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ABSTRACT 

 

Understanding the degree of exchange between groups of a species, or connectivity, is 

fundamental to the effective management and conservation of aquatic species and ecosystems, 

yet remains poorly understood for tropical estuarine fishes. With anthropogenic pressures in 

the form of increased fishing pressure, habitat modification and climate change on this group 

projected to increase, understanding patterns of connectivity becomes increasingly important 

so that effective management can be implemented. This thesis sought to provide one of the 

first empirical assessments of connectivity of a tropical, non-diadromous estuarine teleost, 

using the king threadfin, Polydactylus macrochir, as a focal species. Uniquely, this thesis 

provides the first use of a multidisciplinary approach to discern patterns of connectivity of a 

tropical estuarine teleost, incorporating data from multiple complementary techniques to 

assess connectivity at a range of spatial, temporal and ontogenetic scales across the species’ 

Australian distribution. 

In Chapter 3, life history parameters of P. macrochir were examined to provide 

preliminary information on the connectivity and population structure of the study species 

across northern Australia. Specifically, the timing of annuli deposition and spawning, and 

patterns in growth, mortality, length and age at maturity, and length and age at sex change of 

P. macrochir were examined at up to 18 locations. Considerable variation in life history 

parameters was observed among locations. Both unconstrained and constrained (t0=0) 

estimates of von Bertalanffy growth function parameters differed significantly among all 

neighboring locations, with the exception of two locations in Queensland’s east coast and two 

in Queensland’s Gulf of Carpentaria waters, respectively. Comparisons of back-calculated 

length-at-age 2 provided additional evidence for growth differences among some locations but 

were not significantly different among locations in the south-eastern Gulf of Carpentaria or on 

Queensland’s east coast. Total mortality rates varied among locations, and were highest for 

estuaries within the Gulf of Carpentaria. The length and age at sex change differed markedly 

among locations, with fish from the east coast of Australia changing sex from males to 

females at significantly greater lengths and ages than elsewhere. Sex change occurred earliest 

at locations within Queensland’s Gulf of Carpentaria, where a large proportion of small, 

young females were recorded. While it is unclear whether the spatial differences reflect 

genetic relationships, or result from differing environmental conditions amongst locations, the 

differences in life history parameters indicate limited mixing of at least post-larval fish, 

suggesting the probable existence of a number of spatially distinct groups of adult P. 

macrochir assemblages across northern Australia. These results suggest that future studies 
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examining connectivity and geographic population structure of estuarine fishes will likely 

benefit from the inclusion of comparisons of life history parameters. 

In Chapter 4, temporal and spatial patterns in parasite assemblages were examined to 

further assess the degree of movement and connectivity of P. macrochir collected from the 

same 18 locations examined in Chapter 3. Ten parasites types (juvenile stages of two 

nematodes and seven cestodes, and adults of an acanthocephalan) were deemed to be suitable 

for use as biological tags, in that they were considered to have a long residence time in the 

fish, were relatively easy to find and were morphologically very different to each other which 

aided discrimination. Discriminant function analysis of these parasites revealed little 

difference in temporal replicates collected from five locations, suggesting that the parasite 

communities were stable over the timeframes explored. Univariate, discriminant function, and 

Bray-Curtis similarity analyses indicated significant spatial heterogeneity, with classification 

accuracies ranging from 55–100% for locations in north-western and northern Australia, 24–

88% in the Gulf of Carpentaria, and 39–88% on the east coast of Queensland. Few differences 

were observed among locations separated by < 200 km. The observed patterns of parasite 

infection support earlier examination of life history and suggest a complex population 

structure of P. macrochir in northern Australia, with post-larval populations generally 

undergoing limited movement and connectivity. 

In Chapter 5, age-related trends in otolith elemental chemistry were examined to 

provide an indication of the degree of larval dispersal of P. macrochir, and to provide an 

additional measure of connectivity in post-larval fish. Elemental signatures (7Li, 24Mg, 55Mn, 
59Co, 88Sr and 138Ba) of transverse sections of otoliths of 3+ year fish from the 2005 year class 

collected from 17 of the 18 locations examined in Chapters 3 and 4 were sampled using laser 

ablation inductively coupled plasma mass spectrometry, providing age-related elemental 

profiles from the otolith core through the first three years of a fish’s life. Univariate and 

discriminant function analyses demonstrated little similarity in age-related average elemental 

concentrations among locations. Elemental signatures of the otolith core appeared different 

among most locations, although some similarities were evident among locations in the eastern 

Gulf of Carpentaria and among two neighbouring locations in Western Australia. Differences 

were evident in elemental signatures of post-larval otolith material among locations separated 

by as little as 50 km, suggesting fine-scale spatial structuring of juvenile and adult 

assemblages of P. macrochir. In the analyses, average 138Ba concentration provided the most 

discrimination among locations. The spatial structuring evident here is largely consistent with 

examination of parasite assemblages and life history data and suggests that P. macrochir 

populations are highly susceptible to local depletion in most locations, with limited 

opportunity for replenishment from neighbouring populations. In addition, the results add to 
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the growing body of literature that demonstrates limited connectivity of estuarine species and 

suggest that the age-related approach adopted here provides a viable, albeit indirect, 

alternative to assessing patterns of connectivity, particularly for studies in which collection of 

larvae or juveniles is not feasible. 

Finally, in Chapter 6, data from 3,718 P. macrochir tagged by members of the 

Australian National Sportfishing Association and state fisheries researchers were analysed to 

provide additional information on the movement and connectivity of juvenile and adult fish in 

Queensland’s east coast and Gulf of Carpentaria waters. Recapture information was available 

for 182 individuals tagged on the east coast and 40 individuals tagged in the Gulf of 

Carpentaria. No difference was observed between recapture rates of dart and anchor tagged 

fish in either region, suggesting the performance of these tags were similar. Connectivity 

among estuaries on the east coast of Queensland was limited, with 96% of all recaptures 

occurring in the same estuary in which fish were tagged. Movements outside of tagging 

estuaries on Queensland’s east coast ranged from 1 km to 23 km. In the Gulf of Carpentaria, 

70% of all recaptures occurred in the same estuary in which fish were tagged. Twelve 

individuals were recaptured outside of their tagging estuaries in this region. While four of 

these individuals were recaptured within 10 km from the mouth of their tagging estuary, eight 

individuals moved greater than 80 km outside of their tagging estuaries, including one 

individual that moved approximately 570 km. The limited connectivity among spatially-

distinct estuaries is consistent with results of previous chapters and indicates that P. macrochir 

form a number of demographically-isolated populations in Queensland waters. 

The findings of this study have a number of important implications for the management 

of P. macrochir, and for future research into the connectivity of estuarine fishes and fish 

populations in general. The limited connectivity evident for P. macrochir suggests that 

populations are susceptible to over-fishing, with limited opportunity of replenishment from 

neighbouring populations. These results indicate that P. macrochir, and other tropical 

estuarine species that exhibit similar patterns of restricted connectivity, should ideally be 

managed on a local scale to avoid localised depletion, and may be suitable candidates for 

protection by marine protected areas. More broadly, the findings of this thesis reinforce that a 

number of complementary techniques are required to accurately determine connectivity of fish 

populations and suggest that future studies examining connectivity of tropical estuarine fishes, 

and fishes in general, will greatly benefit from the inclusion of multiple, complementary 

approaches. Given the paucity of studies examining connectivity of non-diadromous tropical 

estuarine fishes, the findings of this thesis provide fundamental information from which more 

specific hypotheses of connectivity, population structure and gene flow of such species can be 

tested.  
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Chapter 1 General Introduction 

 

There is growing consensus that life within the world’s oceans is under considerable and 

increasing stress from anthropogenic activities (Hutchings 2000; Cowen et al. 2007). Nowhere 

is this stress more evident than in estuarine environments, where the cumulative impacts of 

over-fishing, habitat destruction and pollution contribute to make estuaries one of the world’s 

most degraded aquatic ecosystems (Jackson et al. 2001). Fishing is one of the major 

anthropogenic impacts affecting estuarine ecosystems, and most estuarine fisheries are 

considered either fully exploited or over-exploited (Blaber et al. 2000). In addition to over-

fishing, coastal development practices such as dredging, construction, deforestation, farming 

and the construction of dams and weirs increase the destruction, modification and 

fragmentation of estuarine habitats, further exacerbating the pressures on estuarine fishes 

(Jackson et al. 2001; Valiela et al. 2001). Anthropogenic releases of carbon dioxide and other 

greenhouse gases largely considered responsible for climate change will likely bring 

additional stresses to estuarine ecosystems, through warmer temperatures, alteration of 

weather patterns, rising sea levels, more severe storm events, and ocean acidification (Field 

1995; Roessig et al. 2004; Sheaves et al. 2007). 

Currently, an estimated 60% of the world’s total human population, or approximately 

3.6 billion people, live within 100 km of the coast (Vitousek et al. 1997). This figure is 

projected to increase to around 75%, or approximately 6.4 billion people, living within 60 km 

of the coast by the year 2020, with the majority of this growth expected in the tropics (Blaber 

2000; DeMaster et al. 2001). Due to increasing human populations in coastal areas, it is likely 

that estuarine environments will be subject to ever-increasing levels of anthropogenic 

pressure. With increased pressure, it becomes progressively more important to understand the 

biology and ecology of estuarine fishes in order to implement effective management and 

conservation strategies. Central to this is an understanding of the degree of connectivity 

between spatially segregated groups of a species. Although this knowledge is considered 

fundamental to the effective management and conservation of estuarine-dependant fishes, it is 

still poorly understood for many species, particularly in tropical systems (Secor and Rooker 

2005; Jones 2006; Gillanders 2009).  

This thesis examines patterns and processes of connectivity of a large, tropical, non-

diadromous estuarine teleost. It begins with a review outlining and discussing (1) the 

importance of understanding patterns of connectivity of aquatic organisms, (2) patterns of, and 

factors influencing, connectivity of estuarine fishes, and (3) the approaches for assessing 

connectivity in aquatic environments. For the purpose of this review, discussion is limited to 
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species that reside in estuaries for the majority of the lives, including those that may undertake 

seasonal and/or ontogenetic movements into adjacent coastal waters. Species that use estuaries 

solely as nursery habitats, although considered estuarine-dependant for a portion of their lives, 

or occasional visitors, such as those termed estuarine-opportunists by Potter and Hyndes 

(1999), are not considered. 

 

1.1 Importance of understanding connectivity of fishes 

Over the past decade there has been a growing interest in the subject of population 

connectivity of aquatic organisms (Cowen and Sponaugle 2009). Connectivity, or the 

exchange of individuals between spatially isolated groups of a species, influences the 

distribution and abundance of organisms, rates of local adaption and speciation, the dynamics 

and persistence of populations, and the ability of ecosystems and species to recover from 

disturbance (Slatkin 1987; Cowen et al. 2000; Swearer et al. 2002; Hastings and Botsford 

2006; Cowen and Sponaugle 2009). Accordingly, understanding patterns of connectivity is 

considered fundamental to the effective management and conservation of ecological systems 

and marine resources (Cowen et al. 2007; Fogarty and Botsford 2007).  

Historically, fish populations were largely considered as ‘open’, with large scale 

dispersal (Warner and Cowen 2002). However, there is a growing realisation that the spatial 

and temporal complexity of many fish species has not been considered appropriately in 

fisheries management and conservation measures, with many recent studies suggesting fish 

populations may operate on much smaller spatial scales (Swearer et al. 1999; Thorrold et al. 

2001). Such evidence has led to the call for increased understanding of the patterns of 

connectivity and population structure of marine resources (Cowen et al. 2006). 

Central to effective fisheries management is an understanding of the spatial scale at 

which exploited species should be managed (Begg et al. 1999a). Fisheries management 

models typically rely on the assumption that the group of individuals investigated form a 

single, well-mixed entity, with its own origin, demographics, and fate, and that each group has 

a closed life cycle, in which young fish in the group are produced by previous generations of 

the same group (Begg et al. 1999a; Cadrin et al. 2005; Waldman et al. 2005). Undertaking 

modeling on several closed populations, or a portion of a population, however, may produce 

misleading results if a single population is assumed (Begg et al. 1999a; Cadrin and Friedland 

1999). The application of management measures that fail to accurately define the degree of 

exchange or opportunity for replenishment to local populations may lead to over-fishing (Begg 

et al. 1999a), resulting in dramatic changes in demography, productivity and genetic diversity 

of isolated groups (Ricker 1981; Smith et al. 1991; Law 2000; Dominguez-Petit et al. 2008), 

and ultimately localised depletion or extinction (Pauly 1988; Hilborn and Walters 1992; 
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Blaber et al. 1996; Hutchings 1996; Clark et al. 2000). Numerous cases have been documented 

where a lack of information on how populations are spatially structured, coupled with heavy 

exploitation and ineffective management, has resulted in the depletion of local populations to 

the point of collapse, and include anchovy Engraulis ringens (see Hilborn and Walters 1992), 

Atlantic cod Gadus morhua (see Hutchings 1996; Myers et al. 1996) and orange roughy 

Hoplostethus atlanticus (see Clark et al. 2000). 

Accounting for connectivity is also an integral component in the design of marine 

reserves or no-take marine protected areas (MPAs). Marine protected areas are now routinely 

established as an effective tool for protecting biodiversity, sustaining productivity of exploited 

species, and allowing for continued extractive uses of the marine environment (Jones et al. 

2007; Botsford et al. 2009). Marine protected areas are regarded as viable alternative 

management tools for tropical fisheries, particularly given the multispecies nature of these 

fisheries, and that many developing nations that occur in tropical regions lack the human 

resources, infrastructure, and financial capacity to obtain accurate catch data required to 

implement more conventional Maximum Sustainable Yield (MSY) or Maximum Economic 

Yield (MSE) based management approaches utilised by developed nations for managing 

temperate fisheries (Adams 1998; Blaber 2002; Sale 2002). In order for MPAs to provide 

benefits to fisheries, they must meet one of two conditions: (1) there must be an increase in 

reproductive capacity and biomass within the MPA, and (2) the export of eggs and/or larval 

stages and/or the movement of juveniles or adults into areas open to harvest, or ‘spillover’, 

must be sufficient enough to increase yield or at least sustainability in fished areas (Fogarty 

and Botsford 2007). There is ample evidence to suggest that MPAs can provide a host of 

benefits to exploited populations within their boundaries across a variety of ecosystems, 

including estuaries (e.g. Babcock et al. 1999; Johnson et al. 1999; Ley et al. 2002; Pande et al. 

2008). In contrast, the extent that fish protected inside reserves contribute to areas open to 

harvest is poorly understood. The lack of empirical data on movement and connectivity is 

regarded by many authors as the greatest source of uncertainty in understanding the potential 

efficacy of MPAs in management scenarios (Botsford et al. 2003; Fogarty and Botsford 2007; 

Botsford et al. 2009; Christie et al. 2010). 

 

Patterns of connectivity of estuarine fishes 

Most of our understanding of connectivity of estuarine fishes comes from studies undertaken 

in temperate systems. Across these inherently patchy and fragmented seascapes, estuarine 

fishes fall on a spectrum from ‘open’ populations, in which the persistence of a population is 

decoupled from its own production of recruits, to ‘closed’ populations, in which the 

persistence of a population is solely reliant on its own production of recruits (Jones 2006). A 
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wide range of factors have been implicated in facilitating or impeding connectivity in these 

systems, which can be broadly placed into two categories: (1) species-specific life history 

traits, including the location and timing of spawning (Hare and Cowen 1993; Sponaugle et al. 

2002), larval behaviour and dispersal capabilities (Bilton et al. 2002; Clark et al. 2005), and 

philopatry, or the return of individuals to their natal area to spawn (Thorrold et al. 2001; 

Patterson et al. 2004), and (2) physical factors, such as salinity (Loneragan et al. 1987), 

turbidity (Cyrus and Blaber 1987; Cyrus and Blaber 1992), water currents (Epifanio and 

Garvine 2001; Watson et al. 2011), or geographical landforms (Baker et al. 2007; Lindley et 

al. 2011). The relative importance of these factors may vary among species, or with age (Gold 

and Richardson 1998; Tobin et al. 2010), and may be intrinsically and complexly 

interconnected. For example, in north-eastern South Africa, riverbream, Acanthopagrus berda, 

spawns at the mouths of estuaries on night-time ebb tides (Garratt 1993), which Garratt (1993) 

suggested gave eggs and larvae the greatest chance of being washed from the estuary and 

therefore aiding dispersal among estuaries. In contrast, spawning in southern blue-spotted 

flathead, Platycephalus speculator, across south-western Australia occurs in late austral spring 

and summer, at a time when water movement is low, reducing the chances of eggs or larvae 

being flushed from natal estuaries (Potter and Hyndes 1999). Regional differences in 

movement and the degree of connectivity have also been reported for several estuarine fishes. 

Chaplin et al. (1998) found significant genetic heterogeneity in the estuarine-spawning black 

bream, Acanthopagrus butcheri, among estuaries separated by approximately 100 km in 

south-western Australia. Conversely, using the same three loci examined by Chaplin et al. 

(1998), Farrington et al. (2000) reported genetic homogeneity in A. butcheri among three 

estuaries separated by a similar spatial scale in south-eastern Australia. Such differential 

patterns of connectivity highlight the need to examine species connectivity across multiple 

geographical locales. 

Most estuarine fishes have bipartite lifecycle, consisting of a pelagic larval stage 

followed by more recognisable juvenile and adult stages (Clark et al. 2005). Although 

population connectivity may be achieved through movement and dispersal of all life history 

stages (Gillanders 2009), in recent times considerable focus has been placed on the pelagic 

larval stage, and the processes that affect it, in addressing issues of connectivity (Cowen and 

Sponaugle 2009). This focus has largely been driven by the recognition of the importance of 

this stage in moderating connectivity of reef fishes, in which adult fish are regarded as being 

largely sedentary (Jones et al. 2009). However, many recent studies have documented local 

larval retention, or fine-scale genetic differentiation, in estuarine organisms (e.g. Sponaugle et 

al. 2002; Botton and Loveland 2003; North and Houde 2006; Tilburg et al. 2007; Bradbury et 

al. 2008a; Braverman et al. 2009; Tilburg et al. 2010), suggesting dispersal of larval stages 
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may be more limited than previously thought. Strong selection for local larval retention has 

recently been hypothesised for fishes that live in spatially-fragmented seascapes such as 

estuaries, as the chances of finding suitable settlement habitat are greatly reduced if larvae 

disperse away from the parental population (Swearer et al. 2002). Furthermore, a number of 

estuarine fish species have been shown to be more sedentary as juveniles than adults. For 

example, many estuarine-associated species of Sciaenidae often remain in close proximity to 

their natal habitats for the first years of life and migrate extensively thereafter (Gold and 

Richardson 1998). These results suggest that movement of late juvenile and adult life history 

stages may be an important alternative means of maintaining connectivity for some estuarine 

fish species. Ultimately, as movements of any one life-history stage may not necessarily be 

representative of connectivity throughout the life cycle (Miller and Able 2002; Tobin et al. 

2010), it is important that connectivity is examined across a species’ entire life history. 

 

Patterns of connectivity of tropical estuarine fishes 

In contrast to temperate systems, few studies have examined patterns of connectivity and 

population structure of tropical estuarine fishes, with the majority of studies conducted in 

tropical systems focusing on diadromous species, such as barramundi, Lates calcarifer (see 

Russell and Garrett 1988; Shaklee et al. 1993), hilsa, Tenualosa ilisha (see Milton and 

Chenery 2001a; Salini et al. 2004) or common snook, Centropomus undecimalis (see Adams 

et al. 2009). As with diadromous fishes in temperate systems, philopatry appears to be an 

important mechanism determining connectivity of these species (Jones 2006). 

By comparison, there is a paucity of empirical data on the connectivity of non-

diadromous species in tropical estuaries, with the majority of studies in these systems focusing 

on movements within estuaries (e.g. Sheaves 1993; Dantas et al. 2010).  However, several 

features of tropical and subtropical coastal areas may facilitate greater connectivity between 

tropical estuarine populations than those observed in temperate systems. For example, salinity 

is largely considered to be a significant factor affecting the distribution, and hence movements 

and connectivity, of a number of temperate estuarine species (Loneragan et al. 1987; Blaber 

2000; Ubeda et al. 2009). Tropical estuaries, however, regularly experience large fluctuations 

in salinity, often ranging from almost 0 to beyond 35‰, and as such, species that inhabit these 

systems have typically evolved a considerable degree of euryhalinity (Blaber 2000). 

Furthermore, the worldwide extent of tropical and subtropical estuaries approximately follows 

the distribution of mangroves (Duke 1992). Mangrove coastlines play an important role in 

facilitating sediment deposition, and may effectively extend estuarine conditions in coastal 

areas (Blaber 2000). Decreases in salinity and increases in turbidity during the tropical 

monsoon season may further increase the ‘estuarisation’ of tropical coastal areas (Longhurst 
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and Pauly 1987). Such phenomena may effectively increase the extent of suitable habitat for 

movement and dispersal, and potentially result in greater connectivity of tropical and 

subtropical estuarine fishes than their temperate counterparts. Irrespective of the scenario, with 

anthropogenic pressures on tropical estuarine fishes projected to increase (Blaber 2000; Blaber 

et al. 2000; Roessig et al. 2004), it becomes progressively more important to understand 

patterns of connectivity so that effective management practices can be implemented. 

 

1.2 Methodological approaches in estimating population connectivity  

The most direct evidence for population connectivity comes through the observation of tagged 

individuals moving from one group to another (Gillanders and Kingsford 1996). However, 

quantifying rates of connectivity through the use of artificial tags may be limited by a number 

of factors, including the proportion of the population that the tagged individuals represent, the 

rate of recapture of marked individuals, and length of time at liberty of those individuals. In 

addition, tag returns are often related to fishing effort (Ward and Caton 1992; Begg et al. 

1997). While telemetric methods alleviate some of the issues relating to re-sampling, like the 

majority of tagging techniques they may be unsuitable for delicate species that have low 

survival rates following initial capture, and for use on early life history stages (Ward and 

Caton 1992; Gillanders 2002a). 

In response to these limitations, a number of alternate techniques have been used to 

determine patterns of movement and connectivity of aquatic organisms, including larval 

transport models (Paris et al. 2005; Christensen et al. 2007), comparisons of life history (Begg 

et al. 1999b; Abaunza et al. 2008a; Silva et al. 2008), population genetics (Salini et al. 2004), 

otolith chemical signatures (Milton and Chenery 2001a; Gillanders 2002a) or shape indices 

(Begg and Brown 2000; Stransky et al. 2008), parasite assemblages (Lester et al. 1985; Lester 

et al. 2001; Moore et al. 2003; Moore et al. 2011a), or morphological or meristic characters 

(Kinsey et al. 1994; Salini et al. 2004). The selection of methodology employed to assess 

connectivity may vary depending on the type of data available, the life history stage for which 

connectivity is being assessed, or the questions being addressed (Begg and Waldman 1999). 

There are, however, inherent limitations to each of these methodologies, and their 

efficacy can vary across different spatial and temporal scales, and between species. Larval 

transport models provide little information on connectivity of non-larval life history stages. 

Analyses of life history parameters typically do not enable classification of individual fish to a 

specific population owing to the wide natural variability that occurs within life history 

parameters between individual fish (Begg et al. 1999b). Genetic markers are extremely 

sensitive to the movement of genes between populations, and just one migrant per generation 

is sufficient to mask genetic differentiation (Slatkin 1987). Furthermore, genetic techniques 
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may be unable to identify differences between recently isolated groups, and frequently do not 

provide information at demographically-relevant spatial and temporal scales required for 

fisheries management and conservation purposes (Grosberg and Cunningham 2001; Hellberg 

et al. 2002; Botsford et al. 2009). Analysis of otolith chemistry and parasite assemblages, 

which typically relies on differences in environmental conditions, may be unable to 

differentiate populations within a homogeneous environment (Elsdon et al. 2008; Lester and 

MacKenzie 2009). 

Combining the results obtained from several complementary techniques (i.e. a 

multidisciplinary approach (sensu Begg and Waldman 1999)) may provide considerable 

insight to the population connectivity of a species. The application of a multidisciplinary 

approach is generally regarded as more effective in determining movements than any one 

technique alone, as it not only gives greater confidence to the results of any one technique 

where consistent results are obtained, but also allows for the limitations of each technique to 

be resolved, effectively increasing the chances of identifying differences between spatially 

distinct populations in these instances (Begg and Waldman 1999). While multidisciplinary 

approaches are being increasingly adopted by fish biologists for the purposes of stock 

identification (e.g. Ayvazian et al. 2004; Buckworth et al. 2007; Abaunza et al. 2008b), such 

approaches have been largely overlooked by ecologists for addressing patterns of population 

connectivity (Thorrold et al. 2002), with most studies employing a single method to determine 

connectivity of a study species. However, the limited number of cases in which connectivity 

patterns have been examined by multiple techniques, used either concurrently or in succession, 

demonstrate the benefits of this approach. In one carefully designed application, Bradbury et 

al. (2008b) used a combination of otolith elemental data and adult tagging to examine homing 

and spawning site fidelity of rainbow smelt, Osmerus mordax, among estuaries in 

Newfoundland. The high degree of consistency observed between the two techniques allowed 

these authors to delineate the movements and connectivity to a greater degree of confidence 

than that resulting from either technique used in isolation. In an example of an unplanned, 

sequential approach, Thorrold et al. (2001) used otolith elemental signatures to examine 

population connectivity through natal homing in weakfish, Cynoscion regalis. These authors 

observed natal homing rates of up to 81%, with most strays going to adjacent estuaries, even 

though earlier genetic analyses detected no significant structure (Cordes 2000, cited in 

Thorrold et al. 2001). Thorrold et al. (2001) concluded that although there was significant 

demographic structuring among estuaries, the movement of only a few fish per generation was 

sufficient to prevent genetic differentiation. Such examples highlight the power in using a 

multidisciplinary approach to estimating connectivity. 

  



Chapter 1 General Introduction 

8 

1.3 Objectives and thesis structure 

The broad objective of this thesis was to provide empirical data on the connectivity of a large, 

non-diadromous tropical estuarine teleost, using the king threadfin, Polydactylus macrochir 

Günther, 1867, as a study species. Specific aims, objectives and hypotheses are given in each 

chapter. Significantly, this project uses a multidisciplinary approach to discern patterns of 

connectivity of P. macrochir, incorporating data from multiple complementary techniques, 

including examination of life history, parasite assemblages, otolith elemental signatures, and 

conventional tagging data. Critically, connectivity is assessed across larval, juvenile and adult 

life history stages, and is examined at multiple spatial and temporal scales across the species 

geographical distribution. 

This thesis is based upon findings presented in five research chapters. The chapters are 

structured as a progression of independent, yet complementary, studies, followed by a general 

discussion. The research chapters form the basis for stand-alone manuscripts that have been 

published, submitted or are being prepared for publication in peer-reviewed scientific journals. 

Accordingly, this approach has eventuated in some necessary and unavoidable repetition. 

Chapter Two introduces the focal species of this study: the king threadfin, P. macrochir. 

The biology and ecology of the species, and its significance to fisheries, are discussed. 

Additionally, concurrent research into the movements and connectivity of the species are 

introduced. Chapter Three examines spatial patterns in life history of P. macrochir from 18 

locations across northern Australia. Specifically, patterns in the timing of annuli deposition 

and spawning, longevity, growth, mortality, length and age at maturity, and length and age at 

sex change are assessed. Chapter Four examines the use of parasites as biological tags to 

examine connectivity of P. macrochir across these 18 locations. Spatial and temporal patterns 

in parasite assemblages are assessed. Chapter Five examines age-related patterns of otolith 

elemental signatures to provide information on the movement patterns of P. macrochir, 

including larval dispersal. In Chapter Six data from a collaborative tagging program is 

analysed to provide an additional measure of connectivity of P. macrochir in Queensland’s 

waters. Chapter Seven consists of a general discussion, integrating the results of the various 

techniques and highlighting the significance and implications of the findings. Finally, key 

areas for future research are discussed. 



 

9 

Chapter 2 Study species: king threadfin, Polydactylus macrochir 

 

The king threadfin, Polydactylus macrochir Günther, 1867, was chosen as the focal species for 

this study. Several features of the biology and ecology of P. macrochir, outlined below, and its 

ecological significance and pertinence to fisheries, make the species a particularly suitable 

candidate in which to explore patterns and processes of connectivity. 

 

2.1 Biology and ecology 

Polydactylus macrochir is a member of the family Polynemidae, a percoid family of which 

eight genera and 42 species are currently recognised (Motomura 2004; Lim et al. 2010). The 

species is endemic to tropical and sub-tropical northern Australia, southern Papua New Guinea 

and Irian Jaya (Motomura et al. 2000; Motomura 2004), and is one of seven polynemid species 

found in Australian waters (Motomura 2004). In Australia, the distribution of P. macrochir 

extends across tropical and sub-tropical northern Australia from the Ashburton River in Western 

Australia to Brisbane in southeast Queensland, where it occurs in estuaries and turbid coastal 

waters typically less than 5 m in depth (Blaber et al. 1995; Motomura et al. 2000; Pember et al. 

2005). Polydactylus macrochir does not use freshwater during any life history stage (Halliday et 

al. 2008), and was not encountered in surveys of temporary supra-littoral pools in the Gulf of 

Carpentaria (Russell and Garrett 1983), suggesting that the species likely limits its use of 

estuarine habitats to permanent water areas of the main channels and tributaries of creeks and 

rivers (Halliday et al. 2008). 

Polydactylus macrochir has a life span of at least 22 years and an estimated maximum 

attainable size of approximately 40 kg and 170 cm fork length (Kailola et al. 1993; Moore et al. 

2011b). They are protandrous hermaphrodites, changing from males to females, and form an 

important component of estuarine and coastal ecosystems, with dietary studies showing they are 

a significant predator of crustaceans and small fishes (Brewer et al. 1995; Salini et al. 1998). 

Both eggs and larvae of P. macrochir are pelagic (Motomura 2004), suggesting a high dispersal 

potential for these life history stages. Young-of-the-year juveniles (30–100 mm FL) have been 

observed in north Queensland estuaries in salinities ranging from 2.0 to 37.8 (Ian Halliday, pers. 

comm.), suggesting a high due of euryhalinity of these life history stages. In the Gulf of 

Carpentaria, adult P. macrochir have been observed in waters with salinities of 35‰ (Blaber et 

al. 1989). As such, it is unlikely that areas of high salinity, considered a key driver in the 

distribution patterns and connectivity of many estuarine-associated organisms in temperate 

systems (Loneragan et al. 1987; Ubeda et al. 2009), form a barrier to dispersal and exchange of 

P. macrochir among the estuaries of northern Australia. 



Chapter 2 Study species: king threadfin, Polydactylus macrochir 

10 

Differences in growth and spawning time have been documented among P. macrochir 

populations in Australian waters, suggesting the species may exhibit significant geographical 

structuring. For example, Pember et al. (2005) reported populations in Western Australia 

attained approximate total lengths of 322, 520 and 945 mm by the end of years 1, 2 and 5, 

respectively, whereas Garrett (1997) reported populations of P. macrochir in Queensland’s Gulf 

of Carpentaria waters attained approximate total lengths of 345, 490 and 790 mm by the end of 

years 1, 2 and 5, respectively. Peak spawning along the Pilbara and Kimberly coasts of Western 

Australia occurs from October to December (Pember et al. 2005), while in the Gulf of 

Carpentaria peak spawning occurs between August and September (Garrett 1997). 

 

2.2 Significance to fisheries 

Not only is P. macrochir an ecologically important component of tropical ecosystems, the 

species is also an important component of commercial, recreational and artisanal fisheries 

across its distribution. Polydactylus macrochir support valuable commercial and recreational 

fisheries across northern Australia, and form the second most important target species for 

northern Australia’s inshore net fisheries after the barramundi, Lates calcarifer Bloch, 1790, 

with a reported 883 t harvested commercially across Australia in 2008. Of this, approximately 

331 t were taken from the waters of the Northern Territory, 295 t from Queensland’s Gulf of 

Carpentaria, 156 t from Queensland’s east coast, and 101 t from Western Australia (Northern 

Territory Government 2009; Newman et al. 2009; A. Roelofs, Fisheries Queensland, pers. 

comm.). The species is also targeted by recreational anglers throughout its distribution, and is 

highly regarded as both a table and sport fish (Kailola et al. 1993). In 2000–01 it was estimated 

that the total recreational catch of threadfins (all species combined) across northern Australia 

was 185,000 individuals while a further 118,000 individuals were released (Henry and Lyle 

2003).  

Despite the species’ ecological and economic importance, the degree of connectivity 

among spatially-distinct groups of P. macrochir is poorly understood. For purposes of fisheries 

management, single, intermixing populations, or stocks, are assumed in the waters of each of 

Western Australia, the Northern Territory, Queensland’s Gulf of Carpentaria, and Queensland’s 

east coast. However, these management arrangements for P. macrochir make no allowance for 

movement of fish between jurisdictions, or for the occurrence localised populations. Given its 

high level of association with estuarine and turbid water habitats, it is likely P. macrochir form 

a number of discrete, non-mixing populations across northern Australia, and as such may be 

highly susceptible to local depletion or environmental perturbation. There is growing concern 

over the status of P. macrochir across northern Australia, with populations in Western Australia 

considered to be over-exploited (Pember et al. 2005). As such, an understanding of the patterns 
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of connectivity is urgently required to implement effective management strategies for the 

species. 

 

2.3 Concurrent research into connectivity of Polydactylus macrochir 

In addition to the research themes presented in this thesis, two concurrent and complementary 

studies into the movement and connectivity of the species have been conducted. Horne et al. 

(2012) examined spatial patterns in mitochondrial DNA (mtDNA) haplotypes of P. macrochir 

from 10 locations across northern Australia (Figure 2.1). Their results suggest genetic 

homogeneity among P. macrochir from Eighty Mile Beach and Roebuck Bay in Western 

Australia, and between the Albert, Flinders and Kendall Rivers in the Gulf of Carpentaria, 

whereas all other locations (Chambers Bay, Blue Mud Bay, Cleveland Bay (Townsville), and 

the Fitzroy and Brisbane Rivers) appeared distinct. 

Newman et al. (2010) examined whole otolith oxygen (δ18O) and carbon (δ13C) stable 

isotope ratios from nine of the 10 locations examined by Horne et al. (2012), including two 

locations in Western Australia, two in the Northern Territory, three in Queensland’s Gulf of 

Carpentaria and two on Queensland’s east coast (Figure 2.1). These author’s results largely 

corroborate those of Horne et al. (2012), with similarities observed among fish from Eighty 

Mile Beach and Roebuck Bay in Western Australia, and the Albert, Flinders and Kendall Rivers 

in the Gulf of Carpentaria, whereas distinct isotopic signatures were observed among fish from 

Chambers Bay and Blue Mud Bay in the Northern Territory, and Townsville and the Fitzroy 

River on Queensland’s east coast. While the broad spatial scale at which these studies were 

conducted limits the conclusions that can be derived from these results, they nevertheless 

provide complementary evidence for the locations examined, further strengthening the 

multidisciplinary approach employed in this thesis. 
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Figure 2.1 Sampling locations used in the examination of mitochondrial DNA haplotypes 

(Horne et al. 2012) (all circles) and whole otolith stable isotope ratios (Newman 

et al. 2010) (closed circles) of Polydactylus macrochir. Clockwise from left: 

EMB, Eighty Mile Beach; RB, Roebuck Bay; CB, Chambers Bay; BMB, Blue 

Mud Bay; AR, Albert River; FLR, Flinders River; KR, Kendall River; TSV, 

Cleveland Bay, Townsville; FR, Fitzroy River; BR, Brisbane River 
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Chapter 3 Spatial patterns in life history reveals insight into connectivity and 

geographical population structure of a tropical estuarine teleost: king threadfin, 

Polydactylus macrochir 

 

3.1 Introduction 

Understanding the degree of exchange between geographically isolated groups of a species, or 

connectivity, is fundamental to the effective management of marine organisms (Begg et al. 

1999a; Thorrold et al. 2001). Connectivity, which may occur through the movement of all life 

history stages (Gillanders 2009), influences the distribution and abundance of organisms, rates 

of local adaption and speciation, the dynamics and persistence of populations, and the ability 

of ecosystems and species to recover from disturbance (Slatkin 1987; Cowen et al. 2000). As 

such, an understanding of the connectivity is vital for determining the appropriate spatial scale 

at which a species should be managed (Begg et al. 1999a; Fogarty and Botsford 2007). For 

exploited species, the application of management measures that fail to accurately define the 

degree of exchange or opportunity for replenishment to local populations may lead to over-

fishing, resulting in dramatic changes in the biological attributes and productivity rates of a 

species, as well as changes in genetic diversity (Ricker 1981; Smith et al. 1991; Dominguez-

Petit et al. 2008), and localised depletion or extinction (Hilborn and Walters 1992; Hutchings 

1996; Clark et al. 2000). Despite such critical importance, patterns of movement and 

connectivity are poorly understood for many species, particularly in tropical systems (Secor 

and Rooker 2005; Jones 2006; Gillanders 2009).  

In addition to being critical components in the development of stock assessments and 

productivity models, life history parameters, such as age and growth relationships, mortality 

rates, reproductive profiles, fecundity, distribution and abundance, have been used to provide 

preliminary data on the connectivity and geographical population structure of fish populations 

(Jennings and Beverton 1991; Begg et al. 1999b; Abaunza et al. 2008a; Silva et al. 2008). The 

principle of the technique is that where the life histories of fish are the same, the fish either 

have grown in a similar environment or have a common history. Where different, it suggests 

that fish have spent at least part of their lives growing under different conditions and therefore 

may be geographically and/or reproductively isolated (Ihssen et al. 1981; Begg 2005; Caselle 

et al. 2011). Patterns of growth, reproductive schedules and mortality rates also provide 

important data for biological monitoring, and may provide an indication of a species or 

population’s vulnerability to over-exploitation (Ricker 1975; Haddon 2001). 

To date, the application of life history parameters as a tool to delineate fish movement 

and geographical population structure has largely focused on pelagic or groundfish species
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(Begg et al. 1999b; Abaunza et al. 2008a; Silva et al. 2008). Although a number of studies 

have explored spatial patterns in life histories of estuarine fishes (Sarre and Potter 2000; Bedee 

et al. 2002; Gray et al. 2010), few studies have examined life history parameters in the context 

of delineating connectivity and geographical population structure in these environments. As a 

growing body of evidence suggests that the biology of estuarine fish is strongly linked to the 

environment in which they reside (Staunton-Smith et al. 2004; Robins et al. 2006; Halliday et 

al. 2008; Dolbeth et al. 2010), spatially isolated groups of estuarine fishes would be expected 

to exhibit significantly different life history parameters, particularly where differences in 

environmental conditions between locations are pronounced. 

In this chapter, patterns in life history of P. macrochir are examined across the species’ 

greater Australian distribution, as part of a multidisciplinary approach to determining 

connectivity of P. macrochir in Australian waters. Specifically, spatial patterns in age, growth, 

mortality rates and length and age at sex change are examined. It was hypothesised that as an 

estuarine species with a typically fragmented distribution, P. macrochir would show limited 

movement and exchange among locations that would manifest as differences in life history 

parameters. 

 

3.2 Materials and methods 

Sample collection 

Polydactylus macrochir were collected from 18 locations (lower estuarine stretches of rivers 

and coastal sites) across northern Australia between July 2007 and March 2010 (Figure 3.1; 

Table 3.1). Monthly samples were generally available for the Fitzroy, Mary and Brisbane 

Rivers on Queensland’s east coast (Figure 3.1), allowing for quantification and comparison of 

the timing of annuli deposition and spawning season among these locations. At each of the 18 

locations (with the exception of the Brisbane River and Lucinda), whole fish or fish frames 

(whole skeleton remaining after filleting) were obtained directly from commercial fishers, fish 

processors or by fisheries-independent sampling that generally used the same gear used by 

commercial fishers (i.e. a combination of gillnets of 100 mm (4 in.) to 165 mm (6.5 in.) 

stretched mesh). Brisbane River samples were collected through a fishery-independent 

sampling program using gillnets of 150 mm (6 in.) to 165 mm (6.5 in.) stretched mesh (n = 

34), by opportunistic collections from recreational fishers (n = 42), and by research line-

fishing (n = 9), whereas Lucinda samples were obtained from recreational fishers. For each 

fish collected, the total length (TL), length to caudal fork (FL) and upper jaw length (UJL) was 

measured to the nearest millimetre unless damaged. Although whole weights (Ww) were 

generally unavailable from fishery-processor sourced samples as these had been filleted prior 

to biological processing, whole weights, measured to the nearest 1 g, were available for the 
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majority of Brisbane River specimens. Sex and maturity stage was determined from a 

macroscopic examination of the gonads, based on the criteria adapted from Pember et al. 

(2005) (Table 3.2). As some samples were eviscerated at sea it was not possible to determine 

sex and maturity stage for all specimens. Sagittal otoliths (hereafter referred to as otoliths) 

were removed for all specimens, cleaned, dried and stored in paper envelopes until processing 

in the laboratory. Although fishery regulations for this species is based on TL, I have generally 

analysed and presented FL data, as the fishery-sourced samples frequently had damage to the 

distal margins of the tail, precluding accurate TL measurements for some specimens. Total 

lengths were estimated using the equation of Moore et al. (2011b), where TL = 1.1737FL + 

22.083. Missing fork lengths were estimated using the relationship between FL and UJL, 

where FL = 8.1501UJL + 4.7413 (r2 = 0.95, n = 2132). 

 

Age determination 

A comparison of whole and sectioned otolith reads was conducted to assess which structure 

would be used for ageing. Whole otoliths from a total of 460 individuals, taken from fish 

samples across all locations and length classes (including an additional 242 samples collected 

from the Fitzroy River between 2000 and 2005), were immersed in oil and examined 

microscopically under a reflected light against a black background and the number of opaque 

zones was counted. For otoliths from larger individuals, it was necessary to rotate the otolith 

to observe the annuli towards the otolith margin. 

The same otoliths were mounted in resin and up to four transverse sections 300 m 

thick were taken with a slow-speed diamond-edged saw (Buehler Isomet, Lake Bluff, IL, 

USA). Care was taken to ensure the primordium of the otolith was included in at least one 

section. All sections were cleaned and mounted on glass microscope slides with polyester 

resin. Otolith sections were examined under a stereo dissecting microscope with reflected light 

against a black background.  
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Figure 3.1 Locations where Polydactylus macrochir were sampled for examination of life 

history. From left: EMB, Eighty Mile Beach; RB, Roebuck Bay; DBY, Derby; 

CB, Chambers Bay; RR, Roper River; AC, Arthurs Creek; AR, Albert River; 

MI, Morning Inlet; FLR, Flinders River; SC, Spring Creek; SR, Staaten River; 

KR, Kendall River; WLR, Wenlock River; LUC, Lucinda; TSV, Cleveland 

Bay, Townsville; FR, Fitzroy River; MR, Mary River; BR, Brisbane River. 
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Table 3.1 Summary of Polydactylus macrochir collected from 18 locations across Australia. Undetermined indicates fish were eviscerated at sea. 

Location n 
Mean age 

(years) 

Age class 

range 

(years) 

Mean FL 

(mm) 

FL range 

(mm) 

n 

males 

n 

females 

n 

transitionals 

n 

undetermined 

Eighty Mile Beach 150 4.9 1–12 687 228–1080 41 99 10 0 

Roebuck Bay 319 2.8 1–10 635 451–919 260 55 4 0 

Derby 61 4.0 1–10 698 210–1040 28 26 7 0 

Chambers Bay 126 6.3 2–12 816 505–1030 73 52 1 0 

Roper River 126 4.9 2–11 864 480–1090 20 6 1 99 

Arthurs Creek 44 3.5 2–6 565 415–835 38 5 1 0 

Albert River 36 3.7 3–5 599 520–715 31 5 0 0 

Morning Inlet 54 3.6 2–7 567 325–1130 29 24 1 0 

Flinders River 138 3.6 2–8 655 325–930 83 49 5 1 

Spring Creek 103 3.5 2–9 611 295–1020 55 45 2 1 

Staaten River 31 2.4 2–4 495 320–595 9 21 1 0 

Kendall River 63 2.1 1–3 528 315–810 57 6 0 0 

Wenlock River 33 2.7 2–5 679 442–960 29 3 0 1 

Lucinda 25 3.6 3–4 801 645–895 18 0 4 3 

Townsville 84 2.8 1–4 701 450–886 67 2 1 14 

Fitzroy River 699 4.7 2–22 801 430–1354 241 29 6 423 

Mary River 61 5.3 2–11 806 440–1016 47 8 1 5 

Brisbane River 85 5.6 2–14 828 493–1062 58 18 2 7 
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Table 3.2 Descriptions used to macroscopically stage the development of Polydactylus macrochir gonads (adapted from Pember et al. 2005). 

Stage Description Testes Ovaries 

I/II Immature/resting Small, grey and strand-like (Stage I) to white and ribbon-like 
(Stage II). 

Small and transparent. Yellowish-orange. Oocytes not visible 
through ovarian wall. 

III Developing White and occupy approximately half the length of body cavity. Slightly larger than Stage II. Oocytes visible through ovarian 
wall. 

IV Maturing No milt appears when pressure is applied to trunk of males. 
Occupy more than half the length of the body cavity. 

Larger than stage III, occupying half of body cavity.  Creamy 
orange. Large oocytes visible through ovarian wall. 

V/VI Ripe/running ripe One-third to filling body cavity. Milt exuded with firm pressure 
to abdominal cavity (Stage VI). 

Large, occupying half to two thirds of body cavity. Extensive 
capillaries visible in ovarian wall. Hydrated oocytes sometimes 
visible ovarian wall in Stage VI ovaries. Ovaries typically with 
anterior lateral undulations.  

VII Spent Smaller than Stage V or VI. Gonads flaccid but not totally 
empty. 

Smaller than Stages V and VI and flaccid. Some large oocytes 
visible through ovarian wall. 

VIII Recovering Red to brown, small and flaccid. Small, flaccid and dark red.   
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An image of each whole and sectioned otolith was taken with a Leica DC 300 digital 

camera (Leica, Wetzlar, Germany) connected to the dissecting microscope. Ages of both 

whole and sectioned otoliths were assigned on the basis of counts of alternating opaque and 

translucent bands, verified as annuli by Pember et al. (2005). To assess the timing of annuli 

formation of fish from the Fitzroy, Mary and Brisbane Rivers, the margin of each otolith was 

classified into one of the following four categories: (0) continuous opaque band formed 

around the edge of otolith, with no translucent material beyond the last opaque band; (1) 

translucent band laid onto the outer edge comprising less than half the width of the previous 

translucent band; (2) translucent band laid onto the outer edge comprising roughly half or 

more the width of the previous translucent band; and (3) opaque band on the edge of the 

otolith, however band is not continuous. 

The precision of annuli estimates from whole and sectioned otoliths was calculated 

using the coefficient of variation (CV) (Chang 1982). Greater precision is achieved when CV 

is minimised (Campana et al. 1995). Once the method of reading was established (see 

Results), each otolith was read twice. When counts did not agree, a third reading was taken, 

and if two counts agreed they were accepted as the number of annuli. When all three counts 

differed, the otolith was rejected from further analysis. All otoliths were read by a single, 

experienced reader (BRM) whose reading accuracy was tested against a reference set of P. 

macrochir otoliths. Otoliths used in the reference set were collected from the Fitzroy River 

between October 2000 and February 2005. Counts from this reader were considered valid on 

the basis of a consistent agreement with counts of the reference otoliths. 

The absolute age of each fish was estimated from the number of annuli, the assumed 

birth date, the estimated date of annuli deposition, and the date of capture. Birth dates were 

estimated from the middle of the peak spawning period for each major water body. A birth 

date of 1 November was assumed for P. macrochir collected from the northwest coast of 

Western Australia (Pember et al. 2005) and Queensland’s east coast (see Results; Russell 

1988), whereas a birth date of the 1 September was assumed for fish collected from the Gulf 

of Carpentaria (Garrett 1997). Although little is known about the timing of spawning of P. 

macrochir along the northern coast of the Northern Territory, a birth date of 1 November was 

assumed in these waters, consistent with observations of peak spawning reported by fishers 

(Ian Halliday, pers. comm.). A common date of annuli completion of 31 October was assumed 

for fish from all locations, years and age classes (see Results; Pember et al. 2005). There was 

no evidence to suggest that Gulf of Carpentaria populations laid down a visible opaque zone in 

their first October of life (i.e. when they were 1 month old). The ageing algorithm took the 

form: 
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where agem is the age in months, n is the number of annuli, mb is the number of months for the 

assigned birth date to the date of annuli completion, and mc is the number of months from the 

date of annuli completion to the date of capture. Ages were then converted to a yearly fraction 

by dividing the age in months by 12. Adjusted age estimates were rounded to the nearest year 

for estimation of age frequency distributions and age at sex change. Year classes were 

assigned on the basis of the peak spawning period (i.e. fish from the Fitzroy River spawned 

between October 2005 and January 2006 are considered to be from the 2005 year class). 

 

Data analysis 

Growth comparisons 

Growth was compared among locations using two methods. In the first method, the von 

Bertalanffy growth function (VBGF) was fitted by nonlinear least-squares regression of FL on 

age of P. macrochir. The form of the VBGF used to model length-at-age data was: 

                   

where Lt is the length mean of fish at age t, L∞ is the hypothetical asymptotic length, K is the 

growth coefficient, and t0 is the hypothetical age at which fish would have zero growth. To 

examine the effect of the low numbers of fish < 2 years in the samples a second set of analyses 

was conducted on data with the t0 constrained to zero. Unconstrained and constrained VBGFs 

were compared among locations using likelihood ratio tests. A common range of ages was 

used in the analyses to ensure validity of the comparisons (Haddon 2001). 

Due to the lack of older individuals in some of the samples, biologically meaningful 

comparisons of VBGF parameters could not be conducted for all locations. As such, a second 

analysis of growth, based on comparisons of back-calculated FL at age 2, was conducted. To 

establish the relationship between FL and otolith radius at the time of capture (OR), the 

distance from the nucleus of the otolith to its periphery was measured in 1430 randomly 

selected individuals covering a range of ages and locations, using the Image ProPlus image 

analysis system. Measurements were always taken at the furthest point of the structure (Figure 

3.2). The relationship between FL and OR was then determined by ordinary least-squares 

regression. Between-location differences in the FL-OR relationship could not be examined at 

all locations due to the unreliability of comparing regressions based on small sample sizes at 

some locations. However, ANCOVA revealed no significant difference in the FL-OR 

relationship between 11 locations covering the geographical distribution of the sampling 

program, that all had relatively large sample sizes (F = 1.68, d.f. = 10, 1032, P = 0.08). 
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Combined with the propinquity of the data points from the overall regression (Figure 3.3), this 

suggests that any between-location differences in the FL-OR relationship may be negligible. 

Thus, data were pooled across locations to establish the relationship between fork length and 

otolith radius. 

 

 
Figure 3.2 Sagittal otolith of a 3 year-old Polydactylus macrochir collected from the 

Fitzroy River showing measurements made for back-calculation of length-at-

age 2. OR is the radius of the otolith at capture and R2 is the radius of the 

otolith at 2 years. 

 

To establish the back-calculated length-at-age 2, a second measurement from the otolith 

nucleus to the furthest point of the second annuli was taken for each fish from the 2005 year 

class (Figure 3.2). The 2005 year class was selected to reduce the effect of temporal variation 

in growth. Back-calculated length-at-age 2 was then determined by substituting this 

measurement into a body proportional equation (Francis 1990). The length of an individual 

fish when the second annulus was laid down (FL2) was calculated as: 

                

where R2 is the distance from the otolith nucleus to the furthest point of the second annuli, FL 

is the fork length at capture and  is the constant derived from the power function that best 

described the relationship between FL and OR (Figure 3.3). Shapiro-Wilk tests revealed that 

the derived length-at-age 2 data were non-normally distributed (P < 0.05), so to satisfy 

assumptions of normality and homogeneity of variances the data were log-transformed prior to 

analysis. One-way analysis of variance (ANOVA) was used to test for differences in back-
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calculated lengths-at-age 2 among locations using location as a fixed factor. Significant results 

were examined using Tukey-Kramer post-hoc pairwise comparisons.  Only locations that had 

at least 10 individuals were considered in the analysis, which is similar to the samples sizes 

used by Erzini (1994) and Abaunza et al. (2008a) in their respective studies of variability of 

length-at-age of marine fishes. 

 

Mortality 

Total instantaneous mortality rates (Z) were estimated using age-based catch curves (Ricker 

1975), where the frequency of fish in each age class was log-transformed (ln x+1) and 

regressed against the corresponding age. Total mortality was estimated as the absolute value of 

the regression slope, b. Regressions were fitted from the first modal age class, presumed to be 

the first age class fully selected by the sampling gear, through to the oldest age class that was 

preceded by no more than two zero frequencies. Estimates of Z were compared among 

locations by analysis of covariance (ANCOVA), with age as the covariate. Due to low sample 

sizes and a general lack of older individuals for some locations mortality rates were calculated 

only for those locations where comparisons of VBGF parameters were conducted. 

 

 
Figure 3.3 Plot of fork length on otolith radius for Polydactylus macrochir and the power 

relationship (FL = 23.271OR1.463, r2 = 0.864, n = 1490). 

 

Spawning season 

The spawning season for P. macrochir at the Fitzroy, Mary and Brisbane Rivers on 

Queensland east coast was estimated on the basis of macroscopic staging of reproductive 
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tissue samples and by the gonado-somatic index (GSI). The GSI was calculated for each male 

fish with a FL greater than the estimated length at 50% maturity (Lm50) and for each mature 

female fish (Stage III or above) using the following equation: 

                

where Wg is gonad weight and Ww is the whole-fish weight. For several individuals, only one 

complete gonad lobe was available, as a result of damage during capture and processing. 

Analysis of 50 randomly sampled gonads revealed no statistically significant difference 

between the weight of the left and right lobe (one way ANOVA, P < 0.05). Consequently, Wg 

was estimated by multiplying the weight of the single complete lobe by two. Because 

measurements of Ww were generally unavailable from the Fitzroy or Mary River samples, Ww 

was estimated for these individuals using the length-weight relationship established on the 

basis of samples predominately from the Brisbane River. It was assumed that estimates of Ww 

derived from this relationship would suffice for use in estimating GSI values because only the 

temporal patterns in GSI, rather than absolute values, were examined to determine spawning 

season. Mean monthly GSI values and the proportion of individuals in each macroscopically 

determined reproductive stage were plotted separately for males and females to determine the 

seasonality of spawning in P. macrochir from the Fitzroy, Mary and Brisbane Rivers. Because 

preliminary results revealed no significant difference in the peak or duration of spawning 

among the three locations, the GSI and staging data were pooled across locations to maximise 

samples sizes for each month. 

 

Length and age at maturity 

The length and age at maturity was determined for samples of male fish on the basis of the 

macroscopic stage assessments (Table 3.2). Fish with gonads staged III–VIII were defined as 

mature. Individuals assigned a gonad stage of I or II were defined as immature, because they 

were considered incapable of spawning during the upcoming spawning season. To reduce the 

probability of mis-identifying post-spawning gonads as immature, only fish collected 

immediately prior to or during the spawning season, or those that were obviously mature (i.e. 

milt present), were used to calculate the length and age at sexual maturity. This limited 

comparison of length and age at maturity to three locations: the Fitzroy, Mary and Brisbane 

Rivers. 

The length and age at which 50% of the P. macrochir population attains maturity for 

each of the locations was then determined by logistic regression analysis, using the following 

equation: 
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where Pm = the proportion of mature fish in each age or 50 mm FL class m, m50 and m95 are 

the lengths or ages at which 50% and 95% of the population is mature, respectively. The data 

(immature or mature) were randomly re-sampled and analysed to create 500 sets of bootstrap 

estimates for the parameters of the logistic equation and estimates of the probability of 

maturity within the recorded lengths and ages. The point estimates for each parameter and of 

each probability of maturity were taken as the medians of the bootstrap estimates. 

Approximate 95% confidence limits of the parameters were calculated as the 2.5 and 97.5 

percentiles of the parameter estimates obtained from the re-sampling technique. Non-

overlapping confidence intervals were used to indicate significant differences in maturity 

profiles among locations. 

 

Length and age at sex change 

The length and age at which 50% of P. macrochir changed sex at each location was 

determined by logistic regression analysis, using the equation: 

                                      

where Ps = the proportion of females in each 50 mm length or age class s, s50 and s95 are the 

ages or lengths at which 50% and 95% of the population have changed to females, 

respectively. Due to low numbers, transitional individuals were excluded from the analysis. As 

with maturity estimates, the data (male or female) for individual fish were randomly re-

sampled and analysed to create 500 sets of bootstrap estimates for the parameters of the 

logistic equation and estimates of the probability of maturity within the recorded lengths and 

ages. Approximate 95% confidence limits of the parameters were calculated as the 2.5 and 

97.5 percentiles of the parameter estimates obtained from the re-sampling technique. The point 

estimates for each parameter and of the probability of fish being female at each specified 

length or age were taken as the medians of the bootstrap estimates. Non-overlapping 

confidence intervals were used to indicate significant differences in sex change profiles among 

locations. 

 

3.3 Results 

Age determination 

The CV of age estimates between whole and sectioned otoliths was 1.22% (averaged across all 

ages), indicating a high degree of precision between whole- and sectioned-otolith age 

estimates. However, when analysed against age, there was an increasing divergence in age 

estimation between whole and sectioned otoliths as the number of annuli increased, 

particularly for otoliths with 7–17 annuli, with whole otoliths providing an underestimation of 
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age compared to sectioned otoliths (Figure 3.4). The apparent increase in accuracy in whole 

reads of fish with 18 or more annuli is likely to be due to the small sample sizes in the age 

classes, and an awareness of the maximum age of the species. Based on these results, all 

otoliths were initially read whole. Otoliths in which six or fewer annuli were counted in the 

initial read were read whole again, whereas otoliths in which more than six annuli were 

counted in the initial read were sectioned before being read again. 

Examination of the otolith marginal increment revealed consistent trends in the timing 

of annuli deposition among the Fitzroy, Mary and Brisbane Rivers (Figure 3.5). Otoliths 

collected between December and July from all locations had translucent margins. Non-

continuous bands were generally observed in samples collected between August and October, 

whereas newly formed completed bands were observed in fish collected in October and 

November. These results suggest that annuli deposition is completed by the beginning of 

November at each of these locations. 

 

 
Figure 3.4  Coefficient of variation (CV) (+ 1 s.e.) for annuli estimates between whole 

and sectioned otoliths plotted against counts of annuli from sectioned otoliths 

of Polydactylus macrochir. Numbers above error bars indicate sample size. 

 

Age and growth 

Considerable differences were observed in the maximum age of P. macrochir between 

locations. Fish aged eight years or older were recorded at only 10 of the 18 locations (Table 

3.1). The oldest fish (21.9 years) was recorded from the Fitzroy River, whereas the maximum 
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age of fish from locations in Western Australia and the Queensland’s Gulf of Carpentaria was 

11.5 and 8.5 years, respectively 

 

 
Figure 3.5 Percentage of Polydactylus macrochir otoliths in each marginal edge 

category from the (a) Fitzroy, (b) Mary, and (c) Brisbane Rivers on the east 

coast of Queensland, Australia. See text for a full description of the margin 

category codes.  
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Comparisons of von Bertalanffy growth parameters 

Due to the lack of older individuals at some locations, estimation and comparison of the 

VBGF parameters were considered appropriate for only the 10 locations that contained fish 

that were eight years of age or older (Table 3.3). In general, the constrained fit of the VGBF 

typically resulted in slightly lower estimates of L∞ and slightly higher estimates of K than the 

unconstrained fit (with the exception of samples from Derby, the Flinders River, Spring Creek 

and the Mary River) (Table 3.4). Differences between the constrained and unconstrained fits, 

however, were generally minimal (Figure 3.6), suggesting that a sufficiently wide range of 

length and age classes were sampled to establish biologically reasonable estimates of growth 

without the need to constrain t0. 

Both constrained and unconstrained VBGF parameters estimates showed considerable 

difference among locations. Likelihood ratio tests of unconstrained VBGFs of fish across 

common age classes indicated that growth differed amongst most locations at P = 0.05, with 

the exception of Derby and the Mary River (2 = 6.576, P = 0.087), the Flinders River and 

Spring Creek (2 = 5.211, P = 0.157) and the Mary and Brisbane Rivers (2 = 6.191, P = 

0.103). Likelihood ratio tests of constrained VBGFs confirmed the similarity observed in the 

comparisons of the unconstrained growth estimates of fish from the Flinders River and Spring 

Creek (2 = 6.679, P = 0.083) and the Mary and Brisbane Rivers (2 = 0.759, P = 0.684). With 

the exception of Eighty Mile Beach and Spring Creek (2 = 1.366, P = 0.505), Roebuck Bay 

and Chambers Bay (2 = 5.289, P = 0.071), and the Roper River and Fitzroy River (2 = 5.227, 

P = 0.073), other comparisons were significantly different at P = 0.05. 
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Table 3.3 Summary of locations where biologically meaningful comparisons of Polydactylus macrochir life history were possible.  

Location 
Marginal 

increments  

VBGF 

parameters 

Back-calculated 

length-at-age 2 
Total mortality 

Spawning 

season 

Length and age 

at maturity 

Length and age 

at sex change 

Eighty Mile Beach -    - -  

Roebuck Bay -    - -  

Derby -    - -  

Chambers Bay -   - - -  

Roper River -   - - - - 

Arthurs Creek - -  - - - - 

Albert River - -  - - - - 

Morning Inlet - -  - - - - 

Flinders River -    - - - 

Spring Creek -    - - - 

Staaten River - - - - - - - 

Kendall River - -  - - - - 

Wenlock River - -  - - - - 

Lucinda - -  - - - - 

Townsville - -  - - - - 

Fitzroy River        

Mary River        

Brisbane River        
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Table 3.4 von Bertalanffy growth parameters and rates of total mortality for 

Polydactylus macrochir from ten locations across northern Australia. 

Location 
Unconstrained VBGF 

Constrained  

(t0 = 0) VBGF 
Total mortality 

L∞ (mm) K to L∞ (mm) K Z r
2
 

Eighty Mile Beach 1108 0.23 -0.26 1074 0.26 0.162  0.42 

Roebuck Bay 888 0.46 -0.33 869 0.55 0.372 0.51 

Derby 1176 0.26 0.10 1199 0.24 0.373  0.68 

Chambers Bay 965 0.32 -1.05 942 0.46 0.120  0.20 

Roper River 1094 0.33 -0.04 1091 0.34 0.626  0.89 

Flinders River 835 0.53 0.53 1094 0.38 0.887 0.94 

Spring Creek 978 0.35 0.48 1096 0.25 0.642 0.64 

Fitzroy River 1222 0.24 -0.34 1201 0.27 0.119  0.49 

Mary River 975 0.46 0.79 1018 0.33 0.311  0.46 

Brisbane River 1047 0.30 -0.25 1034 0.33 0.298  0.55 
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Figure 3.6 Length at age data, unconstrained (solid lines) and constrained (t0 = 0) (dashed 

lines) and von Bertalanffy growth function curves for Polydactylus macrochir 

in Australian waters. See Table 3.4 for parameter estimates.  
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Comparisons of back-calculated length-at-age 

One-way ANOVA revealed that the mean back-calculated length-at-age 2 estimates differed 

significantly among locations (F = 18.6, d.f. = 16, 389, P < 0.01). Tukey-Kramer pair-wise 

comparisons gave an indication of the similarity between the spatially distinct samples (Table 

3.5). Samples from Eighty Mile Beach and Roebuck Bay differed significantly, with Roebuck 

Bay samples generally being larger than those from Eighty Mile Beach (Figure 3.7). Samples 

from Derby differed to those of neighbouring Roebuck Bay and Chambers Bay. No difference 

was observed between Chambers Bay, Roper River, Kendall River or Wenlock River samples. 

Samples from Arthurs Creek, the Albert and Flinders Rivers, Morning Inlet, and Spring Creek 

in Queensland’s south-eastern Gulf of Carpentaria waters appeared similar, suggesting that 

these fish had either grown in a similar environment or moved between locations. Samples 

from these locations were generally smaller than those from all other Gulf of Carpentaria 

locations (Figure 3.7). No significant difference was observed between the five locations on 

the east coast of Queensland (Lucinda, Townsville, and the Fitzroy, Mary and Brisbane 

Rivers). 

 

 

Figure 3.7 Back-calculated fork length-at-age 2 for Polydactylus macrochir from 17 

locations across northern Australia. The mean, 25th and 75th percentiles 

(boxes) and 90th percentiles (whiskers) are represented in the boxplots. See 

Figure 3.1 for location codes. 
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Table 3.5 P-values from Tukey-Kramer pair-wise comparisons of back-calculated length-at-age 2 for Polydactylus macrochir from the 2005 year 

class collected from 17 locations across northern Australia (bold indicates significant difference). 

Location EMB RB DBY CB RR AC AR MI FLR SC KR WLR LUC TSV FR MR BR 

EMB – <0.001 0.459 <0.001 <0.001 0.518 0.072 1.000 0.509 0.025 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.026 

RB  – <0.001 1.000 0.056 <0.001 <0.001 <0.001 <0.001 <0.001 1.000 0.652 0.998 0.194 0.013 0.972 0.004 

DBY   – 0.017 <0.001 1.000 1.000 0.637 1.000 1.000 0.012 <0.001 0.209 0.419 0.668 0.528 1.000 

CB    – 0.060 <0.001 0.017 <0.001 <0.001 0.003 1.000 0.541 1.000 0.899 0.513 1.000 0.098 

RR     – <0.001 <0.001 <0.001 <0.001 <0.001 0.161 1.000 0.012 <0.001 <0.001 0.006 <0.001 

AC      – 1.000 0.740 1.000 0.999 <0.001 <0.001 0.006 0.006 0.021 0.061 0.990 

AR       – 0.173 0.996 1.000 0.012 <0.001 0.271 0.509 0.782 0.660 1.000 

MI        – 0.756 0.087 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.074 

FLR         – 0.987 <0.001 <0.001 <0.001 <0.001 <0.001 0.016 0.943 

SC          – 0.002 <0.001 0.127 0.223 0.482 0.485 1.000 

KR           – 0.732 1.000 0.813 0.407 0.998 0.071 

WLR            – 0.220 0.005 <0.001 0.130 <0.001 

LUC             – 1.000 0.994 1.000 0.607 

TSV              – 1.000 1.000 0.888 

FR               – 1.000 0.984 

MR                – 0.910 
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Total mortality 

Total mortality (Z) estimates differed significantly among the ten locations where comparisons 

were possible (ANCOVA, F = 3.97, d.f. = 9, 81, P < 0.001) (Table 3.4). Locations in the Gulf 

of Carpentaria (Flinders River, Spring Creek and the Roper River) had the highest estimates of 

Z, whereas Z was lowest for the Fitzroy River, Chambers Bay and Eighty Mile Beach (Table 

3.4). 

 

Spawning season 

The mean monthly GSIs for male P. macrochir collected from the Fitzroy, Mary and Brisbane 

Rivers rose gradually from a low in June and July to reach a maximum in November, and then 

declined over the ensuing four months (Figure 3.8). Ripe (Stage V) males were present in 

samples collected from September to February, and running ripe (Stage VI) males were 

observed in samples collected from October to January. The majority of spent males were 

observed in December, February and March, although a few spent males were observed in 

April (Figure 3.8), suggesting that spawning activity may have continued until at least March. 

The mean monthly GSI for females rose sharply from a low in July to high levels in 

October and December (Figure 3.8). In addition, most females with ripe and running ripe 

ovaries were present in samples collected from August-October and December (Figure 3.8). 

Females with ovaries containing hydrated oocytes, indicative of active spawning, were 

sampled only in October and December. There were no females collected in November or 

January from any of the three locations, precluding the verification of whether females 

spawned in these months. However, because of the elevated GSI values in the preceding and 

following months, it is likely that female GSI values remained high during these months. On 

the basis of these trends in GSI and monthly frequencies of ovarian and testicular stages, it 

was concluded that P. macrochir spawns between October and March at each location on the 

eastern coast of Queensland, with peak spawning occurring between October and December. 
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Figure 3.8 Monthly macroscopic gonad stages and mean gonado-somatic index (GSI) 

values (+ s.e.) for (a) male and (b) female Polydactylus macrochir from the 

Fitzroy, Mary and Brisbane Rivers on the east coast of Queensland, Australia. 

Numbers above error bars indicate sample size. 
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Length and age at maturity 

The estimated length and age at which 50% of male fish are mature (i.e. Lm50 and Am50) were 

lowest for the Brisbane River, intermediate for the Mary River and highest for the Fitzroy 

River (Table 3.6). Although overlapping confidence intervals indicated that there were no 

significant differences in length at 50% maturity between the Fitzroy and Mary Rivers, or the 

Mary and Brisbane Rivers, the length at 50% maturity of fish from the Brisbane River was 

significantly lower than that from the Fitzroy River (Table 3.6). Estimates of the length at 50% 

maturity from all locations were considerably greater than the current minimum legal size of 

49 cm FL (converted from 60 cm TL). Age at 50% maturity was significantly higher for 

Fitzroy River fish than for fish from the Mary or Brisbane Rivers (Table 3.6). Mary and 

Brisbane River fish did not differ, as evidenced by the overlapping confidence intervals. 

 

Table 3.6 Estimates of length and age (and upper and lower 95% confidence intervals) at 

which 50% of male Polydactylus macrochir mature at three locations on the 

east coast of Queensland, Australia. 

Location 

Fork length (mm) Age (years) 

L50 
Lower 

95% CI 

Upper 

95% CI 
A50 

Lower 

95% CI 

Upper 

95% CI 

Fitzroy River 765 743 788 4.4 4.2 4.7 

Mary River 755 723 785 3.9 3.2 4.1 

Brisbane River 710 677 740 3.3 2.7 3.8 

 

Length and age at sex change 

In general, there was a large overlap in the length distributions of males and females (Figure 

3.9). As expected for a protandrous hermaphrodite, males typically dominated the smaller 

length classes and females dominated the larger length classes for samples from Eighty Mile 

Beach, Roebuck Bay, Derby, Chambers Bay, and the Roper, Fitzroy, Mary and Brisbane 

Rivers. In contrast, there were a large proportion of small, young females from the seven 

locations in the south-eastern Gulf of Carpentaria (Arthurs Creek, Albert River, Morning Inlet, 

Flinders River, Spring Creek, Staaten River and the Kendall River) (Figure 3.9). A general 

lack of increase in the proportion of females with both length and age was observed at these 

locations, precluding any estimates of the length and age at which 50% of the population 

changed sex, even when data for these locations were pooled. The general absence of young 

females at locations outside of the Gulf of Carpentaria (Figure 3.9) suggests little movement, 

at least of smaller females, to these locations from those within the Gulf. 
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Due to low numbers of females at some locations and the lack of increase in proportion 

of females with length or age for locations in the south-east Gulf of Carpentaria, estimates of 

the length and age at which 50% of the population changed sex were possible for only seven 

of the 18 locations sampled (Table 3.3). Considerable variation was observed in both the 

length and age at sex change among the seven locations (Table 3.7). The estimated length at 

which 50% of the population was female (i.e. L50) was lowest for Eighty Mile Beach (450 mm 

FL) and highest for the Fitzroy River (1140 mm FL) (Table 3.7). The L50 of fish from Eighty 

Mile Beach, Chambers Bay and the Fitzroy River each appeared significantly different to all 

other locations. Overlapping confidence intervals indicated no significant difference in the L50 

estimates between Roebuck Bay and Derby, or the Mary and Brisbane Rivers (Table 3.7). The 

estimated age at which 50% of the population was female (i.e. A50) was lowest for Eighty Mile 

Beach (2.0 years) and highest for the Fitzroy River (9.7 years) (Table 3.7). The A50 of fish 

from Eighty Mile Beach was significantly lower than all other locations. Overlapping 

confidence intervals indicated no significant differences in the A50 estimates between Roebuck 

Bay and Derby, the Fitzroy, Mary and Brisbane Rivers, and Chambers Bay and the Mary and 

Brisbane Rivers (Table 3.7). All other comparisons were significantly different, as indicated 

by non-overlapping 95% confidence intervals. 

 

Table 3.7 Estimates of length and age (and upper and lower 95% confidence intervals) at 

which 50% of Polydactylus macrochir change sex at seven locations across 

northern Australia. 

Location 

Fork length (mm) Age (years) 

L50 
Lower 

95% CI 

Upper 

95% CI 
A50 

Lower 

95% CI 

Upper 

95% CI 

Eighty Mile Beach 450 308 541 2.0 0.0 3.3 

Roebuck Bay 779 757 799 5.1 4.3 6.1 

Derby 707 614 804 4.2 3.6 5.0 

Chambers Bay 882 868 893 7.0 6.4 7.6 

Fitzroy River 1140 1082 1234 9.7 8.4 12.6 

Mary River 960 925 1053 8.3 7.1 9.8 

Brisbane River 932 912 959 7.5 6.5 8.9 
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Figure 3.9 Length frequency distributions for male (light grey) and female (dark grey) Polydactylus macrochir from 18 locations in Australian 

waters. 
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Figure 3.9 (cont.). Length frequency distributions for male (light grey) and female (dark grey) Polydactylus macrochir from 18 locations in 

Australian waters. 
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3.4 Discussion 

The use of life history parameters to provide information on the movement, connectivity and 

geographical population structure of fishes relies on differences in one or more biological 

parameter between locations (Begg et al. 1999b). In the present study, significant variation 

was observed in growth patterns, rates of total mortality and length- and/or age-at-sex change 

profiles of post-recruitment assemblages of P. macrochir, at a range of spatial scales in 

Australian waters. Differences in life history parameters over similar spatial scales as those 

observed here have been reported for several estuarine species, including black bream, 

Acanthopagrus butcheri (see Sarre and Potter 2000), spotted sea trout, Cynoscion nebulosus 

(see Bedee et al. 2002), and luderick, Girella tricuspidata (see Gray et al. 2010). 

A key limitation of using life history data to comment on connectivity of fishes is that the 

technique seldom provides information the genetic relationships amongst groups. Although 

potentially mediated by both genetic and environmental factors, life history parameters are 

frequently predominantly characterised by the environment or exploitation rates a fish 

experiences over its life history, because of their sensitivity to extrinsic variables (Beacham 

1982; Begg 2005). Accordingly, the approach provides little information on dispersal and 

connectivity of egg and larval life history stages. In the case of P. macrochir, it may be that 

recruits originate from a single common source, or number of common sources, that export 

individuals to locations with different environmental conditions or exploitation rates which 

ultimately generate the different life history patterns observed. Under this scenario, P. 

macrochir may conform to a metapopulation structure, at least for some locations. While this 

possibility cannot be ruled out from the life history data, the observed spatial differences in 

life history parameters suggests limited movement and connectivity of at least post-

recruitment fish. If there was broadscale mixing of post-recruitment fish among locations, the 

life histories amongst locations would be similar (Ihssen et al. 1981; Begg et al. 1999b). Given 

that connectivity may be achieved through the movement of all life history stages (Gillanders 

2009), and movement of adult life history stages has been proposed as a means of maintaining 

connectivity for some estuarine fishes, such as many species of Sciaenidae (Gold and 

Richardson 1998; Thorrold et al. 2001), the identification of spatially-distinct post-recruitment 

populations of P. macrochir has important implications for management of the species.  

The spatial structure of juvenile and adult P. macrochir evident from the life history 

data is generally consistent with concurrent research into the movements and stock structure of 

the species, suggesting comparisons of life history data may provide a reliable method of 

identifying spatially-discrete adult assemblages of P. macrochir. For example, the similarities 

observed among locations in growth and length and age at sex change for P. macrochir in the 

south-eastern Gulf of Carpentaria is in accordance with recent investigations of mitochondrial 
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DNA haplotypes (Horne et al. 2012) and whole otolith oxygen (δ18O) and carbon (δ13C) stable 

isotope ratios (Newman et al. 2010), which suggests the occurrence of a single demographic 

population in this region, with extensive mixing of post-larval stages of P. macrochir. 

Nevertheless, some discrepancies are evident between these complementary techniques. 

Newman et al. (2010) found no difference in otolith stable isotope ratios of fish from Eighty 

Mile Beach and Roebuck Bay, whereas significant variation was observed in VBGF 

parameters, mean back-calculated length-at age 2 estimates and length and age at sex change 

among these locations in the present study, suggesting fish from these locations may form 

spatially discrete groups, or stocks. These apparently conflicting results among methodologies 

highlight the importance and value in using multiple techniques to determine the movement 

and connectivity of fishes. Begg et al. (1999b) suggest that life history parameters should be 

used as a preliminary technique to identifying stock structure of fishes, before applying more 

refined methods, such as analyses of parasite assemblages or otolith elemental signatures. 

Such an approach may further corroborate and refine the spatial patterns observed here. 

As locations were generally sampled with similar gear (i.e. a combination of gillnets of 

100 mm (4 in.) to 165 mm (6.5 in.) stretched mesh at each location), it is unlikely that the 

differences in life history parameters reflect differences in sampling methods between 

locations. However, samples from Lucinda and some Brisbane River fish were collected from 

recreational fishers, which may have confounded comparisons against net-caught fish. Several 

studies have identified differences in length-at-age of fish collected by gillnets compared to 

other sampling methods, with gillnets generally capturing the larger individuals of a particular 

age class (Hilborn and Walters 1992; Begg and Sellin 1998; Lucena and O'Brien 2001). 

Conversely, Moore et al. (2011b) found no significant differences in length-at-age between 

gillnet- and recreationally-caught P. macrochir from the Brisbane River, suggesting negligible 

effects of any size-selectivity between netting and recreational fishing methods in this case. 

Furthermore, although the sample sizes varied markedly among locations, it is unlikely that 

these differences affected the comparisons of VBGF parameters, because these analyses were 

conducted on common age classes across the locations. Similarly, the unequal sample sizes are 

factored into the comparisons of back-calculated length-at-age and the development of the 

95% confidence intervals for the comparisons of length and age at maturity and sex change, 

and thus are unlikely to confound these comparisons. 

It is unclear what effect temporal differences in life history parameters had on the 

spatial comparisons. Numerous studies have documented temporal variation in life history 

parameters that have occurred in response to changing environmental conditions and/or 

exploitation patterns (e.g. DeVries and Grimes 1997; Begg et al. 1999b). In the present study, 

it was necessary to pool location-specific collections within or among years for comparisons 
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of VBGF, length and age at maturity, and length and age at sex change estimates, due to small 

sample sizes, which may have potentially confounded spatial patterns among locations. 

However, comparisons of growth of Fitzroy River fish between 2007 and 2009 revealed that 

whilst growth varied slightly from year to year, these differences were of a much reduced 

magnitude compared with those observed between the Fitzroy River and other locations (B. 

Moore, unpublished data). Further sampling and analysis is required to accurately quantify the 

degree of temporal variation in life history parameters of P. macrochir, and its effect on the 

spatial comparisons. 

There was a conspicuous absence of fish < 2 years old in the samples. This is most 

likely a result of selectivity of the sampling gear used, rather than the existence of separate 

juvenile and adult habitats. Juveniles of P. macrochir have been observed to be broadly 

distributed in estuaries, and are commonly observed in the stomachs of adult fish (Pember 

2006; B. Moore, pers. obs.), suggesting overlap in their distributions. The exclusion of fish < 2 

years old from estimates of growth using the VBGF may result in an underestimation of K and 

a corresponding overestimation of L∞ (Ferreira and Russ 1994; Williams et al. 2007). 

Nevertheless, it is likely that the absence of fish < 2 years old had little effect on the growth 

comparisons, particularly given the lack of differences observed from the constrained and 

unconstrained VBGF data and the similarity in the range of age classes sampled among 

estuaries. 

Although a slight difference in mortality was observed among locations, the catch 

curves generally provided a poor fit to the data. The poor relationship observed for some 

locations most likely results from variability in recruitment patterns and the persistence of a 

few strong year classes, and highlights the sensitivity of catch-curve analysis to violations of 

the underlying assumptions of constant recruitment and constant mortality among cohorts. 

Variability in recruitment biases estimates of mortality using catch curves (Ricker 1975). The 

variable year-class strength observed for all locations suggests that recruitment may not be 

constant for populations of P. macrochir. Halliday et al. (2008) reported a positive association 

between year-class strength and the timing and duration of freshwater flow events for P. 

macrochir in the Fitzroy River, with high flow events in spring and summer leading to 

increased survivorship. Such variability in recruitment may be responsible for the few strong 

year-classes and subsequent poor correlations of the catch curves observed here. 

 

Causal mechanisms for the spatial patterns in life histories 

A number of factors may be responsible for the differences observed in life history parameters 

of P. macrochir. In general, there was a positive association between longevity, growth and 

length and age at sex change, suggesting that these parameters are strongly correlated. For 
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example, fish from the Fitzroy River were generally found to live longer, obtain larger 

observed and hypothetical asymptotic lengths, and change sex at greater lengths and ages than 

elsewhere. The positive association of longevity, growth and sex change implies that size 

plays an important role in the timing of sex change in P. macrochir, a result that is consistent 

with the size advantage hypothesis of sex-allocation theory (Ghiselin 1969; Warner 1988). 

It is unclear whether the spatial patterns reflect genetic differences between locations. 

Recent genetic examination of nine of the 18 locations examined in the present study (Eighty 

Mile Beach, Roebuck Bay, Chambers Bay, Albert River, Flinders River, Kendall River, 

Townsville, Fitzroy River and the Brisbane River), suggest that, with the exception of Eighty 

Mile Beach and Roebuck Bay, and the Albert, Kendall and Flinders Rivers, fish at each 

location constitute a genetically-discrete population (Horne et al. 2012), however sampling 

locations in this study were widely separated. Further fine-scale genetic examination, 

conducted across all locations examined here, is warranted to determine whether the spatial 

differences in life history parameters reflect genetic patterns. 

Geographical differences in fishing pressure are also likely to play a significant role in 

the observed spatial patterns in life histories. Worldwide, fishing pressure has been 

demonstrated to cause significant biological change in fish populations, and has been 

implicated as the most likely cause of biological change in a variety of exploited species (e.g. 

Millner and Whiting 1996; Hidalgo et al. 2009; Silberschneider et al. 2009). Size-selective 

fishing gear such as gillnets may favor the survival of smaller individuals, leading to overall 

decreases in length-at-age (Ricker 1981), or conversely may result in a reduction in population 

density, resulting in lower levels of competition and increased availability of food, leading to 

faster growth and an increase in length-at-age (Millner and Whiting 1996; Hidalgo et al. 

2009). In hermaphroditic species, the removal of larger, older individuals (typically those of 

the secondary sex) of a population through size-selective harvest practices has been 

documented to result in decreases in the length and age at sex change (Platten et al. 2002; 

Hawkins and Roberts 2003). Such changes may have subsequent effects on growth rates, with 

individuals allocating energy to reproduction rather than to growth (de Roos et al. 2006). 

Although it is difficult to elucidate the effect of fishing pressure from genetic and 

environmental influences, there is indirect evidence to suggest that fishing is an important 

causal mechanism of the observed spatial patterns in life histories of P. macrochir. 

Populations on Queensland’s east coast, and along the north coast of the Northern Territory, 

where fishing pressure has historically been light and total mortality was generally lowest, 

were found to live longer and change sex at greater lengths and ages than elsewhere. 

Conversely, populations in the south-eastern Gulf of Carpentaria, where fishing pressure has 

historically been the highest and total mortality was greatest, exhibited the smallest back-
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calculated lengths, youngest maximum ages and changed sex much earlier than at other 

locations. Further evidence for fishing being an important determinant of life history 

parameters in P. macrochir, particularly within in the south-eastern Gulf of Carpentaria, is 

discussed below. 

Environmental conditions may play an important role in the observed patterns in life 

history parameters. Water temperature has been shown to be an important influence on fish 

growth and subsequent reproductive schedules (Conover 1992; Durieux et al. 2009; Tolan and 

Fisher 2009). In the present study, P. macrochir from lower latitudes (as a proxy for water 

temperature) were generally found to grow significantly faster and reached greater back-

calculated lengths-at-age 2 than those from higher latitudes for comparable coastlines. For 

example, along the Western Australian coastline, fish from Roebuck Bay generally grew faster 

and reach a greater length-at-age 2 than those from Eighty Mile Beach. Fish from the Wenlock 

River, in the north-eastern Gulf of Carpentaria, obtained a significantly greater back-

calculated length-at-age 2 than those from the south-eastern Gulf. As is typical of 

poikilotherms (Atkinson and Sibly 1997), fish from higher latitudes (e.g. the Fitzroy and 

Brisbane Rivers) were generally found to live longer, grow slower (based on constrained 

estimates) and reach greater maximum sizes than those in warmer waters. Such observations 

suggest that growth of P. macrochir may be, at least partly, related to water temperature. 

However, significant variation was observed among locations occupying similar latitudes, 

such as Lucinda on Queensland’s east coast, Queensland’s southern Gulf of Carpentaria, and 

Derby, suggesting that temperature is unlikely to be the sole driver of the observed spatial 

patterns. 

In addition to temperature, freshwater flow is considered an important environmental 

influence on growth in estuarine fish (Robins et al. 2006; Davidson et al. 2010), and may also 

play an important role in the observed patterns. Increases in freshwater flow has been 

suggested to affect growth of estuarine fishes via increased prey availability due to increases 

in nutrient availability and primary productivity (Whitfield 2005; Robins et al. 2006), or by 

increased foraging opportunity under the protection of higher turbidities (Hecht and van der 

Lingen 1992). Increases in freshwater flow have been documented to result in increased 

growth and trigger downstream movement of banana prawns Penaeus merguiensis (see Vance 

et al. 1985; Vance et al. 1998), one of the dominant prey items for P. macrochir (see Salini et 

al. 1998), which may make them more susceptible to predation. As such the spatial differences 

in life history parameters among locations may in part reflect differences in freshwater flow, 

however a general lack of flow data for most of the locations examined here precludes 

examination of the influence of freshwater flow on the observed spatial patterns in P. 

macrochir life histories. 
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In addition, factors such as duration of spawning season (Choat et al. 2003; Robertson 

et al. 2005), parasite loadings (Adlard and Lester 1994), or spatial differences in predator 

abundances or predation rates (Hixon 1991; Hixon and Webster 2002; Jones and McCormick 

2002) can also influence the life histories of fishes, and may have an influence here. It is likely 

that a combination of several of the above factors is responsible for the observed spatial 

patterns in life history parameters.  

 

Evidence for temporal changes in life history parameters of P. macrochir in the Gulf of 

Carpentaria 

There are a number of differences in life history parameters of P. macrochir in the south-

eastern Gulf of Carpentaria between the results of the present study and that of previous 

research in these waters. The maximum age observed for fish from the south-eastern Gulf of 

Carpentaria in the present study (8.5 years) is considerably lower than previous estimates of 

the maximum age reported for P. macrochir in these waters, and those observed elsewhere 

across northern Australia in the present study. Despite lower sample sizes, Garrett (1997) 

reported a maximum age for P. macrochir of 14 years in Queensland’s Gulf of Carpentaria 

waters, whereas fish up to 22 years old were observed on the east coast in the present study. 

Additionally, there has been an apparent decrease in the length frequency of fish caught, with 

a reduction in the number of large fish caught through the commercial fishery (Figure 3.10). 

Although it is likely that small P. macrochir were discarded in the historical catch to make 

room for larger, more profitable individuals or the more valuable Lates calcarifer, which may 

partially explain the lack of small fish in the historical data, the lack of large individuals in the 

present study is considered to be indicative of a general reduction in the size and age of P. 

macrochir in these waters. 

The pattern of sex change observed for populations within the south-eastern Gulf of 

Carpentaria in the present study is in stark contrast to that reported by Garrett (in Kailola et al. 

1993) in these waters, who observed the typical pattern of increasing proportion of females 

with length expected for protandrous species (Figure 3.10), resulting in an estimated L50 of 

923 mm FL (B. Moore, unpublished data). The large overlap in the length and age 

distributions of males and females observed for all locations, and the lack of previous 

observations of small females in the Gulf of Carpentaria (Figure 3.10) suggests that sex 

change in P. macrochir is a social and phenotypically plastic response to local conditions, 

rather than being fixed at a particular length or age. For species in which sex change is under 

social control, sex allocation theory predicts that individuals should change sex whenever their 

net future reproductive success would be higher for the opposite sex than for the existing sex 

(Charnov 1982; Munday et al. 2006). Although individuals generally refrain from changing 
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sex when small or young in populations with many large individuals of the secondary sex, sex 

change can occur at smaller sizes and younger ages when a population contains few 

individuals of the secondary sex (Munday et al. 2006; Hamilton et al. 2007). The removal of 

larger, older P. macrochir by size-selective fishing methods such as gillnets from the waters of 

Queensland’s south-eastern Gulf of Carpentaria, as indicated by the truncation of ages and 

lack of old fish in these waters, may result in males changing sex to females at smaller lengths 

(and younger ages) than historically documented in order to increase their reproductive 

success, and potentially explains the large number of small, young female P. macrochir in this 

region. 

 

 
Figure 3.10 Number of male and female Polydactylus macrochir in each 50 mm length 

class collected from Queensland’s south-eastern Gulf of Carpentaria waters 

based on data of Garrett (in Kailola et al. 1993) and the present study.  
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Gear selectivity patterns and size-selective fishing practices can have a considerable 

effect on demographic comparisons (Sinclair et al. 2002; Taylor et al. 2005). Gillnets are 

highly selective, and generally capture the larger individuals of a particular age class (Hilborn 

and Walters 1992). Although the samples of Garrett (in Kailola et al. 1993), and Garrett 

(1997) were obtained using gillnets of 100 mm to 200 mm (4 to 8 in.) stretched mesh (c.f. 100 

mm to 165 mm in the present study), it is unlikely that the observed differences in age class 

structure, length frequency and length at sex change between the historical data and the 

present study is a artifact of differences in sampling gears. Despite using nets of a smaller 

maximum size than previous studies, a number of large, old fish were collected at locations 

outside of the Gulf of Carpentaria during the present study, including fish up to 22 years of 

age and 1354 mm FL (1612 mm TL) from the Fitzroy River. The observation of these fish in 

the samples suggest that they would have been collected by the sampling gear in the south-

eastern Gulf of Carpentaria during the present study had they occurred in these waters. 

Despite the apparent decreases in length and age at sex change of P. macrochir in the 

south-eastern Gulf of Carpentaria, there has been no decline in catch-per-unit effort (CPUE) in 

these waters. In other teleosts it has been shown that smaller and younger individuals have 

lower fecundity (Sadovy 1996), and also produce offspring that are less viable with a lower 

probability of survivorship than larger, older females (Kjesbu et al. 1996; Trippel et al. 1997; 

Marteinsdottir and Steinarsson 1998; Berkeley et al. 2004). As such, reductions in the length 

at sex change as observed for populations in the south-eastern Gulf may be expected to 

ultimately lead to a decrease in recruitment, and should thus result in a decrease in CPUE. 

However, the CPUE of P. macrochir, as measured by kg/day, has generally remained steady 

over recent years (DPI&F 2007). Stability in CPUE in the fishery may reflect that the 

observed biological change could be relatively recent, and may have not yet manifested in 

changes in CPUE. Conversely, stability in CPUE may be attributed to effort creep, with 

technological advances in fishing methods (e.g. the increased use of net reels), hyperstability, 

whereby declines in abundance may not be reflected in changes in CPUE due to the efficiency 

of targeting individual schools (Welch et al. 2002), or recruitment from less heavily fished 

populations into the south-eastern Gulf. The lack of decline in CPUE, in the face of the 

observed biological change, suggests that analysis of fisheries-dependent patterns in CPUE in 

isolation may be a poor monitoring strategy for the species, and highlights the importance of 

continual monitoring of the life histories of exploited species in addition to catch trends. 

 

Implications and future directions 

The life history parameters examined in this study have shown distinct spatial signatures, 

suggesting the probable existence of a number of spatially distinct groups of at least post-
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larval P. macrochir assemblages across northern Australia. This is in contrast to the current 

management arrangements for the species, whereby post-recruitment P. macrochir are 

managed as separate, independent populations in the waters of Western Australia, the 

Northern Territory, Queensland’s Gulf of Carpentaria and Queensland’s east coast, 

respectively. While further techniques are required to accurately define the connectivity and 

population structure of P. macrochir, the limited connectivity evident between most locations 

from the spatial differences in life history of post-recruitment P. macrochir suggests that 

management practices within each jurisdiction, such as the development of monitoring and 

assessment programs, harvest strategies and establishment of suitable fishery regulations, need 

to be reviewed to recognise the potential for localised depletion of adult P. macrochir 

assemblages. Furthermore, the observed variation in life history parameters within 

jurisdictional boundaries suggests that the spatially segregated populations of P. macrochir 

will likely respond differently to fishing pressure if managed as a single entity. Failure to take 

account of such differences in stock assessments and subsequent management arrangements 

may lead to less productive populations being over-fished, whereas potential yields may not be 

realised for more productive components (Williams et al. 2006). The spatial differences in life 

history of P. macrochir should ideally be incorporated into fisheries assessment models for 

this species, to obtain reliable model outputs and to optimise management. 

This chapter has demonstrated the effectiveness of using life history parameters as a 

tool for assessing movement and connectivity of a large, tropical estuarine teleost, and 

suggests that future studies examining connectivity and geographical structure of estuarine 

fishes will likely benefit from the inclusion of comparisons of life history parameters. Holistic 

approaches, that integrate multiple techniques, have been advocated as the preferred approach 

to delineating patterns of movement, connectivity and stock structure of fishes (Begg and 

Waldman 1999). Additional techniques, such as comparisons of parasite assemblages or 

otolith elemental signatures, used in synergy with the life history parameters analysed here, 

will likely shed additional light on the movements of P. macrochir, including connectivity of 

larval stages to post-recruitment assemblages, to provide a comprehensive understanding of 

patterns of movement and connectivity and the appropriate spatial scales for management, 

monitoring and assessment. 
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Chapter 4 Parasites as indicators of movement and population connectivity of 

a non-diadromous, tropical estuarine teleost: king threadfin, Polydactylus 

macrochir 

 

4.1 Introduction 

Understanding patterns of connectivity, or the exchange of individuals between spatially-

distinct groups, is fundamental to the effective management and conservation of marine 

organisms and ecological systems (Cowen et al. 2007). Knowledge of the degree of 

connectivity is critical for establishing the spatial scale at which species should be managed, 

and in the design of marine protected areas (Thorrold et al. 2001; Fogarty and Botsford 2007). 

Such knowledge is also fundamental to understanding the population dynamics and ecology of 

species, which will lead to a greater comprehension of their resilience, and possible responses, 

when faced with environmental change. For exploited species, failure to accurately define the 

degree of connectivity between spatially-distinct groups can lead to over-fishing (Begg et al. 

1999a), resulting in dramatic changes in demography, productivity and genetic diversity of 

isolated groups (Ricker 1981; Smith et al. 1991; Dominguez-Petit et al. 2008), and ultimately 

localised depletion or extinction (Hilborn and Walters 1992; Hutchings 1996; Clark et al. 

2000). 

Estuarine fishes are generally regarded to be particularly vulnerable to localised 

depletion, given their typically patchy distributions, and close proximity to human populations 

where fishing pressure is typically high (Blaber 2000; Blaber 2002; Secor and Rooker 2005). 

As estuarine species worldwide continue to face added pressures of habitat degradation and 

fragmentation, it becomes increasingly important to identify patterns of movement and 

exchange between groups. Although such information is considered fundamental to managing 

estuarine fishes, the degree of connectivity is still poorly understood for many species, 

particularly in tropical systems (Secor and Rooker 2005; Jones 2006; Gillanders 2009). With 

anthropogenic pressures on tropical estuarine-dependent fishes projected to increase (Blaber 

2000; Roessig et al. 2004), it becomes increasingly important to understand patterns of 

connectivity so that effective management can be implemented.  

While population connectivity may be achieved through movement and dispersal of 

larvae, juvenile, and/or adult life history stages, in recent times considerable focus has been 

placed on the pelagic larval stage, and the processes that affect it, in addressing issues of 

connectivity. This focus has largely been driven by the recognition of the importance of this 

stage in moderating connectivity of reef fishes, in which adult fish are regarded as being 

largely sedentary (Jones et al. 2009). However, many recent studies have documented local 
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larval retention in fishes, and a number of estuarine fish species have been shown to be more 

sedentary as juveniles than adults (Gold and Richardson 1998; Swearer et al. 2002; Braverman 

et al. 2009; Tilburg et al. 2010). For example, many estuarine-associated species of Sciaenidae 

often remain in close proximity to their natal habitats for the first years of life and migrate 

extensively thereafter (Gold and Richardson 1998). These results suggest that movement of 

late juvenile and adult life history stages may be an important alternative means of 

maintaining connectivity for some estuarine fish species. 

The use of parasites as biological tags offers a powerful technique to provide 

information of movement and connectivity between spatially distinct groups of fish. Analysis 

of individual parasite species or community assemblages have been used successfully to 

determine stock structure (Lester et al. 1988; Timi et al. 2008; Moore et al. 2011a), determine 

sources of recruitment (MacKenzie 1985), and to quantify schooling integrity (Lester et al. 

1985; Moore et al. 2003). Studies on marine species have found variation in parasite faunas 

over scales of hundreds of kilometers (Lester et al. 1985) to as little as tens of metres (Cribb et 

al. 2000). The principle is that where the parasite fauna of fish from two areas is the same, the 

fish either have grown in a similar environment or have a common history. Where the parasite 

fauna is different, the history of the fish is different according to the residence time of the 

parasite counted in or on the fish, with parasites with short residence times, such as many 

species of gill monogeneans and copepods, providing information on recent history, and 

parasites with long residence times, such as encysted juvenile stages of cestodes and 

nematodes, providing information on long-term history (Lester 1990; Lester and MacKenzie 

2009). 

In this chapter, patterns in parasite community assemblages were examined to provide 

information on the movements and connectivity of post-recruitment assemblages of P. 

macrochir, as part of a multidisciplinary study into the stock structure and population 

connectivity of the species in Australian waters. The specific objectives were to (1) document 

the spatial patterns in parasite assemblages of P. macrochir in Australian waters, (2) assess 

whether these patterns are stable over time, and (3) use these estimates to determine 

movement, connectivity and appropriate management strategies for the species. 

 

4.2 Materials and methods 

Sample collection 

Polydactylus macrochir were collected from 18 locations (lower estuarine stretches of rivers 

and coastal sites) in Australian waters between winter 2007 and winter 2009; four locations in 

north-west and northern Australia, nine in the Gulf of Carpentaria and five on the east coast 

(Figure 4.1; Table 4.1). These locations were selected as they cover the geographical 
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distribution of P. macrochir in Australian waters and constitute important commercial and 

recreational fishing areas for the species. Roebuck Bay (RB) and the Roper (RR), Flinders 

(FLR) and Wenlock (WLR) Rivers were sampled twice across the sampling period, and the 

Fitzroy River (FR) was sampled three times, to examine temporal patterns in abundance of the 

parasites encountered. Where possible, sampling was generally conducted during the 

protracted spawning season of P. macrochir, which typically extends from September-March 

for locations across north-west and northern Australia and the east coast of Queensland, with a 

peak in October-December (Pember et al. 2005; Chapter 3), and August-March, with a peak of 

August-September, for the Gulf of Carpentaria (Garrett 1997) (Table 4.1). At each location 

(with the exception of the Brisbane River and Lucinda), whole fish or fish frames (whole 

skeleton remaining after filleting) were obtained directly from commercial fishers, fish 

processors or by fisheries-independent sampling that generally used the same gear used by 

commercial fishers (i.e. a combination of gillnets of 100 mm (4 in.) to 165 mm (6.5 in.) 

stretched mesh). Brisbane River samples were collected through a fishery-independent 

sampling program using the same gear as used by commercial fishers as outlined above, by 

opportunistic collections from recreational fishers, and by research line-fishing, whereas 

Lucinda samples were obtained from recreational fishers. For each fish collected, the location, 

date of capture, sex, maturity stage, total length (TL), fork length (FL) and upper jaw length 

(UJL) were recorded. Missing fork lengths were estimated using the relationship between FL 

and UJL, where FL = 8.1501UJL + 4.7413 (r2 = 0.95, n = 2132). Whole weight (Ww) was 

recorded to the nearest 1 g, where possible. Where unavailable, Ww was estimated using the 

equation Ww = 2.00x10-5 x FL2.9156 (r2 = 0.99), based on the relationship between FL and Ww 

measured for 73 whole individuals collected across the sampling locations. Heads and viscera 

were frozen in individually labeled plastic bags for later laboratory examination. Sagittal 

otoliths (hereafter referred to as otoliths) were removed from all fish for later ageing. 

 

Sample processing 

In the laboratory, samples were defrosted in water, and the head and viscera were examined 

for parasites, including those encysted within the stomach wall. Parasites encountered were 

extracted, identified, enumerated and categorised as temporary or permanent, based on their 

probable residence time in or on the fish. All dissections were performed by a single examiner 

(BRM), which removed any potential effect of difference between examiners. 

To facilitate parasite identification, fresh samples were taken from the Fitzroy, Mary 

and Brisbane Rivers on Queensland’s east coast. Live trypanorhynchs were placed in fresh 

water to facilitate the tentacle eversion required for accurate identification. Representative 

specimens were stained in Mayer’s haematoxylin, dehydrated in a graded ethanol series, 
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cleared in methyl salicylate and mounted in Canada balsam. Once identified, the morphology 

of the scolex, bothridia and blastocyst were considered adequate to separate trypanorhynch 

species. Parasites were identified according to descriptions in Podder (1937), Cannon (1977), 

Pillai (1985), Lom and Dykova (1992), Campbell and Beveridge (1996), Chambers et al. 

(2000), Amin et al. (2003), and Palm (2004). 

Ages of P. macrochir were estimated from examination of whole and sectioned otoliths, 

following the procedures outlined in Chapter 3. Briefly, all otoliths were initially read whole. 

Otoliths in which six or fewer annuli were counted in the initial read were read whole again, 

whereas otoliths in which more than six annuli were counted in the initial read were sectioned 

before being read again. Once the method of reading was established each otolith was read 

twice. When annuli counts between the two reads did not agree, a third reading was taken, and 

the two concurrent readings being accepted as the number of annuli. When all three counts 

differed, the otolith was rejected from further analysis. The absolute age of each fish was 

estimated from the number of annuli, the assumed birth date (1 September for Gulf of 

Carpentaria fish, and 1 November for other locations, corresponding to the middle of the peak 

spawning period), the estimated date of annuli deposition (31 October for all locations), and 

the date of capture. Age classes were assigned by rounding the fractional age estimates to the 

nearest year. All otoliths were read by a single, experienced reader (BRM), whose reading 

accuracy was tested against a set of P. macrochir otoliths. 
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Figure 4.1 Locations where Polydactylus macrochir were sampled for examination of 

parasite assemblages. From left: EMB, Eighty Mile Beach; RB, Roebuck Bay; 

DBY, Doctors Creek, Derby; CB, Chambers Bay; RR, Roper River; AC, 

Arthurs Creek; AR, Albert River; MI, Morning Inlet; FLR, Flinders River; 

SC, Spring Creek; SR, Staaten River; KR, Kendall River; LUC, Lucinda; 

TSV, Cleveland Bay, Townsville; FR, Fitzroy River; MR, Mary River; BR, 

Brisbane River. 
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Table 4.1 Sampling details of Polydactylus macrochir examined for parasites 

Sample 

code 
Location n 

Months 

collected  

Mean 

age 

(years) 

Age class 

range 

(years) 

Mean LF 

(mm) 

LF range 

(mm) 

EMB Eighty Mile Beach 53 Apr 2009 4.7 1–11 658 228–1021 

RB a Roebuck Bay 56 Mar 2008 3.1 1–7 685 495–892 

RB b Roebuck Bay 55 Aug 2008 2.3 2–7 575 463–881 

DBY Doctors Creek, Derby 35 Apr 2009 4.6 2–10 780 413–1040 

CB Pt Stuart, Chambers Bay 52 May 2009 3.2 2–6 709 505–850 

RR a Roper River 8 May 2008 5.9 3–9 918 550–1090 

RR b Roper River 17 Mar 2009 4.3 2–7 811 480–1000 

AC Arthurs Creek 42 Aug 2008 3.5 2–6 568 415–835 

AR Albert River 35 Oct 2008 3.7 3–5 597 520–715 

MI Morning Inlet 50 Sept 2008 3.6 2–7 561 350–980 

FLR a Flinders River 50 July 2007 3.7 3–6 642 495–915 

FLR b Flinders River 50 Feb 2009 3.8 3–8 664 495–880 

SC Spring Creek 50 Feb 2009 3.8 3–9 663 500–880 

SR Staaten River 25 Feb 2009 2.6 3–4 519 470–595 

KR Kendall River 63 Sept 2008 2.1 1–3 535 315–906 

WLR a Wenlock River 21 Mar 2009 2.5 2–4 642 442–890 

WLR b Wenlock River 11 Nov 2009 3.2 2–5 766 570–960 

LUC Lucinda 18 Jun – July 2009 3.6 3–4 799 645–895 

TSV Cleveland Bay, Townsville 54 Jun – Sept 2008 2.7 3 687 568–810 

FR a Fitzroy River 51 Sept – Oct 2007 4.1 2–17 708 446–1126 

FR b Fitzroy River 53 Oct 2008 4.5 2–21 750 515–1290 

FR c Fitzroy River 45 Sept – Oct 2009 5.0 2–9 884 485–1250 

MR Mary River 43 Mar – Oct 2009 5.5 3–11 832 552–995 

BR Brisbane River 53 Mar – Nov 2009 5.8 3–14 840 601–1062 
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Data analysis 

Summary statistics were compiled for each sample, and included mean abundance (total 

number of individuals of a particular parasite per sample divided by the total number of hosts 

examined, including uninfected hosts) and prevalence (number of hosts infected with a 

particular parasite divided by number of hosts examined, expressed as a percentage) for each 

parasite species deemed suitable for use as a biological tag, following the terminology of Bush 

et al. (1997). Only parasite species with a prevalence > 10 % in at least one of the samples 

were used in the analysis (component species; Bush et al. 1990). Shapiro-Wilk tests revealed 

that the frequency distributions of the parasite species were not normal (P < 0.05). In general, 

the abundance data for each parasite had two components: one which could be approximated 

by a negative binomial distribution and a second component consisting of a large zero 

category, presumably arising because some fish had not been exposed to infection. The natural 

log of the parasite + 1 (Ln[x + 1]) was used to minimise the variance of the abundance data. 

These transformed data were used throughout the analyses. 

Parasites with long residence times in fish tend to accumulate with host age (Rohde 

1982), which may obscure differences in parasite fauna between areas if samples contain hosts 

of different ages. To reduce the effect of fish age on the analyses, only fish in age classes 2–11 

were used in the analyses. These age classes constituted approximately 95% of the fish 

collected through the sampling program. As an added safeguard, individual parasite species 

were examined for correlation with fish age. Where significant, the abundances of the 

correlated species were adjusted to the mean host age following the method of Moore et al. 

(2003). Mean fish age was used to adjust parasite abundances as opposed to Ww or FL as 

preliminary analysis revealed parasite abundances were generally more strongly correlated 

with age rather than Ww or FL. Adjusting the parasite counts to median fish age (3.5 years) 

was also done but this gave the same results, hence only mean-adjusted resulted are displayed 

here. No adjustment was made if the parasite abundance was zero. 

 

Patterns of individual parasite species 

A combination of univariate and multivariate analyses were used to examine both temporal 

and spatial patterns in the parasite abundances. One-way ANOVA was applied to identify 

differences in abundance of individual parasite species among each of the temporal replicates 

and among the 18 spatial locations. Temporal replicates were pooled for the spatial univariate 

comparisons. The assumption of homogeneity of variance was tested prior to each analysis 

using Cochran’s C test. Although Shapiro-Wilk tests revealed the frequency distributions of 

the transformed counts of most parasite species were not normal, analyses were still 

performed, as ANOVA is robust to departures from assumptions of normality and 
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homogeneity of variances where sample sizes are relatively large (Underwood 1997). 

Significant results were examined using Tukey-Kramer post-hoc pair-wise comparisons 

(Sokal and Rohlf 1995). 

 

Patterns of parasite community assemblages 

Because of the non-normality and heterogeneity of variances, multivariate analysis of variance 

(MANOVA) was not used to examine patterns in parasite community assemblages, as this 

method is known to be particularly sensitive to departures to the assumptions of multivariate 

normality and equal variance-covariance matrices (Clarke 1993). Similarly, non-parametric 

permutational multivariate analysis of variance (PERMANOVA), commonly used to examine 

non-normally distributed datasets, could not be reliably used, as the assumptions of 

homogeneity of dispersions required by this test (Anderson et al. 2008) were not met 

(PERMDISP, P < 0.01). 

Instead, discriminant function analysis (DFA, SYSTAT v 13.0) was conducted to provide 

a visual indication of the similarities of the permanent parasite assemblages between samples. 

Results of the DFA were plotted as graphs of the first and second discriminant axes, with 95% 

confidence intervals established around the mean canonical score of each sample. Due to the 

non-normality and heterogeneity of variance of the dataset, no further interpretation, such as 

the calculation of Wilk’s Lambda values to assess parasite species contributions, or 

classification scores of individual fish, was conducted on the results of the DFA, as these tests 

are highly sensitive to departures of normality and homogeneity of variances (Clarke 1993). 

To provide an indication of classification success of the samples, the fauna abundance profiles 

of individual fish were compared against the sample means using the Bray-Curtis similarity 

coefficient (Primer v 6.1.13). A random number between zero and +0.001 was added to the 

age-adjusted data to allow for inversion in the Bray-Curtis similarity matrix. The resulting 

scores were used to classify fish to the location of ‘best-fit’. This method allowed for a semi-

metric estimate of classification that was not subject to the assumptions of multivariate 

normality that confines parametric designs (Anderson et al. 2008). Preliminary analysis 

suggested that some samples separated by thousands of kilometers of coastline were similar 

(e.g. FLR vs. FR; Figure 4.1), with very different locations in between. To avoid these 

locations being forced together in the results, locations were separated into three regions for 

the multivariate analyses: north-west and northern Australia (comprising locations EMB, RB, 

DBY and CB), the Gulf of Carpentaria (RR, AC, AR, MI, FLR, SC, SR, KR, WLR), and 

Queensland’s east coast (LUC, TSV, FR, MR, and BR) (see Figure 4.1). To ensure that the 

classification results of the Bray-Curtis comparisons in the Gulf of Carpentaria were not a 

function of the greater number of possible locations an individual fish could be classified to 
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relative to the other regions, this grouping was further divided into southern and eastern 

regions. At least one location was repeated between neighbouring regions in the Bray-Curtis 

analysis to link the analyses between groups, and the Flinders River (FLR) was included in the 

DFA for both the southern and eastern Gulf of Carpentaria for the same purpose. As the DFA 

revealed no significant differences in parasite community assemblages between temporal 

replicates for any of the five locations that were sampled on multiple occasions (see Results), 

the replicates were pooled in the Bray-Curtis classification analysis. 

 

4.3 Results 

A total of 990 P. macrochir were examined for parasites. From these, 22 different types of 

parasites were found (Table 4.2). Seven types were identified to species: the copepod 

Thysanote eleutheronemi Rangnekar, 1961, the acanthocephalan Neoechinorhynchus topseyi 

Podder, 1937, and the cestodes Callitetrarhynchus gracilis Pinter, 1931, Parotobothrium balli 

(Southwell, 1929), Pseudotobothrium dipsacum (Linton, 1897), Pterobothrium australiense 

Campbell & Beveridge, 1996, and Pterobothrium pearsoni Southwell, 1929. Ten parasites 

were considered as suitable markers to investigate long-term movements, in that they were 

considered to have a long residence time in the fish, were relatively easy to find and were 

morphologically very different to each other which aided discrimination. They were juvenile 

stages of the nematodes Anisakis spp. and Terranova (type II), juveniles of the cestodes C. 

gracilis, Nybelinia sp., Proemotobothrium sp., P. dipsacum, P. australiense, P. pearsoni, and 

Pterobothrium sp. B, and adults of the acanthocephalan Pomphorhynchus sp.. Although 

evidence suggests that acanthocephalans generally have short residence times in fish (Moller 

1976; Lester et al. 1985), encapsulated bulbs of dead Pomphorhynchus sp. were readily 

observed on the intestinal wall, suggesting that this species may be a suitable indicator of 

long-term movement. Some fish contained many thousands of nematodes throughout the 

viscera and body cavity. To speed up the dissections the two nematode species were counted 

only if encysted on the liver. Due to the frozen nature of most samples, representatives of the 

genus Anisakis could not be accurately identified to ‘type’ or species level, and thus were 

grouped as Anisakis spp. in the analyses. 

The distributions and abundances of the 10 parasites varied markedly across the sampling 

locations (Table 4.3). Nybelinia sp. was common in fish from the east coast, less prevalent in 

the Gulf of Carpentaria and absent from the north-west and northern locations. In contrast, 

Proemotobothrium sp. was prevalent in fish from the north-west and northern locations, less 

common in fish from the Gulf of Carpentaria and absent from east coast fish. P. australiense 

was observed in fish from all locations except for the Mary (MR) and Brisbane (BR) Rivers, 

whereas P. dipsacum was observed in only the Mary and Brisbane Rivers. Of the 10 types, 
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transformed counts of five species, Anisakis spp., C. gracilis, Nybelinia sp., 

Proemotobothrium sp. and Terranova (type II) were significantly correlated with fish age at P 

< 0.05, and were thus adjusted to the mean age of the fish sampled (3.76 years). 

 

Patterns of individual parasite species 

Temporal patterns in individual parasite species 

Comparisons of individual parasite species found little difference among temporal replicates. 

Abundances of Proemotobothrium sp. differed significantly among replicates from Roebuck 

Bay (RB) (F = 10.560, d.f. = 1, 100, P = 0.002), while abundances of Pterobothrium 

australiense differed among replicates from the Wenlock River (WLR) (F = 4.798, d.f. = 1, 

30, P = 0.036). In the Fitzroy River (FR), only abundances of Anisakis spp. differed among the 

three temporal replicates (F = 3.949, d.f. = 2, 142, P = 0.021). No difference was observed in 

the abundance of any individual parasite species among temporal replicates from the Roper 

(RR) and Flinders (FLR) Rivers. 

 

Spatial patterns in individual parasite species 

One-way ANOVA indicated that the abundance of all parasite species was significantly 

different across the 18 locations. Tukey-Kramer pair-wise comparisons indicated which 

species contributed to the differences (Table 4.4). Samples from Eighty Mile Beach (EMB) 

had significantly higher abundances of Proemotobothrium sp., P. pearsoni and Terranova 

(type II) than those from neighbouring Roebuck Bay (RB). Derby (DBY) fish appeared 

distinct, with no less than three parasite species being significantly different to all other 

locations. Fish from Chambers Bay (CB), on the north coast of the Northern Territory, and the 

Roper River (RR), in the western Gulf of Carpentaria, appeared distinct. Fewer differences 

were observed within the south-eastern Gulf of Carpentaria, with no more than three parasite 

species being significantly different between any two locations. Samples from the Wenlock 

River (WLR), in the north-eastern Gulf of Carpentaria, appeared distinct to all other locations. 

On the east coast, samples from Lucinda (LUC) and Townsville (TSV) appeared 

homogeneous, with no significant differences apparent for any parasite species. Fish from the 

Fitzroy (FR), Mary (MR) and Brisbane (BR) Rivers appeared distinct, with the abundances of 

no fewer than three parasite species differing between these locations. 
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Table 4.2   Parasites found infecting Polydactylus macrochir. 1New host record. *Species 

used as biological tags. 

Parasite group Taxon Site of infection 

   
Copepoda Caligus sp. Inside operculum 

 Thysanote eleutheronemi
1 Inside operculum 

Acanthocephala Neoechinorhynchus topseyi
1 Intestine 

 Raosentis sp. Intestine 

 Pomphorhynchus sp.* Intestine 

Cestoda Callitetrarhynchus gracilis
1* Body cavity 

 Nybelinia sp.* Body cavity 

 Parotobothrium balli
1 Body cavity 

 Proemotobothrium sp.* Body cavity 
 Pseudotobothrium dipsacum

1* Body cavity 
 Pterobothrium australiense

1* Body cavity 
 Pterobothrium pearsoni

1* Body cavity 
 Pterobothrium sp. B* Body cavity 
 Trypanorhynch type A Body cavity 

 Trypanorhynch type B Body cavity 

 Tetraphyllidean type 4 Body cavity 

Myxozoa Myxidium sp. Gall bladder 

 Unicapsula sp. Muscle 

Nematoda Anisakis spp.* Body cavity 

 Terranova (type II)* Body cavity 

 Ascaridoid type Intestine 

Trematoda Bucephalid type Stomach 
   
   

Queensland Museum accession codes for species used as biological tags: Anisakis spp., G232644–

232645; C. gracilis, G232648–232650; Nybelinia sp., G232651–232653, Pomphorhynchus sp. 

G232669–232673; Proemotobothrium sp., G232666–668; P. dipsacum, G232664–232665; P. 

australiense, G232661–232663; P. pearsoni, G232654–232657; Pterobothrium sp. B, G232658–

232660; Terranova (type II), 232646–232647.  
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Patterns in parasite community assemblages 

Results of the DFA and the Bray-Curtis similarity analyses were generally in close agreement 

(Figure 4.2; Tables 4.5–4.8). Differences in parasite community assemblages among temporal 

replicates at any of the five locations were not considered significant because of the 

overlapping confidence intervals in the DFA plots (Figure 4.2). Samples from Eighty Mile 

Beach (EMB) and Roebuck Bay (RB), in the north-west and northern region, appeared similar, 

evidenced by the overlapping confidence ellipses in the DFA (Figure 4.2). Whilst fish from 

Roebuck Bay had a relatively high classification success (79%) in the Bray-Curtis similarity 

analysis, those from Eighty Mile Beach had a poor overall classification success, with only 

55% correctly classified (Table 4.5). The remaining 23 individuals (45%) aligned with those 

from Roebuck Bay, suggesting that these fish moved from Roebuck Bay to Eighty Mile 

Beach. Fish from both Derby (DBY) and Chambers Bay (CB) appeared distinct from all 

locations, with 100% of individuals correctly classified at each of these locations (Figure 4.2; 

Table 4.5). Samples from the Roper River (RR), in the Gulf of Carpentaria, appeared distinct 

from the north-west and northern locations, with 96% of fish correctly classified (Table 4.5). 

When compared against other locations in the southern Gulf however, samples from the Roper 

River appeared similar, with 8 of 25 individuals (32%) classified to locations in Queensland 

waters. Samples from Arthurs Creek (AC), the Albert River (AR), Morning Inlet (MI), the 

Flinders River (FLR), Spring Creek (SC) and the Staaten River (SR) appeared similar in the 

discriminant function analysis, evidenced by the tightly overlapping confidence intervals 

(Figure 4.2). Bray-Curtis similarity indices further demonstrated the similarities between these 

locations (Tables 4.6; Table 4.7). A number of fish caught from the Flinders River and Spring 

Creek aligned with those from the Kendall River (KR), suggesting southward movement of 

fish from the Kendall River to these estuaries. Conversely, there appeared to be little evidence 

of movement into the Kendall River from other estuaries, evidence by a high classification 

success (88%) of fish caught in this river. There was little evidence of movement between the 

Wenlock River (WLR) and locations in the south-east Gulf of Carpentaria or east coast, with 

84% of individuals correctly classified from this location (Table 4.7; Table 4.8). Samples from 

Lucinda (LUC) and Townsville (TSV), on Queensland’s east coast, appeared similar, 

evidenced by the overlapping confidence ellipses in the DFA and the relatively high number 

of fish cross-classified between these locations in the Bray-Curtis matrix (Figure 4.2; Table 

4.8). Fish from the Fitzroy (FR), Mary (MR) and Brisbane (BR) Rivers each appeared distinct 

to other east coast locations, with 88%, 84% and 88% of individuals correctly classified, 

respectively. 
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Table 4.3 Mean abundance (+ 1 s.e.) of parasites per fish in king threadfin, Polydactylus macrochir, sampled from 18 locations across northern 

Australia (see Figure 4.1; to 1 decimal place; fish age classes 2-11; untransformed data). Prevalence is given in parentheses. 

 Region North-western and northern Australia 

Location ID EMB RB a RB b DBY CB 

      

Sample size 51 47 55 35 52 

Mean age (years) 4.8 3.4 2.3 4.6 3.2 

Age class range (years) 2–11 2–7 2–7 2–10 2–6 

Mean LF (mm) 675 711 575 780 709 

      

Anisakis spp. 0.1 + 0.1 
(6) 

0.0 + 0.0 
(0) 

0.0 + 0.0 
(0) 

0.0 + 0.0 
(0) 

0.3 + 0.1 
(21) 

Callitetrarhynchus gracilis 
1.1 + 0.2 

(39) 
1.3 + 0.3 

(43) 
0.8 + 0.2 

(31) 
1.2 + 0.3 

(40) 
8.1 + 0.7 

(100) 

Nybelinia sp. 0.0 + 0.0 
(0) 

0.0 + 0.0 
(0) 

0.0 + 0.0 
(0) 

0.0 + 0.0 
(0) 

0.0 + 0.0 
(0) 

Pomphorhynchus sp. 0.0 + 0.0 
(0) 

0.0 + 0.0 
(0) 

0.0 + 0.0 
(0) 

0.0 + 0.0 
(3) 

2.4 + 0.9 
(23) 

Proemotobothrium sp. 74.9 + 14.2 
(100) 

12.6 + 2.0 
(96) 

4.2 + 1.0 
(87) 

6834.7 + 833.2 
(100) 

274.3 + 41.3 
(100) 

Pseudotobothrium dipsacum 0.0 + 0.0 
(0) 

0.0 + 0.0 
(0) 

0.0 + 0.0 
(0) 

0.0 + 0.0 
(0) 

0.0 + 0.0 
(0) 

Pterobothrium australiense 
0.6 + 0.2 

(25) 
0.3 + 0.1 

(17) 
0.1 + 0.0 

(7) 
1.8 + 0.4 

(57) 
0.8 + 0.2 

(40) 

Pterobothrium pearsoni 0.7 + 0.2 
(35) 

0.1 + 0.1 
(9) 

0.1 + 0.0 
(7) 

0.5 + 0.3 
(17) 

0.5 + 0.1 
(29) 

Pterobothrium sp. B 0.1 + 0.1 
(8) 

0.0 + 0.0 
(0) 

0.0 + 0.0 
(0) 

0.7 + 0.2 
(37) 

0.4 + 0.1 
(29) 

Terranova (type II) 3.6 + 0.7 
(49) 

0.6 + 0.3 
(17) 

0.1 + 0.1 
(11) 

1.4 + 0.5 
(31) 

1.1 + 0.4 
(21) 
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Table 4.3 (cont.) Mean abundance (+ 1 s.e.) of parasites per fish in king threadfin, Polydactylus macrochir, sampled from 18 locations across northern 

Australia (see Figure 4.1; to 1 decimal place; fish age classes 2-11; untransformed data). Prevalence is given in parentheses.  

Region Gulf of Carpentaria 

Location ID RR a RR b AC AR MI FLR a FLR b SC SR KR WLR a WLR b 

             

Sample size 8 17 42 35 50 50 50 50 25 41 21 11 

Mean age (years) 5.9 4.3 3.5 3.7 3.6 3.7 3.8 3.8 2.6 2.6 2.5 3.2 

Age class range (years) 3–9 2–7 2–6 3–5 2–7 3–6 3–8 3–9 3–4 2–3 2–4 2–5 

Mean LF (mm) 918 811 568 597 561 642 664 663 519 629 642 766 

             

Anisakis spp. 0.3 + 0.3 
(13) 

0.7 + 0.3 
(47) 

0.1 + 0.1 
(5) 

0.0 + 0.0 
(0) 

0.0 + 0.0 
(2) 

0.0 + 0.0 
(0) 

0.1 + 0.0 
(6) 

0.0 + 0.0 
(4) 

0.0 + 0.0 
(0) 

0.0 + 0.0 
(0) 

0.1 + 0.1 
(10) 

0.2 + 0.1 
(18) 

Callitetrarhynchus gracilis 
10.9 + 3.9 

(100) 
11.4 + 3.4 

(88) 
10.1 + 1.3 

(100) 
18.5 + 1.6 

(100) 
14.7 + 1.9 

(94) 
5.5 + 0.6 

(94) 
8.8 + 1.2 

(90) 
7.7 + 1.0 

(88) 
3.9 + 0.5 

(100) 
15.9 + 1.7 

(100) 
0.8 + 0.2 

(48) 
0.8 + 0.4 

(45) 

Nybelinia sp. 0.0 + 0.0 
(0) 

0.0 + 0.0 
(0) 

0.0 + 0.0 
(2) 

0.0 + 0.0 
(0) 

0.0 + 0.0 
(0) 

0.0 + 0.0 
(4) 

0.1 + 0.1 
(8) 

0.7 + 0.4 
(12) 

0.2 + 0.2 
(8) 

0.1 + 0.0 
(7) 

0.0 + 0.0 
(5) 

0.0 + 0.0 
(0) 

Pomphorhynchus sp. 0.5 + 0.5 
(13) 

0.3 + 0.2 
(18) 

0.2 + 0.1 
(10) 

0.0 + 0.0 
(0) 

0.2 + 0.1 
(12) 

0.4 + 0.2  
(18) 

0.2 + 0.1 
(10) 

1.5 + 0.4 
(26) 

0.4 + 0.1 
(28) 

0.2 + 0.1 
(10) 

0.0 + 0.0 
(0) 

0.0 + 0.0 
(0) 

Proemotobothrium sp. 0.1 + 0.3 
(13) 

0.1 + 0.1 
(6) 

0.1 + 0.1 
(10) 

0.4 + 0.1 
(26) 

0.6 + 0.2 
(34) 

0.8 + 0.2 
(26) 

1.0 + 0.2 
(52) 

2.8 + 0.5 
(78) 

0.5 + 0.2 
(40) 

0.9 + 0.2 
(44) 

0.1 + 0.1 
(14) 

0.2 + 0.2 
(9) 

Pseudotobothrium dipsacum 0.0 + 0.0 
(0) 

0.0 + 0.0 
(0) 

0.0 + 0.0 
(0) 

0.0 + 0.0 
(0) 

0.0 + 0.0 
(0) 

0.0 + 0.0 
(0) 

0.0 + 0.0 
(0) 

0.0 + 0.0 
(0) 

0.0 + 0.0 
(0) 

0.0 + 0.0 
(0) 

0.0 + 0.0 
(0) 

0.0 + 0.0 
(0) 

Pterobothrium australiense 
2.1 + 0.6 

(75) 
2.1 + 0.4 

(76) 
5.8 + 0.5 

(98) 
7.8 + 0.9 

(97) 
7.7 + 0.9 

(94) 
7.7 + 0.8 

(96) 
6.5 + 1.0 

(94) 
6.3 + 1.0 

(96) 
4.4 + 0.7 

(92) 
4.1 + 0.5 

(100) 
1.5 + 0.6 

(71) 
3.5 + 1.2 

(91) 

Pterobothrium pearsoni 0.1 + 0.1 
(13) 

0.2 + 0.1 
(18) 

1.4 + 0.4 
(38) 

0.9 + 0.2 
(40) 

0.2 + 0.1 
(12) 

0.2 + 0.1 
(16) 

0.2 + 0.1 
(14) 

0.2 + 0.1 
(16) 

0.1 + 0.1 
(8) 

2.2 + 0.3 
(73) 

1.0 + 0.2 
(62) 

0.9 + 0.3 
(55) 

Pterobothrium sp. B 0.6 + 0.3 
(50) 

0.5 + 0.2 
(47) 

0.1 + 0.1 
(5) 

0.1 + 0.0 
(6) 

0.0 + 0.0 
(2) 

0.0 + 0.0 
(0) 

0.0 + 0.0 
(4) 

0.1 + 0.0 
(6) 

0.0 + 0.0 
(4) 

0.0 + 0.0 
(2) 

0.9 + 0.2 
(71) 

1.2 + 0.3 
(73) 

Terranova (type II) 1.1 + 0.4 
(75) 

1.2 + 0.2 
(71) 

0.1 + 0.0 
(7) 

0.0 + 0.0 
(0) 

0.1 + 0.0 
(8) 

0.0 + 0.0 
(0) 

0.1 + 0.0 
(4) 

0.1 + 0.0 
(4) 

0.0 + 0.0 
(0) 

0.0 + 0.0 
(2) 

0.1 + 0.1 
(10) 

0.6 + 0.3 
(27) 
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Table 4.3 (cont.) Mean abundance (+ 1 s.e.) of parasites per fish in king threadfin, Polydactylus macrochir, sampled from 18 locations across northern 

Australia (see Figure 4.1; to 1 decimal place; fish age classes 2-11; untransformed data). Prevalence is given in parentheses. 

Region East coast 

Location ID LUC TSV FR a FR b FR c MR BR 

        
Sample size 18 54 50 50 45 43 50 

Mean age (years) 3.6 2.7 3.9 3.7 5.0 5.5 5.4 

Age class range (years) 3–4 3 2–9 2–8 2–9 3–11 3–11 

Mean LF (mm) 799 687 700 721 884 832 828 

        

Anisakis spp. 0.1 + 0.1 
(6) 

0.0 + 0.0 
(4) 

0.1 + 0.1 
(8) 

0.0 + 0.0 
(0) 

0.0 + 0.0 
(0) 

0.0 + 0.0 
(0) 

0.0 + 0.0 
(0) 

Callitetrarhynchus gracilis 
1.1 + 0.2 

(67) 
0.9 + 0.1 

(54) 
22.1 + 2.8 

(100) 
18.4 + 3.2 

(100) 
21.4 + 2.7 

(96) 
0.5 + 0.1 

(28) 
11.2 + 1.8 

(92) 

Nybelinia sp. 0.8 + 0.3 
(39) 

0.3 + 0.1 
(22) 

1.4 + 0.3 
(44) 

1.7 + 0.3 
(64) 

2.0 + 0.6 
(67) 

0.0 + 0.0 
(0) 

2.0 + 0.4 
(72) 

Pomphorhynchus sp. 0.1 + 0.1 
(6) 

0.0 + 0.0 
(2) 

0.1 + 0.1 
(6) 

0.1 + 0.0 
(4) 

0.0 + 0.0 
(0) 

0.0 + 0.0 
(0) 

0.0 + 0.0 
(0) 

Proemotobothrium sp. 0.0 + 0.0 
(0) 

0.0 + 0.0 
(0) 

0.0 + 0.0 
(0) 

0.0 + 0.0 
(0) 

0.0 + 0.0 
(0) 

0.0 + 0.0 
(0) 

0.0 + 0.0 
(0) 

Pseudotobothrium dipsacum 0.0 + 0.0 
(0) 

0.0 + 0.0 
(0) 

0.0 + 0.0 
(0) 

0.0 + 0.0 
(0) 

0.0 + 0.0 
(0) 

0.6 + 0.2 
(37) 

0.4 + 0.1 
(22) 

Pterobothrium australiense 
9.2 + 1.9 

(100) 
6.2 + 0.7 

(81) 
4.7 + 0.6 

(94) 
4.6 + 0.5 

(92) 
5.8 + 0.7 

(98) 
0.0 + 0.0 

(0) 
0.0 + 0.0 

(0) 

Pterobothrium pearsoni 0.2 + 0.1 
(17) 

0.1 + 0.1 
(11) 

0.3 + 0.1 
(24) 

0.4 + 0.1 
(30) 

0.3 + 0.1 
(24) 

0.0 + 0.0  
(0) 

0.0 + 0.0 
(0) 

Pterobothrium sp. B 0.0 + 0.0 
(0) 

0.0 + 0.0 
(0) 

0.0 + 0.0 
(0) 

0.0 + 0.0 
(0) 

0.0  + 0.0  
(0) 

0.0 + 0.0 
(0) 

0.0 + 0.0 
(0) 

Terranova (type II) 0.4 + 0.1 
(39) 

0.1 + 0.1 
(11) 

0.2 + 0.1 
(4) 

0.1 + 0.0 
(6) 

0.1 + 0.1 
(9) 

0.3 + 0.1 
(16) 

0.0 + 0.0 
(4) 
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Table 4.4 Tukey-Kramer pair-wise comparisons of parasite species infecting Polydactylus macrochir. The number in the table corresponds to 

the parasite species that is significantly different at 95% CI. (1) Anisakis spp.; (2) C. gracilis; (3) Nybelinia sp.; (4) Pomphorhynchus 

sp.; (5) Proemotobothrium sp., (6) P. dipsacum; (7) P. australiense; (8) P. pearsoni; (9) Pterobothrium sp. B; (10) Terranova sp. 

Location RB DBY CB RR AC AR MI FLR SC SR KR WLR LUC TSV FR MR BR 

EMB 5,8,10 5,9,10 1,2,4,5, 
9,10 

1,2,5,7, 
9 

2,5,7, 
10 

2,5,7, 
10 

2,5,7, 
10 

2,5,7,8, 
10 

2,4,5,7, 
10 

2,5,7,10 2,5,7,8, 
10 

5,7,9, 
10 

3,5,7, 
10 

5,7,8, 
10 

2,3,5,7, 
10 

5,6,8, 
10 

2,3,5,6, 
8,10 

RB  5,7,9 1,2,4,5, 
9 

1,2,5,7, 
9,10 

2,5,7,8 2,5,7,8 2,5,7 2,5,7 2,4,5,7 2,5,7 2,5,7,8 5,7,8,9, 3,5,7 5,7 2,3,5,7 5,6 2,3,5,6 

DBY   1,2,4,5 1,2,5 2,5,7,8, 
9,10 

2,5,7,9, 
10 

2,5,7,9, 
10 

2,5,7,9, 
10 

2,4,5,7, 
9,10 

2,5,7,9, 
10 

2,5,7,8, 
9,10 

5,8,9 3,5,7,9 5,7,9 2,3,5,7, 
9,10 

5,6,7,9 2,3,5,6, 
7,9,10 

CB    5,7 1,4,5,7, 
9,10 

1,2,4,5, 
7,9,10 

1,4,5,7, 
9,10 

1,4,5,7, 
9,10 

1,5,7,9, 
10 

1,5,7,9, 
10 

1,2,4,5, 
7,8,9,10 

2,4,5,9 2,3,4,5, 
7,9 

1,2,4,5, 
7,9 

1,2,3,4, 
5,7,9,10 

1,2,4,5, 
6,9 

1,3,4,5, 
6,8,9,10 

RR     1,7,8,9, 
10 

1,2,7,9, 
10 

1,7,9, 
10 

1,7,9, 
10 

1,5,7,9, 
10 

1,5,9, 
10 

1,2,5,8, 
9,10 

1,2,8,9, 
10 

1,2,3,7, 
9 

1,2,7,9 1,2,3,7, 
9,10 

1,2,6,7, 
9,10 

1,3,6,7, 
9,10 

AC      2 8 2,5,8 4,5,8 5,8 2,5,8 2,7,9 2,3,8 2,8 3,8 2,6,7,8 3,6,7,8 
 

AR       8 2,8 2,4,5 2 5,8 2,7,9 2,3 2,8 3,7 2,6,7,8 2,3,6,7, 
8 

MI        2 2,4,5 2 5,8 2,7,8,9 2,3 2 3 2,6,7 2,3,6,7 

FLR         4,5  2,8 2,7,8,9 2,3 2,5 2,3,5 2,5,6,7 3,5,6,7 

SC          5 2,4,8 2,4,5,7, 
8,9 

2,4,5 2,4,5 2,3,4,5 2,4,5,6, 
7 

3,4,5,6, 
7 

SR           2,8 2,7,8,9 2,5 2,5 2,3,5 2,5,6,7 3,5,6,7 

KR            2,5,7,8, 
9 

2,3,5,8 2,5,8 3,5,8 2,5,6,7, 
8 

2,3,5,6, 
7,8 

WLR             3,7,9 7,8,9 2,3,7,8, 
9 

6,7,8,9 2,3,6,7, 
8,9 

LUC               2 3,6,7 2,6,7 

TSV               2,3 6,7 2,3,6,7 

FR  
 

              2,3,6,7 2,6,7 

MR  
 

               2,3,6 
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Table 4.5   Results of Bray-Curtis similarity classification success of 10 permanent 

parasite species infecting Polydactylus macrochir from locations across north-

west and northern Australia. Listed in the table is the percent of fish correctly 

classified and the number of fish classified to each location. 

Location % correct EMB RB DBY CB RR 

EMB 55 28 23 0 0 0 

RB 79 18 81 0 1 2 

DBY 100 0 0 35 0 0 

CB 100 0 0 0 52 0 

RR 96 1 0 0 0 24 

 

 

Table 4.6  Results of Bray-Curtis similarity classification success of 10 permanent 

parasite species infecting Polydactylus macrochir from locations in the 

southern Gulf of Carpentaria, Australia. Listed in the table is the percent of 

fish correctly classified and the number of fish classified to each location. 

Location % correct RR AC AR MI FLR 

RR 68 17 3 3 1 1 

AC 29 2 12 12 8 8 

AR 71 0 3 25 7 0 

MI 30 2 1 22 15 10 

FLR 43 6 9 15 27 43 
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Table 4.7 Results of Bray-Curtis similarity classification success of 10 permanent 

parasite species infecting Polydactylus macrochir from locations in the eastern 

Gulf of Carpentaria, Australia. Listed in the table is the percent of fish 

correctly classified and the number of fish classified to each location. 

Location % correct FLR SC SR KR WLR 

FLR 48 48 15 13 20 4 

SC 52 3 26 6 12 3 

SR 24 9 10 5 1 0 

KR 88 2 2 1 36 0 

WLR 84 2 0 2 1 27 

 

 

Table 4.8 Results of Bray-Curtis similarity classification success of 10 permanent 

parasite species infecting Polydactylus macrochir from locations on the east 

coast of Queensland, Australia. Listed in the table is the percent of fish 

correctly classified and the number of fish classified to each location. 

Location % correct WLR LUC TSV FR MR BR 

WLR 84 27 2 2 0 0 1 

LUC 67 0 12 5 1 0 0 

TSV 39 0 22 21 1 2 8 

FR 88 1 1 6 128 0 9 

MR 84 0 0 1 0 36 6 

BR 88 0 0 0 5 1 44 
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Figure 4.2 95% confidence ellipses from discriminant function analysis (DFA) of 10 

parasites species infecting Polydactylus macrochir in Australian waters (see 

Figure 4.1). Axes 1 vs. 2. A separate DFA was run for each region. 

 

4.4 Discussion 

Polydactylus macrochir harboured a varied and abundant parasite fauna, with no fewer than 

22 species recorded. Many of the same species, and a similar parasite diversity, have been 

recorded in the closely related blue threadfin, Eleutheronema tetradactylum Shaw, 1804 (see 

Zischke et al. 2009; Moore et al. 2011a). Given the low host specificity of the juvenile stages 

of the parasites examined (Palm 2004), the similarities in parasite faunas between P. 

macrochir and E. tetradactylum suggests that many aspects of their ecology, in particular diet 

and habitat, are similar (Moran et al. 1996; Poulin and Rohde 1997; Marques et al. 2011); a 

hypothesis that is consistent with surveys of the diet and distribution of the two species 

(Blaber et al. 1989; Brewer et al. 1995; Salini et al. 1998). 
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Temporal patterns in parasite assemblages 

Understanding temporal patterns of parasite assemblages is critical when using parasites as 

biological tags, as temporal changes in parasite assemblages may confound differences 

between locations if sampling is conducted across different seasons and/or years (MacKenzie 

1987; Campbell et al. 2007; Timi et al. 2009). Although it was not possible to examine the 

temporal stability of the parasites infecting P. macrochir at all locations in the present study 

due to the remoteness of the sampling locations and the variable nature of fishing activities, 

examination of temporal stability in parasite community assemblages was possible for five 

locations covering the majority of the sampling region. In this analysis, parasite community 

assemblages showed strong similarities between temporal replicates collected between five 

months to three years apart. While the relatively small sample sizes for the Roper and 

Wenlock Rivers may have confounded analyses at these locations, the similarities observed 

among temporal replicate samples from Roebuck Bay and the Flinders and Fitzroy River 

suggests that the parasite communities at these locations were stable over the timeframes 

explored. Several studies have reported similar results over comparable timeframes. Campbell 

et al. (2007) found no difference in the prevalence or abundance of the nematode Anisakis 

simplex and the larval cestode Lacistorhynchus tenuis infecting herring, Clupea harengus, in 

the Irish Sea over a two year period from 2003 and 2004. Similarly, Charters et al. (2010) 

observed no significant difference in the abundances of P. pearsoni, C. gracilis, Terranova 

(type II) and A. simplex infecting grey mackerel, Scomberomorus semifasciatus, collected 

from multiple locations across northern Australia between 2005 and 2006. However, the lack 

of temporal variation reported in these studies should not be taken as evidence that parasite 

communities are stable over these timeframes in general. Rather, given the potential of 

temporal difference to confound results, temporal patterns in parasite assemblages should be 

examined on a study-specific basis, particularly for cases where spatial sampling is conducted 

over large temporal periods. 

 

Spatial patterns in parasite assemblages 

The parasite assemblages of P. macrochir were found to be significantly different among 

locations at a range of spatial scales, indicating that juvenile and adult assemblages of P. 

macrochir undergo limited broadscale connectivity and remain resident in areas that reflect the 

different environmental or ecological conditions they experience in their life. Samples from 

Derby, Chambers Bay, and the Wenlock, Fitzroy, Mary and Brisbane Rivers each appeared 

distinct to all other samples, consistent with spatial isolation of fish from these locations. 

Differences in parasite assemblages over similar spatial scales have been observed for several 

teleost species in Australian waters, including blue threadfin, E. tetradactylum (see Moore et 
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al. 2011a), southern garfish, Hyporhamphus melanochir (see Hutson et al. 2011), and narrow-

barred Spanish mackerel, Scomberomorus commerson (see Moore et al. 2003). 

Similar parasite assemblages, however, were observed among locations separated by 

approximately 500 km in Queensland’s Gulf of Carpentaria, and among Eighty Mile Beach 

and Roebuck Bay in Western Australia, and Lucinda and Townsville on Queensland’s east 

coast. These similarities suggest that either fish are moving among locations, or the 

environmental and ecological conditions affecting parasite infection, such as the distribution 

of the definitive or suitable alternate intermediate hosts, are similar among locations. For 

Lucinda and Townsville, and the south-eastern Gulf of Carpentaria, the similarities in parasite 

assemblages are largely consistent with concurrent studies into the connectivity of P. 

macrochir, suggesting fish from these locations may form single, intermixing populations. 

Newman et al. (2010) and Horne et al. (2012) found no significant difference in whole otolith 

stable isotope ratios and mtDNA signatures, respectively, among fish from the south-eastern 

Gulf of Carpentaria, supporting the hypothesis of movement within this region. Life history 

parameters, including back-calculated length-at-age 2, total mortality rates and patterns of 

length and age at sex change were also largely similar among locations in this region (Chapter 

3), further corroborating the hypothesis of a single population. Although not included in the 

studies of Newman et al. (2010) or Horne et al. (2012), fish from Lucinda were found to 

exhibit similar growth patterns to those from Townsville (Chapter 3). While the consistency of 

these results imparts a greater degree of confidence to those of any one technique used in 

isolation, it is important to note that it cannot be unequivocally concluded that such similarities 

prove the existence of a single, intermixing, population in each of these regions. Rather, the 

results of these techniques merely fail to falsify a null hypothesis of a single population 

(Waldman 1999). 

The pattern of connectivity of post-larval assemblages of P. macrochir between Eighty 

Mile Beach and Roebuck Bay is slightly less clear. In accordance with the parasite data, 

comparisons of mtDNA haplotypes (Horne et al. 2012) and whole otolith stable isotopes 

(Newman et al. 2010) found no difference between these locations. In contrast, patterns in life 

history parameters, in particular growth and length and age at sex change, differed 

significantly among these locations (Chapter 3). The greater net movement of P. macrochir 

from Roebuck Bay to Eighty Mile Beach, as suggested by the parasite assemblages, may 

account for the differences observed in life history parameters. Alternately, the similarities 

observed in otolith isotopes and parasites assemblages may reflect similarities in the 

environmental and ecological conditions between locations, while the similarities in mtDNA 

haplotypes may result from larval mixing and/or movement of low numbers of adults. 

Additional techniques, such as analyses of otolith element signatures, may provide further 
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insight into the movement and connectivity of P. macrochir across the species’ Australian 

distribution. 

Using the qualitative criteria listed by Lester (1990) and MacKenzie and Abaunza 

(1998), ten parasite types were considered suitable for use as biological tags. Seven of the 10 

parasites species were larval stages of trypanorhynch cestodes, the adults of which occur in 

elasmobranchs. The availability of definitive hosts is regarded as more important in regulating 

the distribution of cestodes than that of intermediate hosts due to the higher host-specificity of 

the parasitic adult stages (Rohde 1982; Palm 2004). As such, movements of fish may be 

deduced by examining the occurrence of these parasites in relation to the distribution of their 

elasmobranch definitive hosts. For example, in the present study, metacestodes of P. 

australiense were observed at all locations except for the Mary and Brisbane Rivers in south-

east Queensland. Adults of this parasite have been recorded from the green sawfish, Pristis 

zijsron (see Campbell and Beveridge 1996). Pristis zijsron occur in coastal waters as far south 

as Perth in Western Australia across northern Australia to the east coast of Queensland (Last 

and Stevens 2009). Once reported to occur as far south as Jervis Bay, New South Wales 

(approximately 35ºS), P. zijsron are considered to be extinct in south-east Queensland and 

New South Wales waters (Stevens et al. 2005). Although it is conceivable that P. australiense 

may mature in other sawfish species, no sawfish species occur in south-east Queensland 

waters. The absence of this parasite in fish from the Mary or Brisbane Rivers thus suggests 

that no post-larval P. macrochir move from northern or central Queensland waters to the 

south-east. Although a lack of fresh material required for species-level identification for some 

of the parasites examined (e.g. Proemotobothrium sp., Pterobothrium sp. B), or lack of 

knowledge of the definitive host of others (e.g. P. dipsacum), precluded similar assessments 

for all species used as biological tags, the differences in abundances observed among locations 

nevertheless suggests limited connectivity of post-larval P. macrochir assemblages. 

 

Management implications and future directions 

The results of this study have important implications for the management of P. macrochir. The 

parasite assemblages examined suggest that post-larval P. macrochir form a number of 

discrete populations, with limited movement and connectivity between areas. These results 

suggest that P. macrochir is vulnerable to localised depletion, either through over-fishing or 

environmental perturbation, with reduction in any one area unlikely to be compensated for by 

immigration from other locations, at least of late juvenile and adult life history stages. The 

presence of fine-scale population structuring evident for juvenile and adult assemblages of P. 

macrochir suggests that the spatial scale of management, including the development of 
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monitoring and assessment programs, harvest strategies and establishment of suitable fishery 

regulations, needs to be reviewed in order to recognise the potential for localised depletion. 

However, while the parasite data suggest limited exchange among post-recruitment P. 

macrochir, they provide little data on the connectivity of larval fish to adult assemblages. For 

at least some locations, the discrete adult assemblages observed in the present study may be 

interconnected by larval dispersal. Under this scenario, P. macrochir may conform to a 

metapopulation structure. Alternately, the spatially-discrete assemblages of P. macrochir 

evident from the parasite data may represent closed populations, with limited larval dispersal, 

or local larval retention, occurring among locations. Recently, strong selection for local larval 

retention has been hypothesised for fishes that live in spatially-fragmented seascapes such as 

estuaries, as the chances of finding suitable settlement habitat are greatly reduced if larvae 

disperse away from the parental population (Swearer et al. 2002). Understanding patterns of 

larval dispersal and recruitment to adult assemblages is considered critical to gaining a full 

understanding of the population structure of P. macrochir. Additional techniques, such as 

comparisons of otolith elemental signatures, may shed additional light on the movements and 

exchange of P. macrochir, including connectivity of larval life history stages to adult 

populations. 

Recently, holistic approaches, that integrate multiple, complementary techniques, have 

been advocated as the preferred method for delineating patterns of movement and connectivity 

of fishes, as they effectively maximise the likelihood of identifying spatially-discrete groups 

(sensu Begg and Waldman 1999). This chapter forms a significant contribution to the holistic 

study into the movements and connectivity of P. macrochir, and, given the paucity of studies 

examining connectivity of non-diadromous tropical estuarine fishes, provides fundamental 

information from which more specific hypotheses of connectivity, population structure and 

gene flow of such species can be tested. 
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Chapter 5 Connectivity and population structure of a non-diadromous, 

tropical estuarine teleost as determined by otolith microchemistry 

 

5.1 Introduction 

Understanding the population structure and degree of exchange between groups of a species, 

or connectivity, is fundamental to the effective management and conservation of aquatic 

species and ecosystems (Cowen et al. 2007). Information on connectivity, achieved through 

the dispersal of individuals as larvae, juveniles, or adults, helps to identify which groups are 

susceptible to localised depletion and potential sources of replenishment and recruitment to 

local populations (Thorrold et al. 2001; Cowen and Sponaugle 2009). Such knowledge is 

fundamental for determining the spatial scale at which a species should be managed and in the 

design of protected areas such as marine reserves or marine protected areas (MPAs). If 

managed inappropriately, spatially discrete populations could be inadvertently subject to 

localised depletion or extinction through over-fishing or environmental perturbation, as there 

would be limited opportunity for replenishment from neighbouring populations (Hilborn and 

Walters 1992). Furthermore, there is the potential to reduce local productivity, alter biological 

or ecological processes, and reduce genetic diversity (Ricker 1981; Smith et al. 1991). 

Analysis of elemental signatures of otoliths offers a powerful approach to examining 

patterns of connectivity of fishes (Thorrold et al. 2001; Gillanders 2002a; Gillanders 2005; 

Elsdon et al. 2008). Resolution of such methods has been demonstrated to be fine enough to 

distinguish differences in elemental signatures among sites separated by as little as several 

metres (e.g. Kingsford and Gillanders 2000). Otoliths are crystalline structures composed of 

calcium carbonate located in the membranous labyrinth of the inner ear of teleosts. Three pairs 

of otoliths occur in teleosts; the sagittae, the asteriscii, and the lapilli. Of these, the sagittae are 

most commonly used in studies of otolith chemistry, owing to their larger size and ease of 

extraction (Thresher 1999). As an otolith grows, elements are incorporated into its calcium 

carbonate structure at rates largely mediated by both environmental and endogenous factors, 

including ambient concentration, water temperature, salinity and diet (Fowler et al. 1995; Bath 

et al. 2000; Milton and Chenery 2001b). For example, strontium (Sr) typically occurs at high, 

uniform concentrations in marine environments, while barium (Ba) shows the opposite pattern 

and is enriched in freshwater or in the low salinity region of freshwater plumes during flood 

events (McCulloch et al. 2005; Walther and Thorrold 2006). As otoliths are metabolically inert 

(i.e. they are not subject to resorption, remodelling or regeneration), the deposition of elements 

and resulting chemical signature remains unaltered through time (Campana and Neilson 1985). 
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Consequently, otoliths retain a chronological record of the environments experienced by a fish 

throughout its life (Secor and Rooker 2000; Elsdon and Gillanders 2003). Correlating patterns 

of elemental signatures with temporal references within otoliths, such as the annual or daily 

growth increments, can facilitate examination of age-related patterns of movement and 

connectivity (Fowler et al. 2005; McCulloch et al. 2005; Steer et al. 2009). 

Examination of life history parameters (Chapter 3) and parasite assemblages (Chapter 4) 

suggest that post-larval P. macrochir generally undergo limited movement and thus form a 

number of spatially distinct assemblages. Broadscale differences in otolith stable isotope ratios 

(Newman et al. 2010), and mitochondrial DNA haplotypes (Horne et al. 2012) have also been 

reported. However, these studies were largely based on late juvenile and adult fish, which may 

not necessarily be representative of the dispersal capabilities and connectivity of larval or early 

juvenile life history stages (Tobin et al. 2010). As connectivity may be achieved through 

dispersal of all life history stages (Palumbi 2004; Fogarty and Botsford 2007), understanding 

the degree of movement and dispersal of pre-recruitment stages of P. macrochir is of critical 

importance in order to implement effective management strategies for the species. In this 

chapter, patterns in otolith elemental signatures of P. macrochir were investigated to 

determine movement and connectivity of the species across northern Australia. The specific 

aim of this study was to examine age-related elemental signatures from the otolith core 

(reflecting larval/early juvenile life history) through to material laid down during adult life, to 

assess whether the connectivity and population structure observed in adult fish reflects 

dispersal and movement of early life history stages. 

 

5.2 Materials and methods 

Sample collection 

Polydactylus macrochir were collected from commercial net fishers, fisheries-independent 

sampling and from recreational anglers from 17 locations (lower estuarine stretches of rivers 

and coastal sites) across northern Australia between July 2007 and February 2010 (Figure 5.1). 

Locations were separated by 10s to 100s of kilometers and were centered on the important 

commercial and recreational fishing areas for P. macrochir across northern Australia. At each 

location (with the exception of the Brisbane River and Lucinda), whole fish or fish frames 

(whole skeleton remaining after filleting) were obtained directly from commercial fishers, fish 

processors or by fisheries-independent sampling that generally used the same gear used by 

commercial fishers (i.e. a combination of gillnets of 100 mm (4 in.) to 165 mm (6.5 in.) 

stretched mesh). Brisbane River samples were collected through a fishery-independent 

sampling program using the same gear as used by commercial fishers as outlined above, by 

opportunistic collections from recreational fishers, and by research line-fishing, whereas 
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Lucinda samples were obtained from recreational fishers. The location, date of capture, sex, 

maturity stage, total length (TL), fork length (FL) and upper jaw length (UJL) were recorded 

for each fish collected, unless damaged. Sagittal otoliths (hereafter referred to as otoliths) were 

removed from all fish. Otoliths were rinsed in deionised (Milli-Q) water, cleaned of adhering 

tissue and stored to dry for later ageing. Each fish was aged following the protocol in Chapter 

3 and assigned to a year class on the basis of spawning year. To minimise any confounding 

temporal influences on the spatial comparisons due to differences in collection time, 

examination of elemental profiles was conducted on 3+ year fish that originated from the 2005 

year class. Up to 18 otoliths were randomly selected from those available from each of the 17 

locations for the analyses. After ageing, a single otolith from each fish was rinsed with ultra-

pure water and air-dried overnight for processing. 

 

Otolith preparation 

Each otolith was embedded in epoxy resin and a transverse section of 400 m thickness was 

taken through the primordium removed from the core region using a low speed diamond-

edged circular saw continuously lubricated with ultra-pure water. Each otolith section was 

polished down to the inner core on both sides using 1500 grit-size abrasive paper that was wet 

with Milli-Q water. Each polished section was triple rinsed with Milli-Q water and air-dried. 

Four randomly selected sections were fixed on an acid-washed 50 mm x 25 mm microscope 

slide with resin. Each slide was wiped with a paper towel that had been wet with 0.5 M HNO3 

to remove any surface contamination, rinsed with Milli-Q water and air-dried before being 

stored in an individual plastic bag for transportation to the laser ablation facility.   
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Figure 5.1 Locations where Polydactylus macrochir were sampled for examination of 

otolith elemental signatures (sample sizes in parentheses). From left: EMB, 

Eighty Mile Beach (15); RB, Roebuck Bay (16); DBY, Doctor’s Creek, Derby 

(10); CB, Chambers Bay (11); RR, Roper River (14); AC, Arthurs Creek (14); 

AR, Albert River (15); MI, Morning Inlet (14); FLR, Flinders River (18); SC, 

Spring Creek (14); KR, Kendall River (10); WLR, Wenlock River (8); LUC, 

Lucinda (6); TSV, Cleveland Bay, Townsville (10); FR, Fitzroy River (12); 

MR, Mary River (10); BR, Brisbane River (10). 

 

Elemental analysis 

The otolith sections were analysed by laser ablation inductively coupled plasma mass 

spectrometry (LA-ICP-MS) at the Environmental Analytical Chemistry Laboratory, Charles 

Darwin University, Darwin, Australia. The system consisted of a New Wave UP-213 high 

performance ultraviolet laser ablation system connected to an Agilent 7500ce ICP-MS. Each 
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slide was placed in a sealed perspex ablation chamber with helium atmosphere (1.10 L min-1) 

and viewed remotely via a computer monitor. The laser was programmed to follow a transect 

from the core to the outer edge of the otolith section (Figure 5.2). This sampling axis was 

chosen as it generally provided well defined opaque annuli. Examination of the elemental 

profiles revealed a distinct peak of Mn in the otolith core of most samples (see Results). 

Accordingly, the presence of these Mn peaks was used to confirm that each transect sampled 

the otolith core and to allow identification of the position of the core along each transect. 

Transects were ablated using an 80 m diameter laser beam, at a pulse rate of 5 Hz, a laser 

energy of 80% and a scan speed of 10 m s-1. A pilot study revealed concentrations of 7Li, 
24Mg, 43Ca, 55Mn, 59Co, 86Sr, 88Sr, 137Ba and 138Ba were generally measured above detection 

limits and showed no evidence of surface contamination, based on comparisons of pre-ablated 

and non pre-ablated otoliths. As these isotopes are thought to be metabolically inert, not under 

significant physiological control, and not subject to interference from other isotopes (Campana 

1999), they were recorded for all transects. As previous studies have shown Sr and Ba to be 

particularly useful for discriminating groups of estuarine fishes (Gillanders 2002a; Milton and 

Chenery 2003), two isotopes of Sr and Ba were read in order to cross-check the occurrence of 

any possible interference of these elements. 

Prior to each ablation, background counts of each elemental isotope were measured in 

the blank sample gas for 20 seconds. This provided average background counts of the analysed 

isotopes, which were subtracted from the sample counts for each ablation. After each ablation 

the chamber was purged with Argon gas for approximately 2–3 minutes to eliminate any 

background gases that may have contained contaminants. Otolith sections were analysed in 

random order to eliminate any possible biases associated with instrument drift. Counts of 

elemental isotopes were calibrated against the National Institute of Standards (NIST) 612 glass 

standard. This standard was analysed once at the beginning and completion of each slide (4 

ablations) to further eliminate short-term instrument drift by linear interpolation. The 

minimum detection limit at the 99% confidence level was calculated using GLITTER software 

(Van Achterbergh et al. 2001). Average detection limits (in p.p.m.) for each isotope were 

estimated as: 7Li 0.01, 24Mg 0.02, 43Ca 20.62, 55Mn 0.05, 59Co 0.01, 86Sr 0.76, 88Sr 0.05, 137Ba 

0.02, 138Ba 0.01. Estimates of precision (% relative standard deviation (RSD)) based on the 

repeated analysis of the NIST 612 standard for each isotope were: 7Li 7.80%, 24Mg 5.16%, 
55Mn 3.18%, 59Co 4.84%, 86Sr 4.94%, 88Sr 2.81%, 137Ba 3.26%, 138Ba 3.01%. 

Calcium (43Ca) was used as an internal standard to correct for variations in ablation 

yield. Calcium concentration was assumed to be constant at 388 000 g g-1 based on published 

values for certified otolith reference material (Yoshinaga et al. 2000). All elemental data were 
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expressed as molar ratios to 43Ca. Elemental values in the NIST 612 standard were derived 

from Pearce et al. (1997). 

 

 
Figure 5.2 Transverse section of an otolith from a 3+ year old Polydactylus macrochir 

from the 2005 year class. The black line indicates the ablation transect. 

 

Relating elemental signatures to fish age 

The elemental signatures were related to fish age using the annuli of the otolith as a temporal 

reference, following Fowler et al. (2005) After each otolith was ablated using LA-ICP-MS, a 

digital image of the section was recorded using a Leica DC 300 digital camera mounted to a 

dissecting microscope. Using this image, a transect was drawn adjacent to the ablation scar, 

and the width of each annual increment was measured along this transect from the outer edges 

of the consecutive opaque zones. The elemental profiles were then divided into up to four life-

history stages according to the measured distances along this transect: larval/early juvenile 

(first 100 m of the transect, comprising the otolith core, consistent with measurements of this 

structure for the species), and years 1, 2 and 3. Only the chemical signatures from the core to 

the third opaque zone were used in the analyses. Although fish were collected from the 

different locations over a 12-month period, no analyses were conducted on the elemental 

signatures within the marginal increment. 

 

Data analysis 

To reduce the noise in the data, concentrations of each element were averaged using a nine-

point running median, and then further smoothed using a nine-point running mean as 

described by Sinclair et al. (1998). The elemental profiles for each element were plotted 

against fish age, to examine age-related variation of elemental signatures within and among 

locations. For each otolith an age group mean was then calculated from the elemental readings 

that were assigned to each age group, based on the annuli measurements. This provided four 
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age group means for each otolith: one for the core (larval/early juvenile portion), and the three 

for each consecutive year of the fish’s life. 

A combination of univariate and multivariate analyses were used to examine spatial 

patterns in the otolith elemental signatures. As Shapiro Wilk tests revealed the data for some 

elements were non-normal (P < 0.05), concentrations were ln(x+1) transformed prior to 

analysis, to normalise and minimise the variance of the data. One-way ANOVA was applied to 

identify differences in abundance of the individual elements among the 17 locations, using 

location as a fixed factor in the univariate design. Significant results were examined using 

Tukey-Kramer post-hoc pair-wise comparisons (Sokal and Rohlf 1995). 

Differences in multi-element signatures among locations were examined by multiple 

analysis of variance (MANOVA), followed by forward step-wise discriminant function 

analysis (DFA). Canonical discriminant plots were constructed to visualise differences in 

multi-element signatures among locations and age groups. To assess how accurately 

individuals could be assigned to location using multi-element signatures, cross-validation 

classifications were performed using jackknife ‘leave one out’ procedures. Preliminary 

analysis suggested that some samples separated by thousands of kilometers of coastline were 

similar (e.g. EMB vs. TSV; Figure 5.1), with very different locations in between. To avoid 

these locations being forced together in the results, locations were separated into the same four 

regions used in Chapter 4 for multivariate analyses; north-western and northern Australia, 

southern Gulf of Carpentaria, eastern Gulf of Carpentaria and Queensland’s east coast. A 

single MANOVA and DFA were run on the elemental signatures assigned to each age group 

(larval/early juvenile, age 1, age 2 and age 3), and for each region (north-western and northern, 

southern Gulf of Carpentaria, eastern Gulf of Carpentaria and east coast). Partial Wilk’s 

lambda values were used to identify the elements that contributed the most discriminatory 

power to the overall DFA models, ranging from zero (total discriminatory power) to 1 (no 

discriminatory power) (McGarigal et al. 2000). 

 

5.3 Results 

Single element analyses 

Concentrations of 7Li, 24Mg, 55Mn and 59Co were highest in the otolith cores and generally 

decreased throughout the first three years of a fish’s life (Figure 5.3). As average 55Mn 

concentrations generally dropped below detection levels with increasing distance from the 

core (Figure 5.3), data for this element were included only in the analyses of otolith cores 

(larval/early juvenile portion). Whilst concentrations of 7Li, 24Mg, and, to a lesser extent, 59Co, 

showed similar patterns, concentrations of these elements consistently exceeded the detection 

limits throughout a fish’s life, and as such their data were included for analyses of all age 



Chapter 5 Comparisons of otolith elemental signatures 

78 

groups. The two isotopes recorded for Sr (86Sr and 88Sr) and Ba (137Ba and 138Ba) showed 

similar trends across the otoliths, suggesting that variation in their profiles represent real 

trends in chemical composition. Of the two isotopes, 88Sr and 138Ba showed the lowest 

variance, and were therefore considered more reliable for analysis. 

One-way ANOVA detected significant variation in the age-related mean concentration 

of all elements for at least one age group (P < 0.05). In some cases, however, differences were 

inconsistent among locations and age groups, with an element differing among locations for 

one age group but not the next. Little overall variation was evident among locations for 

average concentrations of 24Mg or 59Co (Figure 5.3). Average 7Li concentrations were lower 

for samples from the Fitzroy, Mary and Brisbane Rivers relative to other locations for the core 

region and ages 1 and 2. Average 55Mn concentrations were lowest in the core region of 

samples from Eighty Mile Beach and Roebuck Bay, and highest in fish from the Fitzroy River. 

Sr concentrations varied considerably over the life of an individual fish, with age-related Sr 

profiles showing numerous peaks and troughs. Average 88Sr concentrations exhibited a slight 

decrease from the western locations to the eastern locations, and were generally lowest for 

Brisbane River fish (Figure 5.3). 

Of the six elements analysed, 138Ba showed the most variation among locations (Figure 

5.3). Average 138Ba concentration showed little correlation with age for most locations, 

however, average 138Ba concentrations increased with age for fish from the Roper River, 

Flinders River and Spring Creek locales in the Gulf of Carpentaria, and decreased with age for 

fish from the Fitzroy, Mary and Brisbane Rivers on the east coast. Average 138Ba 

concentrations were highest for samples from Derby and the Fitzroy and Brisbane Rivers for 

the north-western and northern and east coast regions, respectively. In the Gulf of Carpentaria, 

average 138Ba signatures were highest for the Roper River, in the Northern Territory, and 

Flinders River and Spring Creek, in Queensland’s south-eastern Gulf of Carpentaria waters. 

Examination of age-related plots of 138Ba profiles for locations within Queensland’s Gulf 

waters revealed further trends in this region. Three general 138Ba signature types were evident: 

fish with ‘high’ 138Ba (consistently exceeding 25 mol mol-1 throughout a fish’s life after the 

first austral wet season (Oct-March)), fish with ‘variable’ 138Ba (one or more peaks and 

troughs, with peaks exceeding 25 mol mol-1), and those with ‘low’ 138Ba (not exceeding 25 

mol mol-1 at any point of a fish’s life) (Figure 5.4). Fish with ‘high’ 138Ba signatures were 

only observed at the Flinders River and Spring Creek locations. All fish from the Morning 

Inlet, and the Kendall and Wenlock Rivers, had ‘low’ 138Ba signatures. A single fish from 

Arthurs Creek and the Albert River had a ‘variable’ 138Ba signature, while the remaining fish 

had ‘low’ 138Ba signatures (Table 5.1).  
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Figure 5.3 Age-related mean concentrations (mol mol-1relative to 43Ca) of 7Li, 24Mg and 

55Mn in Polydactylus macrochir otoliths collected from 17 locations across 

northern Australia (+ 1 s.e.).  Juvenile = white, age 0–1 = light grey, age 1–2 = 

dark grey, age 2–3 = black. See Figure 5.1 for location codes. 
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Figure 5.3 (cont.) Age-related mean concentrations (mol mol-1relative to 43Ca) of 59Co, 88Sr 

and 138Ba in Polydactylus macrochir otoliths collected from 17 locations 

across northern Australia (+ 1 s.e.).  Juvenile = white, age 0–1 = light grey, 

age 1–2 = dark grey, age 2–3 = black. See Figure 5.1 for location codes.  
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Table 5.1 Numbers of Polydactylus macrochir in each 138Ba otolith signature category 

for locations in Queensland’s Gulf of Carpentaria waters (see text for criteria). 

Location 
 Barium signature  

High Ba Variable Ba Low Ba 

Arthurs Creek 0 1 13 

Albert River 0 1 14 

Morning Inlet 0 0 14 

Flinders River 6 7 5 

Spring Creek 2 7 5 

Kendall River 0 0 10 

Wenlock River 0 0 8 
 

 

 
Figure 5.4 Examples of age-related variability in 138Ba concentration of three 

Polydactylus macrochir caught from the Flinders River from the Gulf of 

Carpentaria. 

 

Multi-element analyses 

North-west and northern Australia 

Otolith elemental signatures differed significantly for all age groups among the four locations 

across north-western and northern Australia (MANOVA, P < 0.001) (Figure 5.5; Table 5.2). 

Fish from Eighty Mile Beach generally had high classification success (ranging from 73–

100%). In contrast, fish from Roebuck Bay were poorly classified (< 56% for all age groups), 

with incorrectly classified fish aligning with those from Eighty Mile Beach and Chambers 
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Bay. Similarly, most incorrectly classified individuals caught at Chambers Bay were assigned 

to Roebuck Bay. Given that fish from Roebuck and Chambers Bays are genetically distinct 

(Horne et al. 2012), the similarity observed in the elemental data likely reflects a lack of 

heterogeneity in the factors affecting elemental deposition among these locations, rather than 

movement between locations. Fish from Derby appeared largely distinct for all age groups, 

with classification rates ranging from 80–100% (Table 5.3). Chambers Bay fish generally had 

poor classification success for ages 1, 2 and 3, with 50%, 33% and 67% of fish correctly 

classified in the age groups, respectively. In the analysis, average 55Mn concentration was 

identified as the main element responsible for the discrimination among locations for the early 

juvenile portion, whereas average 138Ba accounted for the majority of discrimination among 

locations for ages 1–3 (Table 5.2). 

 

Gulf of Carpentaria 

Multi-element signatures were significantly different among locations for all age groups for 

both regions of the Gulf of Carpentaria (MANOVA, P < 0.012) (Table 5.2). Discriminant 

function analysis further demonstrated the differences among locations (Figure 5.5). In the 

southern Gulf, samples from the Roper River appeared distinct to all other locations, with 

jackknifed classification success of 93%, 93%, 79% and 86% for the larval/early juvenile 

portion and ages 1, 2 and 3, respectively (Table 5.4). Classification success of Arthurs Creek, 

Albert River and Morning Inlet samples was poor for all age groups (Table 5.4), with many 

fish incorrectly classified among these three locations. Samples from the Flinders River were 

similar to all other locations for the larval/early juvenile and age 1 material, but appeared 

largely distinct for age 2 onwards, reaching classification success of 89% (16 of 18 individuals 

correctly classified) for age 3. 

When compared against locations in the eastern Gulf, classification success of Flinders 

River fish similarly increased with age, with 50% of individuals correctly classified for the 

larval/early juvenile portion and 56%, 72% and 78% for ages 1, 2 and 3, respectively (Table 

5.5). Spring Creek samples showed poor classification throughout, with classification success 

< 29% for each of the four age groups examined. The majority of individuals that were 

incorrectly classified from Spring Creek were allocated to the Flinders River for all age 

groups. Samples from the Kendall and Wenlock Rivers were similarly poorly classified (Table 

5.5). In the analyses, 88Sr and 138Ba were responsible for the majority of discrimination among 

locations for all age groups in the southern Gulf, and 138Ba had the most discriminating 

properties for all age groups in the eastern Gulf (Table 5.2). 
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East coast 

Differences were apparent among locations for all age groups on the east coast (MANOVA, P 

< 0.001) (Table 5.2; Table 5.6). Samples from Lucinda and Townsville appeared similar in the 

DFA plots for all age groups (Figure 5.5). While Townsville fish generally had moderate 

classification success (ranging from 50–60%), fish from Lucinda were poorly classified (< 

67% for all age groups), with all incorrectly classified fish aligning with those from 

Townsville (Table 5.6). There appeared to be little evidence for dispersal of larval/early 

juvenile fish among the Fitzroy, Mary and Brisbane Rivers, with jackknifed classification 

success of 80–100% for the early juvenile signature of fish caught at each of these locations 

(Table 5.6). Despite their apparent convergence in the DFA plot (Figure 5.5), classification 

successes for these locations for ages 1–3 were high (Table 5.6), indicating that fish remained 

spatially distinct throughout their life. In the analysis, average 88Sr and average 138Ba were the 

main elements responsible for the discrimination of the early juvenile signatures, whereas 

average 138Ba concentration typically accounted for the majority of discrimination among 

locations for ages 1–3 (Table 5.2). 
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Table 5.2 Summary of MANOVA and discriminant function analyses for elemental signatures of Polydactylus macrochir otoliths from four 

regions across northern Australia. Core analyses were based on 7Li, 24Mg, 55Mn, 59Co, 88Sr and 138Ba whereas all other age groups 

based on 7Li, 24Mg, 59Co, 88Sr and 138Ba. GoC = Gulf of Carpentaria. 

Region 
Age 

group 

MANOVA Discriminant function analysis 

P F d.f Discriminant functions Contributing elements (Partial Wilk’s lambda) 

NW & northern Core <0.001 15.04 18, 124 DF1 = 89%; DF2 = 10%; DF3 = 1% 55Mn (0.24), 138Ba (0.51), 24Mg (0.70), 88Sr (0.88) 

 1 <0.001 8.20 15, 124 DF1 = 88%; DF2 = 10%; DF3 = 2% 138Ba (0.34), 88Sr (0.73), 7Li (0.82), 24Mg (0.86), 59Co (0.93) 

 2 <0.001 17.64 9, 114 DF1 = 97%, DF2 = 2%, DF3 = 1% 138Ba (0.16), 88Sr (0.85), 59Co (0.93) 

 3 <0.001 12.41 12, 121 DF1 = 89%, DF2 = 7%, DF3 = 4% 138Ba (0.22), 88Sr (0.68), 7Li (0.85), 59Co (0.87) 
       

Southern GoC Core <0.001 7.39 16, 205 DF1 = 82%, DF2 = 14%, DF3 = 3.9%, DF4 = 0.1% 88Sr (0.58), 138Ba (0.65), 24Mg (0.89), 59Co (0.93) 

 1 <0.001 9.84 12, 180 DF1 = 68%, DF2 = 30%, DF3 = 2% 88Sr (0.55), 138Ba (0.64), 24Mg (0.77) 

 2 <0.001 10.44 16, 205 DF1 = 59%, DF2 = 38%, DF3 = 2%, DF4 = 1% 138Ba (0.43), 7Li (0.68), 88Sr (0.86), 24Mg (0.87) 

 3 <0.001 12.87 16, 205 DF1 = 56%, DF2 = 43%, DF3 = 0.9% DF4 = 0.1% 138Ba (0.44), 7Li (0.58), 24Mg (0.68), 88Sr (0.82) 
       

Eastern GoC Core 0.012 2.28 12, 114 DF1 = 71%, DF2 = 20%, DF3 = 9% 138Ba (0.73), 88Sr (0.91), 24Mg (0.92), 7Li (0.92) 

 1 <0.001 6.72 6, 90 DF1 = 91%, DF2 = 9% 138Ba (0.53), 24Mg (0.90) 

 2 <0.001 5.33 12, 114 DF1 = 95%, DF2 = 4%, DF3 = 1% 138Ba (0.37), 7Li (0.81), 59Co (0.91), 24Mg (0.92) 

 3 <0.001 8.38 9, 107 DF1 = 96%, DF2 = 3.9%, DF3 = 0.1% 138Ba (0.31), 7Li (0.67), 24Mg (0.93) 
       

East coast Core <0.001 18.43 20, 130 DF1 = 86%, DF2 = 9%, DF3 = 4%, DF4 = 1% 88Sr (0.34), 138Ba (0.35), 7Li (0.56), 55Mn (0.66), 59Co (0.85) 

 1 <0.001 12.04 20, 130 DF1 = 83%, DF2 = 12%, DF3 = 4.9%, DF4 = 0.1% 138Ba (0.24), 88Sr (0.65), 59Co (0.66), 7Li (0.67), 24Mg (0.87) 

 2 <0.001 8.70 20, 130 DF1 = 68%, DF2 = 26%, DF3 = 5%, DF4 = 1% 59Co (0.53), 88Sr (0.53), 138Ba (0.60), 7Li (0.69), 24Mg (0.76) 

 3 <0.001 7.29 20, 130 DF1 = 58%, DF2 = 29%, DF3 = 11%, DF4 = 2% 138Ba (0.45), 88Sr (0.48), 7Li (0.51), 59Co (0.63), 24Mg (0.77) 
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Table 5.3 Jackknifed classification success of discriminant function analyses of trace 

element concentrations of Polydactylus macrochir otoliths from locations 

across north-western and northern Australia (see Figure 5.1). Listed in the 

table is the percent of fish correctly classified and the number of fish classified 

to each location. 

Age group Location % correct EMB RB DBY CB 

Juvenile EMB 87 13 2 0 0 

 RB 56 7 9 0 0 

 DBY 80 0 0 8 2 

 CB 83 0 0 2 10 

       

Age 1 EMB 93 14 0 0 1 

 RB 44 5 7 0 4 

 DBY 80 0 0 8 2 

 CB 50 0 6 0 6 

       

Age 2 EMB 100 15 0 0 0 

 RB 50 4 8 0 4 

 DBY 100 0 0 10 0 

 CB 33 0 5 3 4 

       

Age 3 EMB 73 11 4 0 0 

 RB 56 3 9 0 4 

 DBY 100 0 0 10 0 

 CB 67 1 3 0 8 
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Table 5.4 Jackknifed classification success of discriminant function analyses of trace 

element concentrations of Polydactylus macrochir otoliths from locations in 

the southern Gulf of Carpentaria, Australia (see Figure 5.1). Listed in the table 

is the percent of fish correctly classified and the number of fish classified to 

each location. 

Age group Location % correct RR AC AR MI FLR 

Juvenile RR 93 13 0 0 0 1 

 AC 0 0 0 9 3 2 

 AR 47 1 4 7 3 0 

 MI 43 0 3 4 6 1 

 FLR 39 3 4 1 3 7 

        

Age 1 RR 93 13 1 0 0 0 

 AC 36 0 5 3 4 2 

 AR 40 0 3 6 3 3 

 MI 21 2 5 2 3 2 

 FLR 56 1 2 4 1 10 

        

Age 2 RR 79 11 0 0 2 1 

 AC 43 1 6 1 6 0 

 AR 47 0 3 7 2 3 

 MI 21 0 7 4 3 0 

 FLR 72 0 0 5 0 13 

        

Age 3 RR 86 12 0 0 2 0 

 AC 57 1 8 1 3 1 

 AR 60 0 0 9 6 0 

 MI 29 2 3 5 4 0 

 FLR 89 0 0 1 1 16 
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Table 5.5 Jackknifed classification success of discriminant function analyses of trace 

element concentrations of Polydactylus macrochir otoliths from locations in 

the eastern Gulf of Carpentaria, Australia (see Figure 5.1). Listed in the table 

is the percent of fish correctly classified and the number of fish classified to 

each location. 

Age group Location % correct FLR SC KR WLR 

Juvenile FLR 50 9 5 3 1 

 SC 29 7 4 2 1 

 KR 40 1 4 4 1 

 WLR 0 1 5 2 0 

       

Age 1 FLR 56 10 5 2 1 

 SC 14 7 2 4 1 

 KR 10 2 3 1 4 

 WLR 50 0 1 3 4 

       

Age 2 FLR 72 13 5 0 0 

 SC 14 9 2 2 1 

 KR 20 1 2 2 5 

 WLR 38 0 0 5 3 

       

Age 3 FLR 78 14 4 0 0 

 SC 29 6 4 1 3 

 KR 50 1 2 5 2 

 WLR 50 0 0 4 4 
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Table 5.6 Jackknifed classification success of discriminant function analyses of trace 

element concentrations of Polydactylus macrochir otoliths from locations on 

the east coast of Queensland, Australia (see Figure 5.1). Listed in the table is 

the percent of fish correctly classified and the number of fish classified to each 

location. 

Age group Location % correct LUC TSV FR MR BR 

Juvenile LUC 17 1 5 0 0 0 

 TSV 60 4 6 0 0 0 

 FR 92 0 0 11 0 1 

 MR 80 0 0 2 8 0 

 BR 100 0 0 0 0 10 

        

Age 1 LUC 0 0 6 0 0 0 
 TSV 60 4 6 0 0 0 
 FR 83 0 0 10 2 0 
 MR 80 0 0 0 8 2 
 BR 70 0 0  2 8 

        

Age 2 LUC 0 0 6 0 0 0 
 TSV 50 5 5 0 0 0 
 FR 83 0 1 10 0 1 
 MR 70 0 0 3 7 0 
 BR 80 0 0 1 1 8 

        

Age 3 LUC 67 4 2 0 0 0 
 TSV 60 2 6 1 0 1 
 FR 75 0 0 9 1 2 
 MR 90 0 0 1 9 0 
 BR 80 1 0 1 0 8 

 



 

89 

 

 
Figure 5.5 Canonical scores of discriminant function analyses (DFA) of age-related otolith elemental signatures of Polydactylus macrochir 

(axes 1 vs. 2). See Figure 5.1 for location codes. A separate DFA was run for each age group and region.  
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Figure 5.5 (cont.) Canonical scores of discriminant function analyses (DFA) of age-related otolith elemental signatures of Polydactylus macrochir 

(axes 1 vs. 2). See Figure 5.1 for location codes. A separate DFA was run for each age group and region. 
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5.4 Discussion 

The elemental composition of P. macrochir otoliths varied considerably across northern 

Australia. Significantly, differences in elemental composition among locations were largely 

consistent throughout the life of an individual fish. This result is consistent with the hypothesis 

of limited connectivity of both larval/early juvenile and adult life history stages among 

spatially isolated groups of P. macrochir. Although differences in otolith elemental signatures 

over similar spatial scales have been observed for a number of estuarine-associated fishes in 

temperate and sub-tropical systems (e.g. Gillanders 2002a; Vasconcelos et al. 2007; Bradbury 

et al. 2008b), this study is the first to use otolith elemental signatures to examine connectivity 

in a tropical, non-diadromous, estuarine fish species. 

In the analysis, Ba generally provided the most discrimination among locations, 

particularly for ages 1, 2 and 3. Otolith Ba concentration is considered to be closely associated 

with ambient Ba concentration (Bath et al. 2000; Elsdon and Gillanders 2003), which in turn is 

negatively correlated with salinity, with Ba typically enriched in low salinity environments 

such as freshwater or flood plumes, where it is desorbed from fine-grained suspended particles 

(Elsdon and Gillanders 2005; McCulloch et al. 2005). As such, the differences observed in Ba 

concentrations in P. macrochir otoliths were likely a reflection of differences in terrestrial 

runoff and freshwater flow among locations. For example, otolith 138Ba signatures of fish from 

the Flinders River increased dramatically relative to other locations shortly before the 

deposition of the first annual band, which is typically completed by the start of November in 

P. macrochir (Pember et al. 2005; Chapter 3). The enrichment of 138Ba in otoliths from this 

location coincided with the timing of a large and persistent flood in this system, which peaked 

at a mean daily flow rate of 100,520 ML/day in April 2006 (measured at Walker’s Bend, 

approximately 103 km adopted middle thread distance (AMTD) from the mouth of the river) 

(DERM 2010). In contrast, mean daily flow rates of the Gregory River, approximately 15 km 

to the west of the sampling location at the mouth of the Albert River, and Alligator Creek, one 

of the main river systems that run into the Cleveland Bay sampling location at Townsville, 

ranged from approximately 141–2,977 ML/day and 0–1,120 ML/day over the study period, 

respectively (DERM 2010). 

Relative to Ba, Sr offered little discrimination among locations. This was surprising, 

given that Sr has been used successfully to discriminate among estuaries for a number of 

estuarine and coastal fish species in temperate waters (Gillanders et al. 2003). It is generally 

assumed that there is a positive relationship between otolith Sr and ambient salinity; however, 

recent studies suggest that Sr may additionally be influenced by ambient Sr (Bath et al. 2000; 

Milton and Chenery 2001b) and temperature (Elsdon and Gillanders 2002). In the present 

study, Sr concentrations were found to vary considerably over the life of an individual fish, 



Chapter 5 Comparisons of otolith elemental signatures 

92 

with age-related Sr profiles showing numerous peaks and troughs that exhibited little temporal 

consistency, suggesting they were not related to season. Such variation may reflect movement 

of fish between differing salinities profiles, or episodic changes in salinity or ambient 

temperature at a particular location. 

Concentrations of 7Li, 24Mg, and 55Mn, and, to a lesser extent, 59Co, were found to be 

elevated in the otolith core relative to the surrounding material. Although several studies have 

reported similar patterns of core enrichment in fish otoliths across a number of 

phylogenetically distinct species (Brophy et al. 2004; Ruttenberg et al. 2005; Warner et al. 

2005), the mechanisms responsible for the elevated concentrations and spatial variation are 

largely unknown. The consistent occurrence of core enrichment among locations over such 

large spatial distances indicates that this phenomenon in P. macrochir may be attributed to 

similar physiological or maternal effects, rather than ambient concentrations or dietary 

influences. Furthermore, the spatial patterns in core enrichment of some elements were in 

agreement with results of recent genetic comparisons, suggesting that, for these elements, this 

phenomenon may be mediated at a genetic level. For example, Horne et al. (2012) found no 

difference in mtDNA haplotypes among fish from Eighty Mile Beach and Roebuck Bay, 

however these locations differed to all other locations examined; a result that is consistent with 

spatial patterns in otolith 55Mn concentration observed in the present study. Similarly, fish 

from the Fitzroy and Brisbane Rivers are genetically distinct (Horne et al. 2012), and differed 

significantly in average Mn concentration in their otolith cores. However, this pattern was not 

consistent for all elements examined in this study (e.g. Li), suggesting other mediating factors 

are also likely. 

The pattern of connectivity and population structure evident from the elemental data 

presented here largely agrees with concurrent investigations of mtDNA haplotypes (Horne et 

al. 2012), otolith stable isotope ratios (Newman et al. 2010), life history parameters (Chapter 

3) and parasite assemblages (Chapter 4), which suggest limited connectivity of post-larval (i.e. 

juvenile and adult) P. macrochir assemblages. However, in contrast to the elemental data, 

these complementary studies failed to detect any differences in post-larval fish among 

locations within the south-eastern Gulf of Carpentaria. Although not apparent among all 

locations within this region, the differences evident in the otolith elemental data, in particular 

Ba, among fish from the Flinders River and the other Gulf samples, for example, suggest that 

post-larval fish in this region are not a homogenous group, and that movement of juvenile and 

adult life history stages may be more restricted than previously thought. Given the fine spatial 

scale between the Flinders River and neighbouring locations (i.e. approximately 50 km), it is 

likely that similarities in elemental signatures observed elsewhere in this region reflect a lack 

of environmental heterogeneity in the factors affecting elemental deposition, rather than 
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movement of fish, among locations. The apparent contradiction between the results of the 

present study and those of earlier research highlights the importance of using complementary 

approaches to discern connectivity and population structure of fishes, in that they effectively 

increase the chances of identifying differences between spatially distinct populations (sensu 

Begg and Waldman 1999). 

In contrast to the difference observed for post-recruitment fish, it is unclear whether the 

similarity observed in the larval/early juvenile elemental signatures among samples from 

Queensland’s Gulf of Carpentaria results from mixing of these life history stages, or regional 

homogeneity in the factors affecting elemental deposition (e.g. ambient concentration, 

temperature, salinity, diet), among locations. Spawning in P. macrochir in Queensland’s Gulf 

waters occurs between August and September (Garrett 1997), immediately prior to the 

beginning of the austral wet season and at a time when the amount of freshwater flowing into 

the Gulf of Carpentaria estuaries is typically low (DERM 2010). As a consequence, the otolith 

cores showed little Ba enrichment that discriminated the later life history stages. Although 

little is known of the dispersal capabilities of P. macrochir larvae, Horne et al. (2011) 

concluded that the fine-scale genetic structuring observed for the closely related blue 

threadfin, Eleutheronema tetradactylum, resulted from a high rate of self-recruitment in this 

species, in addition to limited adult movement. A similar scenario may be likely for P. 

macrochir, and requires further research. Alternately, transgenerational marking techniques, 

whereby gravid female fish are injected with an enriched isotope (e.g. Ba), which is eventually 

incorporated into the otolith of the embryonic fish (Thorrold et al. 2006; Almany et al. 2007), 

have been used to provide direct evidence of larval connectivity on coral reefs, and could 

potentially be used to provide unique direct empirical evidence of both the scaling of larval 

dispersal and level of population exchange within the Gulf of Carpentaria, although the 

feasibility of conducting such an approach on the scale of even an individual estuary remains 

untested.  

In addition to movements among estuaries, the results of this study provide information 

on movement within estuaries. Despite having high overall classification success, suggesting 

little movement into other estuaries, fish from the Flinders River exhibited considerable 

variation in elemental profiles, in particular Ba, indicating that they had differing life histories 

and had occupied different parts of the estuary over the course of their lives. In this estuary, 

some fish appeared resident to areas with high ambient Ba, exhibiting consistently high (> 30 

mol mol-1) otolith Ba signatures throughout their lifetime, others appeared transient, moving 

in and out of high Ba environments, and some had low Ba signatures, suggesting that they had 

spent these years in areas with low ambient Ba, most likely the downstream, polyhaline 

reaches of the estuary or adjacent coastal foreshores. Flexibility in movement patterns has 
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been reported in other studies examining otolith elemental data of estuarine and inshore fishes. 

Using a combination of Sr/Ba ratios and Sr isotopic composition, McCulloch et al. (2005) 

observed considerable flexibility in the movement of barramundi, Lates calcarifer, caught in 

freshwater, estuarine and marine environments near Townsville. Some barramundi exhibited 

an early-natal estuarine phase, with freshwater signatures apparent in the juvenile portion of 

their otoliths that gave way to a marine signature as they matured and migrated into marine 

environments, whereas others exhibited purely marine and estuarine signatures, suggesting 

that these fish had not entered freshwater at any stage of their life history (McCulloch et al. 

2005). 

In contrast to the variation observed in the Flinders River, otoliths of P. macrochir 

collected from the Fitzroy, Mary and Brisbane Rivers, on the east coast of Queensland, were 

found to have a consistent pattern of a relatively high Ba signature for their larval/early 

juvenile portion that decreased with ontogeny. Given the consistency of these results between 

estuaries, and considering Ba concentrations are generally higher in the mesohaline reaches of 

estuarine systems (Elsdon and Gillanders 2005), these data suggest that these fish likely 

moved from mesohaline estuarine conditions to more polyhaline conditions as they grew and 

matured. This hypothesis is consistent with fisheries independent sampling (B. Moore, 

unpublished data) in these systems, which indicate that smaller fish generally inhabit the upper 

reaches, while large adult fish are typically captured in the lower reaches. A similar 

downstream pattern of movement has been documented for another non-diadromous estuarine 

teleost, red drum, Sciaenops ocellatus, in estuaries along the Gulf of Mexico and Atlantic 

coast of Florida. Juvenile red drum are largely considered to occupy upper estuarine reaches, 

and move downstream into the coastal environment as they approach maturity at around three 

years of age (Beckman et al. 1988; Bacheler et al. 2009a; Bacheler et al. 2009b), with such 

movement considered to reflect changing salinity tolerances and/or diet and habitat 

preferences with age (Bacheler et al. 2009a). 

It is unlikely the observed spatial patterns in otolith elemental signatures were 

confounded by temporal differences. Inter-annual variation in otolith elemental signatures has 

been documented in a number of studies, and may potentially confound spatial comparisons 

among sites that are sampled across different years. For example, Gillanders and Kingsford 

(2000) reported inter-annual differences in Mn, Sr and Ba signatures of trumpeter, Pelates 

sexlineatus, in estuaries in New South Wales. Similarly, Patterson et al. (1999) observed 

significant differences in Ba in otoliths of the Nassau grouper, Epinephelus striatus, among 

samples collected in two consecutive years. To reduce the effect of inter-annual differences in 

the present study, only fish from the 2005 year class were examined, and the same time period 

(i.e. juvenile to three years old) was considered for all otoliths, ensuring any differences 
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among otoliths could not be attributed to temporal differences in the time period when fish 

were alive or fish age. 

In addition to inter-annual variability, intra-annual variability in otolith elemental 

signatures may also confound spatial comparisons, particularly for species with protracted 

spawning seasons, as has been suggested for P. macrochir on both the western and eastern 

coasts of Australia (Pember et al. 2005; Chapter 3). Cook (2011) observed significant 

increases in the concentrations of Mg, Pb, and U and significant decreases in Mn, Sr and Ba 

across the protracted spawning season of the garibaldi, Hypsypops rubicundus. Hamer et al. 

(2003) observed significant differences in the concentrations of Ba, Mn and Sr in otoliths of 

juvenile snapper, Pagrus auratus, across the February to March recruitment season in south-

eastern Australia, yet found that such variability did not influence the classification accuracy 

of adult snapper to their juvenile origin. In the present study, considerable within-location 

variation was observed for otolith elemental signatures of the cores of fish from some 

locations, particularly the Fitzroy River, which may reflect intra-annual variation in ambient 

chemistry over the species’ protracted spawning period. Additionally, the variability in otolith 

core signatures of fish from the Fitzroy River may be due in part to within-estuary variation. 

Elemental variation among sites within estuaries has been reported for several studies 

(Thorrold et al. 1998; Gillanders and Kingsford 2000). The estuarine reaches of the Fitzroy 

River contains numerous drainages of varying size (Long and McKinnon 2002), that may be 

expected to have different anthropogenic and terrigenous inputs of trace elements. However, 

regardless of the cause of such variation, a high classification success was observed for the 

core signatures of fish from this location (100%), suggesting that any differences within 

locations were of a much reduced magnitude compared to those observed among locations. 

Although informative, the age-related approach used here places limitations on the 

interpretations that can be made regarding the timing of movement and exchange between 

spatially distinct groups, where apparent, and the connectivity of larval P. macrochir to adult 

populations. Although considerable similarity was observed in the elemental signatures of the 

core regions of fish from Eighty Mile Beach and Roebuck Bay, Lucinda and Townsville, and 

in Queensland’s Gulf of Carpentaria, this does not necessarily indicate larval dispersal, but 

may reflect regional homogeneity in the factors affecting elemental deposition, or result from 

movement and mixing of fish at some point before capture. It may be that larval life history 

stages recruit to the nearest estuary to which they were spawned, and that homogeneity in core 

elemental signatures is facilitated by late juvenile or adult fish moving among locations. 

Furthermore, despite the high classification success observed for the core region, 

particularly for some locations on the north-western and east coasts, it cannot be 

unequivocally concluded using the age-related profile approach that each fish caught at a 
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particular location originated from that specific location. Rather, the results suggest that fish 

caught at each location in these regions have a different natal origin to those caught from the 

other locations examined. Given the high degree of self-recruitment proposed for E. 

tetradactylum, and the increasing number of studies that have documented self-recruitment in 

estuarine species (North and Houde 2006; Tilburg et al. 2007; Braverman et al. 2009; Tilburg 

et al. 2010), it is considered likely that the natal origins of each population are proximate to 

the respective collection locations and result from self-recruitment of adult populations. 

Although more direct approaches, such as those in which otolith elemental signatures of larvae 

or early juveniles, which represent natal origins, are compared with those of adults of the same 

cohort (e.g. Gillanders 2002a), are required to identify the natal origins of the adults, the age-

related approach employed in the present study nevertheless suggests limited exchange of P. 

macrochir among locations. The success of the age-related approach suggests that it provides 

a viable, albeit indirect, alternative to assessing patterns of connectivity, particularly for 

species in which collection of larval or early juveniles life history stages is not feasible, such 

as those that occur in geographically remote environments or for species whose larval and/or 

juvenile habitats are unknown. 

The limited connectivity evident for P. macrochir suggests that the species is vulnerable 

to localised depletion, either through over-fishing or environmental perturbation, with 

reduction in any one area unlikely to be compensated for by immigration from other locations. 

The presence of fine-scale population structuring evident for all life history stages of P. 

macrochir should be considered when reviewing the management arrangements for this 

species, including the development of monitoring and assessment programs, and establishment 

of suitable fishery regulations. 
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Chapter 6 Movement and connectivity of king threadfin, Polydactylus 

macrochir, in Queensland waters inferred from conventional tagging data 

 

6.1 Introduction 

Understanding patterns of movement and the degree of exchange of groups of marine species, 

or connectivity, is vital for managing harvested stocks, designing marine protected areas, and 

determining whether populations are open or closed (Begg et al. 1999a; Gillanders 2002a). 

Such knowledge is also fundamental to understanding the population dynamics and ecology of 

species, which will lead to a greater comprehension of their resilience, and possible responses, 

when faced with environmental change. However, for many estuarine fishes, the degree of 

connectivity is still poorly understood. With anthropogenic pressures on estuarine fishes 

projected to increase (Blaber 2000; Roessig et al. 2004), such knowledge becomes 

increasingly important so that effective management can be implemented.  

Conventional tag-recapture methods can provide a powerful approach of determining 

connectivity. Recoveries of tagged individuals through time give point locations, from which 

an individual’s range and movement, and subsequent population mixing and connectivity, can 

be inferred (Ihssen et al. 1981; Begg et al. 1997). These methods, however, can typically be 

constrained by cost and effort limitations, including the proportion of the population that the 

tagged individuals represent, the number of recaptures, and length of time at liberty of those 

individuals, and the distribution of tagging and recapture effort (Ward and Caton 1992). Such 

limitations are particularly relevant for species with wide-ranging distributions or those that 

undertake broadscale movements (Begg et al. 1997). 

Cooperative tagging programs, whereby recreational anglers tag fish in collaboration 

with scientific researchers, offer an opportunity to reduce some of these limitations, by 

providing an efficient and cost-effective means of tagging large numbers of fish over a wide 

geographic area (Saul and Holdsworth 1992). In addition, data from cooperative tagging 

programs have been used to provide key information on growth and longevity, exploitation 

rates and mortality, and population or stock size (Francis and Francis 1992; Morton et al. 

1993; Myers et al. 1997; Gillanders et al. 2001). Involving recreational fishers in tagging 

programs can also provide a number of additional community benefits and may promote 

responsible fishing and conservation ethics among anglers by encouraging the release of 

tagged fish (Matthews and Deguara 1992). In Australia, data from collaborative tagging 

studies conducted by researchers and members of recreational fishing organizations such as 

the Australian Sport Fishing Association (ANSA) have been used to provide valuable 

biological information for management for a number of species, including school mackerel, 
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Scomberomorus queenslandicus, and spotted mackerel, S. munroi (see Begg et al. 1997), 

swallowtail dart, Trachinotus coppingeri (see McPhee et al. 1999), and snapper, Pagrus 

auratus (see Sumpton et al. 2003).  

In this chapter, tag-recapture data, obtained from the SUNTAG program of ANSA, 

were examined to explore the usefulness of cooperative tagging data to further test the 

hypothesis of limited connectivity of post-recruitment P. macrochir in Queensland waters. 

The information supplied in this chapter in compared against, and builds upon, that provided 

by other techniques, to thus achieve a more complete understanding of the species’ ecology 

and population structure. 

 

6.2 Materials and methods 

Tagging 

A total of 3,718 P. macrochir were tagged by ANSA members and state fisheries researchers 

between January 1986 and September 2011. Tagging operations were undertaken in estuaries 

across Queensland’s east coast and Gulf of Carpentaria waters (Figure 6.1). Fish were 

captured by anglers using rod and reel, and were tagged using predominantly dart or anchor 

tags, with a small number of individuals (n = 18) tagged with loop tags. Tagging was 

conducted according to methods outlined in the AusTag Manual (www.info-fish.net). Tags 

contained a message requesting fishers to measure the fish and report the recapture to a 

freecall phone number. Length (TL and FL), date, location (SUNTAG grid reference) and 

fishers name were recorded both when fish were tagged, and when fish were recaptured. 

Recaptures were reported by both recreational anglers and commercial fishers. In cases where 

only one length variable was recorded (i.e. TL or FL), missing lengths were estimated from 

the relationship of TL and FL of Moore et al. (2011b), where TL = 1.1737FL + 22.083. Length 

information was typically not provided for P. macrochir recaptured by commercial fishers. 

 

Data analysis 

To visualise movement patterns, maps of tagging and recovery locations were constructed 

using Google Earth (version 6.0.3). Movements were measured in Google Earth using the path 

tool and were delineated by the shortest water distance between the tagging and recapture 

locations. Movement paths were categorised into three types: no movement (i.e. fish remained 

within tagging grid), within-estuary movement (i.e. movement outside of tagging grid but 

within tagging estuary), and ex-estuary movement (including movements among estuaries). As 

the overall objective of this thesis was to examine connectivity among estuaries, the distance 

moved outside of the tagging estuary was measured from the estuary mouth for all individuals 

categorised as having undertaken ‘ex-estuary’ movements, as determined by Google Earth 

http://www.info-fish.net/
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imagery. As the tagging and recapture location data were provided as a SUNTAG grid 

reference (typically a 1 km2 grid), measurements commenced and terminated at the closest 

water point to the middle of the tag/recapture grid and were rounded to the nearest km. 

Recapture data were grouped into two regions: Gulf of Carpentaria and east coast, to 

examine regional patterns in movement. Lengths at tagging of recaptured fish were compared 

with lengths at tagging of all fish using unpaired t-tests to determine whether recaptured fish 

were representative of the total tagged population in each region. Length data were log 

transformed prior to analysis to correct for unequal variances. Recapture rates of dart and 

anchor tagged fish were compared for each region using a chi-squared (2) test. 

The percentage of fish deemed to have undertaken each of the three movement types 

was calculated for each region, and were compared among regions using a 3x2 contingency 

table and 2 test. Regression analysis was used to examine relationships between total distance 

moved, TL at tagging, and time at liberty for each region. Each dependant variable was log 

transformed prior to analysis, to normalise and minimise the variance of the data. The time at 

liberty and TL at tagging of fish deemed to have undertaken ‘ex-estuary’ movements were 

compared against those recaptured within their tagging estuary (i.e. including those 

categorised as having undertaken no movement) for each region using one-way analysis of 

variance (ANOVA). All data analyses were conducted using Statistica (v. 7.0). 
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Figure 6.1 Locations where > 10 Polydactylus macrochir were tagged on the Queensland 

coast. Numbers in parentheses indicate number recaptured (regardless of 

recapture location) / total number tagged at location. Dashed lines represent 

movement paths of recaptured individuals that travelled > 80 km from their 

point of release. Polydactylus macrochir image © R. Swainston 

http://anima.net.au 

  

http://anima.net.au/
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6.3 Results 

Summary statistics 

A total of 239 tagged P. macrochir were recaptured, with 194 recaptures made on the east 

coast and 45 in the Gulf of Carpentaria. Recaptures were made between September 1986 and 

February 2011 on the east coast, and February 1990 and May 2010 in the Gulf of Carpentaria, 

and were made by both recreational anglers and commercial inshore net fishers. Recapture 

rates were 7.0% and 4.8% for the east coast and Gulf of Carpentaria regions, respectively. No 

significant difference was observed between recaptures rates of dart and anchor tagged fish on 

the east coast (2 = 0.362, d.f. = 1, P = 0.548), or Gulf of Carpentaria (2 = 0.069, d.f. = 1, P = 

0.793), suggesting that recapture rates were not influenced by the type of tag used. There was 

insufficient information on the tagging or recapture location for 17 individuals, including 12 

from the east coast and five from the Gulf of Carpentaria; hence these fish were removed from 

the dataset prior to analysis. 

On the east coast, recaptured P. macrochir were significantly larger when they were 

initially tagged (542 + 130 mm TL, mean + s.d.) than were tagged fish that were not 

recaptured (518 + 164 mm TL, mean + s.d.) (t = 2.768, d.f. = 2828, P = 0.006). In the Gulf of 

Carpentaria, no difference was observed between the length of recaptured fish when they were 

initially tagged (666 + 165 mm TL, mean + s.d.) and tagged fish that were not recaptured (623 

+ 158 mm TL, mean + s.d.) (t = 1.611, d.f. = 884, P = 0.108).  

The percentage frequency of fish that undertook each of the three movement types 

differed significantly among regions (2 = 42.334, d.f. = 2, P < 0.05). On Queensland’s east 

coast, movements of P. macrochir were limited, with 96% of recaptures occurring within the 

same estuary in which fish were tagged. Of these, approximately 31% of fish were recaptured 

in the same grid where they were tagged, while a further 65% of fish were recaptured within 

the same estuary system in which they were tagged (Figure 6.2; Table 6.1). Only 4% of 

recaptures were made outside of the estuary in which fish were tagged. Movements within east 

coast estuaries ranged from 0 km to 65 km. There was a significant correlation between total 

distance moved and time at liberty (r2 = 0.83, F = 16.147, d.f. = 1, 179, P < 0.001), and total 

distance moved and TL at tagging (r2 = 0.04, F = 8.270, d.f. = 1, 178, P = 0.005) for P. 

macrochir tagged on the east coast (Figure 6.3; Figure 6.4). No relationship existed between 

time at liberty and TL at tagging in this region (r2 = 0.01, F = 1.158, d.f. = 1, 178, P = 0.283). 
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Figure 6.2 Percentage frequency of movement types of Polydactylus macrochir based on 

tag-recapture data. 

 

In the Gulf of Carpentaria, the majority of recaptured individuals (70%) were recaptured 

within the same estuary in which they were tagged (Figure 6.2; Table 6.1). There was no 

relationship between total distance moved and time at liberty (r2 = 0.05, F = 0.194, d.f. = 1, 38, 

P = 0.662) (Figure 6.3), with one individual being recaptured only 1 km away from its tagging 

location, despite being at liberty for 2,599 days. There was a significant relationship between 

total distance moved and TL at tagging (r2 = 0.31, F = 17.149, d.f. = 1, 38, P < 0.001) (Figure 

6.4). A significant negative relationship was observed between time at liberty and TL at 

tagging (r2 = 0.32, F = 17.574, d.f. = 1, 38, P < 0.001), with larger fish being at liberty for 

fewer days than smaller individuals in this region. 

 

Table 6.1 Distribution of distances moved by recaptured Polydactylus macrochir tagged 

in Queensland’s east coast and Gulf of Carpentaria waters. 

Distance moved (km) 
Percentage of returns 

East coast Gulf of Carpentaria 

0–10 76.4 70.0 

11–20 7.1 5.0 

21–40 11.0 5.0 

41–100 5.5 2.5 

101–300 0 5.0 

>300 0 12.5 
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Figure 6.3 Distance moved and time of liberty of recaptured Polydactylus macrochir in 

Queensland’s east coast and Gulf of Carpentaria waters. 

 

 
Figure 6.4 Distance moved and total length at tagging for recaptured Polydactylus 

macrochir in Queensland’s east coast and Gulf of Carpentaria waters. 

 

Movement outside of estuaries 

A total of nine (4% of recaptures) and 12 fish (30% of recaptures) were deemed to have 

moved outside of their tagging estuary for the east coast and Gulf of Carpentaria regions, 

respectively. On the east coast, movements outside of tagging estuaries were limited, ranging 

from 1 km to 23 km from the estuary mouths (8.0 + 7.2 km, mean + s.d.), and were generally 

restricted to the associated coastal foreshores of the tagging estuaries. A slight, yet significant 

difference was observed between the time at liberty of fish that undertook ‘ex-estuary’ 

movements compared to those that were recaptured within the estuary in which they were 
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tagged, with fish recaptured in their tagging estuary being at liberty for a longer period (F = 

4.099. d.f. = 1, 179, P = 0.044). No significant difference was observed between TL at tagging 

of fish that undertook ‘ex-estuary’ movements compared to those that were recaptured within 

the estuary in which they were tagged (F = 0.204, d.f. = 1, 180, P = 0.652). 

Movements outside of tagging estuaries were more extensive in the Gulf of Carpentaria. 

While four of the 12 individuals moved < 10 km from the mouth of their tagging estuary, eight 

individuals (20% of all Gulf of Carpentaria recaptures) undertook broad-scale movement, 

including one individual that moved from its tagging site in the Hey River in the north-eastern 

Gulf to ‘The Oaks’, at the mouth of the Flinders River in the south-eastern Gulf, a total 

distance of approximately 568 km (Figure 6.1). All eight individuals that undertook broadscale 

movements were tagged in the Hey/Embley and Mission River systems in the north-eastern 

Gulf and travelled in a southerly direction (Figure 6.1). Distances moved outside of tagging 

estuaries in this region ranged from 4 km to 552 km from the tagging estuary mouths (215.4 + 

207.6, mean + s.d.). No significant difference was observed between time at liberty of fish that 

undertook ‘ex-estuary’ movements compared to those that were recaptured within the estuary 

in which they were tagged (F = 0.121, d.f. = 1, 38, P = 0.730). The mean TL of fish that 

moved outside of their tagging estuary was significantly larger than that of fish that were 

recaptured within their tagging estuary (F = 13.080, d.f. = 1, 38, P < 0.001).  

 

6.4 Discussion 

Movement patterns 

Movements of P. macrochir in Queensland’s east coast and Gulf of Carpentaria waters were 

generally restricted, with the majority of recaptures occurring in the same estuary in which 

fish were tagged. These results support the notion that P. macrochir form a number of 

demographically-isolated populations, with limited dispersal of juvenile and adult fish among 

spatially-distinct estuaries.   

While movement of P. macrochir outside of tagging estuaries was generally limited, 

particularly for individuals tagged on the east coast, a few individuals tagged in the Gulf of 

Carpentaria undertook large-scale movements, including one individual that moved 

approximately 570 km. A similar pattern of movement has been observed for P. macrochir in 

north-western Western Australia. In these waters, although approximately 80% of tagged P. 

macrochir were recaptured in the same location as they were tagged, five individuals moved 

greater than 400 km from their tagging location, including one individual that moved 

approximately 640 km (Sawynok 2005). 

The differences in observed maximum movement outside of tagging estuaries between 

fish tagged on the east coast and the Gulf of Carpentaria likely reflect regional differences in 
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the occurrence of physical or physiological barriers to movement. The Gulf of Carpentaria is a 

largely continuous stretch of estuarine and coastal habitat characterised by turbid waters and 

sandy sediments (Somers 1994; Somers and Long 1994). Such features may facilitate the 

broadscale movement of individual P. macrochir observed in this region. In contrast, the east 

coast features a number of prominent rocky headlands and expanses of relatively clear waters 

and high energy beaches, which may form a barrier to movement of P. macrochir. Zischke et 

al. (2009) proposed a similar scenario for blue threadfin, Eleutheronema tetradactylum, on the 

east coast of Queensland, with parasite and conventional tagging data suggesting population 

structuring on the scale of individual embayments separated by rocky promontories. 

The use of water currents for movement is well documented in fishes, and there is 

evidence to suggest that in addition to a lack of physical barriers, water currents may play a 

role in facilitating the broadscale movement observed for several tagged fish in the Gulf of 

Carpentaria. Notably, all of the tagged individuals that moved greater than 10 km outside of 

their tagging estuary in the Gulf of Carpentaria travelled in a southerly direction. Whilst 

fishing effort is typically higher in the south-eastern Gulf (DPI&F 2007), which may have 

biased the results, the directionality of these movements is consistent with summer water 

current patterns, which typically flow in a clockwise direction (Church and Forbes 1983; 

Forbes and Church 1983; Wolanski 1993). The clockwise summer current may facilitate the 

movement of P. macrochir throughout these waters, either directly, by minimising energy 

expenditure (Childs et al. 2008), or indirectly, through the movement of highly turbid waters. 

Campbell et al. (2010) report a similar pattern of movement for estuarine crocodiles, 

Crocodylus porosus, in the eastern Gulf of Carpentaria. Using acoustic tagging, these authors 

observed several individuals moving southwards with the prevailing long-shore current in the 

Gulf of Carpentaria. Further research into the timing of such broadscale movements are 

required to test this hypothesis for P. macrochir. 

A positive relationship was observed between overall distance moved and TL at 

tagging, with greater movement generally undertaken by larger individuals, particularly in the 

Gulf of Carpentaria. Using estimates of length at sex change based on data of Garrett (1997) 

(B. Moore, unpublished data), it is likely that the largest movements were undertaken by 

female fish. Whether these reflect size-related influences such as decreased energetic costs of 

movement associated with larger size, increasing resource needs, or sex-specific differences in 

movement, is unclear. Ontogenetic increases in movement have been reported for a number of 

estuarine-associated species. Using conventional tagging data, Bacheler et al. (2009b) 

observed an increase in movement of red drum, Sciaenops ocellatus, in North Carolina waters, 

with larger age 4+ fish undertaking greater movements than smaller, younger individuals. 

Similarly, Knip et al. (2011) observed an increase in home range size with age class among 
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juvenile pigeye sharks, Carcharhinus amboinensis, in the nearshore waters of Cleveland Bay, 

Townsville. These authors hypothesised that the differences in home range were due to age 

classes being affected by different selective pressures, with younger, smaller juveniles 

potentially more influenced by predation risk, and older, larger juveniles more driven by 

resource acquisition. 

Alternately, the greater movement observed for larger P. macrochir individuals may 

reflect sex-specific differences in movement. Like P. macrochir, many species of estuarine 

fishes are hermaphrodites, changing sex at some point in their lives (Sadovy de Mitcheson and 

Liu 2008). Although not empirically examined for any hermaphroditic estuarine fishes, 

gender-specific movements have been reported in other sex-changing species, and may play 

an important role in mediating patterns of movement and connectivity. For example, patterns 

of movement were found to differ between sexes in the protogynous California sheephead, 

Semicossyphus pulcher, with terminal phase females displaying less site fidelity and greater 

movement than initial phase males (Lindholm et al. 2010). 

The limited movement evident for populations in the south-eastern Gulf of Carpentaria 

is consistent with investigations of otolith elemental signatures of fish in this region, which 

indicated limited movement among neighbouring estuaries (Chapter 5). In contrast to these 

results, analyses of mitochondrial DNA haplotypes (Horne et al. 2012), otolith stable isotope 

ratios (Newman et al. 2010), life history parameters (Chapter 3) and parasite assemblages 

(Chapter 4) found no evidence of spatial segregation of P. macrochir in this region. Whilst the 

small amount of broad-scale movement evident from the tagging data is likely sufficient to 

maintain genetic homogeneity in P. macrochir in this region, the limited movement evident 

from the tagging and otolith elemental data suggests that the observed similarities in otolith 

stable isotope ratios, life history parameters, and parasite assemblages likely reflect 

geographical similarities in the causal ecological and/or environmental mechanisms 

underlying each of these techniques, rather than broadscale mixing in this region. The 

apparent contradiction between the tagging and otolith elemental data and that of earlier 

research highlights the importance of using complementary approaches to discern the 

connectivity and population structure of fishes (sensu Begg and Waldman 1999). 

In contrast to the limited movement outside of tagging estuaries, movements within 

tagging estuaries were extensive, with one individual tagged in the Fitzroy River moving 65 

km within this system. These data suggest that P. macrochir form single, well-mixed 

populations within individual estuarine systems. 
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Recapture rates, data assumptions and limitations 

The recaptures rates of P. macrochir are consistent with those of other collaborative tagging 

studies of teleost fishes conducted in Queensland’s waters. McPhee et al. (1999) reported a 

recapture rate of 5.3% in their study into the movements of swallowtail dart, Trachinotus 

coppingeri, on the east coast of Queensland. Sumpton et al. (2003) reported an overall 

recapture rate of 7.7% in their study into the movements of snapper, Pagrus auratus, in 

Moreton Bay in south-east Queensland. 

The non-reporting of recaptures is one of the major uncertainties and potential sources 

of error in collaborative tagging studies (Hilborn 1988). Despite the comparable recapture 

rates relative to other studies, there was a suggestion that non-reporting occurred from both the 

commercial and recreational fishing sectors in the present study. Some commercial and 

recreational fishers operating on the east coast claimed to discard recaptured tags owing to the 

belief that the ensuing information would benefit other fishers or a sector other than their own, 

or to their personal resentment of fisheries management or research. A similar scenario was 

observed by Begg et al. (1997) in their study into the movements of school mackerel, 

Scomberomorus queenslandicus, and spotted mackerel, S. munroi, in Queensland’s east coast 

waters. Similarly, in their study on the movements and growth of monkfish, Lophius 

piscatorius, Laurenson et al. (2005) reported that approximately one-third of tag returns were 

reported by fish processors, indicating that fishers were either not observing the tags or not 

reporting tag recaptures. However, it is unlikely that the suggested non-reporting of tag returns 

in any one location influenced the results of the present study, given the general limited degree 

of movement consistently observed among all tagging locations. 

Because tag returns came from the commercial and recreational fishing sectors, the 

limited movement of P. macrochir outside of tagging estuaries could potentially have been 

confounded by spatially heterogeneous fishing effort, with the distribution of recoveries more 

reflective of the spatial distribution of fishing, rather than being indicative of the true extent of 

movement. Furthermore, as data from conventional tagging is based on point locations of 

tagging and recapture, it may be that the pattern of movement is an under-representation of the 

total movement of P. macrochir, with fish travelling further between tagging and recapture 

than was evident from the data. Integrating the conventional tagging data with telemetric 

methods could be used to determine whether these issues confounded the results of the present 

study. For example, Bolle et al. (2005) used electronic transmitters to show that conventional 

tagging provided a reliable representation of movement of European plaice, Pleuronectes 

platessa, in the North Sea. Similarly, Bacheler et al. (2009b) observed consistencies in the 

timing and direction of movement of S. ocellatus tracked with ultrasonic transmitters and 

those tagged with conventional methods in a North Carolina creek. However, given the 
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consistency between the results of the present study data and the limited movement of P. 

macrochir evident from complementary approaches such as analyses of otolith elemental 

signatures (Chapter 5), it is considered that the tagging data offers a reliable representation of 

patterns of movement and connectivity of P. macrochir, and provides ideal baseline from 

which more specific hypotheses of movement can be tested using telemetric methods. 

 

Management implications 

The results of this study have important implications for the management of P. macrochir. The 

restricted movements and limited connectivity among estuaries suggests that the species is 

vulnerable to localised depletion, either through over-fishing or environmental perturbation, 

with reduction in any one area unlikely to be compensated for by immigration from other 

locations. These results contrast the current management arrangements for the species in 

Queensland’s waters, whereby P. macrochir are managed as single, intermixing populations in 

the waters of each of the east coast and Gulf of Carpentaria regions. The presence of fine-scale 

population structuring suggests that the spatial scale of management, including the 

development of monitoring and assessment programs, harvest strategies and establishment of 

suitable fishery regulations, needs to be reviewed in order to recognise the potential for 

localised depletion. 

Marine protected areas are now routinely established as an effective tool for protecting 

biodiversity, sustaining productivity of exploited species, and allowing for continued 

extractive uses of the marine environment (Jones et al. 2007; Botsford et al. 2009). Marine 

protected areas are particularly advocated for tropical systems, largely due to the fact that 

many of the developing nations that occur in tropical regions lack the human resources, 

infrastructure, and financial capacity to obtain accurate catch data required to implement more 

conventional management approaches used in the management of temperate fisheries (Adams 

1998; Blaber 2002; Sale 2002). Fogarty and Botsford (2007) suggest that in order for MPAs to 

provide benefits to fisheries, they must meet one of two conditions: (1) there must be an 

increase in reproductive capacity and biomass within the MPA, and (2) the export of eggs 

and/or larval stages and/or the movement of juveniles or adults into areas open to harvest must 

be sufficient enough to increase yield or at least sustainability in fished areas. The limited 

movement outside of, and extensive movement within, individual river systems observed in 

the present study suggests that MPAs on the scale of individual estuaries will likely have a 

positive effect on local populations. Additionally, the moderate straying, or ‘spill-over’, of 

individual P. macrochir in the Gulf of Carpentaria could enhance fisheries in adjacent 

systems. 
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Chapter 7 General Discussion 

 

7.1 Overview 

Understanding the degree of exchange between groups of a species, or connectivity, is 

fundamental to the effective management and conservation of aquatic species and ecosystems 

(Cowen et al. 2007). Connectivity, which may occur through the movement of all life history 

stages (Gillanders 2009), influences the distribution and abundance of organisms, rates of 

local adaption and speciation, the dynamics and persistence of populations, and the ability of 

ecosystems and species to recover from disturbance (Slatkin 1987; Cowen et al. 2000; Swearer 

et al. 2002; Hastings and Botsford 2006; Cowen and Sponaugle 2009). As such, knowledge of 

patterns of connectivity of a species is critically important in establishing effective harvest 

regimes and in the design of alternative management tools such as marine reserves or marine 

protected areas (MPAs). However, despite this fundamental requirement, the degree of 

connectivity of many estuarine fishes is poorly understood, particularly in tropical systems 

(Secor and Rooker 2005; Jones 2006; Gillanders 2009). With anthropogenic pressures in the 

form of increased fishing pressure, habitat modification and climate change on tropical 

estuarine-dependent fishes projected to increase (Blaber 2000; Roessig et al. 2004), 

understanding patterns of connectivity becomes increasingly important so that effective 

management can be implemented. 

This thesis sought to fill this void by providing one of the first empirical assessments of 

connectivity of a tropical, non-diadromous estuarine teleost, using the king threadfin, 

Polydactylus macrochir, as a focal species. By adopting a multidisciplinary approach, 

incorporating analyses of life histories, parasite assemblages, otolith elemental signatures, and 

conventional tagging data, combined with concurrent research examining population genetics 

and otolith stable isotopic ratios, it provides empirical evidence of the patterns of connectivity 

of the focal species across multiple spatial, temporal and ontogenetic scales. Ultimately, the 

findings of this thesis contribute to global literature to further our understanding of the general 

patterns and processes governing dispersal and connectivity of estuarine fishes, and fishes in 

general. A synthesis and discussion of this research, and its implications for future studies of 

connectivity and management of tropical estuarine fishes and fishes in general, is provided in 

the next section, followed by a discussion of specific management implications and key future 

research priorities that have arisen as a result. 
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7.2 Integration of the methodological approaches 

In general, there was a high degree of concordance among the results of the different 

methodological approaches, with the pattern evident in one technique largely repeated by 

another. For example, samples from Derby, Chambers Bay and the Fitzroy River had distinct 

life histories (Chapter 3), parasite assemblages (Chapter 4) and otolith elemental signatures for 

all life history stages examined (Chapter 5) compared to all other locations, indicating they 

form discrete populations, with limited exchange of either larval or post-larval life history 

stages to other locations. Tagging studies in Queensland (Chapter 6) and Western Australia 

(Sawynok 2005) corroborate these results, with P. macrochir undertaking limited movement 

outside of estuaries in which they were tagged. By direct contrast, samples from Lucinda and 

Townsville, although not included in the otolith isotope or genetic analyses of Newman et al. 

(2010) and Horne et al. (2012), exhibited similar life histories, parasite assemblages and 

otolith elemental signatures for all age groups. While the consistency of these results imparts a 

greater degree of confidence to a single population hypothesis than any one technique used in 

isolation, it is important to note that such similarities do not unequivocally prove the existence 

of a single, intermixing, population between these locations, but rather fail to falsify a null 

hypothesis of a single population (Waldman 1999). Indeed, tagging data for the east coast 

suggest it is unlikely there is extensive movement of post-larval fish over this spatial scale 

(approximately 100 km), although it is noted that there were only low numbers of tag returns 

from this region. 

Minor inconsistencies among techniques were observed among several other locations 

that warrant discussion. Fish from the Mary and Brisbane Rivers were found to have a similar 

life history, yet differed in parasite assemblages and otolith elemental signatures across all 

ages, suggesting that they are geographically isolated throughout their life history, a result that 

was supported by the tagging data, at least for post-larval life history stages. Although no 

difference was observed in parasite assemblages between samples from the Roper River and 

estuaries within Queensland’s Gulf of Carpentaria, these locations differed in life history 

parameters and otolith elemental signatures for all life history stages examined, suggesting 

little mixing of any life history stage among these locations. Samples from Eighty Mile Beach 

and Roebuck Bay differed in life history traits, yet exhibited similar parasite assemblages, 

otolith elemental profiles, otolith isotope ratios (Newman et al. 2010) and mtDNA haplotypes 

(Horne et al. 2012), suggesting a degree of connectivity among these locations. 

A more complex population structure was observed for samples from Queensland’s 

Gulf of Carpentaria. In this region, no difference was observed in otolith larval elemental 

signatures among any locations. With respect to post-larval fish, samples from the Wenlock 

River, in the north-eastern Gulf, exhibited different back-calculated mean length-at-age 2 
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estimates and parasite assemblages, suggesting limited exchange of post-larval life history 

stages to other Queensland Gulf locations. Although no difference was observed in parasite 

assemblages, otolith isotopic ratios (Newman et al. 2010) or mtDNA haplotypes (Horne et al. 

2012) of post-larval fish from locations within the south-eastern Gulf of Carpentaria, the life 

history data and otolith elemental data of age groups 1–3 showed some differences among 

locations, with fish from the Kendall River exhibiting larger back-calculated mean length-at-

age estimates than elsewhere, and Flinders River fish exhibiting significantly different otolith 

elemental signatures to those from nearby estuaries. The spatial separation of post-larval fish 

within these regions was further supported by the tagging data in Chapter 6, which indicated 

few post-larval fish moved out of the estuary in which they were tagged. These contrasting 

results observed among techniques highlights the benefits of using complementary approaches 

to discern population structure and connectivity of fishes, in that it effectively maximises the 

likelihood of identifying spatially-discrete groups (sensu Begg and Waldman 1999). 

While the general lack of differences observed in the parasite and otolith elemental and 

isotopic ratio data among samples from Queensland’s Gulf of Carpentaria may reflect 

homogeneity in the environmental (e.g. temperature, salinity) and ecological (e.g. diet) 

conditions experienced within this region, several possible explanations occur for the 

homogeneity in mtDNA haplotypes observed for the region by Horne et al. (2012). First, the 

differences observed may be a function of the different intrinsic time scales of the techniques 

employed. Genetic markers typically reflect patterns of connectivity over broad temporal 

scales, whereas otolith elemental signatures typically provide information over an individual 

fish’s entire life history or part thereof (Begg and Waldman 1999; Gillanders 2002b). As such, 

it may be that fish from these estuaries have had insufficient time to develop sufficient genetic 

differentiation. The present-day Gulf of Carpentaria is a relatively young body of salt water 

that only became marine approximately 9,000 years ago (Harris et al. 2008). Given the 

relatively recent colonisation of this region it may be that spatially-isolated populations have 

had insufficient time to diverge into monophyletic assemblages. This would seem unlikely, 

however, as genetic heterogeneity has been observed in several other teleost species within 

these waters, including the confamilial blue threadfin, Eleutheronema tetradactylum (see 

Horne et al. 2011), and barramundi, Lates calcarifer (see Salini and Shaklee 1988; Shaklee et 

al. 1993). 

More likely is that the genetic homogeneity in this region results from the dispersal of 

egg and larval stages, and/or from the few individuals that were observed to undertake large-

scale movements from the tagging data. While the similarities observed in the larval/early 

juvenile otolith elemental signatures evident among locations in Queensland’s Gulf of 

Carpentaria do not necessarily reflect larval mixing, for reasons discussed in Chapter 5, the 
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broadscale movement of a few individuals from the tagging data in this region (Chapter 6), is 

likely sufficient to maintain genetic homogeneity (Slatkin 1987). Under this scenario, it is 

likely that P. macrochir assemblages in this region operate as a metapopulation, or series of 

largely discrete, local populations, connected by a degree of non-trivial movement that is 

neither so low as to negate significant demographic connectivity, nor so high as to eliminate 

independence of local population dynamics (Kritzer and Sale 2004; Sale et al. 2006). Given 

the differences observed in life history among fish from Eighty Mile Beach and Roebuck Bay, 

a similar scenario is likely among these locations. In further support of a metapopulation 

structure for P. macrochir in Queensland’s Gulf waters, Horne et al. (2012) observed deep 

genetic variation between their samples and those examined by Chenoweth and Hughes (2003) 

collected approximately 10 years earlier, but found little variation amongst spatially-distinct 

samples collected in consecutive years. Horne et al. (2012) suggests that the occurrence of 

temporal, but not spatial, genetic structuring in P. macrochir across locations in Queensland’s 

Gulf of Carpentaria indicates that the change in genetic signature in these populations has 

occurred as a unit over time, suggesting demographic interdependence among locations.  

 

7.3 Factors influencing population connectivity in tropical estuarine fishes 

The spatial scale at which sampling was conducted in this thesis allows insight into the general 

mechanisms that facilitate or impede connectivity of P. macrochir, thus furthering discussion 

and evaluation of the key factors influencing dispersal and connectivity in tropical estuarine 

fishes, and estuarine fishes in general. It is likely both biological and physical processes, 

acting on both larval and post-larval (i.e. juvenile and adult) life history stages, play a role in 

mediating the observed patterns of connectivity of P. macrochir across northern Australia. 

 

Processes affecting larval life history stages 

Historically, the timing and location of spawning have been considered to play a fundamental 

role in mediating patterns of dispersal or retention of larvae of fishes, and hence connectivity 

of these life history stages, by affecting their initial spatial and temporal placement (Hare and 

Cowen 1993; Begg et al. 1999b). Although spawning at estuary mouths, as observed for P. 

macrochir on the east coast of Queensland (Chapter 3), has historically been proposed to 

facilitate dispersal for some estuarine fishes (e.g. Acanthopagrus berda (see Garratt 1993)) 

due to passive transport of eggs and larval stages away from natal estuaries by tidal currents, a 

growing number of recent studies have documented local larval retention in species that 

similarly spawn in the lower reaches of estuaries (e.g. Sponaugle et al. 2002; Botton and 

Loveland 2003; North and Houde 2006; Tilburg et al. 2007; Braverman et al. 2009; Tilburg et 

al. 2010). It is now well recognised that larvae of many species are not passive particles, but 
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have strong sensory, orientation and swimming abilities (Clark et al. 2005; Gerlach et al. 

2007; Leis et al. 2009), Used in conjunction with local water currents and eddies that typically 

form around estuaries (Brown et al. 2005), such abilities are capable of influencing dispersal 

trajectories to remain near natal estuaries (Leis 2006). Recently, strong selection for local 

larval retention has been hypothesised for fishes that live in spatially-fragmented seascapes 

such as estuaries, as the chances of finding suitable settlement habitat are greatly reduced if 

larvae disperse away from the parental population (Swearer et al. 2002). While the 

methodologies used in this thesis preclude conclusions regarding local larval retention of the 

study species, there is some evidence to suggest local larval retention may occur. The 

differences in larval otolith elemental signatures and mtDNA haplotypes observed for most 

locations across north-west and northern Australia, and on Queensland’s east coast, suggest 

that along with limited adult movement, there is limited dispersal, and potentially local 

retention, of P. macrochir larvae at these locations. Furthermore, although little is known of 

the sensory and swimming abilities of P. macrochir larvae, these life history stages appear to 

settle exclusively in estuaries (Halliday et al. 2008), suggesting that they may be able to locate 

these systems, orientate themselves and take directed movements. Sensory-guided behaviour 

of pelagic larvae has been suggested for other tropical estuarine-associated fishes, namely the 

confamilial blue threadfin, E. tetradactylum, and the leioganthid Leiognathus equulus (Leis et 

al. 2009). When released in open water, larvae of these species initially swam in circles, 

potentially in an attempt to detect olfactory cues from settlement habitats (Leis et al. 2009). 

Such behaviour may indicate orientation towards estuaries, therefore facilitating larval 

retention in areas of suitable habitat. Supporting this hypothesis, Horne et al. (2011) observed 

fine-scale genetic structuring in E. tetradactylum, including among locations separated by as 

little as 15 km. For such differentiation to occur there must be limited dispersal and fine-scale 

retention of egg and larval stages, in addition to limited movement of juvenile and adult fish. 

These results suggest that local retention of larvae may be a feature of some tropical estuarine-

associated fishes. Assuming that tropical estuarine fishes are able to detect olfactory cues from 

estuarine habitat, as suggested for E. tetradactylum and other estuarine-associated fishes 

(James et al. 2008; Leis et al. 2009), it may be that responding to generic, rather than natal, 

estuarine odour is adequate to facilitate their recruitment to suitable habitat, similar to that 

proposed for some coral reef fishes (Gerlach et al. 2007). Quantification of the behaviour of 

larval stages of tropical estuarine fishes, and the spatial scale at which larval 

dispersal/retention operates, is critical to further understanding of the patterns of connectivity 

of this group, and requires further research. 

The duration of the pelagic larval stage has historically been considered to be a key 

mediator of connectivity of fishes (Roberts 1997; Cowen et al. 2006). Generally, species with 
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long-lived pelagic larval stages are considered to have high dispersal capabilities (Cowen and 

Sponaugle 2009). Although little is known of the pelagic larval duration of P. macrochir, 

young-of-the-year juveniles have been observed in estuaries on the east coast of Queensland 

during the peak spawning period in December (Ian Halliday, pers. comm.), suggesting the 

pelagic larval duration in this species may be brief, further accounting for the limited dispersal 

of larval P. macrochir evident for most locations. This hypothesis is consistent with the few 

estimates of pelagic larval duration available for other estuarine-associated fishes with 

similarly restricted patterns of connectivity. Observations of cultured E. tetradactylum, a 

species which exhibits fine-scale structuring and limited connectivity (Horne et al. 2011) 

suggest the species can reach approximately two-thirds of the maximum larval length of 30 

mm in 16–27 days (J. Leis, pers. comm.). Similarly, metamorphosis of barramundi, L. 

calcarifer, again demonstrated to exhibit fine-scale population structuring (Shaklee et al. 

1993), from larvae to juveniles has been reported to occur when fish are approximately 18 

days old (Barlow et al. 1995). The consistency of these results suggests that relatively short 

pelagic larval durations may be a feature of some tropical estuarine fishes, potentially resulting 

in fine-scale dispersal and limited connectivity of these life history stages. Assessment of the 

duration of the pelagic larval stage in additional species is requirement to test this hypothesis. 

 

Processes affecting post-larval life history stages 

As discussed in Chapter 6, the greater broadscale movement of a few tagged P. macrochir in 

the Gulf of Carpentaria observed in the present study compared to those tagged on the east 

coast likely reflects the lack of physical barriers to movement in the Gulf. The presence of 

zoogeographic barriers, such as rocky headlands and promontories, has been frequently cited 

as a key factor affecting connectivity of estuarine and coastal fishes. For example, Schaffler et 

al. (2009) concluded that Cape Hatteras formed a significant barrier to latitudinal recruitment 

of Atlantic croaker, Micropogonias undulatus, to estuaries on the eastern coast of the United 

States. Zischke et al. (2009) proposed a similar scenario for blue threadfin, E. tetradactylum, 

on the east coast of Queensland, with parasite and conventional tagging data suggesting 

population structuring on the scale of individual embayments separated by rocky 

promontories. The consistency of the results of the present study with those of other studies 

further confirms the limiting influence of zoogeographic barriers on patterns of movement and 

connectivity of estuarine and coastal fishes. 

However, while the presence of such barriers likely act to restrict connectivity of 

estuarine fishes, the results of the present study suggest that the absence of barriers, and, in 

turn, the presence of suitable habitat corridors, do not necessarily promote broadscale 

connectivity among tropical estuaries. The broadscale movement of a few tagged individuals 
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in the eastern Gulf of Carpentaria observed in Chapter 6 supports this hypothesis, in that it 

demonstrates that even though broadscale movement in this region is physically possible, such 

movements are only undertaken by a small proportion of the population. Significantly, the 

limited exchange among estuaries observed for post-larval P. macrochir is consistent with the 

few studies that have examined movements of tropical, non-diadromous estuarine fishes. In 

the study of Sheaves et al. (1999), none of the 962 Acanthopagrus berda tagged in creeks in 

the Hinchinbrook Channel, Queensland, were found to have moved to nearby creeks. 

Similarly, examination of mitochondrial and microsatellite loci (Horne et al. 2011), whole 

otolith isotope ratios (Newman et al. 2011) and parasite assemblages (Moore et al. 2011a), 

conducted concurrently with the present study, revealed fine-scale site fidelity in E. 

tetradactylum, with differences evident for some methods estuaries separated by as little as 15 

km in the Gulf of Carpentaria. The consistency of these results suggests that limited 

connectivity of post-larval stages may be a feature of some tropical non-diadromous estuarine 

fishes, even where adjacent habitat appears conducive to movement.  

The limited connectivity observed in the present study and above examples implies that 

rather than being mediated by factors outside of estuaries, the limited exchange of juvenile and 

adult fish among tropical estuaries may reflect the benefits offered by these environments, 

most notably food availability and greater protection from predators. Movement among 

spatially-discrete habitat patches, such as estuaries, is energetically expensive, and typically 

renders organisms more susceptible to predation (Dingle 1996; Dodson and Godin 1997). 

Thus to be evolutionarily advantageous, the benefits of movement, be they environmental, 

trophic or reproductive, must ultimately outweigh the associated costs. Tropical estuaries are 

inherently productive ecosystems, typically supporting greater biomass and diversity of 

aquatic organisms than their associated coastal foreshores or temperate counterparts (Day et 

al. 1981; Blaber et al. 1989; Blaber et al. 1995; Blaber 2000). In addition, tropical estuaries are 

typically highly turbid and thermally stable environments (Blaber 2002). As such, there may 

be little requirement or overall benefit for fishes to move among estuaries. In the case of P. 

macrochir, it is likely that due to the highly productive nature of tropical estuarine systems 

(Blaber 2002), the species’ generalist diet (Brewer et al. 1995; Salini et al. 1998), high degree 

of euryhalinity proposed for all life history stages of the species (Chapter 2) and overlap in 

distribution of males and females (Chapter 3), there may be little requirement or advantage for 

an individual to move among estuaries once recruited to a particular estuary. Examination of 

additional tropical estuarine species, and the mechanisms influencing their connectivity, is 

required to further test this hypothesis. 

The observation of a positive relationship between total distance moved and TL at 

tagging for P. macrochir tagged in the eastern Gulf of Carpentaria indicates that the 
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movement and home range of P. macrochir in this region increases with ontogeny. Similar 

patterns of ontogenetic increases in movement have been reported for a number of estuarine-

associated species, and have been suggested to result from an increase in resource needs, or 

greater protection from predators, associated with a larger body size (Taylor et al. 2006; 

Bacheler et al. 2009b; Knip et al. 2011). To meet greater resource needs of a larger individual, 

larger P. macrochir may range further than smaller individuals to obtain larger-sized or a 

greater amount of prey items. Alternately, larger size may offer greater protection from 

predators, thus enabling greater movement (Sogard 1997; Harter and Heck 2006). As such 

ontogenetic patterns in movement likely have a significant influence on connectivity, these 

results demonstrate that consideration of life history stage and ontogenetic effects are 

fundamentally important in studies examining population connectivity of fish species. 

An alternative explanation for the apparent increase in movement and connectivity with 

ontogeny observed for P. macrochir in the Queensland’s Gulf of Carpentaria in the present 

study is that such increases may reflect sex-specific differences in movement. Due to the 

protandrous life-history of P. macrochir, the largest individuals are typically females. 

Although sex-specific differences in movement have not been empirically examined for any 

hermaphroditic estuarine fishes, such phenomena have been reported for sex-changing fishes 

in other environments, and may play an important role in mediating patterns of movement and 

connectivity in these instances. For example, Lindholm et al. (2010) observed sex-specific 

differences in movement patterns of the protogynous California sheephead, Semicossyphus 

pulcher, among rocky reefs of Anacapa Island, California, with terminal phase males 

undertaking greater movement than initial phase females. Whether such differences reflect 

true gender-mediated differences, or are merely an artifact of the larger size of the secondary-

sex individuals, is unclear. However, in the present study, a similar increase in movement 

among estuaries with body size was not observed for tagged P. macrochir on Queensland’s 

east coast, indicating that such movements are only possible where physical factors permit. 

Irrespective of the causal mechanisms, the observation that larger P. macrochir individuals 

undertook the greatest overall movements on both the east coast and Gulf of Carpentaria 

regions has important implications for connectivity and fisheries management. As fishing 

pressure is typically biased toward the larger, older individuals of a population (Hilborn and 

Walters 1992), removal of larger individuals of hermaphroditic species may decrease 

connectivity between spatially-distinct groups, thus limiting replenishment or gene flow 

among neighbouring populations, and increasing the susceptibility of local populations to 

depletion. 
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7.4 Implications of this study 

Implications for future studies examining connectivity of fishes 

The results of this study have several important implications for future research into 

connectivity of both estuarine fishes and fish populations in general. While the 

multidisciplinary approach employed in this thesis is being increasingly adopted by fish 

biologists for the purposes of stock identification (e.g. Ayvazian et al. 2004; Buckworth et al. 

2007; Abaunza et al. 2008b), there are few examples adopting such approaches in the 

connectivity literature (Thorrold et al. 2002). The ability of some techniques (e.g. comparisons 

of otolith elemental signatures and tagging data) to discriminate among estuaries in the south-

eastern Gulf of Carpentaria in the present study while others (e.g. parasite assemblages, otolith 

isotope ratios) provided little spatial differentiation demonstrate the advantages of using 

multiple complementary methodologies to determine connectivity. By maximising the 

opportunity to detect differences among samples, the use of multiple complementary 

techniques provides greater power in the detection of connectivity patterns than any one 

approach used in isolation (Begg and Waldman 1999; Waldman 1999). Future studies 

examining connectivity in fishes will likely benefit from this approach. 

Upon advocating a multidisciplinary approach to assessing connectivity, it is pertinent 

to discuss what techniques should be used to determine patterns of connectivity. In the present 

study, no one technique used in isolation provided the most complete understanding of 

connectivity of the study species. These results are consistent with previous studies that have 

used multiple complementary methods for determining the stock structure of exploited fishes 

(e.g. Begg 1996; Abaunza et al. 2008b). For purposes of fish stock identification, Waldman et 

al. (1988) concluded that the best overall discrimination occurred for a combination of 

techniques that vary substantially in the type of variation that is measured, while Begg and 

Waldman (1999) recommend the use of at least a genetic procedure and at least one 

phenotypic-based approach such as comparisons of otolith chemistry or parasite assemblages. 

Ultimately, the choice of complementary techniques used to determine connectivity largely 

depends on the questions being asked, and the life history stage for which connectivity is 

being assessed (Begg and Waldman 1999; Bergenius et al. 2005). For example, if the research 

objective was to examine patterns of gene flow in a species, genetic techniques, such as 

comparisons of nuclear and mtDNA haplotypes, should be examined. However, genetic 

techniques may be unable to identify differences between recently isolated groups, and 

frequently do not provide information at demographically-relevant scales required for fisheries 

management and conservation purposes, such as the design of marine protected areas 

(Grosberg and Cunningham 2001; Hellberg et al. 2002; Botsford et al. 2009). In these 
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instances, tagging approaches and examination of otolith elemental signatures or parasite 

assemblages may be more suitable. Similarly, while tagging methods may be suitable for 

examining connectivity of late juvenile or adult life history stages, they can be problematic for 

quantifying connectivity of larval or early juvenile life history stages to adult populations due 

to the small size, high abundance, delicate nature, and high rate of mortality of these life 

history stages (Gillanders 2002a; Thorrold et al. 2002). Alternate approaches, such as 

examination of otolith elemental signatures or parasite assemblages, have been shown to be 

particularly suitable for assessing connectivity of these life history stages (e.g. MacKenzie 

1985; Swearer et al. 1999; Gillanders 2002a; Schaffler et al. 2009). 

The results of this study add to the growing body of literature demonstrating that the 

scale and pattern of connectivity can vary significantly across a species’ range. Such findings 

have important implications for studies of connectivity and management of aquatic species, in 

that they highlight the importance of assessing movement and connectivity across either a 

species’ entire distribution, or the specific geographical location relevant to the management 

questions being asked of a species, rather than inferring connectivity based on studies 

conducted elsewhere within a species’ distribution. The differential degrees of connectivity 

observed over similar spatial scales within the different study regions suggests that spatially-

relevant management practices adopted in any one region may not be applicable across a 

particular species’ entire distribution. For example, the metapopulation structure proposed for 

P. macrochir between Eighty Mile Beach and Roebuck Bay, or within Queensland’s Gulf of 

Carpentaria, has different management implications to those for closed populations such as 

those from the Fitzroy, Mary or Brisbane Rivers on Queensland’s east coast. Ultimately, 

inferring a degree of ‘openness’ for closed populations would likely over-estimate the 

resilience, and thus under-estimate the risk, of such populations to localised depletion. 

A limiting factor of this study was a lack of standarised sampling with respect to both 

fish age and year of sample collection, particularly for samples collected from locations in 

Queensland’s Gulf of Carpentaria and the Northern Territory. Samples from locations within 

these regions were largely collected opportunistically from commercial fishers, which resulted 

in samples from different locations being collected in different years, or comprising fish from 

different age or year classes. As temporal variation in life histories, parasite assemblages and 

otolith elemental signatures has the potential to confound spatial patterns among sites 

(MacKenzie 1987; Begg et al. 1999b; Gillanders and Kingsford 2000), considerable effort was 

made to reduce the influence of temporal variation on the spatial comparisons, such as 

examining individuals from the 2005 year class only (the year-class that was common to the 

greatest number of locations and provided the largest sample sizes) for comparisons of back-

calculated length-at-age 2 or otolith elemental signatures. This reduced the sample sizes 
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available for these analyses, and resulted in some locations (e.g. Staaten River) being excluded 

from these comparisons, due to low sample sizes from this year class. Future studies 

examining connectivity would benefit from targeted and standarised sampling among 

locations. 

 

Implications of a changing climate  

Climate change will likely have a significant impact on patterns of movement and connectivity 

of P. macrochir and other tropical estuarine fishes that exhibit similar patterns of movement 

and connectivity. Broadly speaking, increasing ocean temperatures and changing weather 

patterns are projected to change the speed and direction of water currents, which has the 

potential to alter estuary morphologically, disrupt larval dispersal pathways, and hence 

influence patterns of connectivity, of tropical estuarine fishes (Cowen and Sponaugle 2009; 

Gillanders et al. 2011). In addition, elevated CO2 levels have been shown to affect the 

olfactory system of some marine fishes, rendering them unable to distinguish between 

ecologically important chemical cues (Munday et al. 2009). Assuming that P. macrochir and 

other tropical estuarine fishes are able to detect olfactory cues from estuarine habitat, such 

effects may result in larvae recruiting to inappropriate habitats, greatly reducing the chances of 

connectivity and population replenishment (Munday et al. 2009; Pankhurst and Munday 

2011). 

Climate change also has the potential to influence movement of post-larval assemblages 

of tropical estuarine fishes. Under the current CSIRO Mk 3.5 Climate Model, a general 

decrease in rainfall is expected across northern Australia, with reductions particularly evident 

for the Gulf of Carpentaria and north-west Western Australia, where reductions in annual 

mean rainfall of 20–25% relative to the year 2000 are predicted (Okey and Poloczanska 2008; 

Gordon et al. 2010). Changes in rainfall are expected to lead to a reduction in the amount of 

river run-off flowing into the coastal environment (Okey and Poloczanska 2008), thus leading 

to reductions in inshore turbidity levels. Additionally, projected increases in land temperatures 

are expected to result in greater evaporation in freshwater systems thus leading to a decrease 

in run-off into estuarine and inshore environments, further reducing inshore turbidity levels 

(Hobday and Lough 2011). Given that turbidity is hypothesised to be a significant factor 

mediating patterns of connectivity of post-larval P. macrochir, reductions in turbidity in these 

regions will likely result in alterations to the patterns observed here, further isolating P. 

macrochir at local spatial scales. 

Climate change may also significantly impact the demography of P. macrochir, and 

other tropical estuarine fishes. There is growing evidence to suggest that the demography of 

estuarine fishes is strongly linked to the environmental conditions of the estuaries in which 
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they reside, with positive associations between environmental factors such as freshwater flow 

and CPUE (as a proxy for population abundance), growth and year-class strength reported for 

several species (Staunton-Smith et al. 2004; Bonvechio and Allen 2005; Robins et al. 2006; 

Halliday et al. 2008; Gillson et al. 2009). Halliday et al. (2008) documented significant 

positive relationships between spring and summer freshwater flow and year-class strength for 

P. macrochir in Australian waters, which these authors hypothesised likely resulted from 

greater food availability, an alteration of energy budgets in areas of decreased salinity, and/or 

a reduction in predation, with turbid waters enhancing juvenile survival rates. Given this 

association, a reduction in rainfall, and therefore freshwater flow, particularly over spring and 

summer, is likely to result in reduced survivorship of juvenile P. macrochir. In addition, whilst 

not empirically examined for P. macrochir, body condition and growth of a number of 

estuarine fish species has been shown to be positively associated with freshwater flow (e.g. 

Robins et al. 2006; Dolbeth et al. 2010). As survival rates of fishes are generally positively 

associated with body condition (Hare and Cowen 1997; Holmes and McCormick 2009; Duffy 

and Beauchamp 2011), a reduction in flow may result in fewer P. macrochir surviving to 

maturity. Given that smaller fish produce fewer eggs, reductions in condition and growth will 

also likely reduce the reproductive output of mature individuals, ultimately leading to 

reductions in the number of P. macrochir that survive to recruitment. Projected sea-level rise 

and increased storm events are expected to considerably reduce the extent of mangrove and 

seagrass habitat across northern Australia, particularly where landward migration is not 

possible (Okey and Poloczanska 2008; Gillanders et al. 2011), further exacerbating the effects 

on fish growth and reproduction, due to reductions in abundance of prey items. For example, 

in March 1985 Cyclone Sandy destroyed approximately 20% (183 km2) of the seagrass beds in 

the Gulf of Carpentaria (Rothlisberg et al. 1988; Poiner et al. 1989). Following the loss of 

these nursery habitats, there was a reduction in the offshore catch of penaeid prawns in the 

region (Poiner et al. 1993). As penaeid prawns represent a significant part of the diet of P. 

macrochir (see Brewer et al. 1995; Salini et al. 1998), a reduction in prawn biomass resulting 

from more intense cyclone events may further compromise growth and survival of P. 

macrochir. 

 

Management implications 

The results of this study have important implications for the management of tropical estuarine 

fishes and, more specifically, for the management of P. macrochir. Broadly, the results of the 

present study add to the growing body of evidence that suggest that populations of many fish 

species are far more structured than previously thought (Swearer et al. 1999; Thorrold et al. 

2001; Clarke et al. 2009). Such findings indicate that the spatial scale of management of many 
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marine resources, including the development of monitoring and assessment programs, harvest 

strategies and establishment of suitable fishery regulations, need to be reviewed to recognise 

the observed fine-scale demographic population structuring, and highlight the need for more 

research to facilitate further understanding of population structure and connectivity of aquatic 

organisms. 

 

Implications for the management of Polydactylus macrochir 

More specifically, the results of this study have a number of important implications for the 

management of P. macrochir. The limited connectivity observed for P. macrochir is in 

contrast to that currently assumed for management purposes. Polydactylus macrochir are 

currently managed as single populations, or stocks, in the waters of each of Western Australia, 

the Northern Territory, Queensland’s Gulf of Carpentaria and Queensland’s east coast, with 

different management strategies adopted within each region. For example, the current 

minimum legal length for the retention of P. macrochir is 60 cm TL in Queensland, 45 cm TL 

Western Australia, while there is no minimum legal length in the Northern Territory. The 

limited connectivity evident for P. macrochir across most locations suggests that the species is 

vulnerable to localised depletion, as the size of the spawning component in each local 

population directly affects recruitment to that population. As such, reduction in any one area is 

unlikely to be compensated for by immigration from other locations. For most locations, P. 

macrochir would benefit from fine-scale management actions, to account for the limited 

movement and complex population structure of the species. While this would be best 

addressed at a local (i.e. individual estuary) level, given the limited connectivity among 

estuaries, implementing catch and effort controls at this scale is unlikely to be feasible, and it 

may be more practical to apply management practices at regional scales, providing a trade-off 

between the disconnect of current management arrangements and fine-scale spatial structuring 

observed in the present study. 

Within Queensland’s Gulf of Carpentaria, the identification of spatially-distinct post-

larval assemblages that may be connected by larval dispersal has significant and unique 

management implications. Assuming larval dispersal occurs in this region, the size of the total 

spawning population (i.e. the combined sum of spawning individuals in each spatially-discrete 

post-larval assemblage) influences recruitment to the individual, spatially-discrete post-larval 

assemblages. Thus, over-depletion of any one post-larval assemblage could impact the 

recruitment to other assemblages, due to a reduction in spawning stock biomass (sensu 

Newman et al. 2000). More targeted research required to accurately define the degree of larval 

mixing in this region.  
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In addition to over-fishing, the limited connectivity evident for P. macrochir suggests 

that populations are susceptible to depletion through localised environmental perturbation, 

including alteration of freshwater flow regimes to estuarine environments. Given the 

significant positive relationship between spring and summer freshwater flow and year-class 

strength observed for P. macrochir by Halliday et al. (2008), and the low rates of connectivity 

observed in the present study, any local reduction in the number of individuals surviving to 

recruitment due to decreases in freshwater flow, be it natural or unnatural (i.e. through the 

construction of dams and weirs), would not be compensated for by movement of fish from 

other areas. Alterations to commercially-fished watersheds, in particular the inclusion of dams 

or other flow-reducing devices, and their subsequent effects on downstream populations of 

estuarine fishes, need to be factored in when establishing management plans for tropical 

estuarine species.  

The results of this study suggest P. macrochir, and other tropical species that exhibit 

similar patterns of movement and connectivity, may be a good candidate for protection by 

marine protected areas (MPAs). Marine protected areas are now routinely established as an 

effective tool for protecting biodiversity, sustaining productivity of exploited species, and 

allowing for continued extractive uses of the marine environment (Jones et al. 2007; Botsford 

et al. 2009). Marine protected areas are particularly advocated for tropical systems, largely due 

to the fact that many of the developing nations that occur in tropical regions lack the human 

resources, infrastructure, and financial capacity to obtain accurate catch data required to 

implement more conventional management approaches used in the management of temperate 

fisheries (Adams 1998; Blaber 2002; Sale 2002). The limited movement and low degree of 

connectivity among estuaries, and extensive movement within individual river systems, 

observed in the present study suggests that MPAs on the scale of individual estuaries will 

likely have a positive effect on local populations. Preliminary results of the effect of areas 

closed to commercial fishing on P. macrochir populations by Ley et al. (2002) support this 

hypothesis. These authors observed greater abundances, a greater size range, and a greater 

number of larger P. macrochir in estuaries that had been closed to commercial fishing for as 

little as five years compared with commercially-fished estuaries (Ley et al. 2002). 

Accordingly, a greater number of fish may survive to spawning age within estuaries closed to 

fishing, resulting in greater overall egg production and recruitment success within these 

systems (Blaber et al. 1999; Ley et al. 2002).  

However, while the moderate straying, or ‘spill-over’, of individual P. macrochir 

observed from the tagging data, and potential for larval dispersal, in Queensland’s Gulf of 

Carpentaria suggest that MPAs may enhance fisheries in adjacent systems in this region, the 

restricted movement and limited connectivity on Queensland’s east coast over similar spatial 
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scales indicates that protection from MPAs may offer little benefit with respect to 

replenishment of larval, juvenile and adult life history stages to populations in areas open to 

fishing. Given the relatively short time frame (five years) for MPAs to provide benefits to 

local populations observed by Ley et al. (2002), a series of systematic, rolling closures, 

whereby an individual estuary is closed to fishing for a finite duration, may be suitable to 

ensure localised sustainability of P. macrochir, and other tropical species that exhibit similar 

restricted patterns of movement and connectivity. Rolling closures have been used 

successfully in the Gulf of Maine to limit exploitation on populations of Atlantic cod, Gadus 

morhua, and harbour porpoise, Phocoena phocoena, which are caught by demersal gillnet 

fisheries in this region (Murawski et al. 2005). However, the impacts of such closures on the 

commercial and recreational fishing sectors, and subsequent effects on regional or local 

economies, would need to be assessed before such closures are implemented, particularly 

given that commercial netting in northern Australia’s estuaries effectively ceases during the 

seasonal closure on the capture of L. calcarifer that typically occurs from November to 

January (inclusive). 

In addition to those relating to connectivity, the results of this thesis have a number of 

implications for the management of P. macrochir, both in Australia and elsewhere across the 

species distribution. First, the results of the present study provide much required data on key 

demographic parameters required for the establishment of stock assessments and productivity 

models from which suitable harvest regimes and effective management strategies can be 

derived, including age and growth patterns, mortality rates, length and age at maturity and 

length and age at sex change. Furthermore, the observed variation in these parameters 

highlight the importance of gaining an understanding of the spatial patterns in demography of 

exploited fish populations. The significant spatial variation in demography suggests that 

spatially separated populations of P. macrochir will likely respond differently to fishing 

pressure and therefore require spatially distinct management arrangements (Begg et al. 2005; 

Mapstone et al. 2008). Failure to take account of such differences in stock assessments and 

subsequent management arrangements may lead to less productive populations being over-

fished, whereas potential yields may not be realised for more productive components 

(Williams et al. 2006). The spatial differences in life history should ideally be incorporated 

into fisheries assessment models for this species in order to obtain reliable model outputs and 

to optimise management. Given the species’ apparent over-exploitation in Western Australia 

(Pember et al. 2005), and the evidence of over-fishing of populations in Queensland’s Gulf of 

Carpentaria observed in the present study (Chapter 3), a proactive approach to management is 

strongly recommended to ensure sustainability of P. macrochir across the species’ 

distribution. While there is opportunistic monitoring of P. macrochir demography around the 
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Roebuck Bay region of Western Australia, and plans to conduct regular monitoring in this 

region (S. Newman, pers. comm.), there is currently no monitoring of P. macrochir 

demography in any other region across the species’ distribution. In addition to mentoring 

trends in catch and CPUE, spatially distinct landings and demography should be monitored 

closely for signs of over-exploitation, including truncation of length and age classes and 

changes to length-at-age, maturity and sex change profiles. 

The demographic analyses presented in Chapter 3 suggest that the minimum legal 

length of 60 cm TL currently in effect in Queensland’s east coast waters is insufficient if its 

objective is to allow 50% of males the opportunity to spawn at least once before capture, and 

thus should be increased to meet this objective. The success of increasing the minimum legal 

length, however, is contingent on either a high survival rate of released fish, or fish not being 

selected for by the fishing gear. The fisheries-dependent collections on the east coast 

examined in this study were largely collected from fish processors, providing little information 

on the proportion of undersized fish captured by the commercial fleet. However, samples from 

the Gulf of Carpentaria were generally collected by commercial fishers working under a state 

fisheries collection permit. Thus, although the gear used reflects that used by the commercial 

fleet, these fishers were able to retain any fish smaller than the current minimum legal size that 

they collected, providing an indication of the proportion of the catch constituted by undersized 

fish that would normally be discarded. Of the 502 fish collected from Queensland’s Gulf of 

Carpentaria, approximately 20% (115 individuals) were smaller than the current minimum 

legal size, indicating that undersized fish comprise a significant proportion of the catch in this 

region. Given that survival rates of net-caught P. macrochir are generally poor (Ley et al. 

2002; B. Moore, pers. obs.), the majority of undersized fish would be returned to the water in a 

moribund state. As such, further increases in the minimum legal length, in isolation, are likely 

to be ineffective in reducing fishing pressure on immature P. macrochir. An increase in the 

minimum net mesh diameter may be a viable alternative in reducing fishing pressure on 

undersized individuals, and warrants further research. 

More pertinently, the relative longevity and protandrous life history of P. macrochir 

makes the species particularly susceptible to over-fishing. As fishing pressure is typically 

biased toward the larger, older individuals of a population, it is the females of protandrous 

species that are subjected to the greatest fishing mortality, which may lead to egg limitation 

and recruitment overfishing (Milton et al. 1998; Blaber et al. 1999). To help mitigate these 

effects on sex-changing species, fisheries managers commonly implement output controls 

such as maximum legal lengths. There is currently no maximum legal length restriction for P. 

macrochir in any Australian jurisdiction. Given the small proportion of the population they 

represent (see Table 3.1), a maximum legal length should be introduced as a priority across all 
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jurisdictions to offer some protection for the larger females. However, the effectiveness of a 

maximum legal length is contingent on fish surviving long enough to reach the proposed 

length, and on a high survival rate of released fish should fish over the maximum legal length 

be caught. Further research into the survivorship of net-caught fish is warranted to fully 

understand the effectiveness of size limits as a management tool for P. macrochir. In a similar 

principle to increasing the minimum net mesh diameter to reduce fishing pressure on 

immature fish, a reduction in the maximum net mesh diameter may be a viable alternative in 

reducing the fishing pressure on female P. macrochir, by limiting the incidence of capture of 

these individuals. 

 

7.5  Future directions for research 

The findings of this research have highlighted important opportunities for future research. 

Ultimately, the scale of connectivity of the study species, or lack thereof, observed from the 

comparisons of life histories, parasite assemblages and otolith elemental signatures was 

largely a function of the spatial scale at which sampling was conducted, and the occurrence of 

spatial variation in the causal environmental and/or ecological mechanisms underlying each of 

these methodologies. Given the limited movement evident from the tagging data presented in 

Chapter 6, further fine-scale sampling will likely reveal greater spatial structuring, provided 

differences exist in environmental and ecological conditions between locations. 

As discussed previously, the similarities observed in the larval/early juvenile otolith 

elemental signatures evident among locations in Queensland’s Gulf of Carpentaria do not 

necessarily reflect larval mixing. Rather, these similarities fail to falsify the null hypothesis of 

a single population (Waldman 1999). Larval mixing in Queensland’s Gulf waters has 

significant management implications, as outlined above. As such, the degree of larval mixing 

in this region should be quantified as a research priority. Similarly, despite the limited 

connectivity for larval/early juvenile life history stages among locations evident from the 

otolith elemental data, particularly for samples from Derby, Chambers Bay, and the Roper, 

Fitzroy, Mary and Brisbane Rivers, it could not be unequivocally concluded that each fish 

caught at a particular location originated from that specific location. Rather, the results 

suggested that fish caught at each location in these regions had a different natal origin to those 

caught from the other locations examined. More direct approaches, such as those in which 

otolith elemental signatures of larvae or early juveniles, which represent natal origins, are 

compared with those of adults of the same cohort (e.g. Gillanders 2002a), should be trialed to 

identify the natal origins of the adult fish. As discussed in Chapter 5, techniques such as 

transgenerational marking (Thorrold et al. 2006; Almany et al. 2007) could be used in future 

studies to provide unique direct empirical evidence of both the degree of larval dispersal in 
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Queensland’s Gulf of Carpentaria waters, and the scaling of larval retention where otolith 

elemental signatures revealed differences, however the feasibility of conducting such an 

approach on the scale of even an individual estuary remains untested. In addition, greater 

knowledge of the longevity, dispersal capabilities and behaviour of P. macrochir larvae, and 

indeed of the larvae of tropical estuarine fishes in general, may assist in determining 

connectivity of this life history stage, although it is acknowledged that larval longevity is not 

necessarily an effective predictor of dispersal in fishes (Shulman and Bermingham 1995). 

It was not possible to identify all parasites types used as biological tags in Chapter 4 as 

many species did not occur at the east coast locations where fresh (i.e. unfrozen) material that 

is required for successful identification was collected. Identification of these species, 

facilitated through the collection of fresh (i.e. unfrozen) material, coupled with identification 

of their elasmobranch definitive hosts, may shed further light on the distributional patterns of 

the parasites and thus on the movement patterns of P. macrochir. Given that many of the 

parasite types examined in the present study have been used successfully to delineate 

movements of other teleost species across northern Australia (Moore et al. 2003; Zischke et al. 

2009; Charters et al. 2010; Moore et al. 2011a), it may ultimately be possible to establish a 

‘library’ of parasite distributions that could be used in analyses of connectivity of other 

species, similar to that suggested for otolith elemental signatures (e.g. Gillanders 2002b). 

The observed changes in biology between the present study and historical data for P. 

macrochir in the Queensland’s south-eastern Gulf of Carpentaria reported in Chapter 3, and 

the small proportion of fish greater than five years old observed in this region, are indicative 

of a fishery that is over-exploited. More specific research and monitoring is urgently required 

to evaluate the status of P. macrochir populations in Queensland’s Gulf of Carpentaria waters, 

and to test whether fishing is responsible for the observed temporal differences in biology, 

high mortality rates and truncation of ages in the region. In the meantime, a cautious 

management approach to P. macrochir fishing in Queensland’s south-eastern Gulf of 

Carpentaria is recommended and, with confirmation of the indicators of over-fishing observed 

here, urgent and decisive management intervention is warranted. 
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