability, but as a guide, it takes ~22 to 28 days 

to reach 10 mm TL (Jenkins et al. 1999). Black bream eggs and larvae commonly occur 

in the upper sections of estuaries, often closely associated with the salt- and freshwater 

interface (Sherwood & Backhouse 1982, Newton 1996, Nicholson et al. 2008). Recent 

evidence suggests that the formation of the salt-wedge or stratification of the water 

column, due to freshwater flows, is an important process for larvae and successful 

recruitment (Jenkins et al. 2010, Williams et al. 2012). However, the ecological 

mechanisms behind this relationship remain unknown.  

 

Newton (1996) suggested that food supply is critical to black bream spawning success 

and the variable year-to-year recruitment. The dietary composition of larval black 

bream is usually dominated by calanoid copepods, in particular nauplii and copepodites 

(Newton 1996, Willis et al. 1999). In the Hopkins River, in south-east Australia, peak 

concentrations of black bream larvae occurred in the upper estuary coinciding with the 

re-establishment of calanoid copepod populations after flooding (Newton 1996). 

Combined, these findings suggest that black bream may time spawning to coincide with 
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freshwater flow that generates salinity stratification (Sakabe et al. 2011), creating 

optimal conditions for the production of prey as well as retention of larvae.  

 

In this study we investigated the hypothesis that the spatio-temporal distribution of 

black bream eggs, larvae and their prey are influenced by the location of the salt-wedge 

and its halocline. On the basis of prior knowledge of black bream spawning ecology, we 

postulated that freshwater flow and salt-wedge structure are important variables that 

influence the distribution of eggs and larvae and their prey. We first determined the 

spatial distribution of eggs, larvae and copepods in relation to depth and distance from 

the river mouth, then assessed which environmental factors influenced these 

distributions.  

 

METHODS 

Study site 

This study was completed in the Mitchell River, the largest unregulated river in 

Victoria, Australia (Fig. 1). The Mitchell River provides a significant proportion of the 

freshwater flow into the Gippsland Lakes, the largest estuarine lagoon system in 

Australia covering over 340 km
2 

(Fig. 1). The Mitchell River flows into Lake King, 

which is continuously connected to the ocean via a narrow, man-made channel. The 

Gippsland Lakes are a micro-tidal system with tides commonly < 30 cm. The Mitchell 

River is a popular recreational fishing site for black bream and there is no commercial 

fishing in the river itself, as commercial fishing is restricted to the lakes. The Mitchell 

River estuary has a narrow channel that varies in depth from 2 to 8 m. Freshwater flow 

in the Mitchell River has decreased dramatically over the last decade. The average daily 

flow from 1937-2000 was 2204 megalitres (ML) d
-1

 compared to the period 2000-2008 

when the daily average was 1367 ML d
-1

, with prolonged periods of flow <100 Ml d
-1 

(www.vicwaterdata.net). Data on the salinity structure of the Mitchell River is limited. 

Anecdotal evidence suggests that saline water has been gradually moving farther 

upstream, and over the last decade it has been common for saline water to be present as 

far as 25 km upstream where a man-made rock barrier restricts further intrusion 

upstream (Lovell & McAlister 2003). 
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Eight sampling sites were established at regular 3 km intervals from the river mouth to 

21 km upstream (Fig. 1). All eight sites were sampled on the same day during daylight 

hours. Black bream eggs, larvae, copepods and hydrological data were collected from 

the same site and at approximately the same time (within an hour). Each site was 

sampled approximately every three weeks in an attempted to capture each spawning 

event in 2008, based on the larval duration of 20 to 30 days. The dates for sampling 

were determined by logistics such as staff and boating availability and weather 

conditions. 

 

 

 

Figure 1. Map of the Gippsland Lakes located in south-eastern Australia (Insert; location). Eight 

sampling sites () were located along the Mitchell River from the river mouth to 21 km 

upstream. 
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Sampling for black bream eggs and larvae 

Stratified ichthyoplankton samples were collected below the surface, approximately 30 

cm from the bottom and an extra mid-water column tow was done at sites >4 m depth. 

A conical net with a 750 mm diameter opening, 333 m mesh and with a flow meter 

(General Oceanics 2030, Florida, USA) was towed at approximately 1.5 to 2 knots. The 

volume of water sampled ranged from 70 to 120 m
-3

. Samples were fixed in a 5 % 

seawater formalin solution in the field and preserved in 70 % ethanol in the laboratory 

post-sorting. 

 

Eggs and larvae were counted in the laboratory using a compound microscope with 20x 

magnification. Large samples were split into a manageable size using a folsom plankton 

splitter. A subsample of approximately 250 ml (ranging from a whole sample to no 

more than a 1/32 split) of plankton was sufficient to count and identify eggs and larvae 

adequately. To test the accuracy of the plankton splitter, multiple splits were sorted to 

ensure that there was less than 5 % discrepancy. Black bream larvae were identified and 

counted based on morphometrics and fin meristics (Miskiewicz & Neira 1998). Black 

bream eggs were identified and counted based on total size, oil globule size and shape 

(Miskiewicz & Neira 1998). A sub sample of eggs (n = 40) were sent to the Museum of 

Victoria for DNA bar-coding to confirm identification. DNA testing found 70 % of eggs 

tested were identified as black bream to a confidence level of 99.8 %. The other 30 % 

were contaminated with an aquatic bacteria and the DNA could not be identified. 

 

Sampling for larval fish prey 

The zooplankton was sampled for copepods on the same day and time as the 

ichthyplankton sampling from 1 October to 21 December. Zooplankton samples were 

collected using a submersible plankton pump to draw water from the desired depth. 

Samples were collected at one meter depth intervals from directly below the surface to 

30 cm above the substrate. Water was pumped for two minutes and sieved through 

40 μm mesh. Approximately 150 to 200 L of water was sampled (the pump was 

calibrated once per fieldtrip). The contents of the sieve were washed into a sample jar 

and preserved in 5 % formalin and seawater solution in the field. In the laboratory, 

samples were sorted by taking 2 ml sub-samples from a fixed sample volume using a 

Hensen-Stempel pipette until over 100 individuals had been counted. Zooplankton was 
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identified down to the level of order, and copepods were staged as nauplii, copepodite 

or adult. We also randomly selected 20 samples to qualitatively examine species 

composition. Twenty-five larvae were haphazardly collected from across all surveys so 

as to investigate the gut contents of larvae from this study to confirm what would be 

classified as prey.  

 

Hydrological data 

Hydrological data were collected at all sites at 1 m depth intervals. A Hydrolab data 

sonde fitted with temperature, salinity, turbidity, dissolved oxygen and fluorometry 

probes was used. Data were logged manually using a field PDA and the software 

Hydras 3. The Hydrolab data sonde was calibrated regularly using standard solutions. 

Data from the Hydrolab were post-processed to remove any spurious values (i.e. 

outliers) that may have been recorded. Flow data were logged daily from the Rosehill 

gauging station and are freely available online from the Victorian Water Warehouse 

(www.vicwaterdata.net). 

 

Data analysis 

Egg and larval data were converted to concentration per cubic meter. This was 

calculated as the total numbers of eggs or larvae divided by total water volume sampled 

(calculated from the flow meter). Copepod data were converted to concentration per 

cubic litre by dividing total number of copepods by the volume of water pumped. 

 

Full factorial repeated measures analysis of covariance (RM-ANCOVA) was used to 

test for spatial and temporal effects. Each of egg, larval and copepod concentrations 

were treated as the dependant variables, fieldtrip was treated as the repeated measure 

and the fixed factor, depth was the between-subjects effect with distance from river 

mouth (DRM) treated as the covariate. As mid-water tows were only taken from three 

sites, and to allow for a balanced design, the mid-water tow and bottom tow at each site 

were averaged. The tests of sphericity for the repeated measures ANOVAs was always 

assumed to be violated as it is very sensitive to deviations from multivariate normality 

(Quinn & Keough 2002). Therefore, F-ratios were always adjusted using the 

conservative Greenhouse-Geisser correction factor. When significant within-subjects 

interactions occurred, each Fieldtrip was analysed separately with ANCOVA. 

http://www.vicwaterdata.net/
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All ANCOVAs and correlation analyses were done using SPSS 16. All data were 

natural log transformed ln(x+1) to meet the assumptions of normality and homogeneity 

of variances. Fieldtrips that contained all zeros or <2 samples with eggs or larvae were 

removed for ANCOVA analysis to assist with meeting the assumptions of normality 

and homogeneity of variance.  

 

The hydrological data including fieldtrip date, depth and distance from river mouth 

(DRM) were examined for correlations and colinearity using Pearson’s correlation 

analysis and sequential Bonferroni adjusted P values. To visually display the salinity 

structure of the Mitchell River, longitudinal profiles for each fieldtrip were created 

using Surfer 8 (Golden Software). Salinity data were gridded using triangulation and 

linear interpolation. To visualise the location and abundance of eggs and larvae in 

relation to the salinity structure of the Mitchell River, expanding spheres were overlaid. 

Also, to visualise the location and abundance of prey in relation to salinity structure and 

location of eggs and larvae, prey data were interpolated using triangulation and linear 

interpolation, and the results were overlaid as contour lines. 

 

Scatterplots revealed that concentrations of eggs, larvae and copepod across 

environmental variables were highly skewed and variable, and therefore traditional 

regression would not be appropriate. As we were interested in determining if there were 

limiting or maximum concentrations for each environmental variable, we developed 

quantile regression models. Quantile regression is an extension of the classical 

regression of a centrally fitted line (Cade et al. 2005). Quantile regression spline models 

were fitted to concentrations of eggs, larvae and prey for each environmental variable. 

The 95
th

 percentile was used based on Anderson (2008) as it predicts the maximum 

concentrations along each environmental gradient without being overly influenced by 

outliers. B-splines were used to fit a piecewise polynomial of a specified degree. The 

appropriate degree for the polynomial was decided using the corrected Akaike’s 

information criterion AICc (Lancaster & Belyea 2006, Anderson 2008). The model with 

the lowest AICc of the set of models having a polynomial of degree = 2, 3, 4, or 5 was 

chosen. If two models had an AICc within two units of each other, the lowest order 

model was chosen. For each model, the value at which the predicted concentrations 

reached an absolute maximum was identified and used as the estimated maximum 
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occurrence for each hydrological variable. Bootstrap confidence intervals (95 %) were 

obtained for the predicted absolute maximum concentrations using bias-corrected 

percentiles from re-application of the model to each of 10,000 bootstrapped sample 

pairs, using the polynomial degree that was used in the original model (Anderson 2008). 

The models were fitted using the ‘quantreg’ package (Koenker 2011) and the ‘splines’ 

package (Hastie 1993) in R Project software (www.r-project.org). Concentrations of 

eggs, larvae and copepods were natural log transformed ln(x+1) prior to analysis. 

Multiple regressions of each subset of variables (including copepod concentration for 

egg and larvae data) were analysed to determine the relationship between environmental 

variables and concentrations of eggs, larvae and copepods. Model selection was based 

on the model with the lowest AICc; if any other models had an AICc within two units, 

the model with the lowest number of variables was selected. Multiple regressions were 

done using the ‘best subset’ function in Systat 13. 

 

 

RESULTS 

Hydrology of the Mitchell River 

Throughout this study, freshwater flows into the Mitchell River were highly variable 

and contrasting (Fig. 2). In the months preceding this study, from February to July, 

freshwater flow was well below the seasonal average of ~1000 Ml d
-1

 (Fig. 2). 

Freshwater flow increased throughout the winter month of July and fluctuated between 

1500 and 2500 Ml d
-1

 before decreasing to <1000 Ml d
-1

 in October, midway through 

the spawning season (Fig. 2). Sampling was also characterised by a significant flow 

event in early December of >10,000 Ml d
-1

. The longitudinal salinity profiles 

demonstrate the highly stratified salinity structure of the Mitchell River during this 

study (Fig. 3). Throughout the study a freshwater layer and halocline were always 

detected. There was a significant relationship between freshwater flow and the location 

of the salt-wedge toe (where marine and freshwaters meet at the substrate; R
2
 = 0.959). 

 

Investigation of the hydrological data revealed some interesting intra-estuary spatial and 

temporal variability. Significant correlations were observed between salinity and depth 

and distance from river mouth (DRM; Table 1).Water temperature was positively 
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correlated with fieldtrip date (Table 1) increasing from ~9 ºC to ~22 ºC throughout this 

study, with vertical stratification varying between ~1 and 3 ºC. Levels of dissolved 

oxygen decreased with depth (Table 1). The surface layer was often >9 mg l
-1

 or >100 

% saturation while deeper sites within the estuary often had levels of dissolved oxygen 

< 4 mg l
-1

 or <50 % saturation. A positive relationship with freshwater flow and 

dissolved oxygen was detected (Table 1). 

 

Turbidity and fluorescence displayed significant temporal variability influenced by 

freshwater flow (Table 1). During periods of high flows turbidity levels increased and 

fluorescence decreased and vice versa. Turbidity was highest after significant flow 

events on 8 September and 3 December 2008 (58 and 60.4 nephelometric turbidity units 

(NTU), respectively). Fluorescence levels were the highest during the period of lowest 

freshwater flow between 30 October and 15 November fieldtrip. 

 

 

Figure 2. Daily freshwater flow for the Mitchell River in 2008  (www.vicwaterdata.net). The 

shaded area represents the sampling period for this study. 
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Table 1. Pearson correlation coefficients for all hydrographical data and spatial and temporal 

variables such as, fieldtrip, depth and distance from river mouth (DRM). ** correlation was 

significant at the 0.01 level (2-tailed), * correlation was significant at the 0.05 level (2-tailed). 

 Fieldtrip Depth DRM Flow Temp. Salinity DO Turb. 

Depth 0.03        

DRM -0.04 0.11       

Flow 0.24** -0.03 -0.01      

Temp. 0.88** -0.01 -0.07 -0.10     

Salinity -0.10 0.55** -0.39** -0.43** 0.04    

DO -0.09 -0.67** -0.18** 0.33** -0.26** -0.62**   

Turbidity .029** 0.04 0.33** 0.47** 0.03 -0.41** 0.16**  

Fluorescence -0.21** 0.22** -0.18** -0.36** -0.08 0.64** -0.25** -0.23** 

 

 

Spatio-temporal distributions of eggs, larvae and their prey 

Black bream eggs were collected on six of the seven fieldtrips, and concentrations 

peaked on 30 October 2008 (Fig. 4a). Eggs were collected from all sites and depths at 

some stage during this study, although Fieldtrips on 18 August and 8 September 

contained very few or no eggs and hence were not used in analyses. The bottom and 

mid-water tows contained significantly more eggs when compared to surface tows 

(Table 2; Fig. 4a) with no effect of the covariate DRM (Table 2; Fig. 4b). Significant 

temporal differences in egg concentration occurred among fieldtrips (Table 2; Fig. 4a) 

as well as interactions among fieldtrips and DRM (Table 2) and among fieldtrips and 

depth (Table 2). Analysing each fieldtrip separately, due to the signification interaction 

between fieldtrips and depth, revealed significantly more eggs in bottom and mid-water 

tows on 30 October, as well as a significant effect of the covariate, DRM, with more 

eggs being collected at sites >12 km upstream (Fig 5b, Table 3). Coinciding with a flow 

event, fieldtrips on 3 and 18 December had significantly more eggs collected from sites 

at 0 to 9 km compared to sites further upstream (Fig. 5d, e, Table 3). 

 

Black bream larvae were collected from five of the seven fieldtrips, with concentrations 

peaking on the 30 October (Fig. 4c). During the course of this study, larvae were 

collected at all sites and depths with the exception of the site at the river mouth. 

Fieldtrips on 18 August, 8 September and 18 December were not used in the analysis as  



 

Figure 3. Two-dimensional cross sections of the Mitchell River salinity structure through time. 

Each plot represents a single snapshot in time of the salinity, egg, larvae, zooplankton 

distribution. Shades of blue/brown represent salinity, expanding spheres represent egg and 

larval concentrations (m
-3

). The black contour lines represent zooplankton concentrations (L
-1

) 

with the gap between lines being equivalent to concentrations of 20 L
-1

. 
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Figure 4. Mean ( SE) concentration of a & b) eggs and c & d) larval black bream from 18 

August to 18 December 2008, for ichthyoplankton tows below the surface () and bottom/mid-

water (). Mean ( SE) concentration of c & f) copepods from 1 October to 18 December 2008 

from below the surface (), one meter (), two meters (), and three meters (). Error bars 

are standard error (n = 8). 
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they contained no or very few larvae. Significant differences in concentrations of larvae 

occurred between depths with more larvae in mid and bottom tows compared to surface 

tows (Table 2; Fig. 4c) and DRM (Table 2; Fig. 4d). No significant differences occurred 

among fieldtrips (Table 2; Fig. 4c) and no significant interaction with fieldtrip and 

depth (Table 2). However, a significant interaction occurred with fieldtrip and DRM 

(Table 2). Analysis of individual fieldtrips revealed significantly more larvae in 

mid/bottom tows compared to surface tows (Fig. 6a,b; Table 3), with significantly more 

larvae collected from sites 15 to 21 km upstream (Fig. 6a,b). 

 

Copepods were highly abundant in the zooplankton, with copepod populations 

dominated by nauplii, on average >80 % of the total sample. Calanoid copepodites 

accounted for 8 % and adult copepods 6 % of the copepod population. A visual 

assessment of 20 randomly selected samples revealed that the copepod assemblage was 

dominated by one species, Gladioferens pectinatus (>90 %).  Inspection of 25 larval 

guts confirmed diet composition was dominated by copepod nauplii (72 %). Other prey 

items included cladocerans (7 %), polychaetes (7 %), copepodites (5 %), parts of adult 

copepods including egg sacs (5 %), and phytoplankton (3 %). On average, larvae had 

three prey items in their guts, with a maximum of 8 and a minimum of 1. 

 

 

 
Table 2. Summary of the results from the RM-ANCOVA comparing concentrations of eggs, 

larvae and copepods across distance from river mouth (DRM), depth and fieldtrip. The degrees 

of freedom are in subscript.  

 Eggs Larvae Copepods 

 F P F P F P 

DRM 0.861, 13 0.37 11.391, 13 <0.01 26.711, 19 <0.01 

Depth (D) 13.901, 13 <0.01 6.741, 13 0.02 6.273, 19 <0.01 

Fieldtrip (F) 4.214, 10 0.03 0.572, 12 0.58 5.234, 76 <0.01 

F x DRM 5.734, 10 0.01 7.322, 12 <0.01 15.854, 76 <0.01 

F x D 3.334,10 0.06 2.452, 12 0.13 4.6912, 76 <0.01 
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Analysis of the copepod data also revealed interesting spatio-temporal trends. The first 

fieldtrip sampling copepods on 1 October found relatively low concentrations of ~20 to 

40 l
-1 

(Fig. 4e). Concentrations gradually increased and peaked as high as 290 l
-1

 on 15 

November, 18 km upstream from the river mouth (Fig. 4e). A freshwater flow event 

prior to the fieldtrip on 3 December displaced saline water downstream and the 

concentration of copepods decreased to <60 l
-1

 (Fig. 4e). During the final fieldtrip on 18 

December copepod concentrations had increased to 270 l
-1

. Differences between depth 

of sample (Table 2; Fig. 4e) and distances from river mouth (DRM; Table 2; Fig. 4f) 

were significant. Significant differences also occurred among fieldtrips (Table 2; Fig. 

4e) as well as a strong interaction between fieldtrip and DRM (Table 2) and between 

fieldtrip and depth (Table 2). Due to the significant interactions each fieldtrip was 

analysed separately with an ANCOVA (Table 3). ANCOVA revealed a significant 

difference among depths for fieldtrips on 1 and 30 October, with more copepods being 

located between 2 and 3 m depth (Table 3; Fig. 7a,b). A significant effect of DRM 

occurred with significantly more copepods located in the lower half of the estuary on 1 

October, 3 and 18 December (Table 3; Fig. 7a,b,e). 

 

 

Table 3. Summary of the ANCOVA comparing egg and larval concentrations across the factors 

depth and distance from river mouth (DRM). Fieldtrips without eggs or larvae were excluded 

from the analyses. All data were ln(x+1) transformed (*P=<0.05, **P=<0.01). 

 1 Oct. 30 Oct. 15 Nov. 3 Dec. 18 Dec. 

Eggs df F df F df F df F df F 

Depth 1 2.64 1 9.45** 1 2.82 1 0.01 1 <0.01 

DRM 1 0.32 1 7.46* 1 4.42 1 8.27* 1 18.51** 

Larvae   df F df F df F   

Depth   1 6.19* 1 5.49* 1 0.48   

DRM   1 8.15* 1 14.96** 1 0.32   

Copepods df F df F df F df F df F 

Depth 3 14.20** 3 10.23** 3 2.65 3 2.44 3 1.52 

DRM 1 26.32** 1 2.50 1 3.36 1 24.72** 1 33.63** 
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Figure 5. Concentration of black bream eggs plotted against distance from river mouth (DRM) 

for ichthyoplankton from surface tows () and from bottom/mid-water tows (). 
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Figure 6. Concentration of black bream larvae plotted against distance from river mouth (DRM) 

for ichthyoplankton from surface tows () and from bottom/mid-water tows (). 
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Figure 7. Concentration of copepods plotted against distance from river mouth (DRM) from 

zooplankton samples from below the surface (), one meter (), two meters (), and three 

meters (). 
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Distribution of eggs, larvae and prey in relation to hydrology 

Overlaying expanding circles to represent concentrations of eggs and larvae on the 

salinity profiles demonstrates that eggs and larvae were distributed throughout the 

halocline and saline layer (Fig. 3). Copepods were not sampled until 1 October and 

concentration data were interpolated and overlaid on the salinity profiles using contour 

plots. Overlaying the interpolated data revealed hotspots of copepods as well-defined 

areas of much higher concentrations than other regions within the estuary (Fig. 3). 

There was clear spatial coupling among high concentrations of larvae, prey hotspots and 

the halocline (Fig. 3). The salinity profiles also demonstrate how important freshwater 

flow is in determining the location and extent of the halocline and therefore the 

distribution of larval and prey hotspots (Fig. 3). The highest concentrations of eggs, 

larvae and copepods occurred during low flow conditions when there was a very 

shallow layer of freshwater and the saline layer occurred throughout the estuary (Fig. 3). 

A large flow event displaced the salt-wedge and consequently, eggs, larvae and 

copepods downstream to the mid to lower estuary (Fig. 3). 

 

The quantile regression spline models provided a good ‘envelope’, for our scattered 

data, of the maximum concentrations of eggs, larvae and copepods along each of the 

hydrological variables (Fig. 8). Water temperature was an effective indicator of 

temporal patterns as it increased throughout the study. Black bream eggs and larvae 

were collected in water temperature ranging from 13-22 °C and displayed strong 

temporal patterns with concentrations increasing and reaching absolute maximum at 

17°C (Fig. 8; Table 4) before decreasing in concentrations. The concentration of 

copepods gradually increased and peaked and levelled at an absolute maximum of 20 

°C (Fig. 8; Table 4). 

 

A large peak at higher salinities and a lower peak and lower salinities defined each of 

the salinity models. Highest concentrations of eggs and larvae were restricted to 

salinities between 15 to 30 (Fig. 8; Table 4). Copepods were found over a large range of 

salinities (0 to 26) with the absolute maximum concentration occurring at 20 (Fig. 8; 

Table 4). The spline models revealed a second minor peak between 0 to 10, most likely 

a result of samples that were collected from near the halocline where the net is sampling  
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Figure 8. Scatterplots of concentrations of black bream eggs and larvae and copepods across 

hydrological variables, temperature, salinity, dissolved oxygen, turbidity and fluorescence. 

Quantile regression spline models have been fitted to each plot to represent the 95
th
 percentile. 

The vertical dashed line represents the optimal value for maximum concentration.  
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Table 4. Estimated absolute maximum (Abs. Max.) concentration and 95 % confidence intervals 

(95 % CI) along each environmental gradient for eggs, larvae and copepods taken from the 

quantile regression spline models. The model with the best polynomial degree is stated. 

 Variable Degree Abs. Max. 95 % CI 

Eggs Temp 5 17.0 15.0, 20.2 

 Salinity 5 25.0 24.5, 26.4 

 DO 4 2.8 1.5,9.9 

 Turbidity 3 8.1 0, 29.6 

 Fluorescence 4 34.0 20.2, 36.5 

Larvae  Temp 5 16.9 15.1, 20.3 

 Salinity 4 26.4 23.6, 28.6 

 DO 4 2.3 1.0, 3.2 

 Turbidity 3 10.1 1.0, 23.6 

 Fluorescence 4 34.0 5.8, 39.9 

Copepods Temp 2 20.2 12.4, 21.2 

 Salinity 5 20.0 8.1, 27.6 

 DO 4 8.0 5.4, 14.9 

 Turbidity 3 4.4 0, 18.5 

 Fluorescence 4 9.3 0, 32.3 

 

 

a wide range of salinities (Fig. 8). No eggs and larvae were found in salinities <1 and 

these samples over-influenced the models and were therefore removed from further 

analysis of dissolved oxygen, turbidity and fluorescence. 

 

Models for dissolved oxygen and turbidity were indicators for the position of eggs, 

larvae and copepods within the salt-wedge. Absolute maximum concentrations of eggs 

and larvae occurred in water with 2 and 3 mg l
-1

 of dissolved oxygen
 
(Fig. 8; Table 4). 

Absolute maximum copepod concentration occurred at levels around 8 mg l
-1

 (Fig. 8; 

Table 4). Absolute maximum concentrations of eggs and larvae occurred in water 

characterised by turbidity between 5 and 10 NTU and fluorescence between 10 and 34 

(Fig. 8; Table 4), while maximum copepod concentrations occurred in water 

characterised by turbidity of 4.4 NTU and fluorescence of 9.3 (Fig. 8; Table 4). 

Multiple regressions revealed that the ‘best subset’ of environmental variables that 
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explain the variability in egg and larval concentration with environmental conditions 

was a model containing dissolved oxygen and copepod concentration (Table 5). While, 

the ‘best subset’ of variables that describe the variability with copepod concentration 

was a model containing salinity, temperature, dissolved oxygen, turbidity and 

fluorescence (Table 5). 

 

 

Table 5. The best subset of variables from all multiple regression subsets chosen using corrected 

Akaike Information Criterion (AICc). 

 Variables AICc Adj. R
2 

P 

Eggs DO, Cop. 215.218 0.236 <0.001 

Larvae DO, Cop. 164.909 0.412 <0.001 

Copepods Sal., Temp., 

DO, Turb, Fluo. 

427.584 0.550 <0.001 

 

 

DISCUSSION 

This study found a strong coupling in the spatial and temporal distribution of black 

bream eggs and larval and their preferred prey, copepods, with the halocline in the 

Mitchell River estuary in 2008. In 2008, freshwater flows were well below average and 

during this study saline water had reached the maximum distance upstream where it is 

restricted by a man-made barrier. Eggs were spawned throughout the saline layer with 

the highest concentrations occurring at the halocline in the upper estuary. Suggesting 

increased spawning activity or convergence of eggs towards the physical barrier of the 

halocline. The area below the halocline also supported high productivity of copepods, 

predominately Gladioferens pectinatus an important prey item for feeding black bream 

larvae. Having a well defined spatial overlap between eggs and prey may be an 

important life history strategy that maximises the reproductive success of black bream.  

 

Within a spawning season, freshwater flows are highly variable and this influences the 

location of the salt-wedge and associated eggs, larvae and copepods within the estuary. 

Previous research found that highly stratified sites had the greatest concentrations of 

larvae and therefore freshwater flow had a large influence on the extent of optimal 
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larval habitat (Williams et al. 2012). The results from the current study suggest that sites 

that are highly stratified also have optimal salinities and high concentrations of larval 

prey. Based on this finding, it is likely that moderate freshwater flows (~2000 Ml day), 

relative to lower (<1000 Ml d
-1

) or higher flows (>3000 Ml d
-1

), will extend the area of 

the halocline and therefore maximise the extent of optimal habitat for larvae and 

copepods. This hypothesis is further supported by evidence that years of intermediate 

flow (~1000 to 3000 Ml d
-1

) also have the highest level of recruitment of black bream in 

the Gippsland Lakes (Jenkins et al. 2010). 

 

The reduction in freshwater flow at the start of the spawning season could have 

facilitated upstream transport of eggs in saline waters towards the halocline, particularly 

as bream eggs are likely to be positively buoyant in salinities >20 (Jenkins et al. 2010). 

In contrast, if freshwater flow was high prior to the spawning season, eggs and larvae 

would have been restricted to the lower sections of the estuary. This is has been shown 

during this study with an increase in flow, mid spawning season, displacing the salt-

wedge, eggs, larvae and copepods to the lower section of the Mitchell River estuary. 

The salinity profiles provide an excellent visual representation of what is occurring: 

eggs are likely being transported to the halocline where larvae hatch into a region of 

high prey availability, a beneficial strategy that maximises feeding success and growth 

rates (Kimmerer 2002, North & Houde 2003). A similar reproductive strategy has been 

widely reported for the anadromous species striped bass, Morone saxatilis in the USA 

(Secor & Houde 1995, North & Houde 2003). 

 

The main factors influencing the spatial and temporal distribution of zooplankton (larval 

prey) in estuaries are salinity and temperature (Marques et al. 2006, Primo et al. 2009). 

Therefore, freshwater flows have a direct influence on zooplankton distribution. 

Historically, Gladioferens pectinatus has been the numerically dominant species of 

copepod in the Gippsland Lakes and has been found to be an important food source for 

black bream larvae (McKinnon & Arnott 1985, Newton 1996, Willis et al. 1999). In the 

present study, hotspots of copepods were confined to the vicinity of the halocline, and 

while our study was not designed to reveal the mechanism behind this, it is likely that 

increased nutrients and phytoplankton accumulating in the halocline assist in supporting 

copepod production (Cloern et al. 1983, Jassby et al. 1995, Kimmerer 2002). Therefore, 

the timing and location of spawning activity, is crucial to maximise the spatial and 
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temporal overlap of larvae and prey. Our findings suggest that it is a combination of 

complex physical, chemical and biological processes that determine spawning success 

and larval survival for estuarine resident and dependent fish. In the terms of fisheries 

paradigms a combination of match/mismatch (Cushing et al. 1990) and convergence 

theories (Iles & Sinclair 1982) may explain a large proportion of the high natural 

variability in the year class strength of black bream by, 1) freshwater flow determining 

the location and area of halocline or optimal spawning and larval habitat, and 2) 

upstream movement of the intermediate to high saline layer. 

 

It should be noted that further research is required to differentiate between the spatial 

distributions of larvae between day and night. Recent research has indicated that the 

larvae of another related sparid species show patterns of diel vertical migration that is 

largely linked to foraging success (Murphy et al. 2011). Furthermore, as sampling for 

this study occurred during daylight hours, for logistical reasons, this may have biased 

our sampling due to larger larvae being able to see the net and avoiding capture. 

However, the moderate to high levels of water turbidity and the size of the net may have 

accounted for some of the net avoidance bias. Further research is also required to 

establish the distribution of different developmental stages of larvae, while 

incorporating swimming speeds, to better hypothesise the effects of increases of 

freshwater flows and the ability of larvae to track prey. 

 

We observed other factors that may have limited the temporal and spatial distribution of 

eggs, larvae and copepods. During this study it was not uncommon for sites with high 

egg and larval concentration to have low dissolved oxygen saturation. Many species of 

marine and estuarine fish have eggs and larvae that are sensitive to dissolved oxygen 

and require levels to be greater than 40 % saturation (Miller et al. 2002). The Mitchell 

River had particularly low levels of dissolved oxygen, especially the deeper pools in the 

upper section of the estuary. This is of concern as more than 50 % of eggs and larvae 

collected in our study came from water with less that 50 % dissolved oxygen saturation. 

Laboratory experiments testing hatch rates and larval development of black bream 

found no eggs hatched in water with less than 30 % saturation and larvae did not 

survive past day two in water less than 55 % saturation (Hassell et al. 2008a,b). 

Hypoxia and anoxia are becoming an increasing problem in highly stratified estuaries 

including the Gippsland Lakes where there is high nutrient loading through agricultural 
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activities (Longmore et al. 1990). A reduction in freshwater flow due to drought and 

climate change is a likely occurrence and will only result in further decreases in 

dissolved oxygen, creating longer periods of hypoxia and anoxia in estuaries (Kurup & 

Hamilton 2002, Bates et al. 2008). Newton (1996) studied the Hopkins River in non-

drought conditions and found that winter rainfall was beneficial in maintaining high 

levels of dissolved oxygen throughout the black bream spawning season in spring and 

early summer. High levels of dissolved oxygen maximise egg hatch rates and larval 

survival (Hassell et al. 2008a,b). 

 

The findings of this study are concerning as current climate change predictions suggest 

parts of the world, will get wetter and experience high river flows, while others are 

expected to experience more frequent dry periods with decreases in river flow (Bates et 

al. 2008). South-eastern Australia has experienced severe drought since 1997, and 

current climate change forecasts suggest a possible reduction in river flow of between 5 

and 45 % by 2030 (Jones & Durak 2005). The impacts of climate change are further 

exacerbated by anthropogenic impacts such as water extraction, damming and diverting 

flow as need for freshwater increases (Boon 1992, Zann 1996, Nilsson et al. 2005). Our 

study suggests that sufficient freshwater flow needs to be delivered to the estuary to 

generate the stratified conditions that correspond to increased concentration of black 

bream eggs and larvae and also their potential prey. The results from this and related 

studies enable us to adjust management strategies to adapt to what is ultimately a 

changing environment. 

 

Conclusion 

This study found that the halocline, also referred to as salt front, is an important habitat 

for black bream larvae and their prey. The spatial overlap of eggs within an area of 

intermediate salinities and high copepod concentrations maximises the chance of 

successful hatching and larval survival. Also suggesting that the timing of spawning and 

hatching of larvae to coincide with increasing prey availability is important to maximise 

growth and survival of larvae. For black bream, optimal levels of freshwater flow for 

the generation of salinity stratification are likely to be a good predictor of favourable 

conditions for offspring survival. Because freshwater has a large influence on the 

location and area of the halocline, it likely explains some of the natural variability in 
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year class strength of this and possibly other estuarine fish species. This study further 

suggests that low to moderate flows provide the maximum area for the halocline and 

therefore may increase black bream productivity. These findings imply that a marked 

reduction in flows through drought, abstraction of water, and future climate change may 

reduce the stratified area of the estuary and restrict the area of suitable environmental 

conditions and larval prey for black bream and potentially also for other species that 

utilise estuaries to spawn or as larval nursery habitats. 

  



 65 

 

 



 66 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 3 

 Environmental flows and fine –scale movements of black bream 

Acanthopagrus butcheri and estuary perch Macquaria colonorum using 

acoustic telemetry 
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ABSTRACT 

Acoustic telemetry was used to interpret fine-scale inter-estuary 

movement, in relation to environmental variables, of two iconic 

estuarine fish species, black bream and estuary perch. The estuaries in 

which these species inhabit have been experiencing extreme drought 

with further periods of extended drought and extreme flooding 

predicted for the future. We surgically implanted acoustic tags in 41 

black bream and 25 estuary perch in the Mitchell and Tambo Rivers in 

south-eastern Australia. We placed 12 acoustic receivers in the 

Mitchell River and nine in the Tambo River at 2 km regular intervals. 

A Bayesian state-space model gave high detection probabilities for 

both species at all receivers. Black bream were highly mobile, 

regularly moving up and down the estuary and into the lakes and 

neighbouring rivers. Movement rates within each river were very 

similar. In contrast, estuary perch had smaller home ranges and made 

occasional, short upstream or downstream movements. Potentially 

influenced by environmental flows, estuary perch moved at greater 

rates in the Tambo River compared to fish in the Mitchell. 

Generalised linear modelling revealed for both species that 1) an 

increase in freshwater flows results in downstream movement, 2) a 

full moon results in upstream movement and 3) black bream were in 

the upper estuary during winter and spring and the lower estuary 

during summer and autumn, in contrast, estuary perch remained in the 

upper estuary with occasional downstream movements in winter and 

spring. The timing of large flow events, particularly during the 

spawning season in spring, could have a significant effect on annual 

spawning success by displacing fish from preferred or optimal habitat 

for eggs and larvae. 
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INTRODUCTION 

Understanding how animals move and interact in their changing environment is an 

important component of ecological science (Peterson et al. 2001, Nathan et al. 2008, 

Patterson et al. 2008). Characterising movements and behaviour of animals facilitates 

insight into the ecology of a species, which allows for better management and 

conservation practices (Peterson et al. 2001, Jonsen et al. 2003, Paterson et al. 2008). 

Modern technology and statistical methods now provide a mechanism to track the 

location, movement and behaviour of animals over extended periods of time and on fine 

spatial scales. In the aquatic environment, acoustic telemetry monitoring can record the 

presence of up to hundreds of tagged animals over defined temporal and spatial scales 

(Heupel et al. 2006). Acoustic telemetry has been widely applied in marine, freshwater 

and estuarine environments to establish patterns of habitat use, behaviour, migration and 

distances moved by fish (Arendt et al. 2001, Childs et al. 2008, Hindell et al. 2008, 

Crook et al. 2010). More recently, researchers have been linking acoustic telemetry data 

with environmental data to establish interactions between species and their environment 

(Childs et al. 2008, Crook et al. 2010, Sakabe & Lyle 2010, Bendell et al. 2011). 

 

Estuarine environments are highly dynamic and variable with large vertical and 

horizontal gradients in salinity, temperature, dissolved oxygen, turbidity and 

chlorophyll a (Kurup et al. 1998, Whitfield 1999, Gillanders & Kingsford 2002). How a 

species interacts with its habitat within an estuary is dependent on life-stage, prey, 

predators and environmental conditions (Blaber & Blaber 1980, Whitfield 1999). A 

predominant factor that explains much of an estuary’s dynamic nature is variability in 

freshwater flows (Gillanders & Kingsford 2002). Therefore, it is likely that freshwater 

flows will have an influence on the spatial distribution of fishes within estuaries 

(Whitfield 1999). Interpreting the link between freshwater flows, environmental 

gradients and movement of fish within estuaries is crucial to the management and 

conservation of estuaries as they undergo change due to climate change, particularly in 

regulated river systems (Hughes 2003, Bates et al. 2008). Conservation and 

management of estuarine fish species is particularly important as many species of 

environmental, social and economic significance, including important recreationally and 

commercially targeted species, utilise estuaries at some stage during their life-cycle. 
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Two iconic species of temperate Australian estuaries are the black bream, 

Acanthopagrus butcheri (Sparidae: Munro, 1949) and estuary perch, Macquaria 

colonorum (Percichthyidae: Günther, 1863). Although the ecology of black bream has 

been well studied (Newton 1996, Hindell 2007, Hindell et al. 2008, Jenkins et al. 2010, 

Sakabe et al. 2011), very little is know about the ecology of estuary perch (McCarraher 

& McKenzie 1986, Walsh et al. 2010), particularly in relation to movement patterns. 

Black bream is an estuarine resident species, completing its entire life-cycle within an 

estuary (Potter & Hyndes 1999). They can tolerate a wide range of salinities but are 

commonly found in salinities of 15-25. In contrast, estuary perch is a euryhaline species 

and along with Australian bass, Macquaria novemaculeata are the only two known 

catadromous percichthyids worldwide. Both species share similar morphology, habitat 

and geographical distribution (Harris 1986, Jerry et al. 1999, Trnski et al. 2005). There 

is a degree of spatial overlap between the two species and it is known that hybridisation 

between the species can occur (Jerry et al. 1999). 

 

Black bream have been recorded moving large distances up and down estuaries in 

excess of 1000 km in cumulative distance in a year (Hindell 2007, Hindell et al. 2008, 

Sakabe & Lyle 2010), and some fish have been found to move among estuaries 

(Butcher & Ling 1958, Hindell et al. 2008). In the case of the Gippsland Lakes, 

Victoria, black bream have been recorded moving throughout the entire system (lakes 

and tributary rivers) (Butcher & Ling 1958, 1962, Ling 1958). Recent evidence suggests 

that when freshwater flows are reduced, black bream are moving into estuaries of the 

tributary rivers prior to the spawning season and remaining within the river until post-

spawning (Hindell et al. 2008). Environmental factors have a significant influence in the 

movement of black bream during the spawning season, in spring and early summer, as 

they seek preferred salinities and water temperatures (Butcher 1945, Sherwood & 

Backhouse 1982, Haddy & Pankhurst 1998, Sarre & Potter 1999, Nicholson et al. 2008, 

Sakabe et al. 2011, Williams et al. 2012).  

 

Relatively little is known about the movement and habitat utilisation of estuary perch. 

Adult fish have been caught in freshwater through to coastal waters, but are more 

commonly found in brackish estuarine water (McCarraher & McKenzie 1986). It is 

thought that adult fish make multiple downstream migrations throughout the year to 

spawn in the middle to lower sections of an estuary. Furthermore, it is hypothesised that 
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increases in freshwater flows and displacement of the salt-wedge estuary trigger these 

spawning migrations (Harris 1986). Spawning occurs during the winter months from 

July to August in New South Wales and from July to November in western Victoria 

(McCarraher & McKenzie 1986, Newton 1996). Eggs and larvae of estuary perch have 

also been found in coastal waters (McCarraher & McKenzie 1986).  

 

Given our knowledge of the ecology and biology of black bream and estuary perch, we 

hypothesise that freshwater flow is an important factor in determining the position of 

fish in the estuary, especially during the spawning season. Therefore, the aim of this 

study was to determine the movements of black bream and estuary perch in the 

Gippsland Lakes, Australia using acoustic telemetry. Passive acoustic telemetry 

technology can establish approximate locations of tagged fished for up to 450 days if 

individuals remain within the array of receivers. In the present study, acoustic receivers 

were used to determine the positions and fine-scale movement patterns (<2 km) of both 

fish species in relation to freshwater flows and environmental conditions. This is of 

interest, as these two species co-inhabit in temperate Australian estuaries, have similar 

ecological roles, and recreational and commercial fisheries target both species. The 

results of this study will give us a better understanding of the ecological role of these 

two environmentally, economically and socially significant species as well as provide 

useful data for the management and conservation of these two species in this changing 

and highly variable environment. 

 

 

MATERIALS AND METHODS 

Study sites 

This study was conducted from August 2008 through to December 2009 in the estuarine 

reaches of the Mitchell and Tambo Rivers, two major rivers that flow into the Gippsland 

Lakes in south-eastern Australia (Fig. 1). The Mitchell River is classified as the largest 

unregulated river in the state of Victoria. It has a long, narrow and slightly winding 

estuary that has a manmade rock barrier approximately 25 km upstream that restricts 

further movement of saline water upstream and potentially acts as a barrier to fish 

movement. The Tambo River catchment is smaller and has a slightly shorter estuary (15 
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km in length). A constantly changing natural sand barrier prevents further saline 

intrusion upstream. Both river mouths are within close proximity and flow into Lake 

King. The Gippsland Lakes are Australia’s largest estuarine lagoon system and cover 

approximately 340 km
2 

(Fig. 1). The lakes consist of three large shallow coastal lagoons 

69 km long and 10 km at the widest point. The entire system is connected to the ocean 

through a single, narrow, permanently open entrance to the far east of the system. The 

lake system is recognised under the Ramsar Convention as a site of international 

importance, supporting rare, endangered and threatened species of flora and fauna. 

 

Rainfall and freshwater flow in the Gippsland Lakes has been reduced considerably 

since 2000 due to an extended period of drought affecting south-eastern Australia. 

Average annual daily discharge in 2008 for the Mitchell River had decreased by 40 % 

from the long-term average (Since August 1937; 1505.7 ML Day
-1

 compared to 2472.4 

ML Day
-1

; www.vicwaterdata.net) and in the Tambo River had decreased by 56 % 

(343.5 ML Day
-1

 compared to 772.5 ML Day
-1

; www.vicwaterdata.net). Monitoring 

stations within the lakes have recorded an increase in salinities from 20 to 30 and there 

has been further movement of the salt-wedge inland along the major tributaries, 

including the Mitchell and Tambo Rivers (unpublished data, Environmental Protection 

Agency). 

 

Setup of acoustic receiver array 

Acoustic receivers (Vemco, VR2) were placed at approximately 2 km intervals with 12 

receivers in the Mitchell and 9 receivers in the Tambo River (Fig. 1). Two receivers 

were placed at the mouth of the Nicholson River to detect movements in and out of this 

neighbouring river (Fig. 1). The receivers were strategically placed to maximise 

detection ranges by attaching them to solid structures such as pier pylons, woody debris 

and navigational markers at approximately 1-2 m depth on straight sections of the 

rivers. These rivers are narrower than the detection range of the receivers and therefore 

a receiver acts as a detection gate. The receivers work by detecting and recording 

information from ultrasonic signals (69 kHz) emitted by acoustic transmitters implanted 

in fish. Range testing within this system, and reported in other studies, found that the 

detection range for transmitters was up to 400 m despite the effects of possible 

interferences from wind and turbulence (Hindell et al. 2008). 

http://www.vicwaterdata.net/
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Figure 1. Map of study site showing the location of the acoustic receivers that were placed in 

the extent Mitchell and Tambo River estuaries and at the mouth of the Nicholson River (). 
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Receivers were deployed from July-August 2008 until December 2009 to allow 

sampling over two spawning seasons as the tags used have a lifespan of ~450 days. 

Each receiver was downloaded in the field on three occasions, late February 2009, July 

2009 and December 2009. The final download took place after the life expectancy of 

the tags had expired. Receivers at M4 and M5 were not initialised until 23 October 

2008. Receiver and battery failure led to several gaps in the data set at T2 from 4 March 

until 30 July 2009 and M7 from 4 November 2009 until the end of the study. The 

receiver at T4 had failed completely until replaced with another receiver on 29 July 

2009 (Fig. 1). 

 

Fish tagging 

Fish that were to be tagged were caught using either otter trawl, seine or mesh nets of 

various mesh sizes. Tagging of fish occurred from late July to early September 2008 

prior to the spawning season, which is between September and December (Williams et 

al. 2012). The justification for tagging fish so close to the start of the spawning season 

was to allow for the transmitters, with a battery life of up to 450 days, being active over 

two spawning seasons. Fish were predominately collected from the upper estuary, in the 

vicinity of deeper pools, as this is where large numbers of fish occurred and could easily 

be caught and released. Previous research indicates that black bream are highly mobile 

and collecting fish from only a couple of sites would not bias the fish in regards to size, 

sex or reproductive state. Only fish larger than 150 mm were tagged, as we were 

particularly interested in movements of mature fish. Fish that were to be tagged were 

immediately removed from the nets and placed in a 0.75 m
3
 holding pen until surgery. 

Fish were individually anaesthetised to stage III sedation (Ross & Ross 1999) with 

Benzocaine (2 g in 10 L estuarine water). Once fish were sedated, fork length and 

weight were recorded. A small incision was made 2-3 cm off-centre ventral into the 

peritoneal cavity and a single, individually coded, acoustic transmitter (VEMCO V9-2L 

coded with a random signal delay of 50-130 s) was inserted. The incision was closed 

with 2-3 simple sutures (Braided Polyglycolic Acid Suture, 3/8 circle, USP 3/0). Fish 

were also tagged with an external T-bar tag, which was inserted into the dorsal 

musculature, adjacent to the dorsal fin. Post surgery the wounds on the fish were 

swabbed with antiseptic and then the fish was placed into a holding pen to monitor 

recovery. Once fish had recovered and were able to maintain balance they were released 
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at the site of capture. Total time of surgery, including time in holding pens, varied from 

5-15 minutes. 

 

Environmental data 

Freshwater flow (discharge in Ml.d
-1

) is recorded daily for each river and stored at the 

Victorian Water Resources Data Warehouse (www.vicwaterdata.net). Daily freshwater 

flow data were extracted from this database. 

 

Moon phase, sunrise and sunset data were extracted from www.timeanddate.com. Day 

length was calculated by subtracting the sunrise time form the sunset time to give the 

length of daylight hours. The percentage of moon exposed was used as the moon phase. 

 

Data analysis 

Descriptive data analysis was used to characterise the spatial and temporal patterns of 

movement for tagged black bream and estuary perch. Minimum distance travelled was 

calculated for individual fish by adding together the distance between receivers that the 

fish was detected. Detections days were calculated as the number of days individual fish 

were detected and the detection period was calculated as the number of days between 

first and last detections. A detection index was calculated by dividing the detection 

period by detection days. The detection index gives the percentage of days that each fish 

was detected within its detection period. Due to the large dataset, data were managed 

and analysed using MS Access (2007). 

 

A Bayesian state-space model was used to estimate the prediction probability and 

movement rates for each species and at each receiver (details of the model can be found 

at Tracey et al. 2011).  

 

Raw data and data from the state-space model were de-trended for effects of freshwater 

flows and moon phase and then used to calculate the median position of fish within each 

estuary for each month during this study. The median data were then plotted to visualise 

the location of fish within the estuary.  

 

http://www.vicwaterdata.net/
http://www.timeanddate.com/
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Generalized Linear Models (GLM) was used to test the hypothesise that; a) the median 

position of fish within each river is different between season, using autumn as the 

comparative month (during autumn it is hypothesised that fish are in neutral position 

compared to summer, winter and spring); b) increasing freshwater flow changes the 

median position of fish within each river; and c) the median position of fish changes 

with moon phase. Data were plotted and analysed in R Project Software (R: A 

Language and Environment for Statistical Computing 2010).  

 

RESULTS 

During this study freshwater flows in both the Mitchell and Tambo River estuaries were 

well below the long-term averages with the exception of a few flow events that lasted 

no longer than a month and occurred between September and January in both years 

(Fig. 2). The lowest flows occurred between February and July (Fig. 2). Freshwater 

flows in the Mitchell River varied from 10 to 11,000 Ml.d
-1 

and in the Tambo River 

between 20-9,000 Ml.d
-1

 (Fig. 2). 

 

 

 

Figure 2. Freshwater flow for the Mitchell River and Tambo River during this study. Flow data 

are collected and stored in Victorian Water Warehouse ( Mitchell River and  Tambo River). 
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Spatio-temporal patterns in black bream movement 

During this study 19 black bream were tagged in the Mitchell River and 22 in the 

Tambo River over two tagging sessions approximately five weeks apart (Table 1). Fish 

fork lengths ranged from 220-390 mm FL with a mean size of 260 mm ± 6 SE 

(Table 1). All fish were detected post release and the total detection period ranged from 

4-454 days with all but two fish being detected at more than two receivers (Table 1). In 

total the receiver array made 739,264 detections for black bream throughout this study, 

with 294,686 detections in the Mitchell River, 437,003 detections in the Tambo River 

and 7,575 detections at the mouth of the Nicholson River (Appendix 1). The receiver 10 

km from the river mouth (M6) received the highest number of detections in the Mitchell 

River and the receiver 16 km from the river mouth (T9) received the highest number of 

detections in the Tambo River (Appendix 1). 

 

The mean daily distance travelled by black bream was estimated to be 1.94 km.d
-1

, with 

some fish covering over 1000 km.y
-1

 (Table 1).  In general, black bream were highly 

mobile, regularly moving up and down rivers and into the lakes (Fig.3; Appendix 1). At 

least 34 (83 %) tagged black bream moved into the lakes during this study and at least 

12 (30 %) tagged black bream moved between rivers (Appendix 1). Tagged black 

bream displayed strong river fidelity with the majority of fish returning to the river in 

which they were tagged. Despite being highly mobile, tagged fish tended to return 

regularly and spend considerable time (>12 hours) within the area they were tagged.  

 

The detection profiles provide a visual snapshot of the number of detections (logged) 

across all sites (Fig. 3). The number of detections across sites was highly variable for 

black bream with some degree of seasonality present (Fig. 3). Based on the number of 

detections, fish appear to be moving to the upper estuary between June and November 

(Fig. 3). Between November and June there are several noticeable up- and down- stream 

migrations of fish with more detections occurring at the river mouth (M1 and T1). The 

detection profiles of individual fish were highly patchy with fish more likely to be 

detected by the array during the June to November period (Fig. 4). 



 

Table 1. Summary of all black bream tagged. TP = total detection period in days; DD = total number of 

days detected; DI = detection index (DD/TP). 

Fish 

No. 

FL 

(mm) 

Release 

date 

Release 

site 

Total 

detections 

No. of 

receivers 

detected 

TP 

(d) DD (d) Di 

Distance 

swam (km) 

Daily 

distance 

swam (km) 

b1 260 31/7/08 M8 25866 10 450 178 0.40 1242 2.76 

b2 270 31/7/08 M8 1099 4 11 9 0.82 30 2.73 

b3 390 31/7/08 M8 32644 10 444 167 0.38 402 0.91 

b4 250 31/7/08 M8 303 1 4 4 1.00 0 0.00 

b5 250 31/7/08 M8 10613 8 87 49 0.56 122 1.40 

b6 230 31/7/08 M8 1163 4 26 8 0.31 28 1.08 

b7 240 31/7/08 M8 2308 8 93 21 0.23 110 1.18 

b8 235 31/7/08 M8 4849 8 74 40 0.54 106 1.43 

b9 250 31/7/08 M8 22734 9 375 159 0.42 532 1.42 

b10 245 31/7/08 M8 7443 6 64 29 0.45 80 1.25 

b11 245 31/7/08 M8 4595 8 70 22 0.31 60 0.86 

b12 240 31/7/08 M8 46309 9 206 179 0.87 930 4.51 

b13 330 31/7/08 M8 33877 12 450 316 0.70 906 2.01 

b14 240 1/8/08 T9 3449 8 58 29 0.50 106 1.83 

b15 265 1/8/08 T9 14292 17 69 54 0.78 116 1.68 

b16 220 1/8/08 T9 13248 10 367 225 0.61 724 1.97 

b17 280 1/8/08 T9 14153 13 347 142 0.41 159 0.46 

b18 240 1/8/08 T9 8 2 50 4 0.08 12 0.24 

b19 225 1/8/08 T9 3465 7 50 14 0.28 54 1.08 

b20 230 1/8/08 T9 113301 6 436 325 0.75 74 0.17 

b21 360 1/8/08 T9 9457 7 89 53 0.60 190 2.13 

b22 375 1/8/08 T9 13167 6 73 71 0.97 180 2.47 

b23 245 1/8/08 T9 19948 12 56 44 0.79 94 1.68 

b24 255 4/9/08 M8 13383 17 450 116 0.26 356 0.79 

b25 240 4/9/08 M8 45443 10 454 343 0.69 294 0.65 

b26 235 4/9/08 M8 4549 9 163 46 0.28 338 2.07 

b27 295 4/9/08 M8 4178 5 46 43 0.93 54 1.17 

b28 270 4/9/08 M8 28914 10 230 142 0.62 458 1.99 

b29 255 4/9/08 M8 5485 10 28 19 0.68 130 4.64 

b30 255 5/9/08 T8 11675 8 79 56 0.71 186 2.35 

b31 230 5/9/08 T8 1726 7 7 7 1.00 54 7.71 

b32 255 5/9/08 T8 30853 13 347 220 0.63 922 2.66 

b33 255 5/9/08 T8 20918 17 426 153 0.36 536 1.26 

b34 245 5/9/08 T8 5054 11 73 30 0.41 70 0.96 

b35 245 5/9/08 T8 13973 14 140 107 0.76 394 2.81 

b36 240 5/9/08 T8 23305 8 226 196 0.87 554 2.45 

b37 240 5/9/08 T8 22051 10 121 84 0.69 266 2.20 

b38 275 5/9/08 T8 17601 13 447 217 0.49 1096 2.45 

b39 245 5/9/08 T8 26380 10 402 277 0.69 1294 3.22 

b40 250 5/9/08 T8 42345 9 449 280 0.62 1212 2.70 

b41 243 5/9/08 T8 23092 9 380 231 0.61 832 2.19 

 



 78 

 

 

Figure 3. Aggregated detection profile of the 41 black bream Acanthopagrus butcheri tagged at 

each receiver in the Mitchell (M1-M12), Nicholson (N1-N2) and Tambo Rivers (T1-T9). The 

colour graduate scale represents the number of detections logged at each receiver. 
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Figure 4. Detection profiles for individual black bream Acanthopagrus butcheri, throughout the 

duration of the study. The colour graduate scale represents the number of detections logged. 
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Figure 5. The monthly median position of tagged black bream in the Mitchell and Tambo 

Rivers. Data are from both raw and modelled data that have been de-trended for the effects of 

freshwater flow and moon phase (Refer to section: Predictions of Fish Movements). 

 

 

The median position of tagged fish was calculated using both raw and modelled data 

that were de-trended for the significant effects of flow and moon phase. Plotting the 

median positions of fish showed a very similar temporal pattern in both rivers with the 

median position of fish between December and April being in the lower estuaries (0-7 

km from the river mouth), while from May to November the median position of fish 

was in the upper estuaries (>7 km from the river mouth; Fig. 5). This pattern was 

consistent with the detections profiles (Fig. 4). 

 

Spatio-temporal patterns in estuary perch movement 

During this study eight estuary perch were tagged in the Mitchell River and 17 in the 

Tambo River over two tagging sessions approximately five weeks apart (Table 2). Fish 

fork length ranged from 200-305 mm with a mean length of 266 mm ±5 SE (Table 2). 

All fish were detected post release with the exception of two fish that were presumed 
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not to have survived the first month post-release. The detection period ranged from 35-

450 days (Table 2). The receiver array made 570,006 detections for estuary perch 

throughout this study, with 285,523 detections in the Mitchell River, 284,483 detections 

in the Tambo River and no detections at the mouth of the Nicholson River (Appendix 

1). The receiver 14 km upstream from the river mouth (M8) received the most number 

of detections in the Mitchell River and the receiver 16 km upstream from the river 

mouth (T9) received the most number of detections in the Tambo River (Appendix 1). 

 

The mean daily distance travelled by tagged estuary perch was estimated to be 1.77 

km.d
-1

, with some fish moving over 200 km.y
-1

 (Table 2). At least 15 (60 %) tagged 

estuary perch moved to the lakes during this study and no tagged fish visited or moved 

to another river (Appendix 1).  

 

The detection profiles provide a visual snapshot of the number of detections (logged) 

for estuary perch across all sites (Fig. 6). The profiles demonstrate that there was a high 

degree of site fidelity for estuary perch (Fig. 6). Fish spent extended periods of time 

within the vicinity of where they were caught, tagged and released (Fig. 6). Fish in the 

Mitchell River moved considerably less than fish in the Tambo River (Fig. 6). In the 

Mitchell River, fish made occasional short movements upstream or downstream over 

short periods of time. In the Tambo River fish made more regular and longer trips 

downstream throughout the study. The detection profiles of individual fish showed no 

temporal patterns in detectability as fish were detected most days during this study 

(Fig. 7). 

 

The median position of tagged fish was calculated using both raw and modelled data 

that were de-trended for the significant effects of flow and moon phase. Plotting the 

median positions of fish showed that estuary perch were located further upstream than 

black bream (Fig. 8). In the Mitchell River, fish remained in the upper estuary (>10 km 

from the river mouth) throughout this study (Fig. 8). In comparison, estuary perch in the 

Tambo River occurred in the upper estuary (>10 km from the river mouth) with the 

exception of July, December and January where the median location of fish was in the 

lower estuary (<10 km form the river mouth; Fig. 8). 
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Table 2. Summary of all estuary perch tagged. TP = total detection period in days; DD = total 

number of days detected; DI = detection index (DD/TP). 

Fish 

No. 

FL 

(mm) 

Release 

date 

Nearest 

receiver at 

release 

Total 

detections 

No. of 

receivers 

detected TP (d) DD (d) Di 

Est. 

min. 

distance 

swam 

(km) 

Est. avg. 

daily 

distance 

swam (km) 

e1 250 31/7/08 M8 93605 8 450 404 0.90 96 0.24 

e2 240 31/7/08 M8 468 2 16 6 0.38 4 0.67 

e3 250 31/7/08 M8 37722 7 188 150 0.80 92 0.61 

e4 210 31/7/08 M8 48588 8 181 136 0.75 86 0.63 

e5 200 31/7/08 M8 77484 6 449 316 0.70 116 0.37 

e6 235 31/7/08 M8 1359 1 6 6 1.00 0 0.00 

e7 280 1/8/08 T9 13616 8 100 93 0.93 138 1.48 

e8 295 1/8/08 T9 13169 8 96 74 0.77 200 2.70 

e9 290 1/8/08 T9 18866 8 100 96 0.96 34 0.35 

e10 305 1/8/08 T9 2620 8 95 46 0.48 46 1.00 

e11 280 1/8/08 T9 13187 8 100 77 0.77 56 0.73 

e12 285 1/8/08 T9 26617 8 100 100 1.00 746 7.46 

e13 265 1/8/08 T9 18748 8 101 92 0.91 614 6.67 

e14 295 1/8/08 T9 20387 8 93 65 0.70 56 0.86 

e15 285 1/8/08 T9 2177 3 50 48 0.96 32 0.67 

e16 255 1/8/08 T9 13266 8 100 96 0.96 150 1.56 

e17 260 1/8/08 T9 25043 9 435 210 0.48 750 3.57 

e18 250 1/8/08 T9 73662 8 436 385 0.88 402 1.04 

e19 260 1/8/08 T9 4354 4 35 34 0.97 40 1.18 

e20 265 1/8/08 T9 6330 3 91 74 0.81 20 0.27 

e21 285 1/8/08 T9 14569 8 63 63 1.00 942 14.95 

e22 275 1/8/08 T9 6520 8 426 72 0.17 228 3.17 

e23 265 4/9/08 M8 16486 7 173 136 0.79 76 0.56 

e24 280 4/9/08 M8 9796 10 82 54 0.66 62 1.15 

e25 290 5/9/08 T8 21343 9 445 254 0.57 990 3.90 
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Figure 6. Aggregated detection profile of the 25 estuary perch Macquaria colonorum tagged at 

each receiver in the Mitchell (M1-M12), Nicholson (N1-N2) and Tambo Rivers (T1-T9). The 

colour graduate scale represents the number of detections logged at each receiver. 
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Figure 7. Detection profiles for individual estuary perch Macquaria colonorum, throughout the 

duration of the study. The colour graduate scale represents the number of detections logged. 
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Figure 8. The monthly median position of tagged estuary perch in the Mitchell and Tambo 

Rivers. Data are from both raw and modelled data that have been de-trended for the effects of 

freshwater flow and moon phase. 

 

 

State-space model movement and detection predictions 

The Bayesian state-space model suggests movement rates for black bream were similar 

in both the Mitchell and Tambo Rivers with the Tambo River having a slightly better 

detection probability (Fig. 9). Black bream had a much higher movement rate than 

estuary perch (Fig. 9). Estuary perch in the Tambo River had a higher movement rate 

than in the Mitchell River (Fig. 9). 

 

The Bayesian state-space model suggests detection rates for black bream in the Mitchell 

River were high for each receiver from M1 to M11 and for estuary perch at each 

receiver from M4 to M10 (Appendix 1). Detections rates for both species were high for 

each receiver in the Tambo River (Appendix 1). The narrow spread of the detection 

probability curves suggests that the detection probability at the majority of receivers 

was very high for both species (Appendix 1).  
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Figure 9. Movement rates for each species as predicted by the state-space model. The y-axis 

represents the probability density and the x-axis represents the detection rate of each species. 

The peak of each curve represents the most likely detection probability. The height and spread 

of the curves show how certain the model is about the detection probability for each species in 

each river. 
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Predictions of fish movements.  

Results from the generalized linear model (GLM) support a temporal pattern of 

movement that is more significant for black bream when compared to estuary perch 

(Fig. 10a). Interestingly, the temporal patterns for black bream were similar for both 

rivers with the median position of tagged fish occurring higher upstream in winter and 

spring compared to the median position of fish in autumn and further downstream in 

summer when compared with autumn (Fig. 10a). The median position of estuary perch 

in the Mitchell River did not display any temporal variability. The median position of 

estuary perch in the Tambo River occurred significantly further downstream in summer 

when compared with the median position of fish in autumn.  

 

The generalized linear model (GLM) also suggests that there were significant effects of 

freshwater flow on the median position of black bream and estuary perch in both rivers 

with the median position of tagged fish moving downstream when flow rates were 

above the median flow rate detected during this study (Fig. 10b). The influence of 

freshwater flows and a downstream shift in the median position of black bream and 

estuary perch was greater in the Mitchell River compared to the Tambo River 

(Fig. 10b). 

 

The GLM also supported a significant effect of moon phase (Fig. 10c). Black bream 

were located further upstream during a full moon when compared to there location 

during a new moon in both the Mitchell and Tambo Rivers (Fig. 10c). Estuary perch in 

the Mitchell River were located further upstream during a full moon compared to their 

location during a new moon. There was no effect of moon phase for estuary perch in the 

Tambo River (Fig. 10c). 
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Figure 10. Plots of the model estimates and 95 % confidence intervals for the significant GLMs 

of interest for both black bream and estuary perch, testing for the effects of a) season, by 

comparing the estimated difference in median position for each season when compared to the 

median position of fish in Autumn, b) increasing freshwater flows, by comparing the relative 

estimated change in median position compared to the median position of tag fish during periods 

of median freshwater flows during this study and c) increasing moon phase from new to full 

moon by comparing the relative estimated change in position between a full and new moon 

phase. Negative numbers refer to a downstream change and a positive numbers refer to an 

upstream change in position.  



 89 

DISCUSSION 

Time of year, freshwater flows and moon phase all had significant influences on the 

position within tributary rivers of two estuarine species with contrasting movement 

patterns. We found that the temporal and spatial patterns of movement of black bream 

to be similar to that found in previous research (Hindell 2007, Hindell et al. 2008, 

Sakabe & Lyle 2010), and consistent with the hypothesis that mature black bream move 

upstream in winter / early spring in preparation for spawning (Newton 1996, Nicholson 

et al. 2008, Williams et al. 2012). In contrast, the data collected for estuary perch 

provided a new insight into the location and movement of this iconic species with 

tagged fish displaying high site fidelity and making rapid downstream migrations (> 

5 km) in response to large flow events (>5000 ML Day in the Mitchell River and 

>1000 ML Day in the Tambo River). The novelty of this study was having receivers, 

acting as gates, at regular intervals (every 2 km) within the estuary. This allowed us to 

observe small scale (< 2 km) movements of tagged fish within our study system. 

Combined with the use of a new state space model (Tracey et al. 2011), we could 

reliably determine the position of fish if they occurred within the tributary rivers and 

therefore accurately establish how environmental conditions influenced the position and 

movement of tagged fish. 

 

This study design benefited from the fact that the river width was less than the detection 

limits of each receiver, creating a ‘gate’ effect. The deployment of the receiver array at 

regular intervals (2 km), with no detection limit overlap, enabled us to estimate the 

movements, over fine spatial scales, of fish through each river estuary with confidence. 

Previous acoustic telemetry studies on black bream and other species have had large 

distances between receivers, limiting the ability to track finer patterns of movement (< 2 

km) and relate them to the known ecology of the species (Hindell 2007, Hindell et al. 

2008). This study design also provided some redundancy in the event of receiver failure, 

which did occur on occasions. The downside to this study and other studies is the lack 

of temporal resolution due to the battery life of transmitters (in this case ~450 days). 

Data had to be de-trended for analysis due to significant interactions between season 

and freshwater flows. This made it difficult to tease apart the independent effects 

without further replication of this study. 
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In this study the spatial and temporal positioning and movement of black bream was 

consistent with the results from other acoustic tagging studies on this species (Hindell et 

al. 2008, Sakabe & Lyle 2010). Seasonal movement of black bream was distinct with 

upstream movement in the winter, pre-spawning season, and downstream movement in 

the summer, post-spawning season. It is understood that black bream spawn upstream 

where saline water meets freshwater flowing downstream from September to December 

(Newton 1996, Nicholson et al. 2008, Williams et al. 2012, in print). On a daily scale, 

black bream were highly transient and appeared to be constantly moving up and down 

the estuary. It was not uncommon to record a tagged fish swimming the entire length of 

the estuary and back (Appendix 1). On closer investigation of the data it became 

apparent the fish were almost returning to the same position within the estuary, the 

position depending on season (Appendix 1). This behaviour may reflect the transient 

grazing style of feeding for black bream as they fossick for worms, shrimp, crabs and 

bivalves (Sarre 1999, Chewun et al. 2007). 

 

It is hypothesised that black bream are seeking optimal salinities between 15-25 that are 

commonly found in the upper estuary for survival of eggs and larvae (Newton 1996, 

Nicholson et al. 2008, Williams et al. in print). As the salinity of an estuary is 

determined by freshwater flows, the location and timing of spawning is believed to be 

highly dependent on the amount of freshwater flow (Williams et al. 2012, 2013) and 

hence so was the location of tagged black bream. Williams et al. (2012) demonstrated 

the importance of the upper estuary and in particular the formation of the halocline as an 

important habitat for larval black bream. The area and location of the halocline and 

level of stratification has the potential to influence black bream year-class strength 

(Jenkins et al. 2010, Williams et al. 2012). Post-spawning season, black bream became 

more mobile and tended to reside in the lower estuary or move into the lakes or visit 

other river estuaries. This behaviour is most likely to search for prey such as barnacles, 

mussels, and crabs that are more abundant in the lower estuary and lake basins (J. 

Williams pers. obs.). Unfortunately there was insufficient data on salinities and salt-

wedge positions to make comparisons with fish movements. 

 

It appeared as if fish were moving on an individual basis rather than as a population, 

with the exception of a large flow event when synchronised downstream migration was 

observed (Appendix 1). The timing of flow events could be crucial in determining year-
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class strength of this species. If a large flow event occurred in the early spawning 

season (September-October) it could displace mature fish into unfavourable conditions 

experienced in the lakes. Further research is required to examine the fine-scale 

responses to large flow events and recovery afterwards. 

 

This is one of the first acoustic telemetry studies investigating inter and intra-estuary 

movement of estuary perch. To date very little is known about the ecology of this 

species and there is some contradiction in the literature in regards to residency and 

spawning location and timing (Harris 1986, McCarraher & McKenzie 1986, Trnski et 

al. 2005). During this study estuary perch displayed high site fidelity and a small home 

range that occurred within the vicinity of capture and release. The ‘home’ of tagged 

estuary perch occurred within the vicinity of a deep section of the upper estuary towards 

the toe of the salt-wedge. Estuary perch are known to be a nocturnal ambush predator 

feeding on shrimp, crab and other fish (McCarraher & McKenzie 1986). The deep upper 

estuary is therefore more likely to contain suitable conditions to provide shelter and 

prey. 

 

This study revealed a significant difference in the position of estuary perch compared to 

black bream within the estuary. I hypothesised that estuary perch were more likely to be 

positioned upstream of black bream, as this may be behaviour to minimise competition 

for space and prey. Two large freshwater flow events in the Tambo River, one in late 

winter and one in early summer, resulted in all tagged estuary perch moving 

downstream. This is consistent with the hypothesis that estuary perch make a spawning 

migration to the estuary mouth that is triggered by spikes in freshwater flows (Walsh et 

al. 2013). As soon as flows decreased, tagged estuary perch returned almost 

immediately to their ‘home’ site (Appendix 1). Coincidentally, these ‘home’ locations 

were in the detection range of a receiver and therefore estuary perch tended to have a 

high detection index and probability. It was interesting to note that fish in the Tambo 

River were more likely to move longer distance than the Mitchell River. Observations 

from the surgical tagging of fish found fish in the Mitchell River were thinner and had 

more parasites suggesting poorer health. The Mitchell River catchment is a lot more 

degraded due to agriculture and a large township. More exploration and data is needed 

to explain this observation. 
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Conclusions 

This study revealed contrasting behaviours in the movement ecology, influenced by 

environmental flows, in two iconic estuarine fish species. Black bream were highly 

transient with a distinct seasonal distribution. In contrast, estuary perch were highly site 

attached, moving small distances with the exception of large downstream migrations 

triggered by freshwater flows. It is hypothesised that seasonal movement patterns for 

black bream are likely  to be in response to spawning and feeding requirements 

particularly as the concentration of black bream eggs and larvae were collected in the 

upper estuary in 2008 (Williams et al. in print). For both species, freshwater flow had a 

large influence in the position of tagged fish. Therefore, alterations to freshwater flows 

through anthropogenic impacts or climate change may impact on the ways these species 

utilise estuaries. This is of particular significance, as it hypothesised that both species 

rely on freshwater flows to establish habitat and trigger spawning migrations to the 

extent of influencing year-class strength. 
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CHAPTER 4 

 Spatio-temporal variability in the elemental composition of estuarine 

waters and fish otoliths: developing environmental markers for determining 

larval dispersal histories within estuaries 
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ABSTRACT 

Otolith chemistry has been widely used as a natural tag for 

determining environmental histories of fish that migrate across large 

environmental gradients. However, it is not well established if otolith 

chemistry can be a useful tool for determining fine-scale movement 

and dispersal patterns of fish, particularly larvae, within estuaries. In 

this study we collected paired samples of water and otoliths from 

larvae of black bream, Acanthopagrus butcheri an estuarine-

dependent fish, and analysed each for a suite of trace elements to 

determine the degree of spatio-temporal variability in elemental 

composition and which elements were incorporated into otoliths in 

relation to their bioavailability. We found that there were three distinct 

water mass signatures based on their Me:Cawater (Me = each element): 

a river signature, a halocline signature, and a marine signature. There 

were also significant spatio-temporal patterns in Me:Caotolith, most 

notably for Li:Ca, K:Ca and Mn:Ca. Interestingly, heavy metals 

(Cu:Ca, Zn:Ca and Pb:Ca) were significantly elevated in otoliths from 

larvae collected in the vicinity of a large township, which is an 

important spawning area. Furthermore, clusters of distinct otolith 

chemistries based on SIMPROF tests were non-randomly distributed 

with respect to water layer, survey, and distance from river mouth. 

This study provides encouraging evidence for the utility of intra-

estuary otolith chemistry to reconstruct environmental histories during 

larval development. This application will enable a better 

understanding of the abundance, timing and duration of residency in 

particular water layers and regions that are important nursery habitats 

for larval fish that develop within estuaries. 

  



 96 

INTRODUCTION 

Estuaries are often referred to as nursery habitats as they have high abundances of 0+ 

age class fish, often dominated by marine species (Potter et al. 1990, Beck et al. 2001). 

For some fish, the nursery role of estuaries is so important that these species are often 

referred to as estuarine dependent (Day et al. 1989). Some of these species have a 

pelagic larval stage that disperses passively or actively into or through an estuary from 

either fresh are marine waters (Islam et al. 2006, North & Houde 2006, Shoji et al. 

2006, Williams et al. 2012). The bio-physical conditions within an estuary are thought 

to be favourable for larval and juvenile growth and survival due to optimal salinities and 

temperatures, rates of prey production and levels of turbidity, which reduce predation 

from visual predators (Beck et al. 2001, North & Houde 2001). Estuaries are also highly 

variable and dynamic systems that have strong physical and biological gradients. Steep 

gradients in salinity, temperature, dissolved oxygen and turbidity can vary over small to 

large temporal and spatial scales (Kurup et al. 1998). This variance can influence the 

temporal and spatial distribution of larvae and associated feeding, growth and survival 

(Kimmerer et al. 2001, North & Houde 2003, North et al. 2005, Williams et al. 2012). 

Particular features within an estuary such as salinity stratification and the estuarine 

turbidity maximum have been shown to influence larval fish distributions (Islam et al. 

2006, North & Houde 2006, Williams et al. 2012). The ability to determine the 

environmental history experienced during larval development would allow us to assess 

what impact these environmental gradients have on larval growth, condition, and 

survival, and ultimately how much they influence recruitment variability. 

 

Determining movement patterns, connectivity, and environmental histories of larval fish 

is logistically difficult due to their small size and high mortality rates. Traditional 

methods using artificial physical (Thorrold et al. 2002) or chemical (Thorrold et al. 

2006) tags, and mark recapture experiments (Butcher & Ling 1962), are not feasible 

given the constraints on animal size, tag reliability, and recovery rates. Over the past 

three decades there has been growing awareness of the utility of using the chemistry of 

otoliths (ear bones) as natural tags to investigate movement and habitat usage in fish 

(Kalish 1989, Secor et al. 1995, Gillanders & Kingsford 1996, Campana 1999, Swearer 

et al. 1999). Otoliths are calcium carbonate (aragonite) structures that grow 

continuously on a daily basis. During growth various trace elements are incorporated at 
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rates that can depend on concentrations in the surrounding environment, as well as 

environmental factors such as salinity and temperature (reviewed by Campana 1999, 

Elsdon et al. 2008). Therefore, a predictable relationship can potentially be established 

between water chemistry and otolith chemistry, while accounting for other 

environmental factors (Elsdon et al. 2008). The great advantage of natural tags is that all 

individuals are marked. In systems where environmental conditions vary considerably, 

characterizing such relationships is essential for accurately reconstructing movement 

patterns, natal origins and habitat use based on otolith microchemistry (Swearer et al. 

2003, Crook et al. 2006, Barbee & Swearer 2007).  

 

Previous research has identified that otolith chemistry is a useful tool for fish that move 

across significant environment boundaries such as between river water and marine 

water, and embayments and rivers (Gillanders & Kingsford 2000, Crook et al. 2006, 

Barbee & Swearer 2007, Koster & Crook 2008). However, there are many species of 

fish that have an obligate life stage that is completed within the intermediate salinities 

and water temperatures experienced in an estuary (Day et al. 1989, Potter et al. 1990, 

Newton 1996, Dolbeth et al. 2008, Nicholson et al. 2008). Although few studies have 

attempted to utilise otolith chemistry to determine environmental histories within 

estuaries (but see Kraus & Secor 2004, Elsdon and Gillanders 2006b), it is of particular 

interest as estuaries are highly variable and dynamic habitats with shifts in habitat 

conditions that may influence the survival, growth and dispersal of larvae. Much of this 

intra-estuary variability is influenced by variability in freshwater flows (Gillanders & 

Kingsford 2002). The chemical signature of ambient water, which will influence the 

chemistry of otoliths, is strongly influenced by the geology of the catchment, sediment 

composition, precipitation, pollution and the degree of mixing and flushing that occurs 

within the estuary (Elsdon et al. 2008).  

 

Both Sr and Ba have been measured in many otolith studies and there is a reasonable 

understanding of how these elements are incorporated into otoliths, although results are 

often conflicting (Bath et al. 2000, Elsdon & Gillanders 2002, Kraus & Secor 2004, 

Bath et al. 2000, Elsdon et al. 2008). Many of these studies have been based on the 

expectation that Sr is more abundant in seawater compared to freshwater (Bath et al. 

2000, Kraus & Secor 2004, Elsdon et al. 2008). However, it is not uncommon for higher 

levels of ambient Sr to occur in fresh and brackish water when compared to marine 
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water, highlighting the need for system based validation of water chemistry (Kraus & 

Secor 2004). Published information on concentrations of Sr across salinity gradients 

experienced in estuaries is generally lacking. In contrast, Ba is often associated with 

freshwaters, as it is often bound to sediment and is desorbed into water (McColluch et 

al. 2005). Therefore, Ba is closely linked to salinity, hydrodynamics, turbidity and 

geology of the catchment (Coffey et al. 1997). In otoliths, ambient Ba:Cawater has been 

found to be positively correlated with Ba:Caotolith (Bath et al. 2000, Elsdon & Gillanders 

2003).  

 

Multiple elemental approaches to otolith chemistry have provided greater insights into 

larval dispersal patterns (Swearer & Caselle 1999). A multi-element approach allows 

for less ambiguous data and is able to resolve finer scale movement patterns that Sr and 

Ba alone will likely fail to resolve (Hicks et al. 2010, Tanner et al. 2013). This is 

particularly important for individuals that have developed in estuaries that are highly 

dynamic and variable environments, particularly in regards to salinity that may 

influence individual elemental uptake. As mentioned earlier, many species of fish rely 

on the intermediate salinities in estuarine environments to complete vulnerable and 

important life stages. 

 

Many of the estuaries of temperate Australia form as highly stratified salt-wedge 

estuaries that have a distinct freshwater, brackish and marine layer. Salt-wedge estuaries 

are highly dynamic in that the highly stratified salt-wedge structure isn’t always present 

and are constantly moving (Newton 1996, Kurup et al. 1998). Salt-wedge estuaries are 

associated with elevated prey concentrations and optimal salinities and temperatures 

that enhance larval grow rates and survival, which in turn may improve recruitment to, 

and retention in, favourable juvenile habitats (Sirois & Dobson 2000). We currently 

don’t have an easy means for detecting associations between salt-wedge structure and 

formation, and larval utilisation within them. Traditional ichthyoplankton studies are 

very coarse and limited to snapshots of the spatial distribution of larvae over time. 

Otolith microchemistry may be a method that has sufficient resolution that is able to 

resolve the fine scale spatial distribution of larvae by reconstructing water mass 

associations and dispersal of larvae within an estuary. 

 



 99 

I focussed this study on the larvae of black bream, Acanthopagrus butcheri (Sparidae), 

as this species is unique in that it usually completes its entire life cycle within a single 

estuary (Butcher 1945, Newton 1996, Nicholson et al. 2008, Sakabe et al. 2011, 

Williams et al. 2012). It is also a highly iconic species that is targeted by both 

recreational and commercial fisheries in temperate Australian estuaries. Importantly, it 

has also been the subject of extensive research into the influences of water chemistry, 

temperature, and salinity on otolith chemistry (Elsdon & Gillanders 2002, 2003, 2004, 

2005a, 2005b, 2006a, 2006b). Laboratory experiments have demonstrated that ambient 

water concentrations, salinity and temperature have variable and interactive effects on 

uptake of Mn, Sr, and Ba into juvenile black bream otoliths (Elsdon & Gillanders 2002, 

2003, 2004). Furthermore, otolith Ba:Ca from wild caught black bream reflect changes 

in ambient Ba:Ca concentrations (Elsdon & Gillanders 2005). These findings suggest 

that otolith chemistry may be capable of reconstructing environment histories of 

estuarine fish that move across fine salinity gradients, such as black bream. As otolith 

chemistry can vary over short temporal scales (Elsdon & Gillanders 2006b), it is 

important to conduct validation studies to gain a sound understanding of how each 

element varies over time and space for each study system (Elsdon and Gillanders 2006a, 

2006b).  

 

The aims of this study were therefore to: 

1) Assess the intra-estuary variability in water chemistry in relation to 

environmental variables over fine spatio-temporal scales;  

2) Assess intra-estuary variability in larval otolith chemistry and its relationships to 

water chemistry and environmental variables; and 

3) Determine whether otolith chemistry can be used as a natural tag to reconstruct 

intra-estuary environmental histories in larval fish. 
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MATERIALS AND METHODS 

Study area 

The Gippsland Lakes are a complex system of rivers, creeks, swamps and three inter-

connected shallow lakes (Fig. 1). The entire Gippsland Lakes system is linked to the 

ocean by a single narrow permanently open entrance to the east. The salinity profile of 

the Gippsland Lakes is highly variable and dependent on the amount of freshwater 

flowing downstream from the major catchments encompassing the lakes. Prior to this 

study the region had been experiencing a dramatic decrease in rainfall leading to an 

extended period of drought since 1997. The impacts of prolonged drought led to 

increases in salinity within the lakes and further penetration of saline waters up the 

tributary rivers.  

 

I completed this study in the estuarine reaches of the Mitchell and Tambo Rivers 

(Fig. 1). Both of these rivers flow out in close proximity to each other in Lake King 

(Fig. 1). These two rivers have previously been identified as important spawning habitat 

during this period of drought for black bream and other estuarine dependant fish 

species. These two rivers also hold social, economic and environmental significance, as 

they are popular tourist and fishing destinations as well as supplying water for 

neighbouring townships and agriculture. Sampling sites were established at 3 km 

intervals starting at the river mouth, along the Mitchell River (n = 8; Fig. 1) and Tambo 

River (n = 5; Fig. 1). Sampling was conducted over two periods during the black bream 

spawning season, survey one on 15 November 2008 and survey two on 3 December 

2008.  
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Figure 1. Map of the Gippsland Lakes with sites marked (○ water samples only, ● water and 

otolith samples collected). Insert: Location of Gippsland Lakes in south-eastern Australia. 

 

 

Estuarine water sampling 

During this study 104 water samples were collected from all sites over a range of 

salinities from 0.1 – 29.2. The majority of samples contained copper, zinc and lead 

concentrations that were below reporting limits and therefore these elements were 

removed from the dataset. Estuarine water samples were collected at one-meter depth 

intervals from the surface to the nearest one meter depth increment above the substrate. 

A 6 m PVC spiral hose attached to a submersible bilge pump (with all metal surfaces 

coated with an epoxy resin) was used to collect water from each depth interval. Before 

collecting a water sample, the pump was lowered to the desired depth and run for 

several minutes. Each water sample was collected in an acid leached 50 ml Millipore™ 

centrifuge tube attached to a Steriflip filter unit with vacuum port and 0.22 um filter 

paper and attached to another acid leached 50 ml Millipore™ centrifuge tube. The water 

sample was passed through the filter unit using a hand vacuum pump. After filtration, 

the tube used for water collection was discarded. The water samples were acidified 

within 24-48 hours of collection and were stored in the dark at room temperature prior 

to analysis. Filtered water samples were sent to the Australian Government National 

Measurement Institute for analysis using ICP-OES for the following elements and 
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wavelengths: Li-7 nm, Mg-279.800 nm, S-181.977 nm, K-766.491 nm, Ca-315.887 nm; 

and ICP-MS for the following specific elements: 
11

B, 
31

P, 
55

Mn, 
63

Cu, 
68

Zn, 
88

Sr, 
138

Ba 

and 
208

Pb. Reporting limits for these elements were as follows: S, 50 ug/L; K, 20 ug/L; 

B, Ca, Mg 5 ug/L; P, 2 ug/L; Ba, Cu, Li, Mn, Pb, Sr, Zn, 1 ug/L. For QA/QC, with 

every batch of 20 samples or less, 2 blanks were analysed, 1 blank spike (water spiked 

with a known amount of the elements of interest) and 1 sample spike (a client 

sample spiked with a known amount of the elements of interest). The criteria for the 

spiked samples are that they are within ± 20 % of expected values. 

 

At each site of water collection, water quality variables were also recorded using a 

Hydrolab DS4X data sonde fitted with salinity, temperature, dissolved oxygen and 

turbidity probes. 

 

Larval fish collection and otolith preparation 

Black bream larvae were opportunistically collected from ichthyoplankton surveys from 

another study in the Mitchell and Tambo Rivers conducted at the same time in 

November and December 2008 (refer to Chapter 2). Samples were washed from the 

333 μm mesh ichthyoplankton net using estuarine water and preserved in 75% ethanol. 

In the Mitchell River samples were taken from either below the surface, three meters 

depth and at sites deep enough, five meters depth. In the Tambo River ichthyoplankton 

samples were taken using oblique plankton tows where the net was lowered from below 

the surface to above the substrate over six minutes.  Due to low numbers of larvae from 

ethanol preserved samples, to increase sample sizes, otoliths from formalin-preserved 

larvae (n = 22) collected during the same surveys were also used. Otoliths were 

removed from a total of 55 larvae. Analyse of ethanol and formalin preserved otoliths 

that were collected from the same site and survey revealed insufficient evidence of a 

difference between the two preservation methods in the otolith chemistry. Therefore, we 

continued using both ethanol and formalin preserved samples. 

 

In the laboratory, black bream larvae were identified based on morphology and removed 

from the sample. Otoliths were removed by placing the larvae in a droplet of MilliQ 

water and using an electro-chemically sharpened tungsten needle and fine tungsten 

forceps to remove one sagittal otolith from each larva. The otoliths were cleaned in a 
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cleaning solution (H2O2 buffered with NaOH) for 10-15 minutes before being rinsed 

three times in MilliQ water. After the third water rinse, each otolith was transferred to a 

gridded slide where it was mounted within a thin coat of Buehler Epo-Thin resin. 

 

The elemental composition of the outer surface of the otolith (the most recently 

deposited material) was determined by Laser Ablation Inductively-Coupled Plasma 

Mass Spectrometry (LA-ICPMS). We used an Agilient 7700x ICPMS fitted with a 

HelEx laser ablation system located in the Department of Earth Sciences, University of 

Melbourne. Samples were ablated using a 19 μm spot, with a repetition rate of 5 Hz and 

a laser energy of ~60 mJ. Samples were run in blocks of 16 with NIST 610, 612, and 

614 calibration standards run before and after each block. Thirty-second blanks were 

acquired before ablating each standard and sample. The first 10 scans that were clearly 

in the otolith were averaged and used as the measure of otolith edge chemistry. Single 

point calibrations were used to estimate concentrations for each element using either the 

NIST 610 or 612 standard, depending on which one most closely matched the count 

rates in the samples.  Concentrations were expressed as a ratio to calcium to correct for 

variable sample yield during ablation. Based on this method, the limit of detection 

(LOD) for each elemental ratio was (in μmol element/mol 
43

Ca): 
7
Li- 30.61, 

11
B- 146.2, 

24
Mg- 12.63, 

31
P- 340.5, 

34
S- 524.0, 

39
K- 82.97, 

55
Mn- 4.203, 

63
Cu- 0.834, 

66
Zn- 7.100, 

88
Sr- 0.004, 

138
Ba- 0.031, 

208
Pb- 0.153. External precision (i.e. analytical 

reproducibility) for each elemental ratio based on repeated analyses on the NIST 

standards not used for calibration was (in %RSD): 
7
Li- 9.0, 

11
B- 3.7, 

24
Mg- 8.4, 

31
P- 

34.7, 
34

S- 38.2, 
39

K- 10.3, 
55

Mn- 9.0, 
63

Cu- 13.5, 
66

Zn- 9.2, 
88

Sr- 7.6, 
138

Ba- 10.1, 
208

Pb- 

7.5. External precision was poor for 
31

P and 
34

S because count rates for these elements 

in the NIST 612 standard were close to the LOD of this method (this was not the case 

for samples). As only two otoliths from the Tambo River could be analysed, they were 

removed from any further analysis. Inspection of the post-processed data found 4 

otoliths that had extreme values and were thus excluded from further analysis. 

 

Water data analysis 

Spatio-temporal patterns in water chemistry were analysed using Multiple Analysis of 

Covariance (MANCOVA). A full factorial model was run with all Me:Cawater (Me = 

each element) as the dependent variables and river, survey and water layer as 
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independent (fixed) factors, and distance from the river mouth (DRM) as the covariate. 

Due to the differences in estuary length and the variable number of sites along each 

river, DRM was calculated as a proportion of the estuary length (i.e., 0 = river mouth, 1 

= most upstream site). Water layer (3 levels) was based on salinity, with each sample 

classified as being from either the fresh (salinity <2), halocline (salinity 2-10) or marine 

(salinity >10) layer as these were the representative salinities of each water layer. The 

full factorial model revealed significant three-way interactions with all independent 

factors and thus the model was re-run for each river separately (survey and water layer 

as fixed factors and DRM as the covariate) and each survey separately (river and water 

layer as fixed factors and DRM as the covariate). 

 

A non-metric Multi-Dimensional Scaling (nMDS) plot of each estuary was used to 

visualise the spatial dissimilarity in water chemistry, based on the factor water layer, 

using a Euclidean distance matrix with normalised data. Analysis of similarity 

(ANOSIM) was used to determine the level of significance in the dissimilarity in 

samples among water layers. SIMPER analysis was used to determine which 

Me:Caotolith contributed to 90 % of the dissimilarity among water layers.  

 

To visualise spatial and temporal variability in each Me:Cawater, longitudinal (along 

estuary) depth profiles were plotted. Data were interpolated using triangulation and 

linear interpolation before being plotted using filled contours to create two-dimensional 

profiles for each estuary.  

 

Multiple regression was used to determine which environmental variables (salinity, 

temperature, dissolved oxygen and turbidity) influenced each Me:Cawater. All variables 

were checked for colinearity using Pearsons correlation coefficients. For any 

relationship of >0.700 one of the variables was removed to avoid over influencing any 

models. All possible models were run, with the best selected based on the model with 

the lowest corrected Akaike Information Criterion (AICc) score and AICc weight. The 

AICc weights are used to establish that the lowest AICc was >10 % different from the 

next best fitting model and more likely to describe the actual relationship as suggested 

by Royall (1997). 
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Otolith data analysis 

Spatio-temporal patterns in otolith chemistry were analysed using MANCOVA, with all 

Me:Caotolith as the dependant variables and survey and water layer as independent 

(fixed) factors, and DRM as the covariate.  

 

Due to low replication across sites, samples were grouped into regions based on 

whether it came from the lower estuary (< 10 km from the river mouth) or upper estuary 

(> 10 km from the river mouth) and whether it was collected from the halocline or 

marine water layer (no larvae were caught in the river water layer). Only two otoliths 

from the Tambo River were able to be analysed and these were pooled with samples 

from the Mitchell River. The multi-elemental data were converted to a dissimilarity 

matrix using normalised data. An nMDS plot was used to visualise the spatial 

dissimilarity in otolith samples, based on the otolith grouping. Analysis of similarity 

(ANOSIM) was used to determine the level of significance in the dissimilarity of 

samples based on the factor water layer. SIMPER analysis was used to determine which 

Me:Caotolith contributed to 90 % of the dissimilarity between groups.  

 

Multiple regression was used to determine which subset of environmental variables 

(salinity 1 (the nearest measurement from the upper edge of plankton net), salinity 2 

(the nearest measurement from the lower edge of plankton net), temperature, dissolved 

oxygen and turbidity), including ambient Me:Cawater, influenced each Me:Caotolith. All 

variables were checked for colinearity using Pearsons correlation coefficients. For any 

relationship of >0.700 one of the variables was removed to avoid over influencing any 

models. All possible models were run, with the best selected based on the model with 

the lowest corrected Akaike Information Criterion (AICc) score and AICc weights. The 

AICc weights are used to establish that the lowest AICc was >10 % different from the 

next best fitting model and more likely to described the actual relationship as suggested 

by Royall (1997). The SIMPROF procedure was used to objectively allocate each 

otolith to a cluster based on its chemistry. Then Chi-squared tests were used to establish 

if otolith clusters were non-randomly distributed with respect to region and water 

(upper-marine, upper-halocline, lower-marine and lower-halocline), survey or distance 

from river mouth. 
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All data, water and otolith, were transformed to meet the assumptions of normality and 

homogeneity of variances (Table 1). All MANCOVA’s were done using SPSS (Version 

19.0). ANOSIM, SIMPER, SIMPROF, Cluster analyses and nMDS plots were done 

using Primer (Version 6). Multiple regressions were done using Systat (Version 13) 

with the best subsets feature to select the models of best fit. 

 

 
Table 1. Data transformations used for all water and otolith analyses. 

Me:Ca Water Otolith 

Li:Ca 4
th

 Root Log 

B:Ca 4
th

 Root 4
th

 Root 

Mg:Ca Ln Log 

P:Ca Log 4
th

 Root 

S:Ca Ln Log 

K:Ca Ln 4
th

 Root 

Mn:Ca Log 4
th

 Root 

Cu:Ca
 

Below reporting limit 4
th

 Root
 

Zn:Ca
 

Below reporting limit 4
th

 Root
 

Sr:Ca Log None 

Ba:Ca Log 4
th

 Root 

Pb:Ca
 

Below reporting limit 4
th

 Root
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RESULTS 

The hydrology, and therefore the salt-wedge structure, was contrastingly different 

during the two surveys (Fig. 2). On 15 November 2008 there was very little freshwater 

flowing into both estuaries and the most upstream sites were highly stratified (Fig. 2). 

Prior to the 3 December 2008 survey there had been a large rainfall event (>100 mm) 

that displaced the saline layer downstream (Fig. 2). The distinct high stratification of the 

water column can be seen on the longitudinal profiles (Fig. 2). The salt-wedge structure 

stretched up to 21 km in the Mitchell River and over 12 km in the Tambo River. 

 

Figure 2. Longitudinal salinity profiles for the Mitchell and Tambo Rivers during the two 

sampling periods. 

 

Intra-estuary variability of ambient water chemistry 

MANCOVA tests revealed some significant spatial and temporal differences between 

and within rivers and surveys (Tables 2-5). Multivariate tests did not find any statistical 

differences in the water chemistry between the two sampling periods for the Mitchell 

River despite the large flow event (Table 2). However, there was a significant difference 

between surveys in the Tambo River driven by significantly greater concentrations of 

Li:Ca and Mn:Ca on 3 December compared to 15 November (Table 3). MANCOVA 

tests revealed significant differences in water chemistry between the river water, 

halocline and marine water layers driven by differences in Li:Ca (highest in the 

halocline) and Mn:Ca and Ba:Ca (highest in river water) (Table 2 & 3). The covariate 

distance from river mouth (DRM) was significantly different in both rivers due to the 

salt-wedge effect and river water being more common in the upper estuary and marine 

water being more common in the lower estuary (Table 2). A comparison of rivers within 
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each survey revealed significant effects of river, water layer and DRM (Table 4 & 5). 

These effects were most likely driven by differences in river lengths and influences of 

freshwater flows and the salt-wedge structure. The main elements contributing to these 

differences were Li:Ca, Mg:Ca and Mn:Ca (Table 5). 

 

Non-metric multi-dimensional scaling (nMDS) plots visually reflect the significant 

spatial dissimilarity between water layers in the Mitchell River (ANOSIM Global 

R = 0.737, P = 0.01; Fig. 3a) and the Tambo River (ANOSIM Global R = 0.745, 

P = 0.01; Fig. 3b). In the Mitchell River all elements except Mn:Cawater and Li:Cawater, 

and Mn:Cawater and Ba:Cawater discriminated 90% dissimilarity between the marine and 

fresh layers, and fresh and halocline layers respectively (Table 3). Interestingly, a 

combination of Li:Cawater, Mn:Cawater and Ba:Cawater explained 90% of the dissimilarity 

between the marine and halocline layers in both rivers (Table 6). In the Tambo River all 

elements except B:Cawater discriminated 90 % of the dissimilarity between the marine 

and fresh layers, and fresh and halocline layers (Table 6). 

 

Interpolating individual Me:Cawater data and plotting as longitudinal profiles visually 

displays the spatial and temporal intra-estuary variability on an individual elemental 

basis (Fig. 4 & Fig. 5). The Me:Cawater longitudinal profiles closely reflect the salt-

wedge structure of each estuary (Fig. 2 & Fig. 5). The ‘best’ fitting models for each of 

the multiple regressions for each Me:Cawater with hydrological variables indicate that 

salinity and turbidity are the two predominant predictive variables for Me:Cawater (Table 

7). In addition to salinity and turbidity, dissolved oxygen and often temperature were 

included in the ‘best model’ selection, highlighting the complexity of the relationship 

between water chemistry and environmental variables (Table 7). 
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Table 2. Results from the MANCOVA testing for effects in Me:Cawater between survey and 

water layer with distance from river mouth (DRM) as the covariate for samples from the 

Mitchell River and Tambo River. Significant values have been bolded. Some terms are missing 

due to a lack of degrees of freedom (na). 

  Mitchell   Tambo  

 df F P df F P 

Survey (S) 9,58 0.964 0.487 9,23 30.854 <0.001 

Water layer (WL) 18,116 7.627 <0.001 18,46 7.086 <0.001 

DRM 9,58 3.062 0.005 9,23 105.438 <0.001 

S * WL 18,116 1.644 0.060 na na na 

S * DRM 9,58 2.065 0.048 9,23 2.688 0.027 

WL * DRM 18,116 2.875 <0.001 18,46 25.420 <0.001 

S * WL * DRM 18,166 2.692 0.001 na na na 
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Table 3. Results from the univariate tests of between-subject effects from the MANCOVA 

testing for effects in Me:Cawater between survey and water layer with distance from river mouth 

(DRM) as the covariate for samples from the Mitchell River and Tambo River. Significant 

values have been bolded. Some terms are missing due to a lack of degrees of freedom (na). 

  Mitchell Tambo 

 df F P df F P 

Survey (S) Li:Ca 1,66 3.163 0.080 1,31 181.867 .000 

B:Ca 1,66 0.307 0.581 1,31 .204 .655 

Mg:Ca 1,66 0.127 0.723 1,31 7.568 .010 

P:Ca 1,66 0.839 0.363 1,31 1.006 .324 

S:Ca 1,66 0.102 0.751 1,31 .947 .338 

K:Ca 1,66 0.225 0.637 1,31 .107 .745 

Mn:Ca 1,66 0.160 0.690 1,31 34.441 .000 

Sr:Ca 1,66 0.148 0.701 1,31 .470 .498 

Ba:Ca 1,66 0.243 0.624 1,31 1.800 .189 

Water Layer 

(WL) 

Li:Ca 2,66 27.721 0.000 2,31 4.935 .014 

B:Ca 2,66 0.113 0.894 2,31 6.988 .003 

Mg:Ca 2,66 0.270 0.764 2,31 20.314 .000 

P:Ca 2,66 1.556 0.219 2,31 47.764 .000 

S:Ca 2,66 0.116 0.891 2,31 14.605 .000 

K:Ca 2,66 1.201 0.307 2,31 .543 .586 

Mn:Ca 2,66 32.362 0.000 2,31 8.749 .001 

Sr:Ca 2,66 0.354 0.703 2,31 1.291 .289 

Ba:Ca 2,66 7.302 0.001 2,31 2.360 .111 

DRM Li:Ca 1,66 0.509 0.478 1,31 .738 .397 

B:Ca 1,66 0.184 0.670 1,31 9.314 .005 

Mg:Ca 1,66 4.632 0.035 1,31 422.903 .000 

P:Ca 1,66 3.063 0.085 1,31 17.748 .000 

S:Ca 1,66 3.314 0.073 1,31 312.343 .000 

K:Ca 1,66 5.722 0.020 1,31 5.916 .021 

Mn:Ca 1,66 14.129 0.000 1,31 7.236 .011 

Sr:Ca 1,66 1.203 0.277 1,31 13.427 .001 

Ba:Ca 1,66 1.999 0.162 1,31 4.164 .050 

S * WL Li:Ca 2,66 8.800 0.000 na na na 

B:Ca 2,66 0.172 0.842 na na na 

Mg:Ca 2,66 0.081 0.923 na na na 

P:Ca 2,66 0.565 0.571 na na na 

S:Ca 2,66 0.047 0.954 na na na 

K:Ca 2,66 0.251 0.779 na na na 

Mn:Ca 2,66 0.011 0.989 na na na 

Sr:Ca 2,66 0.093 0.911 na na na 

Ba:Ca 2,66 0.208 0.813 na na na 
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Table 3 cont. Results from the univariate tests of between-subject effects from the MANCOVA 

testing for effects in Me:Cawater between survey and water layer with distance from river 

mouth (DRM) as the covariate for samples from the Mitchell River and Tambo River. 

Significant values have been bolded. Some terms are missing due to a lack of degrees of 

freedom (na). 

  Mitchell Tambo 

 df F P df F P 

S * DRM Li:Ca 1,66 14.243 0.000 1,31 22.847 .000 

B:Ca 1,66 0.600 0.441 1,31 .109 .743 

Mg:Ca 1,66 0.627 0.431 1,31 .954 .336 

P:Ca 1,66 0.357 0.552 1,31 .003 .957 

S:Ca 1,66 1.865 0.177 1,31 .660 .423 

K:Ca 1,66 0.138 0.711 1,31 .046 .832 

Mn:Ca 1,66 0.008 0.928 1,31 2.434 .129 

Sr:Ca 1,66 0.133 0.717 1,31 .166 .687 

Ba:Ca 1,66 0.000 0.990 1,31 4.326 .046 

WL * DRM Li:Ca 2,66 0.773 0.466 2,31 13.736 .000 

B:Ca 2,66 0.069 0.934 2,31 14.165 .000 

Mg:Ca 2,66 2.824 0.067 2,31 536.393 .000 

P:Ca 2,66 0.851 0.432 2,31 3.067 .061 

S:Ca 2,66 2.364 0.102 2,31 369.249 .000 

K:Ca 2,66 3.759 0.028 2,31 6.161 .006 

Mn:Ca 2,66 7.163 0.002 2,31 2.203 .127 

Sr:Ca 2,66 2.191 0.120 2,31 28.483 .000 

Ba:Ca 2,66 0.574 0.566 2,31 .228 .798 

S * WL * 

DRM 

Li:Ca 2,66 9.755 0.000 na na na 

B:Ca 2,66 0.363 0.697 na na na 

Mg:Ca 2,66 0.353 0.704 na na na 

P:Ca 2,66 0.055 0.947 na na na 

S:Ca 2,66 1.529 0.224 na na na 

K:Ca 2,66 0.104 0.901 na na na 

Mn:Ca 2,66 1.472 0.237 na na na 

Sr:Ca 2,66 0.693 0.504 na na na 

Ba:Ca 2,66 0.186 0.830 na na na 
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Table 4. Results from the MANCOVA testing for effects in Me:Cawater between river and water 

layer with distance from river mouth (DRM) as the covariate for samples from the 15 November 

and 3 December 2008. Significant values have been bolded. 

 15 November 2008 3 December 2008 

 df F P df F P 

River (R) 9,41 3.784 0.002 9,40 2.878 0.010 

Water layer (WL) 18,82 7.589 <0.001 18,80 16.479 <0.001 

DRM 9,41 11.089 <0.001 9,40 9.208 <0.001 

R * WL 9,41 3.711 0.002 9,40 1.108 0.380 

R * DRM 9,41 2.551 0.020 9,40 6.625 <0.001 

WL * DRM 18,82 6.691 <0.001 18,80 14.402 <0.001 

R * WL * DRM 9,41 3.370 0.004 9,40 5.609 <0.001 
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Table 5. Results from the univariate tests of between-subject effects from the MANCOVA 

testing for effects in Me:Cawater between river and water layer with distance from river mouth 

(DRM) as the covariate for samples from 15 November and 3 December 2008. Significant 

values have been bolded. 

  15 November 2008 3 December 2008 

  df F P df F P 

River (R) Li:Ca 1,49 18.121 0.000 1,48 2.176 0.147 

B:Ca 1,49 2.612 0.112 1,48 0.628 0.432 

Mg:Ca 1,49 0.211 0.648 1,48 0.078 0.781 

P:Ca 1,49 4.076 0.049 1,48 0.001 0.972 

S:Ca 1,49 0.158 0.693 1,48 0.140 0.710 

K:Ca 1,49 2.295 0.136 1,48 0.120 0.730 

Mn:Ca 1,49 2.046 0.159 1,48 2.713 0.106 

Sr:Ca 1,49 3.591 0.064 1,48 0.103 0.750 

Ba:Ca 1,49 1.505 0.226 1,48 0.125 0.725 

Water Layer 

(WL) 

Li:Ca 2,49 9.445 0.000 2,48 6.742 0.003 

B:Ca 2,49 0.799 0.455 2,48 2.853 0.067 

Mg:Ca 2,49 7.443 0.002 2,48 1.008 0.373 

P:Ca 2,49 1.244 0.297 2,48 16.019 0.000 

S:Ca 2,49 0.882 0.420 2,48 2.227 0.119 

K:Ca 2,49 3.011 0.058 2,48 0.643 0.530 

Mn:Ca 2,49 6.483 0.003 2,48 89.568 0.000 

Sr:Ca 2,49 0.932 0.400 2,48 1.237 0.299 

Ba:Ca 2,49 4.717 0.013 2,48 7.939 0.001 

DRM Li:Ca 1,49 1.595 0.213 1,48 17.688 0.000 

B:Ca 1,49 2.878 0.096 1,48 1.032 0.315 

Mg:Ca 1,49 28.578 0.000 1,48 8.377 0.006 

P:Ca 1,49 4.817 0.033 1,48 3.066 0.086 

S:Ca 1,49 3.134 0.083 1,48 7.172 0.010 

K:Ca 1,49 10.290 0.002 1,48 3.729 0.059 

Mn:Ca 1,49 2.146 0.149 1,48 20.225 0.000 

Sr:Ca 1,49 0.689 0.410 1,48 1.877 0.177 

Ba:Ca 1,49 2.011 0.162 1,48 1.959 0.168 

R * WL Li:Ca 1,49 17.461 0.000 1,48 0.082 0.776 

B:Ca 1,49 2.736 0.104 1,48 0.693 0.409 

Mg:Ca 1,49 0.285 0.596 1,48 0.022 0.883 

P:Ca 1,49 1.922 0.172 1,48 0.040 0.843 

S:Ca 1,49 0.054 0.817 1,48 0.203 0.654 

K:Ca 1,49 0.925 0.341 1,48 0.117 0.734 

Mn:Ca 1,49 0.460 0.501 1,48 0.080 0.779 

Sr:Ca 1,49 1.095 0.301 1,48 0.116 0.735 

Ba:Ca 1,49 1.179 0.283 1,48 0.714 0.402 
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Table 5 cont. Results from the univariate tests of between-subject effects from the MANCOVA 

testing for effects in Me:Cawater between river and water layer with distance from river mouth 

(DRM) as the covariate for samples from 15 November and 3 December 2008. Significant 

values have been bolded. 

  15 November 2008 3 December 2008 

  df F P df F P 

R * DRM Li:Ca 1,49 16.070 0.000 1,48 7.203 0.010 

B:Ca 1,49 1.761 0.191 1,48 0.379 0.541 

Mg:Ca 1,49 0.396 0.532 1,48 0.654 0.423 

P:Ca 1,49 3.247 0.078 1,48 3.351 0.073 

S:Ca 1,49 0.002 0.961 1,48 4.819 0.033 

K:Ca 1,49 0.108 0.743 1,48 3.450 0.069 

Mn:Ca 1,49 0.667 0.418 1,48 2.137 0.150 

Sr:Ca 1,49 0.860 0.358 1,48 1.481 0.230 

Ba:Ca 1,49 0.013 0.909 1,48 0.007 0.933 

WL * DRM Li:Ca 2,49 9.496 0.000 2,48 17.887 0.000 

B:Ca 2,49 1.936 0.155 2,48 3.017 0.058 

Mg:Ca 2,49 14.459 0.000 2,48 29.661 0.000 

P:Ca 2,49 2.066 0.138 2,48 2.333 0.108 

S:Ca 2,49 1.307 0.280 2,48 33.557 0.000 

K:Ca 2,49 5.234 0.009 2,48 15.273 0.000 

Mn:Ca 2,49 1.287 0.285 2,48 27.617 0.000 

Sr:Ca 2,49 1.430 0.249 2,48 19.892 0.000 

Ba:Ca 2,49 0.263 0.770 2,48 0.367 0.695 

R * WL * 

DRM 

Li:Ca 1,49 19.307 0.000 1,48 0.531 0.470 

B:Ca 1,49 2.236 0.141 1,48 0.439 0.511 

Mg:Ca 1,49 0.733 0.396 1,48 0.626 0.433 

P:Ca 1,49 1.417 0.240 1,48 0.855 0.360 

S:Ca 1,49 0.026 0.872 1,48 4.536 0.038 

K:Ca 1,49 0.030 0.863 1,48 2.202 0.144 

Mn:Ca 1,49 0.013 0.909 1,48 1.076 0.305 

Sr:Ca 1,49 1.234 0.272 1,48 2.258 0.139 

Ba:Ca 1,49 0.788 0.379 1,48 0.089 0.767 
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Figure 3. nMDS plots of the water chemistry data for the a) Mitchell River and b) Tambo River. 

Samples were collected from the river water layer (), halocline () and saline layer (). 

 

  

a) 

b) 
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Table 6. Results from the SIMPER analysis that determined which Me:Cawater explain 90 % of 

the dissimilarity between water layers. 

Factor Group 1 Group 2 Me:Cawater  

Mitchell River 

Water Layer Marine Halocline Li:Ca (74 %), Mn:Ca (12 %), Ba:Ca (9 %) 

 Marine River P:Ca (14 %), K:Ca (14 %), S:Ca (14 %), Sr:Ca (13 

%), Ba:Ca (13 %), Mg:Ca (13 %), B:Ca (11 %) 

 Halocline River Li:Ca (16 %), Sr:Ca (16 %), Mg:Ca (13 %), S:Ca 

(13 %), P:Ca (12 %), B:Ca (11 %), K:Ca (11 %) 

Tambo River 

Water Layer Marine Halocline Mn:Ca (48 %), Li:Ca (25 %), Ba:Ca (17 %) 

 Marine River Mn:Ca (21 %), Ba:Ca (15 %), Mg:Ca (13 %), K:Ca 

(11 %), P:Ca (10 %), S:Ca (10 %), Sr:Ca (8 %), 

Li:Ca (8 %) 

 Halocline River Mg:Ca (16 %), Sr:Ca (14 %), Li:Ca (13 %), S:Ca 

(11 %), K:Ca (11 %), P:Ca (11 %), Ba:Ca (9 %), 

Mn:Ca (8 %) 
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Figure 4. Profiles of Me:Ca concentrations for the 15 November 2008 sampling period 
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Figure 5. Profiles of Me:Ca concentrations for the 3 December 2008 sampling period. 
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Table 7. The best fitting models from a sub-set of all models, selected based on corrected 

Akaike information Criterion (AICc) scores and their corresponding weights for each Me:Cawater. 

The hydrological variable used were salinity (Sal), temperature (Temp), dissolved oxygen (DO), 

natural log turbidity (Ln(Turb)). 

Ratio Best sub-set Adj. R
2 

AICc Δi wi 

Li:Ca Ln(Turb) 0.000
NS 

-239.865 0 0.353 

B:Ca Ln(Turb) 0.003
NS 

-121.381 0 0.343 

Mg:Ca Ln(Turb), Sal 0.559
** 

22.207 0 0.372 

P:Ca Ln(Turb), DO, Temp, Sal 0.767
** 

-137.645 0 0.488 

S:Ca Ln(Turb), DO, Temp, Sal 0.606
** 

107.521 0 0.360 

K:Ca Ln(Turb), DO, Temp, Sal 

Ln(Turb), Temp, Sal 

0.695
** 

0.597
** 

-205.549 

-205.387 

0 

0.162 

0.350 

0.323 

Mn:Ca Sal, DO 0.916
** 

-22.584 0 0.420 

Sr:Ca Ln(Turb), DO, Temp, Sal 0.521
** 

-323.061 0 0.444 

Ba:Ca Sal, DO, Ln(Turb) 0.848
** 

-6.826 0 0.331 

 

 

Intra-estuary variability in larval fish otolith chemistry 

MANCOVA tests revealed significant spatial and temporal patterns in otolith chemistry 

(Fig. 6; Tables 8 & 9). Significant vertical spatial variability was detected with 

differences in otoliths collected from the marine water layer compared to the halocline 

layer driven by difference in P:Ca and the heavy metals Cu:Ca, Zn:Ca and Pb:Ca 

(Tables 8 & 9). Significant differences between the two surveys were driven by the 

heavy metals Cu:Ca and Zn:Ca (Fig. 6; Tables 8 & 9). Distance from river mouth 

(DRM) showed significant differences with otoliths in the lower estuary having higher 

concentrations of Li:Ca while otoliths in the upper estuary had higher concentration of 

Cu:Ca (Fig. 6; Tables 8 & 9). 

 

Due to lack of power in the number of otoliths across sites, each otolith was assigned a 

group based on region (upper or lower estuary) and water layer (halocline or marine). 

The spatial variability in Me:Caotolith was not as obvious in a MDS plot as for Me:Cawater 

(Fig. 3 & 7). ANOSIM revealed a significant difference between groups, upper-

halocline, lower-halocline, upper-marine and lower-marine (Global R = 0.276, P = 

0.01) with all Me:Caotolith contributing to 90 % of the dissimilarity between groups 
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(Table 10). This significant difference between groups was derived from significant 

differences between upper halocline and lower halocline samples (R = 0.380, P = 0.04) 

and upper halocline and upper marine samples (R = 0.587, P = 0.02).  

 

 

Table 8. Results from MANCOVA testing for spatio-temporal effects in Me:Caotolith between 

survey and water layer with distance from river mouth (DRM) as the covariate. 

 df F P 

Survey (S) 12,34 2.838 0.008 

Water layer (WL) 12,34 3.031 0.005 

DRM 12,34 4.349 < 0.001 

S * DRM 12,34 2.267 0.030 

WL * DRM 12,34 4.333 <0.001 

 

 

 
Table 9. Results from the univariate tests of between-subject effects from the MANCOVA. 

 Survey Water Layer S * WL DRM 

 df 1, 46  

 F P F P F P F P 

Li:Ca 15.776 < 0.001 3.941 ns 1.184 ns 57.297 < 0.001 

B:Ca 2.746 ns .195 ns 1.056 ns .791 ns 

Mg:Ca 12.451 < 0.01 10.914 < 0.01 5.836 < 0.05 1.265 ns 

P:Ca .392 ns 3.197 ns .047 ns .071 ns 

S:Ca .067 ns .483 ns .777 ns .026 ns 

K:Ca .647 ns .004 ns .760 ns .180 ns 

Mn:Ca .071 ns 10.645 < 0.01 .198 ns 2.640 ns 

Cu:Ca
 

9.73* < 0.01 13.610 < 0.01 7.510 < 0.01 .049 ns 

Zn:Ca
 

6.812 < 0.05 9.201 < 0.01 10.559 < 0.01 .154 ns 

Sr:Ca .247 ns .375 ns .087 ns .162 ns 

Ba:Ca .664 ns 9.296 < 0.01 .961 ns .004 ns 

Pb:Ca
 

5.490 < 0.05 16.784 < 0.001 .608 ns 2.077 ns 
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Table 10. Results from the SIMPER analysis that determined which Me:Cawater explain 90 % of 

the dissimilarity between water layers. Sq. Dist./SD *<1, **1-2, ***>2 (the higher the number 

the more important that element is to the contribution). 

Factor Group 1 Group 2 Me:Caotolith 

Region – 

Water layer 

Upper - 

marine 

Lower - 

marine 

K:Ca (18 %*), Sr:Ca (15 %*), Li:Ca (8 %**), P:Ca (8 %*), 

Ba:Ca (7 %*), S:Ca (7 %*), B:Ca (7 %*), Cu:Ca (6 %*), 

Mn:Ca (5 %*), Zn:Ca (5 %*), Mg:Ca (5 %*) 

 Upper - 

marine 

Upper - 

halocline 

K:Ca (19 %*), Sr:Ca (18 %*), Mg:Ca (10 %**), P:Ca 

(10 %*), Zn:Ca (7 %*), Cu:Ca (7 %*), Ba:Ca (6 %*), 

Pb:Ca (6 %*), Mn:Ca (5 %*), B:Ca (5 %*) 

 Upper - 

marine 

Lower - 

halocline 

K:Ca (16 %*), Sr:Ca (16 %*), Cu:Ca (10 %**), Ba:Ca 

(10 %*), S:Zn (8 %), Zn:Ca (8 %**), Pb:Ca (8 %**), Li:Ca 

(7 %**), Mg:Ca (6 %*), B:Ca (5 %*) 

 Upper - 

halocline 

Lower - 

halocline 

Zn:Ca (20 %**), Cu:Ca (17 %**), Ba:Ca (10 %*), Mg:Ca 

(7 %**), S:Ca (7 %*), Pb:Ca (7 %*), Mn:Ca (7 %**), B:Ca 

(6 %*), Li:Ca (6 %*), P:Ca (6 %**) 

 Lower - 

marine 

Lower - 

halocline 

Zn:Ca (18 %**), Cu:Ca (14 %**), Ba:Ca (13 %**), Pb:Ca 

(11 %**), Mn:Ca (9 %**), S:Ca (9 %*), B:Ca (8 %*), 

Mg:Ca (6 %*), Li:Ca (4 %*) 

 Lower - 

marine 

Upper - 

halocline 

Mg:Ca (14 %**), P:Ca (12 %*), Li:Ca (11 %*), Pb:Ca 

(11 %*), Mn:Ca (10 %*), B:Ca (9 %*), S:Ca (8 %*), Ba:Ca 

(7 %*), Cu:Ca (6 %*), Zn;Ca (5 %*) 
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Figure 6. Mean Me:Caotolith ratios along distance from river mouth (DRM) for samples collected 

on the 15 November 2008 () and 3 December 2008 (). Note the different transformations for 

each plot (error bars are standard error). 
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Figure 7. nMDS plots of the otolith chemistry data for all otoliths. Samples were collected from 

the halocline ( upper, lower estuary) and saline layer ( upper,  lower estuary). 

Results from the cluster analysis have been superimposed to represent significant groupings in 

the data. 

 

 

Linking otolith chemistry with hydrology and water chemistry 

Multiple regression models revealed which subset of hydrological variables; including 

ambient Me:Cawater best explained variability in otolith chemistry (Table 11). The 

majority of models included salinity, dissolved oxygen and temperature. When salinity 

was included, salinity 2, the higher salinity was more often used in model selection than 

salinity 1. Turbidity was also selected in the models for Li:Caotolith, B:Caotolith, S:Caotolith 

and K:Caotolith (Table 11). Interestingly, only ambient Li:Cawater, K:Cawater and 

Mn:Cawater were selected for their corresponding Me:Caotolith models (Table 11).  

 

The SIMPROF procedure objectively allocated individual otoliths into nine clusters 

based on their chemical signatures, four clusters contained single otoliths (outliers), and 

three clusters contained >10 otoliths. Chi-sqaured tests compared otolith clusters with 

site characteristics of each otolith to reveal that clusters of otoliths were non-randomly 

distributed with respect to regional water layers (df = 8, p = 0.001), survey (df = 1, p = 

0.039), and distance from river mouth (df = 4, p = 0.001).  
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Table 11. Best subset of variables that explain each element ratio from otolith chemistry 

analysis. 

Ratio Best Subset Adj. R
2 

AICc Δi wi 

Li:Ca Ln(Turb), Temp, DO, Li:Cawater, Sal 1 0.434
** 

82.157 0 0.475 

B:Ca DO, Sal 1, Ln(Turb) 0.258
* 

-21.383 0 0.297 

Mg:Ca Sal 2, DO, Temp 0.433
** 

-12.221 0 0.256 

P:Ca Sal 2, DO, Temp 0.115
* 

62.474 0 0.310 

S:Ca Ln(Turb), Sal 2 0.037
ns 

-150.900 0 0.169 

K:Ca K:Cawater, Ln(Turb), Sal 1 0.216
* 

-59.216 0 0.395 

Mn:Ca Sal 2, DO, Temp, Mn:Cawater 0.262
* 

136.628 0 0.465 

Cu:Ca
 

Sal 2, DO, Temp 0.318
** 

80.450 0 0.339 

Zn:Ca
 

Sal 2, DO, Temp 0.277
** 

152.273 0 0.375 

Sr:Ca Temp, Sal 1, Sal 2, DO 0.199
* 

50.149 0 0.267 

Ba:Ca Sal 2, DO, Temp 0.201
* 

56.762 0 0.324 

Pb:Ca
 

Sal 1, Temp 0.204
* 

27.584 0 0.259 

 

 

DISCUSSION 

Paired samples of water and otoliths were collected over two sampling periods within a 

salt-wedge estuary under two contrasting freshwater flow conditions to determine the 

suitability of using otoliths as a natural tag to establish intra-estuary environmental 

histories of fish at the larval phase. We established significant spatio-temporal patterns 

in water chemistry. Based on water chemistry we could distinguish between three 

distinct layers of water: a freshwater layer, a halocline layer and a marine layer. Spatial 

patterns in otolith chemistry were not as clearly resolved as for water chemistry. 

However, multivariate analysis indicated that cohorts of otoliths defined by their 

chemistry could be assigned to estuarine region, water mass, and survey. These findings 

suggest the a mutli-elemental approach to water and otolith chemistry may provide a 

useful tool for tracking dispersal patterns, natal origins and habitat use of larval fish 

within estuaries.  

 

The ability to distinguish between otoliths collected from different regions within the 

estuary relies on there being variation in physico-chemical properties of water. 

Estuarine water chemistry is highly variable and closely linked to freshwater flows 

(Aston 1978). The highly variable nature of estuaries was observed during this study, 
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with a distinct shift in the position of the salt-wedge detected due to a large increase in 

freshwater flows between the two sampling periods. As expected this was also reflected 

in Me:Cawater longitudinal profiles between surveys. These processes influence the water 

chemistry through mixing of water masses and ion exchange between sediments and 

organic matter with the water (Wilson 1975, Aston 1978). The processes resulting in the 

unique halocline signature is unknown but is likely a function of the complex chemical 

reactions occurring when the freshwater layer meets the marine layer (Aston 1978, 

Millward 1995). Factors such as freshwater flow, salinity, temperature and dissolved 

oxygen all influence water chemistry (Aston 1978, Millward 1995). It is through these 

complex processes that unique water chemistry signatures are established for individual 

estuaries. Between estuaries, factors such as geography, precipitation, tides and 

groundwater hydrology all combine to influence the ambient chemical signature of the 

water (Secor et al. 1995, Elsdon et al. 2008).  

 

In this study, the variability in otolith chemistry was less defined than water chemistry. 

However, otoliths could be assigned into groups based on salinity and region. Li:Ca, 

K:Ca, Mn:Ca, Ba:Ca were key elements in distinguishing otolith groups between the 

halocline and marine layer. Li:Ca had a strong relationship between otolith and water 

across a range of salinities. Hicks et al. (2010) suggested that a combination of Sr:Ca 

and Li:Ca could identify movements over fine salinity scales and also minimise false 

positives. In this study Mn:Cawater was also an important factor in discriminating 

between the halocline and marine layers and was correspondingly related to Mn:Caotolith. 

In the current study, Sr:Ca did not prove to be a useful element, with no relationship 

between ambient concentrations, salinity and otolith concentrations. Laboratory 

experiments have shown that otolith concentrations of Sr and Ba are explained by 

complex interactions between ambient concentrations, salinity and temperature (Elsdon 

& Gillanders 2002, 2003, 2004). Sr:Caotolith and Ba:Caotolith have been widely used to 

establish environmental histories due to the presumed positive correlation for Sr and the 

negative correlation for Ba and salinity (Kimura et al. 2000, Secor & Rooker 2000, 

Gillanders 2005, Elsdon et al. 2008). However, in this study neither of these elements 

contributed to variability in both otolith and water chemistry within each estuary; 

instead, Li, Mn and the heavy metals Cu, Zn and Pb showed the greatest spatial and 

temporal variability. These findings highlight the importance of validation studies and 

the use of multiple elements. 
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This study could not draw a significant conclusion on temporal patterns but it did show 

a significant difference between two periods of time with very different levels of 

freshwater flow. The water chemistry changed as expected when freshwater flow 

displaced the marine water layer downstream. This was reflected in both water and 

otolith chemistry. Further investigation is needed to determine if temporal 

environmental patterns can be established from otoliths. In this case the variability is 

most likely explained by the large difference in volume of freshwater flowing 

downstream. Temporal patterns in otolith chemistry have been recorded for estuarine 

species (Gillanders 2002). There is evidence that suggests temporal variability is 

dependent on the element of interest, with Ca, Ba and Mn varying over short temporal 

scales of days to weeks compared to Sr that varies over temporal scales of seasons 

(Elsdon & Gillanders 2006b). Elsdon & Gillanders (2006b) went on to suggest that Sr 

would be an ideal tracer for determining differences between environments as changes 

in Sr concentrations would constitute large spatial and temporal shifts. Whereas, Ca, Ba 

and Mn would be better suited to determining fine-scale shifts if these elements were to 

be correlated with environmental variables such as salinity and temperature. It is 

important that water and otolith chemistry data vary on a spatial and temporal scale 

according to the hypothesis being tested to ensure natural variability in chemistry is 

detected at appropriate levels.  

 

The ability to distinguish between water layer types (halocline or marine) is of great 

significance as estuarine larvae, either through convergence, retention, actively seeking 

or diel vertical migration will encounter these two water bodies. In particular, the 

establishment of the halocline layer is believed to be an important process in successful 

black bream spawning and larval survival (Williams et al. 2012, Williams et al. in 

press). Combined with the significant effect of distance from river mouth (DRM), there 

may be sufficient variability in otolith chemistry to distinguish between residency in 

water layer and estuarine region. Furthermore, this research could be expanded to other 

species that migrate through, converge or are retained within the halocline. With further 

investigation, the applications may allow for the possibility of determining the timing 

and age of larval residency in the halocline. This knowledge would lead to better 

understanding of the ecology of estuarine larvae, particularly in understanding year 

class variability.  



 127 

Conclusion 

This study has identified a unique chemical signature for the halocline, an important 

habitat for estuarine larval fish. The otolith chemistry data has suggested that with 

further research it may be possible to determine intra-estuary environmental histories of 

larvae. However, further validation over longer sampling periods with a larger number 

of otoliths is needed. Comparing this study to other studies and reviews, it is more than 

evident that reconstructing environmental histories based on chemistry requires 

knowledge of the species, the system and data from validation studies. 
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GENERAL DISCUSSION 

 

Environmental flows have a significant influence on the spatial and temporal 

distribution of black bream eggs, larvae and their prey. In this thesis I found that sites 

with high salinity stratification had the highest abundances of eggs, larvae and prey, 

particularly in association with the halocline. Consistent with previous studies, there 

was definitive evidence for the majority of spawning effort and larval distribution 

occurring in the upper estuary around deeper pools of water (Newton 1996, Nicholson 

et al. 2008, Jenkins et al. 2010). This is the first study to associate maximum 

abundances of black bream larvae with prey precisely underneath the halocline while 

highlighting the importance of environmental flows in establishing these conditions. I 

also found that tagged mature black bream were migrating and residing for extended 

periods of time in the upper estuary throughout the spawning season of September to 

December, in 2008 and 2009. This behaviour is thought to be due to fish seeking 

optimal salinities and water temperatures that are associated with the upper estuary 

where marine water converges with the freshwater flowing downstream. In contrast, 

estuary perch, another iconic estuarine fish species, resided in the upper estuary 

throughout the year and made short rapid downstream migrations triggered by large 

freshwater flow events in what is presumed to also trigger spawning. The findings of 

this thesis highlight the importance of environmental flows to estuarine productivity and 

the consequences for year class strength of estuarine resident and dependent fish species 

worldwide, including those of key recreational and commercial fisheries. Thus, 

forecasted drought and other extreme weather events, including flooding, into the future 

will have a significant impact on global estuaries, salt-wedges and their associated fish 

(Bates et al. 2008). 

 

The findings in Chapter 1 and 2 show that the temporal distributions of black bream 

eggs and larvae were consistent with previous studies that found fish spawned between 

September and December (Sherwood & Backhouse 1982, Newton 1996, Sarre & Potter 

1999, Nicholson et al. 2008, Sakabe et al. 2011). However, unlike previous suggestions 

(Sherwood & Backhouse 1982, Newton 1996), spawning was not triggered by spring 

freshwater flows as flows in 2007 and 2008 were decreasing significantly throughout 

early spring. This result was corroborated by acoustic tracking showing that mature 
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black bream were migrating and residing in the upper estuary in the general area of the 

highest concentrations of eggs and larvae. The results from Chapter 3 suggest that in 

late winter black bream migrate upstream in search of optimal salinity, temperature and 

possibly turbidity, for spawning, which are associated with the upper salt-wedge and 

halocline. 

 

Throughout this study, freshwater flows were well below the long-term average, with 

intermittent pulses of freshwater flows from rainfall events. It was clearly evident that 

during the two spawning seasons that were sampled freshwater flows influenced the 

length and area of the halocline. Under both low and high flow scenarios the halocline 

was compressed upstream and downstream respectively, indicating that the optimal 

extent of the halocline occurs under moderate flows. Therefore, the importance of the 

halocline to black bream larval ecology, it seems likely that freshwater flows are a key 

influence on larval survival and recruitment, particularly with regard to the timing of the 

large pulse flow events. This theory is further supported by research that found 

significant relationships between freshwater flows, stratification, and year class strength 

of juvenile black bream (Jenkins et al. 2010). Similar findings have been found in the 

USA for the striped bass, Morone saxatilisi, an anadromous species that has eggs and 

larvae that converge on the halocline (North & Houde 2001). 

 

In this thesis, the concentrations of black bream eggs varied little with salinity and were 

collected at all sampling sites. Interestingly, there was a significant relationship between 

larval concentration and salinity stratification with more than 99 % of larvae collected 

from highly stratified sites. Black bream are capable of spawning in a wide range of 

salinities but collection of eggs has historically been greatest in salinities between 15-25 

(Sherwood & Backhouse 1982, Newton 1996, Sarre & Potter 1999, Nicholson et al. 

2008). Unfortunately, due to the sampling methodology employed in 2007 I was unable 

to distinguish the exact position of eggs and larvae within the salt-wedge. Therefore, in 

2008 I modified my methodology to elucidate the vertical distribution of larvae and 

copepods in the water column. Newton (1996) was the first to suggest that there was a 

link between the distribution of black bream larvae and zooplankton. The greatest 

concentrations of larvae were at highly stratified sites, coupled with copepods 

immediately below the halocline. Only copepods were used for data analysis as they are 

the preferred prey item (Willis et al. 1999).  
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Furthermore, research on other anadromous fish species has shown that the conditions 

at the halocline are favourable for larval growth and predator avoidance (Chesney 1989, 

North & Houde 2001, Shoji et al. 2005). This is due to suspended carbon rich sediments 

flowing downstream into estuaries where they sink towards the upstream moving saline 

waters (Cloern et al. 1983, Vincent et al. 1996). The area in which the sediments 

accumulate is often referred to as the estuarine turbidity maximum (ETM) (North & 

Houde 2001, Goni et al. 2005, Shoji et al. 2005). Research in northern America 

suggests that when the ETM forms in the region of the halocline there is enhanced 

larval feeding and growth (Shoji et al. 2005). My research is inconclusive in regards to 

the alignment of the ETM and larvae. However, the findings from this thesis highlight 

that freshwater flows are important in establishing optimal conditions at the halocline 

that promotes copepod productivity and thus larval growth and survival. Elsewhere, 

where copepod concentrations are low, larvae may be exposed to starvation due to low 

prey encounters and increased competition for prey. It is also possible predation is 

greater away from the halocline due to low turbidity resulting in larvae being more 

visible to predators. Variability in freshwater flows may influence the spatial overlap 

and retention of larvae, prey and optimal salinities and temperatures (Shoji et al. 2005). 

In terms of traditional fisheries paradigms, the match-mismatch and convergence 

hypotheses (Cushing et al. 1990, Houde 2008) can be related to the variability in young-

of-the-year abundances of black bream, as previously established for other marine and 

estuarine fish species (Fortier & Gagne 1990, Fortier et al. 1995, Martino & Houde 

2010). 

 

It is still unclear, and beyond the scope of this study, if black bream eggs and larvae are 

passively transported to the halocline, or if larvae are actively seeking the halocline, or 

if eggs that hatch in the vicinity of the halocline are more likely to survive due to the 

high prey availability. Further research is required to determine if diel vertical migration 

occurs, and determine the swimming speeds and capabilities of larvae under varying 

flow speeds. At the publication of this thesis, E. Gee (PhD candidate from the 

Department of Zoology, University of Melbourne) is publishing a thesis that developed 

a particle transport model that investigates the passive and active transport of black 

bream eggs and larvae under varying flow conditions. Ultimately, sampling over a 
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greater number of spawning seasons and investigating the spatial distribution of larvae 

at each developmental stage will reveal some of the gaps identified in this thesis. 

 

Ideally you would need to artificially tag larvae to establish movements and estuarine 

use; however this is near logistically impossible. I investigated the potential application 

of otolith microchemistry to provide a natural tag to further understand the contribution 

and importance of the halocline and estuarine region. I did establish that unique 

chemical signatures were present for three water layers: a marine layer, halocline layer 

and freshwater layer. I was also able to distinguish between otoliths collected in the 

upper and lower estuary, as well as from the halocline and marine water layers (larvae 

were not collected in freshwater). Although further research is needed, it may be 

possible to quantify the contributions of region and water layer using otolith chemistry 

of larvae and new recruits. Ultimately, there is potential to re-construct larval pathways 

through an estuary, particularly given freshwater flows have been shown to have 

significant influence on the location and structure of the salt-wedge, and I found 

significant differences in water chemistry between the water layers, influenced by 

freshwater inputs and its associated suspended sediments. 

 

Tracking of adult fish assisted in elucidating the location of fish during the spawning 

season. There is growing evidence that black bream do make upstream migrations in 

late winter in preparation for spawning (Sherwood & Backhouse 1982, Newton 1996, 

Hindell et al. 2008, Nicholson et al. 2008, Sakabe & Lyle 2010, Sakabe et al. 2011). To 

elucidate the spawning ecology of black bream I used acoustic telemetry to track the 

movements of mature fish and link movements to freshwater flows and salt-wedge 

structure, particularly during the spawning season. I also tagged estuary perch to allow 

for a comparison between two estuarine resident species that had different ecological 

strategies.  It was clearly evident that black bream do make an upstream migration and 

reside in the upper estuary throughout the spawning season. Fish may have been 

spawning throughout the entire estuary; however, the majority of spawning activity is 

likely to occur at the highly stratified sites in the upper estuary. After spawning, over 

summer and autumn, bream became more transient, spending increased time in the 

lower estuary, moving into the lakes and visiting other rivers. Despite being an estuarine 

resident species, during this and other studies, black bream have displayed clear and 

predictable temporal variability in estuarine habitat use: 1) residing in the upper estuary 
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over the spawning period, most likely to spawn in preferred salinities and temperatures; 

and, 2) residing in the lower estuary in summer and autumn most likely because of 

greater availability of prey. This behaviour was in stark contrast to estuary perch that 

displayed high site fidelity with rapid short down then upstream migrations triggered by 

freshwater flows. Furthermore, it is hypothesised that these migrations trigger by 

freshwater flows are for spawning (Walsh et al 2013). These findings highlight the 

varying influences and differences in importance of environmental flows on estuarine 

fish species with different ecological strategies residing in the same estuary. 

 

Throughout this thesis the importance of environmental flows, that is the quantity and 

quality of freshwater flow or discharge, to black bream spawning ecology is clearly 

evident. This relationship between environmental flows and black bream spawning and 

larval ecology may explain some of the decrease in commercial catch. On a global scale 

there is evidence of more than 80 estuarine dependant fish and crustacean species 

(examples in Gillson 2011) having either a positive and negative relationship between 

freshwater flows and commercial catches (Drinkwater & Frank 1994, Loneragan & 

Bunn 1999, Robins et al. 2005, Gillson 2011). Highlighting the fact that that freshwater 

flows influence the ecology of fish species in different ways. This was highlighted in 

Chapter 3 with the stark differences in movement patterns between black bream and 

estuary perch. Therefore, changes in freshwater flows, naturally or artificial, will impact 

different species in different ways.  

 

Freshwater flows show high natural variation at a range of spatio-temporal scales. The 

majority of river systems around the world have now been influenced by anthropogenic 

impacts such as extracting, diverting, damming, developing and pollution (Boon 1992, 

Zann 1996, Nilsson et al. 2005). With inevitable global population growth there will be 

increasing demand for clean freshwater. Furthermore, climate change has already, and 

will into the future, have a large impact on freshwater flows through changes in rainfall 

patterns, water temperatures, air temperatures, and increasing frequency of storm 

events, all of which will alter environmental flows on a global scale (Vorosmarty et al. 

2000, Pittock 2003, Bates et al. 2008). 

 

In conclusion, environmental flows are of paramount importance in maintaining healthy 

estuarine ecosystems and their associated fish species, many of which contribute to the 



 133 

world’s commercial and recreational fisheries. Environmental flows provide 

trophodyanamic linkages between freshwater input and fisheries productivity by 

stimulating productivity of zooplankton, an important food source for larvae. 

Zooplankton are closely associated with the formation of the salt-wedge and halocline, 

and the spatial overlap between larvae, food and the halocline may influence larval 

survival and year class strength of many fish species that utilise estuaries as nursery 

habitats. This thesis, and other studies, provides data for catchment managers, fisheries 

managers and governments to assist with better environmental flow management to 

ensure the future sustainability of the worlds estuaries and fisheries, particularly during 

this time of a changing climate. 
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The number of detections of tagged black bream recorded at each receiver within all 

three river systems. 

Receiver 

No. 

Detections 

M1 42907 

M2 24573 

M3 21852 

M4 25836 

M5 24237 

M6 44229 

M7 44061 

M8 32538 

M9 29894 

M10 4474 

M11 85 

M12 0 

T1 23785 

T2 22289 

T3 12926 

T4 2412 

T5 19595 

T6 21760 

T7 57329 

T8 42724 

T9 234183 

N1 7433 

N2 142 
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The number of detections of tagged black bream recorded at each receiver within all 

three river systems. 

 

Receiver 

No. 

Detections 

M1 6 

M2 12 

M3 29 

M4 4607 

M5 7076 

M6 1312 

M7 4010 

M8 225534 

M9 35637 

M10 1295 

M11 5970 

M12 35 

T1 1310 

T2 17885 

T3 8987 

T4 1310 

T5 3391 

T6 58265 

T7 11362 

T8 21256 

T9 160717 

N1 0 

N2 0 
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The movement tracks of each tagged black bream throughout this study in the Mitchell 

River (), Tambo River () and Nicholson River (). Each plot represents an 

individual fish with the y-axis as distance from river mouth and x-axis date.  
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The movement tracks of each tagged black bream throughout this study in the Mitchell 

River (), Tambo River () and Nicholson River (). Each plot represents an 

individual fish with the y-axis as distance from river mouth and x-axis date.  
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The movement tracks of each tagged estuary perch throughout this study in the Mitchell 

River (), Tambo River () and Nicholson River (). Each plot represents an 

individual fish with the y-axis as distance from river mouth and x-axis date.  
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The movement tracks of each tagged estuary perch throughout this study in the Mitchell 

River (), Tambo River () and Nicholson River (). Each plot represents an 

individual fish with the y-axis as distance from river mouth and x-axis date.  
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Movement rates each receiver location in the Mitchell River as predicted by the state-

space model. The y-axis represents the probability density and the x-axis represents the 

detection rate of each species. The peak of each curve represents the most likely 

detection probability. The height and spread of the curves show how certain the model 

is about the detection probability for each species in each river. 
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Movement rates each receiver location in the Mitchell River as predicted by the state-

space model. The y-axis represents the probability density and the x-axis represents the 

detection rate of each species. The peak of each curve represents the most likely 

detection probability. The height and spread of the curves show how certain the model 

is about the detection probability for each species in each river. 
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