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ABSTRACT 

Darwin Harbour features one of the largest and most diverse mangrove communities 

in northern Australia. The harbour is also the centre of a thriving recreational fishery. 

This study examined the role of mangroves in the distribution, abundance and trophic 

relationships of the fish of Darwin Harbour. 

Fish were sampled in three different mangrove habitats in three locations in Darwin 

Harbour for two years, using three methods: trammel nets, light traps and pit traps. 

Forest structural complexity and aquatic environmental variables were also 

measured. Diet composition was analysed and trophic groups identified using 

multivariate techniques. A preliminary trophic model was also developed. 

At high spring tides, the mangrove forest was used extensively by a wide range of 

fish. At low tide, only resident species appeared to remain in pools, as pit trap 

samples comprised the Gobiidae and Pseudomugilidae. Trammel net captures were 

dominated by the Ariidae, Mugilidae, Clupeidae and Engralulidae families. Fish 

captured in the light traps were dominated by Engraulidae, Clupeidae, Atherinidae 

and Gobiidae. Small fish, including juveniles and larvae, were more abundant in the 

seaward habitats, whereas larger fish, including predatory species, were captured 

throughout the mangrove forest. This suggests that smaller fish were not seeking 

refuge from predation in the shallower, more complex habitats. 

Fish abundance and distribution did not appear to be influenced by small scale 

variations in structural complexity (stem density and sizes) or mangrove 

productivity. Instead, large scale differences in forest characteristics, such as 

mangrove species composition and general topographical features, along with 

aquatic environmental variables appeared to be more important. 
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All habitats appeared to be important feeding areas for fish and seven trophic groups 

were identified. Three major groups were separated according to feeding mode 

(nekton, benthic and surface feeders) and within these, seven groups were defined by 

the main prey items in their diets. The Ecopath with Ecosim trophic model, although 

preliminary and based on incomplete information, synthesised information about 

Darwin Harbour from a wide variety of sources, indicated information gaps and 

identified areas in which future research should be focussed. 

Some species, such as Toxotes chatareus and two Ariid catfish, were more strongly 

associated with the higher intertidal habitats. This association may be important 

ecologically, due to their high levels of predation on the sesarmid crab, Perisesarma 

darwinensis, which is also found more often in the higher intertidal habitat and is 

known to consume mangrove leaf litter. 

Overall, the results show that a diverse array of fish use the mangroves of Darwin 

Harbour. Some are economically valuable species themselves and many are prey 

species for fish of recreational importance. There appear to be close trophic links 

between fish and all habitats and these links must be considered in future 

management of Darwin Harbour. 
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GENERAL INTRODUCTION 

1. GENERAL INTRODUCTION 

1.1. Background 

Mangrove forests currently occupy around 14 million hectares of the world's tropical 

and sub-tropical coastlines (FAO 2003). Comprising a diverse assemblage of plants, 

mangroves thrive in the intertidal zone, where their specialised adaptations allow 

them to tolerate an otherwise hostile environment regularly flooded by seawater and 

with waterlogged, anaerobic soils. Much maligned as impenetrable jungles, alive 

with biting insects and smelling of sulphurous mud, they are fascinating to some. 

More than a century ago Mary Kingsley ( 1897) travelling in a canoe in West Africa 

wrote: "After dark (the mangrove swamp) is full of noises; grunts from I know not 

what, splashes from jumping fish, the peculiar whirr of rushing crabs; and quaint 

creaking and groaning sounds from the trees; and - above all in eeriness - the strange 

whine and sighing cough of crocodiles." 

Indeed, the mangrove environment hosts a rich collection of marine and terrestrial 

fauna (Kathiresan and Bingham 2001; McGuinness 2003 ). In many countries 

mangrove forests are considered a vital resource, providing a source of fish, 

crustaceans and shellfish and other natural products including medicines, honey and 

timber for building material, firewood and charcoal (Davie and Sumardja 1997; Ewel 

et al. 1998; Gilbert and Janssen 1998). 

Despite their contribution to regional biodiversity and their benefits to human 

society, mangrove forests are among the world's most threatened communities (Field 

et al. 1998). Deforestation has occurred at alarming rates; more than 5 million 
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GENERAL INTRODUCTION 

hectares have been destroyed since 1980 (FAO 2003) and roughly one third of the 

global mangrove forests have been lost over the last 50 years (Alongi 2002). 

In Australia, mangrove forests have been used as a source of food by hunter-gatherer 

societies for thousands of years and even today are an important resource for coastal 

indigenous communities (Hiscock 1997; Smyth 2004). European settlers, however, 

perceived these forests as wastelands, a view that persisted until relatively recently, 

despite the long held beliefs of fishermen that mangroves are important for many 

species of fish (Thomson 1972; Millward 1979). Scientific research over the last 30 

years or so has gone a long way to vindicating those beliefs (Robertson and Alongi 

1992), and although attitudes are changing, mangroves continue to face pressure as 

coastal land for development becomes scarce. 

Whether mangroves have been ignored as useless or regarded as a valued part of the 

cultural landscape (Davie and Sumardj a 1997), increased population pressure has led 

to clearing for urban expansion, agriculture and intensive, and often unsustainable, 

aquaculture in many developing countries (de Graaf and Xuan 1990; Davie and 

Sumardja 1997). In the developed world, their coastal location makes them popular 

sites for redevelopment as "prime waterfront land" for exclusive urban and 

residential purposes. 

Recent recognition that mangroves may play a significant role in coastal fisheries 

production has led to increasing pressure to protect these systems. Two key 

arguments are put forward in support of this claim. Firstly, mangrove forests are 

believed to be highly productive, contributing significantly to total primary 

productivity and supporting coastal fisheries (Heald and Odum 1970; Odum and 

Heald 1975; Robertson et al. 1992). Secondly, mangroves are widely recognised as 
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GENERAL INTRODUCTION 

acting' as nursery areas for fish and prawns (Staples et al. 1985; Robertson and Duke 

1987; Chong et al. 1990; Tobias, 2001; Vance et al. 1990; Laegdsgaard and Johnson 

1995; Cappo et al. 1998; Primavera 1998; Nagelkerken et al. 2002). 

1.2. Mangrove productivity 

Certainly, mangroves generate large amounts of organic matter in the form of 

litterfall, wood and root debris (Kathiresan and Bingham 2001). Nevertheless, this 

productivity is highly variable at many scales and dependent on conditions such as 

climate, soil type and tidal inundation (Clough 1992). Forests are generally more 

productive in the wet tropics than in seasonally dry climates and productivity 

decreases at higher latitudes (Kathiresan and Bingham 2001). At a local scale, 

production can also vary significantly among different vegetation assemblages of the 

mangrove forest. Recent studies in Darwin Harbour have shown considerable 

variation in both biomass accumulation - estimated from stem diameter - and 

litterfall within and among different vegetation assemblages (Metc.alfe 1999; Comley 

2002). 

The extent of outwelling of mangrove detritus and its contribution to nearshore 

fisheries has also been questioned. Early research in Florida showed that mangrove 

leaf litter, flushed from the forest through tidal action, formed the source of a 

detritus-based food chain (Heald and Odum 1970; Odum and Heald 1975). Recent 

stable-isotope studies suggest that the contribution of mangrove detritus to the diets 

of associated marine biota varies at local and regional scales and may depend on the 

presence and relative area of alternative primary producers (Szelistowski 1990; · 

Lone ragan et al. 1997; Marguillier et al. 1997; Chong et al. 2001; Cocheret de la 

Moriniere et al. 2003; Melville and Connolly 2003; Kieckbusch et al. 2004). 
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Recent research also suggests that there may be biogeographical differences in 

trophic pathways and the fate of mangrove leaf litter (Robertson et al. 1992; Mcivor 

and Smith 1995). In contrast to mangrove systems in Florida, in the species rich 

Indo-West Pacific mangrove forests, litter export is influenced by the action of 

sesarmid crabs feeding directly on mangrove litter or burying it in burrows (MacNae 

1968; Robertson 1986; Lee 1998; Salgado-Kent 2002). It has been estimated that 

crabs may reduce the annual litter export by up to 75% (Robertson et al. 1992). 

As well as having a major effect on energy flows and the amount of organic material 

exported from the forest, these crabs may themselves be one of the major trophic 

links in the mangrove food chain. A study in north Queensland found that, as larvae, 

sesarmid crabs were consumed in large numbers by juvenile and small zooplankton

feeding fish (Robertson et al. 1992), while as adults, they were a large proportion of 

the prey for three mangrove associated predatory fish, Epinephelus coioides, 

E. malabaricus and Lutjanus argentimaculatus (Robertson and Duke 1990b; Sheaves 

and Molony 2000). 

Although the role of sesarmid crabs in the structure and function of mangrove forests 

has been studied in detail (eg.Camilleri 1989; Emmerson and McGwynne 1992; 

Micheli 1993; Steinke et al. 1993; McGuinness 1997a; McGuinness 1997b; Lee 

1998; Dahdouh-Guebas et al. 1999; Salgado-Kent 2002), little is known of the links 

from sesarmid crabs to higher consumers (but see Sheaves and Molony 2000). If 

much of the mangrove litter is retained and decomposed in the forest, then the use 

that fish make of the forests at high tide becomes vitally important in describing the 

trophic pathways between mangroves and other near-shore coastal ecosystems. 
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1.3. Mangroves as nursery areas 

1.3. 1. Mangroves versus other habitats 

The last 15-20 years have seen an upsurge in the number of studies, in Australia and 

elsewhere, examining the nursery value of tropical and sub-tropical mangroves 

(Blaber et al. 1985; Robertson and Duke 1987; Davis 1988; Thayer et al. 1988; 

Blaber and Milton 1990; Chong et al. 1990; Robertson and Duke 1990a; Vance et al. 

1990; Tzeng and Wang 1992; Laegdsgaard and Johnson 1995; Sheaves 1995; 

Halliday and Young 1996; Kimani et al. 1996; Primavera 1998; Ronnback et al. 

1998; Nagelkerken et al. 2000; llcejima et al. 2003; Sheridan and Hays 2003; Mumby 

et al. 2004). Many of these studies reported that mangroves were used as nurseries 

by a variety of juvenile fish and crustaceans including economically important 

species. Recent reviews (Robertson and Alongi 1992; Kathiresan and Bingham 2001) 

concluded that more juvenile fish are found in mangroves than in other adjacent 

habitats. 

Although it is widely accepted that mangroves function as nursery areas, Sheridan 

and Hays (2003), in a recent analysis of mangrove studies, argued that many of the 

studies maintaining this view had not used quantitative methods (although their 

definition of "quantitative" was narrow, including only those methods that produced 

absolute densities) and that results from the seven accepted studies did not show 

consistent trends for higher densities of juvenile fish in mangroves. Given that all but 

one of the studies were conducted in the same region (Gulf of Mexico-Caribbean), 

the authors acknowledged that there may have been a regional bias in results but 

stressed that there is little to suggest that mangroves consistently enhance fish 

recruitment to adult populations. 
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Sheridan and Hays (2003) also argued that although food and shelter are available in 

mangrove forests, only the importance of the latter has been established 

experimentally. Observing that juvenile fish do not feed directly on mangrove debris 

or detritus, as evidenced by stable isotope studies, and that that the food available in 

the mangrove forest is limited by tidal access, they concluded that there is little 

evidence to show that food is important. 

In spite of the views of Sheridan and Hays (2003), mangrove forests may indeed 

provide a critical temporal foraging area for juvenile fish (Robertson et al. 1988; 

Kneib 1997b; Sheaves and Molony 2000; Laegdsgaard and Johnson 2001). Habitat 

selection by small fish is driven by a trade off between predation risk and foraging 

gains, and most small fish spend most of their time sheltering from predators and 

much less time feeding (Walters 1993). Fish use a variety of strategies to avoid 

predation, including congregating in shallow water, schooling and seeking structural 

shelter (Hobson 1972; Helfman 1986; Gotceitas and Colgan 1987; Mcivor and Odum 

1988; Hixon 1993; Paterson and Whitfield 2000). These predation refuges are not 

usually considered to be ideal foraging areas so that, in most cases, fish seek shelter 

in one habitat and forage in a nearby feeding habitat, rather than in the same place 

(Walters 1993). The temporary refuge gained from mangrove forests may, in fact, 

allow fish to feed more intensively on the higher densities of some prey found in the 

forests (Robertson et al. 1988; Laegdsgaard 1996). 

Because mangrove forests are often highly productive and appear to support high 

densities of juvenile fish and crustaceans, it is widely believed that mangroves are 

critical to tropical coastal fisheries (Kapetsky 1985; Barbier et al. 1996; Saenger 

2002; Lewis III et al. 2003). Strong evidence for this relationship is, however, 
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lacking. Baran and Hambrey (1999) reviewed the few studies that have attempted to 

quantify the relationship between mangroves and fisheries (finfish and prawns) and 

concluded that, despite some positive correlations between mangrove area and 

fishery production (eg. Martosubroto and Naamin 1977; Staples et al. 1985; Pauly 

and Ingles 1986; de Graaf and Xuan 1990; Kathiresan and Rajendran 2002), a causal 

link has not been established. As Baran and Hambrey (1999) pointed out, it is 

possible that these correlations could be partly, or perhaps even largely, due to the 

effects of related factors, such as water depth, intertidal area, organic matter or length 

of coastline. 

A recent study by Mumby et al. (2004 ), however, provides stronger evidence. 

Analysis of fish assemblages on "mangrove rich", as opposed to "mangrove scarce", 

reefs showed that presence of mangroves was the most significant factor in the 

structure of the reef fish communities. They also discovered that presence of 

mangroves was a significant factor in enhanced fish biomass of six species on 

"mangrove-rich" reefs. Four alternative explanations for the difference in fish 

biomass - direct fishing pressure, indirect fishing pressure, the structure of reef 

habitat in each reef system and design bias- were tested. The only significant result 

was for direct fishing pressure which showed that fishing pressure was, in fact, 

greater on "mangrove rich" reefs. This tended to lend weight to their conclusion that 

"mangroves are unexpectedly important, serving as an intermediate nursery habitat 

that may increase the survivorship of young fish". It is, however, still very much the 

case that the relationship between mangroves and fish is not understood as well as it 

needs to be. 
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Habitats within the mangroves 

In temperate regions the mangrove forest may be little more than a narrow, mono

specific band along the shore (Wells 1983; Clynick and Chapman 2002). In tropical 

regions, in contrast, forests are usually more diverse and may be more extensive, 

covering hundreds, even thousands, of hectares. Within such forests, different 

assemblages, or habitats, may be recognised. Habitats may differ in distance from the 

water (e.g. seaward versus landward), in location on the estuary (e.g. lower versus 

upper reaches), and in history (e.g. disturbed versus undisturbed). 

These differences may influence the structure of the forest- in terms of the type and 

abundance of species present- as well as the fauna. In Darwin Harbour, for example, 

Brocklehurst and Edmeades ( 1996a) described 10 different mangrove vegetation 

assemblages and Salgado-Kent (2002) showed that the distribution of grapsid crabs 

varied among three. The distribution of the mangrove snail, Cerithidea anticipata is 

also influenced by the structure of the forest (McGuinness 1992; McGuinness 1994). 

Given these differences, it is possible that there is variation among habitats in the 

composition and activity of the fish assemblages. This has prompted the suggestion 

that some parts of a mangrove forest may have a greater "functional value" than 

others. In this context, "functional value" means those ecological functions typically 

associated with healthy ecosystems and more specifically with mangroves; for 

example provision of productive feeding and breeding habitats, maintenance of 

biodiversity, trophic links and energy flow and contribution to local fishery 

production (Davie and Sumardja 1997; Field et al. 1998). If some areas do have 

higher value than others, it is possible that a smaller area of mangrove forest may 

still provide much of the full functioning of the ecosystem (Kapetsky 1985; Davie 
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and Sumardja 1997). Kapetsky (1985), for instance, suggested that productivity is 

greater at the seaward edge of fringing mangroves, declining with distance inland. 

Studies by Metcalfe (1999) and Comley (2002), in Darwin Harbour, however, 

revealed more complex patterns. 

Other authors have pointed out that the higher intertidal habitats may be more 

important as nursery areas. Two studies investigating the use of mangroves by fish 

and prawns (Vance et al. 1996; Ronnback et al. 1998) showed that, while small fish 

were generally found throughout the mangrove forest, larger piscivorous fish rarely 

penetrated the mangrove creek fringe. Thus, the more inland habitats may provide a 

refuge from predation for juvenile fish. 

This issue of differential use of mangrove habitats has been little studied, perhaps 

partly because of the difficulty of sampling fish in amongst the trees. It is, however, 

of some importance. In tropical regions, much of the shoreline may be occupied by 

mangroves and some development in such areas is almost inevitable (Kapetsky 1985; 

Davie and Sumardja 1997; Lee 1998). The higher intertidal habitats, by virtue of 

their easy access, are often more vulnerable than others (Lee 1998). It is, therefore, 

important to understand the role of different parts of the forest in the ecology of 

coastal ecosystems. Such an understanding would permit more informed judgements 

when it comes to balancing the conflicting needs of development and conservation. 

1.3.3. Temporal variation 

The life history of many fish species involves adults spawning at sea, migration of 

larvae to inshore habitats where, as juveniles, they stay for varying amounts of time 

using these habitats as nurseries, before returning to deeper water as adults 

(Loneragan 1992). Much of our knowledge of reproductive cycles comes from the 
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study of temperate fish and some of the factors influencing spawning behaviour in 

temperate climates, such as large seasonal changes in temperature and day length, 

cannot be translated to the tropics (Blaber 1997). For these reasons, life histories and 

reproductive cycles of tropical fish are more diverse than in temperate regions 

(Longhurst and Pauly 1987). Despite this, mangroves and other inshore vegetated 

habitats appear to be important nursery areas for many species of juvenile fish 

(Robertson and Duke 1987; Davis 1988; Thayer et al. 1988; Chong et al. 1990; 

Tzeng and Wang 1992; Laegdsgaard and Johnson 1995; Sheaves 1995; Kimani et al. 

1996; Nagelkerken et al. 2000; Ikejima et al. 2003; Mumby et al. 2004). 

Many tropical estuarine fishes have protracted spawning seasons, with peaks of 

intensity occurring once or twice throughout the year (Longhurst and Pauly 1987). 

These peaks of recruitment to inshore habitats often occur over the wet season 

months (Yanez-Arancibia et al. 1988; Robertson and Duke 1990b; Laegdsgaard 

1996) and can be correlated with environmental conditions such as salinity (Barletta

Bergan et al. 2002) and moon phase (Milton and Blaber 1991) or biological factors 

such as primary productivity (Yanez-Arancibia et al. 1988) and food availability 

(Robertson et al. 1988). Recruitment can be highly variable though (Williams and 

Sale 1981) and reliable interpretation of results require long term studies. 

The results of Vance et al. (1996) and Ronnback et al. (1998) suggest that higher 

intertidal mangrove habitats may provide a greater level of protection from predation 

for juvenile fish (section 1.3.2). If this is the case, there may also be some temporal 

variation in the importance of the different mangrove habitats to new recruits. 
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1.4. Mangroves of Darwin Harbour 

Australia supports a significant proportion of the world's mangroves, having the 

fourth largest mangrove area after Indonesia, Brazil and Nigeria (FAO 2003 ). More 

than one third of Australia's mangroves- 380,000 hectares- are found along the 

Northern Territory coastline and around 5% of these fringe Darwin Harbour 

(Brocklehurst and Edmeades 1996b; FAO 2003). 

Darwin Harbour is a large estuary located in the far north of Australia on the north 

west coast of the Northern Territory. The harbour features one of the largest and 

most diverse mangrove communities in northern Australia (Wightman 1989). 

Comprising 20,400 hectares, this ecosystem is still relatively intact with just 2% of 

the original forest removed (Brocklehurst and Edmeades 1996a). As a consequence 

of their diversity, extent and largely pristine status, the Darwin Harbour mangroves 

are widely regarded as a significant resource (McGuinness 1992; Hanley 1996). 

The city of Darwin, the capital of the Northern Territory, lies on the north-east side 

of the Harbour. Together with the rural hinterland to the south east, the Darwin 

region has a population of around 115,000 which is expected to grow by 50- 80% 

in the next ten years (Australian Bureau of Statistics 2003) The last decade has seen 

the establishment of a freight and passenger rail service, industrial expansion and 

increased shipping and port development. As much of the surrounding area is low 

lying, and subject to flooding during the wet season, land for development above 

high water is limited. These things mean that pressure on the mangroves is likely to 

increase. 

As in other parts of Australia, recreational fishing is one of the Northern Territory's 

most popular leisure pursuits and activity in the harbour is particularly intense. 
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Research on recreational fishing has provided some information on species 

composition and annual harvest in Darwin Harbour (Coleman 1998). Levels of 

recreational fishing are high in the harbour- 42o/o of all catch and 45% of all hours 

fished in the Northern Territory- and the total annual harvest is over 350,000 fish. 

There have been no studies investigating the ecology of fish within the Darwin 

Harbour mangrove community. This is despite the local and national significance of 

the forest and its possible contribution to the recreational and commercial fishing 

industries. In Darwin Harbour generally, studies of fish assemblages have largely 

been limited to a long time series of fish collections (since 1878 (Larson et al. 1987)) 

with a comprehensive checklist completed in 1997 (Larson and Williams 1997). The 

biology of several fish species that occur in the harbour is the subject of ongoing 

government research but this is limited to monitoring the status of commercially and 

recreationally fished species rather than their ecology per se (Department of 

Business Industry and Resource Development 2002). 

Lyle (1987) and Lyle and Timms (1987) studied the reproductive biology and diets 

of three shark species captured in Darwin Harbour and Larson ( 1987) presented 

some broad diet and habitat preferences of fishes in Darwin Harbour but noted that 

diet information was based on information from other studies or related species. 

Habitat preferences have been supplemented by further sampling (Larson and 

Williams 1997) and by literature information but Larson concluded that further 

ecological work was needed to fully describe the fish community of Darwin Harbour. 

Outside the harbour, apart from the exhaustive research on barramundi (Lates 

calcarifer) (eg. Davis 1985; Griffin 1985; Griffin 1987), only one other ecological 

study has examined the fish fauna near Darwin (Davis 1988). Davis (1988) sampled 
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fish entering Leanyer Swamp, a tidal saltmarsh at the headwaters of Buffalo Creek, 

north of Darwin Harbour. He found that most of the fish entering the swamp were 

juveniles and concluded that it was a nursery area for a number of fish species, 

particularly barramundi. 

1.5. Project aims and objectives 

Underwood et al. (2000) wrote: "There is no possible doubt that observations of 

patterns or lack of patterns are the fundamental starting-blocks for ecological study. 

Until patterns have been described, there is no basis for invoking explanatory models 

about processes". Although the latter point may be argued, there is little doubt that 

much productive research in ecology has commenced with descriptions of patterns, 

followed by investigation of the processes likely to be driving these patterns. 

Because mangrove forests are the dominant shoreline habitat in Darwin Harbour 

(Figure 2.3), the general aims of this study were to document fish use of mangrove 

assemblages in Darwin Harbour and to develop explanations for patterns discovered. 

The former aim was addressed by sampling fish abundance in different mangrove 

assemblages in different seasons for two years. The latter aim was addressed by 

collecting data to test ideas about diet and habitat relationships. Accomplishing these 

aims would add substantially to existing information about fish assemblages in 

Darwin Harbour and increase our understanding of the role of mangroves in trophic 

relationships of fish and the wider ecosystem. 

A second element of this project was to investigate a way to begin to quantify the 

relationships between mangroves and fish through trophic modelling. The method 

used, Ecopath with Ecosim, is an ecosystem modelling approach initially developed 
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for use in fisheries management of exploited systems (Christensen and Pauly 1993b; 

Walters et al. 1997). Because little is known about the ecology of the fauna of 

Darwin Harbour, this aspect of the project was designed as a way to review and 

standardise all currently known data, determine areas in which (and in what form) 

further research should be conducted to fully describe the ecosystem and also to 

review the model's potential as a management tool. This element of the project 

presents an attempt to expand on the general model of an estuarine food web by 

estimating the trophic flows among the various components of the Darwin Harbour 

ecosystem with a view to exploring hypotheses about the effects of mangrove 

removal on ecosystem functioning. 

1.5.1. Specific objectives 

The specific objectives of the project were to: 

• Compare assemblages of fish in different mangrove habitats within Darwin 

Harbour. 

• Investigate temporal variation in the importance of different habitats for fish 

fauna. 

• Relate the fish assemblages of the major mangrove habitats in the harbour to 

features of mangroves such as primary productivity, forest structure and aquatic 

environmental variables. 

• Determine the diets and trophic groups for each fish species. 

• Develop a preliminary trophic model of the Darwin Harbour ecosystem. 
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2. REVIEW OF SAMPLING METHODS AND 
DESCRIPTION OF STUDY AREA 

2.1. Review of sampling methods 

The objectives of this project, and the limitations imposed by the local environment 

called for a thorough examination of standard sampling methods and their 

application. Designing the sampling strategy was not simply a matter of adopting 

methods used elsewhere and expecting them to work. This section reviews 

established sampling methods in relation to project requirements. 

The project required a method which would: 

• sample as wide a range of species and sizes of fish as possible 

• provide suitable material for stomach content analysis 

• be suitable for sampling fish in discrete vegetation assemblages within the forest 

at the same time 

• allow access to different vegetation assemblages across the entire intertidal area 

(taking into account local environmental conditions including a tidal range of up 

to 8 metres and the presence of crocodiles) 

• be practical given time and resource limitations 

A range of sampling methods has been developed for use in tropical coastal areas 

(English et al. 1994). Of the various active and passive techniques, few are suitable 

for sampling within mangrove forests and, as a consequence, studies sampling fish 

within mangrove forests are rare. One common method is to use bag or trap nets to 

trap fish in small gutters and creeks as they leave the forest on the ebb tide ( eg. 
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Robertson and Duke 1987; Chong et al. 1990; Robertson and Duke 1990a; 

Laegdsgaard and Johnson 1995; Lin and Shao 1999). This method is, however, not 

suitable for sampling discrete vegetation assemblages as creeks and gutters generally 

flow through several different habitats and there is no way of knowing if the fish 

moved from the gutter, or creek, into other parts of the forest. Fyke nets are also used 

within vegetated habitats, but are generally used in shallow water and for sampling 

smaller fish (Nielsen et al. 1983). 

A technique which fulfils some of the study requirements is the stake net (Thayer et 

al. 1987; Morton 1990; English et al. 1994; Halliday and Young 1996; Vance et al. 

1996; Ronnback et al. 1998; Ley et al. 1999). Stake nets have been used to sample 

discrete, known areas, thus providing absolute numbers and biomass data. A large 

area is encircled at high tide with a block net fixed to stakes and fish are collected 

from inside the net at low tide. Depending on the local environment this technique 

can, however, require a great deal of preparation. Clear pathways are required for the 

deployment of the nets by boat and, as the nets need to sit flat on the bottom, all 

obstacles (e.g. stumps, saplings and roots) must be removed. Although a minimum 

circumference of 600 m (giving an area of almost 29,000 m2
) has been suggested 

(English et al. 1994) the largest stake net sample used in published studies had an 

area of 3,340 m2 (Morton 1990). 

Several constraints made stake netting an impractical technique for this project. First, 

they are expensive and labour intensive to set up and the amount of time needed to 

prepare enough sites for minimum spatial replication was more than the project 

timing would allow. 
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Second, local environmental conditions presented logistic obstacles to the use of 

stake nets. There are only two published studies that have used this method to sample 

fish in discrete vegetation assemblages within a mangrove community. These were 

both done at sites with a maximum tide range of less than 3 metres (Vance et al. 

1996; Ronnback et al. 1998). Ideally, nets should be deeper than high tide water 

depth to reduce the risk of fish escaping as the tide recedes and all habitats must be 

sampled at the same time. At spring tides, when the highest intertidal habitat is 

inundated, the water in the most seaward habitat in Darwin Harbour is over 4 metres 

deep. As a consequence, the nets should have a drop of at least 4 metres. Collecting 

trapped fish, and retrieving appropriately sized nets, in that habitat at low tide- up to 

1 km from the landward edge of the mangroves -would require more time and 

resources than were available. Smaller nets, such as the "quantitative drop sampler" 

used by Sheridan ( 1992) are efficient sampling devices for small fish, but are 

unsuitable for catching a wide size range of fish. It was decided that none of the 

various forms of stake nets were feasible for this project. 

Another method that has been used successfully in several studies of mangrove fish 

fauna is the baited trap (Sheaves 1992; English et al. 1994; Tobias 2001). Traps can 

take various forms, but all are species and size selective and generally catch few fish 

per trap (English et al. 1994). In any case, using bait complicates greatly diet 

analysis. 

Visual census has also been used to effectively survey fish use of various habitats, 

including mangroves (Rooker and Dennis 1991; Acosta 1997; Ley et al. 1999; 

Nagelkerken et al. 2000; Cocheret de la Moriniere et al. 2002; Mumby et al. 2004). 

While this method provides good comparative information between habitats, it relies 
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on clear water and lack of predators but Darwin Harbour has turbid water and it is 

frequented by large marine predators (approximately 150 saltwater crocodiles are 

removed from the harbour every year). 

The method selected for the major sampling study was the trammel net. Trammel 

nets are a type of entangling gear widely used in artisanal fisheries around the world 

(Losanes et al. 1992c; Acosta and Appeldoom 1995; Stergiou et al. 1996). 

Somewhat similar to gill nets, they incorporate 3 nets tied to the same float and lead 

line in a "sandwich" arrangement (Figure 2.1). The outer nets are identical while the 

inner net is a finer, smaller mesh net hung more loosely than the outer nets. Fish are 

caught when they swim through one of the meshes of an outer net and push the loose 

inner net through the matching outer mesh on the other side of the net, making a 

pocket in which they become trapped. Fish can also become entangled or gilled on 

either the large or small mesh nets, depending on their size (Acosta and Appeldoorn 

1995). 

Trammel nets were chosen over gill nets because for a given size, they are less 

selective and therefore more efficient as sampling devices where the aim is to catch a 

wide size range of fish (Matsuoka et al. 1990). Deployment of nets in mangrove 

forests requires a certain amount of clearing and using trammel nets, rather than 

multi-panel gill nets, limited the size of the cleared area, thus keeping mangrove 

damage to a minimum. 

The major disadvantage of this method was that no measure of density could be 

provided (such as with block nets) because the area sampled by the nets cannot be 

estimated. Nevertheless, because of the reduced preparation and handling time, extra 

locations and habitats could be sampled with greater replication, to provide relative 
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measures of abundance and species composition among the different habitats within 

the mangrove forest. 

Trammel net design specifications and a pilot study are described in detail in 

Chapter 4. A description of the sampling procedure is given in Chapter 5. 

Figure 2.1. Trammel net (Adapted from English et al. 1994) 

The trammel nets were designed to capture a wide size range of fish (Chapter 4 ), but 

they are not the most effective gear for sampling juvenile and larval fish. Two 

complementary methods - light traps and modified pitfall traps - were selected to 

sample these fish. 

The use of light traps to sample fish was initially developed by limnologists for use 

in vegetated freshwater habitats (Faber 1981 ). Their use has since expanded to the 
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tropical marine environment, particularly in coral reefs (Doherty 1987). Designs 

range from simple, cheaply constructed models (Floyd et al. 1984) to more 

complicated, expensive devices (Doherty 1987; Fisher and Bellwood 2002). In the 

marine environment, light traps have been used most commonly to sample the late 

pelagic stage of reef fish larvae in order to describe spatial and temporal patterns in 

the supply of larval fish to coral reefs (Milicich and Doherty 1994; Sponaugle and 

Cowen 1996; Thorrold and Williams 1996). Despite their suitability for use in 

shallow, vegetated areas, light traps have rarely been used in mangrove forests (but 

see Lindquist et al. 1999). This is perhaps because there is a perception that the 

turbidity often associated with mangrove environments may reduce their 

effectiveness. Light traps were chosen for this study because they sample juvenile 

and larval fish (albeit selectively, Meekan et al. 2000) and they could be deployed at 

the same time as the trammel nets. 

Pitfall traps are commonly used in terrestrial vertebrate ecology to capture reptiles 

and small mammals. In the mangrove environment they have also been used to 

investigate the ecology of some species of crabs (Warren 1987; Smith III et al. 1991; 

Salgado-Kent 2002). I found no reference to the use of pitfall traps to capture fish in 

mangrove forests but shallow glass dishes have been used successfully as pit traps in 

tidal marsh environments. Kneib (1997a) captured large numbers of juvenile fish in a 

study investigating recruitment variability to the estuarine marsh environment. Other 

studies have used the same technique to investigate the effects of weed invasion on 

fish use of the marsh (Able et al. 2003; Fell et al. 2003 ). 
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The three sampling methods selected for this project, trammel nets, light traps and pit 

traps, were designed to complement each other and provide information on the fish 

inhabiting the mangrove forests of Darwin Harbour during high and low tides. 

2.2. Description of study area 

Darwin Harbour is located in the far north of Australia on the north west coast of the 

Northern Territory (Figure 2.2). Darwin, the capital city, is situated on the north east 

boundary of the harbour. The population of around 115,000 is largely confined to the 

eastern side of the harbour. The western side is sparsely populated with around 500 

residents in two communities (Department of Community Development Sport and 

Cultural Affairs 2003). 
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Figure 2.2. Map of Darwin Harbour. Inset shows location of the harbour within Australia. 
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2.2.1. Climate 

Darwin Harbour lies within the "dry tropics", experiencing a monsoon wet season 

from October to March and a warm dry season from April to September. Prevailing 

winds are from the south-east during the dry season and from the north-west during 

the wet season. The average annual rainfall of 1710 mm is highly seasonal, with 

more than 90o/o falling during the wet season (Bureau of Meteorology 2001). Storms 

are frequent during the wet season and tropical cyclones occur occasionally, bringing 

destructive winds, heavy rains and storm surges. Maximum daytime temperatures 

vary little throughout the year, averaging 31.0°C. Evaporation is high, often 

exceeding annual rainfall by around 1000 mm (Bureau of Meteorology 2001 ). 

2.2.2. Physical description 

Semeniuk ( 1985) provides a comprehensive description of the geomorphology of 

Darwin Harbour and surrounds. The harbour is a large drowned river valley system. 

Post-glacial marine flooding and sedimentary infilling have formed the main 

embayment section of the harbour and shaped the three "arms". Elizabeth River 

flows into East Arm, Darwin and Blackmore Rivers join to form Middle Arm and 

West Arm has developed from the flooding of several smaller creeks (Figure 2.2). 

Semeniuk ( 1985) categorises Darwin Harbour into three large scale components: the 

Riverine Channels, the Port Darwin Embayment and the Open Oceanic Coastline. 

For the purposes of this study, I have defined Darwin Harbour as the main 

embayment component which has a seaward boundary across the channel between 

East Point and Mandorah, includes the three arms and is about 250 km2 in size. 

The harbour reaches it's deepest point, 36 m, in the entrance channel between East 

Point and Mandorah. The rest of the harbour is shallow, generally under 10 m, apart 
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from the arms where depths range between 10 and 20m (Hanley 1996). The tidal 

regime is semi-diurnal and macro-tidal, with a maximum range of 8 m (Darwin Port 

Corporation and Marine Branch 2001 ). 

Darwin Harbour's catchment is relatively small and as a result of this, and the highly 

seasonal rainfall pattern, the harbour functions as a marine system for several months 

of the year. During the wet season, however, monsoon and cyclone events generate 

substantial freshwater flow from the three main rivers, ephemeral streams and sheet 

run-off causing a drop in salinity levels throughout the harbour (Padovan 1997). This 

freshwater flow is greatly reduced during the dry season, but there is some input 

from subterranean freshwater seepage for at least the first few months (Semeniuk 

1985). 

One consequence of the macro-tidal regime is that the intertidal region in Darwin 

Harbour is often very broad, in some areas spanning several kilometres. Within this 

intertidal area, gradients in salinity, and variations in substrate and frequency of 

inundation create a wide range of environmental conditions. Brocklehurst and 

Edmeades (1996a) lists twelve vegetation assemblages in the harbour (Table 2-1). 

This study investigated fish inhabiting three of the major mangrove assemblages: 

Sonneratia alba woodland, Rhizophora stylosa closed forest (including both 

shoreline forest and tidal creek) and Ceriops tagallow closed forest (mid tidal flat). 

Together, these make up around 90o/o of the mangrove assemblages that are regularly 

inundated at each spring tide. Inundation in the "hinterland" vegetation assemblage 

(the third largest in area) is less frequent and not deep enough to sample with all the 

methods chosen for the study. 
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Table 2-1. Vegetation assemblages (and two non-vegetated intertidal environments) in 
Darwin Harbour (adapted from Brocklehurst and Edmeades 1996a). The habitats sampled in 

this study are underlined. 

Assemblage Area ( ha) Percent 

Mangrove closed forests 

RhizoQ.hora st'{Josa (shoreline forest} 668 3.27 

RhizoQ.hora st'iJosa I CamQ.tostemon schultzii (tidal creek) 5,965 29.20 

Rhizophora stylosa I Bruguiera I Ceriops (transition) 734 3.59 

CerioQ.s tagal (mid tidal flat) 7,959 38.96 

Ceriops tagal I Avicennia marina (high tidal flat) 892 4.37 

Mixed species low closed forest I open forest (hinterland) 1,525 7.46 

Mangrove woodlands I Open woodlands 

Mixed species low woodland 288 1.41 

Sonneratia alba 968 4.74 

Rhizophora stylosa (islands, rocky shores) 2.8 0.01 

Low open woodland (low tidal mudflat) 24.2 0.12 

Samphire I salt flat 

Samphire I salt pan 1,377 6.74 

Beach 28 0.14 

Total 20,431 100.00 

2.3. Study locations 

All study sites were located in the eastern half of the harbour, due to difficulty 

accessing the western half from the land (Figure 2.3). Three locations were selected 

as study sites on the basis that each of the vegetation assemblages (termed "habitats" 

for this study) within the location was representative of these habitats throughout the 

harbour, although access was also an important consideration. The locations were 

Charles Darwin National Park (Location 1), Elizabeth River (Location 2) and Jones 

Creek (Location 3) (Figure 2.3). At each location, two sampling sites were positioned 

within each habitat along a transect running from the landward edge of the forest to 

the seaward edge. 
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Figure 2.3. Location of study sites. Satel lite image showing mangrove forests in green. 
Source: Department of Lands, Planning and Environment. 

2.3.1. Location 1 

Location l was situated in Charles Darwin National Park (the Park) at latitude 

12°27.5 ' longitude 130°52.0' (Figure 2.3). The park includes around 580 ha of 

mangroves in an area bounded by Sadgroves Creek on the north-western side and 

Reichardt Creek on the eastern side. The seaward edge is open to the main 

embayment section of Darwin Harbour. 

The S. alba habitat (seaward) ran for about 3.5 km along the south-western edge and 

averaged around 100m in width. This habitat was relatively open and "park-like" 

with a very flat topography (Figure 2.4). Many of the S. alba trees were large but 
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showed evidence of damage from Cyclone Tracy (which caused widespread 

destruction in 1974 (Brocklehurst and Edmeades 1996a). Some surviving trees had 

retained their lower branches, but regrowth from the base and branches formed the 

crown. Areas bare of forest were being recolonised and isolated patches of R. sty los a 

were found throughout the S. alba habitat. The creeks that flowed towards this 

habitat from higher ground did not converge into major streams and by the time they 

reached the seaward edge were narrow, sinuous gutters that barely altered the surface 

topography. 

In contrast to this seaward edge habitat, the topography of the rest of the park was 

very complex, with a mosaic of habitats created as creeks and gutters defined islands 

of higher ground within lower lying areas (Figure 2.5). 

Along the landward edge of the S. alba habitat, the R. stylosa habitat formed a forest 

which extended along the edge of creeks and gutters flowing from higher ground. 

The width of this habitat varied from around 20 to 150 m and also showed evidence 

of damage by Cyclone Tracy. Some areas were made up of very large old trees, 

while other areas consisted of patches of younger trees occasionally interspersed with 

young S. alba. In this location, the R. stylosa sampling sites were positioned in areas 

of younger trees to avoid damage to the large, old trees (refer to Section 2.4.1 ). 
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Figure 2..+. Somzeratia alba habitat at Charles Darw111 National Park. 

Patches of C. taRa! habi tat (mid tidal flat habitat) occurred throughout the mangrove 

community. At thi s location, the C. !URal sampling sites were located in patches of 

this habitat that were surrounded by areas of lower lying ground rather than near the 

landward margin of the mangroves. 

The sampling transect started 1 km south west of the landward margin and ran in a 

south westerly direction to the seaward edge. The S. alba habitat had a topographic 

level of 4.0 to 4.4 m, R. stylosa, 4.5 to 4.7 m and C. tagal, 6.3 to 6.4 m (see section 

2.4.3 for description of topographic level). 

As well as sustaining damage from Cyclone Tracy, this location was the subject of 

several surveys related to future use of the land, prior to National Park declaration. 

The clearing caused by the survey vehicles, conducted in 1992, is sti ll evident today 

(Figure 2 .5). 
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Figure 2.5. Location I. Charles Da rwin National Park. 

2.3.2. Location 2 

Location 2 was situated on the eastern bank of Eli zabeth River about 3.5 km 

upstream of the Elizabeth Ri ver bridge at latitude 12°33.4', longi tude 130°59.7' 

(Figure 2.3 and Figure 2.6). An open woodlandS. alba habitat (about 9 ha) was 

surrounded on three sides by the R. stylosa habitat varying in width from 50 to 

I 00 m. Beyond that there was a transition habitat (not sampled) consisting of C. 

tagal and Avicennia marina. Lastly, the landward edge was bordered by a narrow 

band of C. wgal habitat ranging from 20 to 50 m wide. The S. alba habitat had a 

topographic level of 2.9 m, R. stylosa, 4.3 to 4.7 m and C. tagal, 6.3 to 6.4 m. 

In contrast to the Park, the S. alba habitat in this location was topographically 

complex. Streams and gutters dissected the area, resulting in a more clumped 

distribution of trees than in Location 1. In addition, stands of young Aegiceras 

28 



REVIEW OF SAMPLING METHODS AND DESCRIPTION OF STUDY AREA 

comiculatum commonly grew among the S. alba. The strip of intertidal land 

dominated by the two other habitats was relatively narrow, rising steeply to the 

landward edge. Figure 2.6 shows the sampling sites within each habitat in relation to 

the land and open river channel. The only evidence of human impact was an earthen 

ramp constructed at the end of the access road about 150 m from the sampling site. 

Figure 2.6. Location 2. Elizabeth River. 

2.3.3. Location 3 

Location 3 was situated on the southern bank of Jones Creek at latitude 12°33.5', 

longitude 130°54.1' (Figure 2.3 and Figure 2.7). The open S. alba habitat was about 

6.5 ha bordered on 3 sides by a 50 m band of R. stylosa. A transition habitat (not 

sampled) of R. stylosa, Bruguiera spp. and C. taRal separated the R. stylosa from the 
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C. raga/ habitat which ranged in width from 50 to I 00 m. The S. alba habitat had a 

topographic level of 3.0 to 3.2 m, R. stylosa, 5.5 to 5.8 m and C. tagal, 6.3 to 6.4 m. 

The assemblages at this location were more like those at Elizabeth River than those 

at the Park. The S. alba habitat was again relatively complex with the Aegiceras 

comiculatum fom1ing clumps of saplings 1 to 3 m high. The R. stylosa habitat was 

relatively narrow, but the C. raga! habi tat was wider, rising less steeply and backed 

by saline flats. 

The transect started approximately 300m north of the Channel Lsland road and ran in 

a north westerl y di rection (Figure 2.7). There was no evidence of human impact at 

this site. 

Figure 2.7. Location 3. Jones Creek. 
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2.4. Site Preparation 

2.4.1. Access 

Two of the sampling methods eventually used, trammel nets and light traps, required 

that all habitats were accessible by boat. After locations were selected, using aerial 

photographs and the Darwin Harbour Mangrove Communities map (Brocklehurst 

and Edmeades 1996a), each location was visited and boat tracks marked out using 

compass bearings and the aerial photos. Then each location was approached from the 

landward side and vegetation removed in a 2m wide strip with a chainsaw. In 

creating these tracks, I attempted, where possible, to use existing creek lines, or gaps 

between large trees, to limit damage to the forest and avoid creating new access 

channels for fish. In the seaward habitats, vegetation was cleared from tracks 30-50 

em above the forest floor, retaining stumps and seedlings, while in the high tide 

, habitats, most vegetation was cut close to the ground to allow boat access as early as 

possible in the tidal cycle. Once initial ground clearing had been done, each location 

was approached from the seaward side at various tide levels to trim branches and 

place road-side reflectors in the trees to assist with night access. 

2.4.2. Sampling site preparation 

In addition to the boat access tracks, two sampling sites in each R. stylosa and 

C. tagal habitat were cleared perpendicular to the tidal flow to allow for placement 

of nets. The sampling sites were 20 m long by 2 m wide and vegetation was removed 

to the ground alongside the forest on the seaward edge of the site to allow the net 

lead-line to sit directly on the ground. Plastic star pickets were driven into the ground 

at each end, and the centre, of each sampling site for attachment of nets. In most 

cases no clearing was necessary in the S. alba habitat beyond removal of small 

seedlings and some pneumatophores. In this habitat the nets were tied to trees. 
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2.4.3. Topographic level 

Topographic level is a measure of the elevation of the substrate relative to sea level 

and was estimated using the dyed tape method describe~ in English et al. (1994). 

Using this method, suitable lengths of cloth tape were dyed with water soluble food 

dye and allowed to dry for several hours. At low tide the tapes were attached 

vertically to tree trunks and positioned so that the middle of the tape was around the 

expected tidal level. As the tide rose the dye was washed from the tape. After high 

tide, the height of the washed out section of tape was measured from the soil surface 

and used to estimate the topographic level from the predicted tide level for that day. 

Using the topographic level for each sampling site, an approximate measure of 

maximum water depth and duration of tidal inundation was made. This was useful 

for determining the drop of each net and the accessibility of each habitat at different 

tidal phases, but was also important in estimating, for example, the length of time 

that fish would have access to the different habitats at the three locations. 
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3. HABITAT STRUCTURE AND AQUATIC 
ENVIRONMENTAL VARIABLES 

Fish respond to many environmental factors- for example, temperature, salinity, 

tidal range and turbidity- as well as to other yariables, such as food availability and 

shelter (Blaber and Blaber 1980; Gotceitas and Colgan 1987; Davis 1988; Loneragan 

1992; Tzeng and Wang 1992; Ronnback eta!. 1998; Ley et al. 1999; Laegdsgaard 

and Johnson 2001; Vance et al. 2002). In tropical estuarine systems, seasonal 

variation is often substantial and environmental conditions usually change with 

distance upstream. Some fish species tolerate the brackish conditions frequently 

associated with the upper reaches, and in many estuaries species composition and 

abundance varies along an estuarine gradient (Loneragan et al. 1986; Blaber et al. 

1989; Sheaves 1992; Sheaves 1998; Ley et al. 1999). 

Habitat structure can also influence the abundance and distribution of fish. Sheaves 

( 1992) found higher numbers of fish and species in snag habitats (created by 

submerged mangrove roots and fallen trees) than in more open habitats and several 

studies have shown that small fish seek shelter in structurally complex habitats in the 

presence of predators (eg. Gotceitas and Colgan 1987; Hixon 1993; Chick and 

Mcivor 1997). Blaber (1986), however, discovered large numbers of piscivores in 

clear water mangrove forests in north Western Australia, suggesting that predatory 

fish may also use structurally complex habitats as feeding sites. 

Darwin Harbour is a large estuary, with distinct seasonal variation. Almost all the 

annual rainfall occurs during the wet season and generates substantial freshwater 

flow which is greatly reduced during the dry season. The mangrove forests are 

extensive and comprise several different vegetation assemblages, each dominated by 
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different species thereby creating a mosaic of habitats with different structural 

complexity. 

One of the specific objectives of this study was to attempt to relate fish habitat use to 

the different features of the mangroves, such as structural complexity, primary 

productivity and other environmental variables. Part of this investigation involved 

collecting habitat structure and aquatic environmental data in the forests to determine 

which variables, if any, influenced the species composition, diversity and behaviour 

of the associated fish assemblages. 

Several studies (Wrigley et al. 1990; Michie et al. 1991; Padovan 1997) have 

measured aquatic environmental variables in Darwin Harbour but most were done in 

the open harbour (but see Michie et al. 1991) and none were done in mangrove 

forests. 

Similarly, there have been several studies of forest structure in Darwin Harbour, but 

these have primarily described the species composition of the major vegetation 

assemblages and investigated some of the biological and physical factors influencing 

this (eg. Semeniuk 1985; Brocklehurst and Edmeades 1996a; O'Grady et al. 1996; 

McGuinness 1997a). 

In this study, I was interested in the smaller scale structural complexity that may be 

important to fish in the specific depth ranges associated with each vegetation 

assemblage (or habitat). This chapter describes small scale habitat structure and 

aquatic environmental variables in three habitats in Darwin Harbour (see Chapter 2 

for description of habitats). 
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3.1. Methods 

3. 1. 1. Habitat structure 

Habitat structure was measured in the C. tagal and R. stylosa habitats, at three 

locations in the harbour (see Section 2.3) . At the two net sites in each habitat 

(Section 2.4.2) a 15m tape was run parallel to the net line, one metre into the forest 

from the cleared path. The tape was positioned at a height that would be under water 

at high tide, so that in the C. tagal habitat the tape was run out at knee height and in 

the R. stylosa habitat it was run out at waist height. Every branch, aerial root and tree 

trunk (hereafter referred to as "stem") within 100 mm of either side of the tape 

(making a 15 m by 0.2 m transect) was counted and its girth measured. This was 

repeated on the other side of the site so that there were two replicate transects 

counted at two sites in two habitats at three locations (Figure 3.1 ). 

1: Location 

2: Habitat 

3: Site 

4: Transect 

Figure 3.1. Sampling design for habitat structure. 

It was not possible to use the same method in the S. alba habitat due to the open 

nature of the habitat and access difficulties, therefore qualitative notes were made 
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based personal observations of the study sites in general (see Section 2.3) and 

measurements of nearby trees and saplings. 

Data were analysed using a 3-way, mixed model, nested ANOVA. Factors were 

Location (random), Habitat (fixed) and Site (random and nested in Location and 

Habitat). Plots of residuals, and of variances against means, were used to examine 

the ANOV A assumptions of normality and variance heterogeneity (McGuinness 

2002). 

As well as analysing the data for number and size of stems, variation in stem size at 

each location and habitat was analysed using the variance calculated for each 

transect. An index of stem density was also generated by converting stem diameter to 

area and summing the areas of all stems to produce a total area of wood that made up 

each transect. The result was expressed as a percentage of the total transect area. 

Percentages were ArcSin transformed for analysis. 

3.1.2. Environmental variables 

Aquatic environmental variables were measured using a HORIBA Ill U-10 Water 

Quality Checker. The probe was suspended 0.5 m under the water surface and 

temperature, salinity, pH, turbidity and dissolved oxygen recorded. Depth of water at 

the time of sampling, maximum depth (depth measured at high tide) and sea state 

(based on the Beaufort Scale which rates wind speed and wave height) were also 

recorded. Measurements were taken in three habitats (where possible) at each of 

three locations (see Section 2.3) on the two spring tides of every second month for 

two years. The equipment was calibrated before each sampling trip. Oxygen 

concentrations were calculated from dissolved oxygen readings (mg r 1
) corrected for 

salinity and temperature differences. 
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Data were analysed using a 4-way, repeated measures (RM), mixed model ANOVA. 

Factors were Location (random), Habitat (fixed), Month (fixed, RM) and Year 

(fixed, RM). Plots of residuals, and of variances against means, were used to 

examine the ANOVA assumptions of normality and variance heterogeneity. 

Turbidity data were transformed using logw to satisfy these assumptions. 

Irregular tidal inundation in the C. tagal habitat and extreme weather conditions 

resulted in some missing data. For these reasons, the main set of statistical analyses 

included only the two deepest habitats, R. stylosa and S. alba, and Month 6 was 

excluded. In addition, Year was removed as a factor (by averaging years) from the 

analysis of dissolved oxygen because occasional equipment malfunction resulted in 

incorrect data. The effect of habitat was examined in a second set of analyses by 

including all three habitats but only months for which data were available for the 

C. tag a/ habitat as well as the two deeper habitats (months 1 and 5 in year 1 and 

months 1, 2, 4 and 6 in year 2). Missing maximum depth values were calculated 

using topographic hcight and predicted tidal levels (see Section 2.4.3) therefore all 

habitats were included in one analysis for this variable. 

Sea state was also measured on each sampling occasion using the Beaufort Scale. 

This scale (0-calm to 12-hurricane) rates wind speed according to its effects, such as 

wave height. Data were analysed using a chi square test. 

3.2. Results 

3.2. 1. Habitat structure 

Figure 3.2 shows the number of stems in different size classes for each location and 

habitat summed over the 4 transects. Stem diameter has been shown to correlate 
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highly with all aspects of tree size including biomass and height (Comley and 

McGuinness 2005). Tree size and density provide a good indication of the small 

scale structure within each habitat. 

The most notable difference is the size distribution in Charles Darwin National Park 

(the Park), compared to the other two locations. Both habitats in the Park had a stem 

size distribution skewed to the smallest size class (45% and 50o/o of all stems less 

than lOmm in diameter) whereas of the other locations and habitats, only the R. 

stylosa habitat in Jones Creek had more than 2 stems in this size class. 

In both Elizabeth River and Jones Creek, the C. tagal habitat had a similar stem size 

distribution, except that in Elizabeth River 50% of the stems fell into the 20- 30 mm 

size class whereas in Jones Creek 61% of the stems were distributed evenly over the 

20-30 and 30-40 size classes. Both Elizabeth River and Jones Creek had the same 

stem count in the R. stylosa habitat, but there was a larger proportion of smaller 

stems in Jones Creek ( 43% less than 20 rnm diameter). The largest proportion of 

stems in Elizabeth River was in the 20 - 30 mm size class ( 49% ). Both locations had 

positively skewed distributions caused by one or two larger trees. 

Analysis showed that there was a significant difference between locations in the size 

of stems and stem density and a Location by Habitat interaction for number of stems. 

There was no significant difference between locations or habitats in the variation of 

stem size (Table 3-1). 

Figure 3.3A shows the effect of the Location by Habitat interaction for number of 

stems. At the Park there was no difference between the number of stems among 

habitats, but in the other two locations there were more stems counted in the 
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R. stylosa habitat than in the C. tagal habitat. Figure 3.3B shows the main effect of 

Location for stem size. Stems in both habitats at the Park were similar in size but 

smaller than the stem sizes in both Elizabeth River and Jones Creek. 
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Figure 3.2. Frequency histograms for two habitats, C. tagal and R. stylosa, at each location. 
Total number of stems is the number of stems counted over the 4 transects ( 15 m by 0.2 m) 

in each habitat. 
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Table 3-1. Summary table of ANOV A results for habitat structure. Variance- variance in 
stem size for each transect. Stem density- area of stems as a percentage of transect area (see 
section 3.1.1 for further explanation). The values in the table are the mean squares from the 

ANOVA, with their significance indicated thus: *p<O.OS, **p<O.Ol, ***p<O.OOl. (full tables 
in Appendix 1) 

Effect df No of stems Mean s'ize of Variance Stem density 
stems 

Location 2 12.167 479.686** 5973.377 8.349* 

Loc*Hab 2 175.500** 62.693 15725.958 1.107 

Error 6 12.750 19.815 17196.540 0.907 

Habitat 600.000 7.038 32242.449 5.970 

Error 2 175.500 62.693 15725.960 1.107 

Site 6 12.750 19.815 17196.543 0.907 

Error 12 41.667 12.268 6782.740 0.534 
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Figure 3.3. A. Mean number of stems in each location and habitat. B. Mean size of stems in 
each location and habitat. 

Despite the larger stem count in the C. tagal habitat at the Park than in the two other 

locations, the overall stem density was low due to the large proportion of stems less 

than 10 mm diameter (Figure 3.4). Both the low stem count and small size of stems 
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in the R. stylosa habitat resulted in a stem density close to that of the C. tagal habitat 

in the same location. 

At Elizabeth River both habitats were made up of stems of a similar size (Figure 

3.3B), but the larger number of stems in the R. stylosa habitat resulted in a greater 

stem density than in the C. tagal habitat (Figure 3.4) whereas at Jones Creek the few 

large stems in the C. tagal habitat and the many smaller stems in the R. stylosa 

habitat resulted in a similar stem density in both habitats (Figure 3.4). 
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Figure 3.4. Index of "stem density". Total stem area as a percentage of transect area. 

There were qualitative differences between the S. alba habitats in the Park and the 

other two locations. A detailed description of each location can be found in Section 

2.3. Essentially, the S. alba habitat in the park had a very flat topography with little 

understorey vegetation, but scattered individual R. stylosa trees. The diameter of 

S. alba stems within 3 metres of the sampling site ranged from 106 to 273 mm with a 
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in the R. stylosa habitat resulted in a stem density close to that of the C. tagal habitat 

in the same location. 

At Elizabeth River both habitats were made up of stems of a similar size (Figure 

3.3B), but the larger number of stems in the R. stylosa habitat resulted in a greater 

stem density than in the C. tagal habitat (Figure 3.4) whereas at Jones Creek the few 

large stems in the C. tagal habitat and the many smaller stems in the R. stylosa 

habitat resulted in a similar stem density in both habitats (Figure 3.4). 
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Figure 3.4. Index of "stem density". Total stem area as a percentage of transect area. 

There were qualitative differences between the S. alba habitats in the Park and the 

other two locations. A detailed description of each location can be found in Section 

2.3. Essentially, the S. alba habitat in the park had a very flat topography with little 

understorey vegetation, but scattered individual R. stylosa trees. The diameter of 

S. alba stems within 3 metres of the sampling site ranged from 106 to 273 mm with a 
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Table 3-2. Summary table of ANOVA results for environmental variables. The values in the table are the mean squares from the ANOVA, with their 
significance indicated thus: *p<0.05, **p<O.Ol, ***p<0.001. df- degrees of freedom. These are different for some variables due to removal of factors in some 

analyses (see Section 3.1.2). Temperature, Salinity, pH, Turbidity and DO- only R. stylosa and S. alba habitats analysed. DO- year removed. Depth -all 
factors analysed. See Table 3-3 for results of analysis for all three habitats (full tables in Appendix 1 ). 

effect df Depth df Temp Salinity pH Turb df DO 

Location 2 5.688*** 2 1.0176 0.7305*** 1.046** 0.341* 2 12.436*** 

Habitat 2 152.066** 1 0.1405** 0.0000 0.011 0.037 1 0.074 

Year 1 1.347* 1 6.5161 0.0251 0.288 0.566 

Month 5 3.261 *** 4 86.9395*** 2.4315* 0.371 *** 0.230 5 3.507*** 

Loc*Hab 4 7.048*** 2 0.0006 0.0001 0.003 0.002 2 0.024 

Loc*Year 2 0.050 2 0.4686 0.0101 0.016 0.078 

Hab*Year 2 0.002 1 0.0613** 0.0000 0.002* 0.009 

Loc*Month 10 0.160* 8 0.6340 0.4638*** 0.020 0.101 * 10 0.220 

Hab*Month 10 0.024 4 0.0220 0.0008* 0.001 0.014 5 0.008 

Year*Month 5 0.402** 4 2.3991* 0.1752*** 0.259*** 0.492*** 

Loc*Hab*Year 4 0.012 2 0.0001 0.0000 0.000 0.002 

Loc*Hab*Month 20 0.014 8 0.0223 0.0001 0.000 0.014 10 0.009 

Loc*Year*Month 10 0.045 8 0.3734 0.0055 0.006 0.029 

Hab*Year*Month 10 0.010 4 0.0193 0.0000 0.000 0.008 

Loc*Hab*Yr*Mo 20 0.006 8 0.0396 0.0000 0.000 0.011 
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Table 3-3. Summary table of ANOVA results for effect of habitat. Months analysed: March 
& Nov of year 1 and March, May, Sept, Jan of Year 2. The values in the table are the mean 

squares from the ANOVA, with their significance indicated thus: *p<0.05, **p<O.Ol, 
***p<O.OOl. (full tables in Appendix 1). 

Effect df Temp Salinity pH Turbidity DO 

Location 2 0.092 2.774*** 1.523*** 0.394* 19.51 0*** 

Habitat 2 0.516* 0.000 0.029* 0.020 0.445 

Month 5 35.962*** 3.048** 0.825*** 0.694* 2.787** 

Loc*Hab 4 0.062 0.002 0.002 0.033 0.082 

Loc*Month 10 0.517 0.390*** 0.01 0*** 0.145*** 0.301 * 

Hab*Month 10 0.018 0.001 0.000 0.027 0.022 

Loc*Hab*Month 20 0.335 0.002 0.001 0.020 0.023 

The main effect of Location was influenced by the Location by Habitat interaction 

(Figure 3.5). All locations had similar maximum depths in the C. tagal habitat, but 

the R. stylosa habitat at Jones Creek was shallower than at the Park and Elizabeth 

River and the S. alba habitat in the Park was shallower than at Jones Creek and 

Elizabeth River. Post hoc comparison of locations using the Tukey HSD test showed 

that biggest difference in maximum depth was between Elizabeth River and the other 

two locations. The mean depth of water at Elizabeth River was significantly greater 

than the depth at either the Park or Jones Creek (P<O.Ol). 

Mean maximum depth over all locations and habitats in Year 1 (2.22 m) was 

significantly less than in Year 2 (2.37 m). However the interaction between Year and 

Month indicates that most of the difference between years was due to the dry season 

maximum depths (Figure 3.5). This was caused by a change in the sampling regime. 

In Year 1 dry season sampling was done on the evening spring high tides while in 

Year 2 the morning spring tides were used. Dry season spring tides are larger in the 
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morning than the evening hence the increase in maximum depths between Years 1 

and 2 (see Chapter 4 for further discussion). 

The main effect of month can also be seen in Figure 3.5. Mean maximum depths 

were greater in the wet season months (November to March) than in the dry season 

months (May to September) for all locations and all habitats. This was due to the 

larger spring tides that occur in the wet season. The Location by Month interaction 

effect was negligible. 
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Figure 3.5. Depth and temperature measurements for each habitat from March 1999 to January 2001 . Some temperature data points are based on one measurement 
only: CD Nat Park: C. tagal- May & Sep 99, Jul & Nov 00 & Jan 01. R. stylosa and S. alba- Nov 00. E. River: C. tagal- May & Sep 99, Jan & Jul 00, R. stylosa and S. 

alba- Jan 00. J. Creek: C. tagal- Mar, May & Sep 99, Jan & Jul 00, R. stylosa and S. alba- Sep 99 & Jan 00. 
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Water temperature 

Water temperature varied seasonally over the two years of the study (Figure 3.5). 

Highest temperatures were recorded during November of both years with a wet 

season mean of 30.5° C and a maximum of 31.9° Cat Jones Creek. The average dry 

season temperature was 27.1 o C with the lowest, 23.5° C, recorded at Elizabeth River 

in July 2000. 

Analysis showed that temperature differed significantly among Months and Habitats 

(Table 3-2 and Table 3-3). There were also statistically significant interactions 

between Habitat and Year and between Year and Month. The mean square estimate 

for Month was much larger than for Habitat, as well as for both interactions; water 

temperatures were significantly higher in the wet season months than during the 

cooler dry season months. On the other hand, the results for Habitat and the Habitat 

by Year interaction, although statistically significant in this model, may be 

unreliable. Inspection of the ANOV A results (Appendix 1) suggests that two mean 

squares (Loc x Hab and Loc x Year x Hab) which are error terms for Habitat and 

Habitat by Year, are unusually small and had few degrees of freedom. When non

significant error sources (at a conservative significance level of 0.25, Underwood 

1981) were pooled to increase the df, both tests were non-significant. Using the same 

procedure for the Year by Month effect also resulted in a non-significant test. 
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Figure 3.6. Salinity and dissolved oxygen measurements for each habitat from March 1999 to January 2001. Some data points are based on one measurement only: 
CD Nat Park: C. tagal- May & Sep 99, Jul & Nov 00 & Jan 01. R. stylosa and S. alba- Nov 00. E. River: C. tagal- May & Sep 99, Jan (salinity only) & Jul 00, R. stylosa 

and S. alba- Jan 00 (salinity only). J. Creek: C. tagal- Mar, May & Sep 99, Jan (salinity only) & Jul 00, R. stylosa and S. alba- Sep 99 & Jan 00 (sa1inity only). 
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Salinity 

Salinity also showed strong seasonal variation over the two years (Figure 3.6). 

Maximum salinities were recorded in September and November falling to minimum 

values in January and March. These figures correspond to the seasonal input of 

freshwater from wet season rainfall and river discharge (Figure 3.7 and Figure 3.8). 

While salinities for all three locations were reduced during the wet season, Elizabeth 

River showed the greatest effect with a minimum of 14.2 g kg-1 in March 2000. The 

maximum salinity of 36.9 g kg- 1 was also recorded from Elizabeth River in 

September 2000. 

Analysis showed that salinity was significantly different among Locations and 

Months (Table 3-2). There were also significant interactions between Location and 

Month, Habitat and Month and between Year and Month. Again, examination of the 

mean square estimates shows that Month was the most important main effect; mean 

monthly salinities were significantly higher during the dry season months than during 

the wet season months. 
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Figure 3.7. Total monthly rainfall recorded at Darwin Airport from March 1999 to January 
2001 (source: Climate and Consultancy Section, NT Regional office of the Bureau of 

Meteorology). 
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Figure 3.8. Average daily flow from Elizabeth River (source: Natural Resources Division, 
NT Department of Infrastructure, Planning and Environment). 

Location by Month was the most important interaction effect. Figure 3 .9A shows the 

mean salinity (pooled over months and habitats) for the three locations. Elizabeth 

River had a lower mean salinity but also much greater variation than both the Park 

and Jones Creek. 

Figure 3.9B shows the effect of the year by month interaction. Both years showed a 

seasonal change which was larger than the difference between years. The Habitat by 

Month interaction was unreliable due to the very low mean square (MS) and 

MS(error) Pooling of non-significant sources removed this effect. Analysis of the 

reduced dataset using all three habitats showed there was no significant effect of 

habitat. (Table 3-3 ). 
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Figure 3.9. A. Mean salinity at each location over two years. B. Mean salinity for the two 
years of the study combining all locations. 

Dissolved oxygen 

Figure 3.6 shows dissolved oxygen concentrations over the two years of the study. 

Records were missing for two months of Year 1 (May 99 and January 00), making 

analysis of seasonal trends difficult. Nevertheless, using the available data there does 

appear to be a trend for lower oxygen saturation levels in the wet season months at 

Elizabeth River and 1 ones Creek. Results for the Park were more variable. 

Analysis could not be conducted on the whole data set due to missing records 

therefore Year was removed as a factor by averaging data over years. Analysis of this 

reduced dataset showed a significant difference in oxygen concentration among 

Locations and Months (Table 3-2). 

The effects of Location and Month can be seen in Figure 3.1 0. Elizabeth River had 

lower oxygen concentrations than the other two locations with a mean of 73%. The 

Park recorded highest concentrations with a mean of 89% and Jones Creek had a 
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mean of 82o/o. DO was lower in the wet season months and higher during July and 

September. This effect is most evident at Elizabeth River and Jones Creek but not as 

clear at the Park. 
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Figure 3.1 0. Mean DO (percent saturation) averaged across years for each location. 

pH also differed between locations and months (Figure 3.12 and Table 3-2). 

Elizabeth River recorded the lowest pH values with a mean of 7.9. the Park recorded 

the highest values with a mean of 8.3 and Jones Creek had a mean of 8.1. There was 

a significant Year by Month interaction effect where pH levels for Year 1 ranged 

between 8.1 and 8.3, while in Year 2 after the first two months at high levels, pH fell 

to lower levels for the rest of the year when monthly averages ranged between 7.8 

and 7.9 (Figure 3.11). The increase in pH from March to July in the first year may 

indicate a seasonal trend, but inter-annual variation appears to be large and further 

sampling would be required to verify this. 
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Table 3-3 indicates that when all habitats were included in the analysis, habitat 

became a significant effect for the months included in the analysis. This can be seen 

in Figure 3.12; the C. tagal habitat (mid-tidal flat) had a slightly lower pH than the 

two other habitats. Nevertheless, Location and Month had greater effects overall. The 

result for the Habitat by Year location may be unreliable, for the same reason as 

discussed under Temperature. The error term for this effect (MS for Loc x Hab x 

Year), is small and has few degrees of freedom. Pooling the non-significant error 

sources resulted in a non-significant test for this effect. 
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Figure 3.11. Mean pH of all locations and habitats for each year. 
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Turbidity 

Turbidity was highly variable throughout the study period (Figure 3.12). Analysis 

indicated that there were significant differences among locations as well as a 

Location by Month and a Year by Month interaction (Table 3-2). Analysis of the 

reduced dataset showed that there was no effect of habitat (Table 3-3 ). 

Post hoc comparison using the Tukey HSD test showed that the biggest difference in 

turbidity among Locations was between Jones Creek and the two other locations 

(P<0.05). The overall mean for Jones Creek was significantly lower than the means 

for both the Park and Elizabeth River. However, this result should be interpreted in 

the light of the significant interaction between Location and Month (Figure 3.13). In 

the wet season months of January and March, turbidity at Jones Creek was similar to 

that of both the Park and Elizabeth River. This may indicate a seasonal trend at Jones 

Creek which was also evident at Elizabeth River but not apparent at the Park (Figure 

3.12 and Figure 3.13). The interaction between Year and Month may have been due 

to the lower turbidity in the wet season between the two years (Figure 3.12). 
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Figure 3.13. Mean turbidity (log10) at each location averaged over two years. 

Sea State 

Elizabeth River had more calm days (sea state category 0) and fewer category 2 and 

3 days than either the Park or Jones Creek (chi-square test, P=0.024, Figure 3.14). 

The relationships between Turbidity and Sea State was also examined using Chi-

square analysis which indicated that the frequency of turbidity readings varied 

among sea state categories (p = 0.000). On very calm days (sea state 0) most 

turbidity readings were low ( < 7) while on sea state 1 and 2 days turbidity reached 

higher levels more often and was also more variable (Figure 3.15). 

Analysis of covariance showed a significant negative relationship between Turbidity 

and Depth at the time of sampling (Depth (S)) (p < 0.001, Figure 3.16). This was 

most evident at the Park which showed lower turbidity readings in deeper water. 

There was no significant difference between the slope of the relationship at all 

locations and habitats. 
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Figure 3.16. Relationship between Turbidity and Depth (S) in each location and habitat. 

3.3. Discussion 

3.3.1. Habitat structure 

Each of the habitats investigated in this study was dominated by species with 

markedly different growth forms. This difference in the growth form of the 

individual plants influenced the structural complexity found in the different habitats. 
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For example, the many intertwining aerial roots of the R. sty los a habitat may be 

expected to produce a more structurally complex habitat than the single trunks of a 

C. tagal habitat. Vance et al. ( 1996) found that a Rhizophora forest was more 

structurally complex than a Ceriops forest in northern Queensland, but in other 

studies results have been mixed. Ronnback et al. ( 1998) found that a replanted 

Rhizophora forest had a very high structural complexity, but another more mature 

stand was less complex. 

In the present study, habitats were chosen on the basis of their "representativeness" 

of each vegetation assemblage (see Chapter 2, Table 2.1). Despite this, the structure 

of both habitats differed among locations to some extent. In Elizabeth River, both the 

R. stylosa and the C. tagal habitats were mature, monospecific stands with very few 

saplings and the C. tagal habitat was less structurally complex than the R. stylosa 

habitat. The C. tagal habitat at Jones Creek was similar to that at Elizabeth River but 

the R. stylosa habitat included some Brugueria sp. saplings. 

In the Park, high levels of natural disturbance and human impact meant that the 

forest was in a state of regeneration and included many saplings and small trees. In 

the C. tagal habitat, large gaps and small stems created a lower level of complexity. 

In the R. stylosa habitat the small saplings lacked the complex root system of larger 

trees and were clumped together creating a patchy habitat. 

Structural complexity, as used in this context, is a function of both number and size 

of stems. Generating an index of stem density was an attempt to compare the 

structural complexity in each habitat and location. This is best illustrated in the 

results for Elizabeth River. At this location, stems were of a similar size in each 

habitat, but the larger number of stems in the R. stylosa habitat resulted in greater 
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structural complexity which is reflected in the result for stem density (Figure 3.4). In 

the Park the similar number and size distribution of stems in both habitats resulted in 

a correspondingly similar stem density and structural complexity. The results for 

Jones Creek, however, were not as clear. The R. stylosa habitat comprised many 

smaller stems, whereas the C. tagal habitat was made up of fewer, larger stems. 

While this resulted in a similar stem density, the larger number of small stems in the 

R. stylosa habitat would suggest that it is more structurally complex than the C. tagal 

habitat. 

The index of stem density, used in combination with number and size of stems, 

appears to be a satisfactory measure of structural complexity, indicating that the least 

structurally complex habitats occurred in the Park and the most structurally complex 

was the R. stylosa habitat in Elizabeth River. 

3.3.2. Environmental variables 

The data collected in this study agree to a major extent with previous studies of water 

quality in Darwin Harbour (Wrigley et al. 1990; Michie et al. 1991; Padovan 1997). 

While it was thought that measurements taken in mangrove forests might differ from 

previous studies conducted in the open embayment section of the harbour, results 

suggested that the main influence on the aquatic environment was distance upstream 

regardless of whether the location was subtidal or intertidal. Evidence for this is the 

similarity of results from Location 1 in the Park and those of Padovan (1997) from 

the open harbour. The only variable that differed slightly was pH. The mean pH in 

Location 1 (8.3) was slightly lower than that recorded in the open harbour by 

Padovan (1997) (8.5). In addition, as water depth decreased, so did pH and as a result 

the shallowest habitat, C. tagal, had the lowest overall pH of 8.0 compared to the 

60 



HABITAT STRUCTURE AND AQUATIC ENVIRONMENTAL VARIABLES 

S. alba habitat with a pH of 8.1 (averaged over all Locations). This may be due, in 

part, to the greater influence of freshwater runoff but, as the difference was not a 

seasonal one, it is more likely a result of build up of organic material that is not 

flushed out as regularly as in the more seaward habitats (Wrigley et al. 1990). 

Maximum depth, along with the related factors of frequency and timing of 

inundation, is one of the important physical factors influencing the structure of 

vegetation assemblages in the intertidal area (Smith III et al. 1991; Kathiresan and 

Bingham 2001). Despite this, the only environmental variable to differ among 

habitats was pH. The difference in depth between habitats did not appear to have any 

effect on the other variables measured. 

On the other hand, depth at the time of sampling (sampling was not always done at 

the maximum tidal depth) may have influenced turbidity. Padovan ( 1997) found that 

turbidity was lower in deeper sites and highest in shallow sites where tidal flow was 

strong enough to suspend sediments. In this study all sites were relatively shallow 

compared to the open harbour, but in the Park, in particular, turbidity showed a trend 

for lower readings taken in deeper water. This result was not as evident in the other 

two locations, most likely because of their position in the higher and calmer reaches 

of the creeks where tidal flow has less effect. As a consequence, trends through time 

in the upstream locations appeareq to be more consistent and less related to water 

depth at the time of sampling. These upstream locations also appeared to show a 

seasonal trend with higher turbidity in the wet season and lower turbidity in the dry 

season perhaps due to wet season freshwater discharge. Although Padovan (1997) 

did not observe a seasonal trend in turbidity in the harbour sites, tidal velocities at 
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those sites may have been high enough to dampen any effect of wet season 

freshwater flow. 

Season and location were the most important factors affecting environmental 

variables, other than turbidity, in Darwin Harbour. Water temperature responds to 

seasonal changes in solar radiation and air temperature and all locations exhibited 

seasonal temperature changes to a similar degree. These results broadly agreed with 

measurements recorded by Padovan ( 1997) which ranged between 25°C and 31 oc. 

Salinity also showed a strong seasonal effect. While all three locations experienced 

some seasonal change, Location 2 in Elizabeth River showed the greatest reduction 

in salinity during the wet season. This location is in the middle reaches of Elizabeth 

River which drains one of the larger catchments in the Darwin region and therefore 

was most affected by wet season rains. Jones Creek, on the other hand, is a tidal inlet 

for the greater part of the year, receiving some input of freshwater during the wet 

season from a small catchment. Salinity measurements in this location reflected this 

moderate flow of freshwater during the wet season. Records from both Elizabeth 

River and Jones Creek were similar to those found by Michie et al. (1991) in the 

middle reaches of Blackmore River, while salinity measurements for the Park were 

consistent with those recorded for the harbour in general (Padovan 1997). This 

location appears to be influenced mainly by the proximity of the harbour entrance, 

where greater mixing of harbour and oceanic waters occurs. Highest salinities were 

recorded at Elizabeth River towards the end of the dry season. This is most likely due 

to the lack of freshwater flow, high evaporation and infrequent mixing with oceanic 

water. 
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The effect of location was also evident in the results for dissolved oxygen (DO) and 

pH. Measurements of DO at Location 1 in the Park were again consistent with 

measurements for the open harbour (see Padovan 1997), but in the relatively 

protected locations in Jones Creek and Elizabeth River, values were significantly 

lower. 

Much of the difference in DO may be attributable to flushing and mixing rates. 

Location 2 in Elizabeth River was quite different to the other two locations in that as 

well as being a reasonable distance upstream of the main part of the harbour it was 

also in a quiet backwater setting. This part of Elizabeth River receives less regular 

flushing by oceanic water than the other locations which would contribute to lower 

oxygen levels. Jones Creek is also relatively protected from wind and wave energy, 

but is closer to the open harbour and Middle Arm channel where better flushing and 

mixing occurs. 

Elizabeth River also showed a seasonal trend in DO levels. Biological oxygen 

demand (BOD) may increase during the wet season due to higher water 

temperatures, increased mangrove leaf litterfall and extra material being washed 

from the catchment by wet season rains (Padovan, pers. comm.). Coupled with low 

levels of flushing, the increased BOD would deplete oxygen further. Jones Creek 

experienced a similar but less pronounced trend and at the Park there was no obvious 

seasonal difference, again most likely due to better mixing with harbour water. 

As there was no apparent seasonal effect, the difference in pH between locations 

could also be attributed to the lower flushing and mixing rates rather than influx of 

freshwater. Mangrove forests produce large amounts of organic material which may 
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4. A COMPARISON OF FISH CATCHES AT DAWN 
AND DUSK USING TRAMMEL NETS IN 

MANGROVE FOREST HABITATS 

4.1. Introduction 

Several studies have compared the selectivity and efficiency of trammel nets with 

other fishing gears (Matsuoka et al. 1990; Losanes et al. 1992b; Losanes et al. 

1992a; Losanes et al. 1992c; Acosta 1994; Acosta and Appeldoom 1995; Lloyd and 

Mounsey 1998). Results have varied depending on a number of factors, including 

technical specifications such as mesh sizes, soak time and net hanging ratio, and 

biological aspects such as target species and fish morphology. The nets designed for 

this project were smaller in length and mesh size than in any previous studies I am 

aware of (see Chapter 1 for a detailed discussion of project constraints and choice of 

sampling method). It was, therefore, important to test them to ensure they would 

catch fish in an intertidal habitat and to determine an appropriate soak time. 

Darwin Harbour has a semi-diurnal tidal regime. During spring tides, high tide 

occurs at dawn and dusk with low tide at around midday and midnight. These dawn 

and dusk high tides rarely reach the same height each day and sometimes one or the 

other (and infrequently both) is not high enough to reach the most landward of the 

intertidal habitats. Typically, dry season spring tides (June- August) are higher at 

dawn and wet season spring tides (November- February) are higher at dusk. 

Ideally, sampling would have been conducted at the same time of day every month, 

but to avoid missing out on sampling dates I needed to use whichever tide on the day 

was high enough to reach all sites. An important purpose of this pilot study was, 
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therefore, to determine whether there was a difference between the catches at dawn 

and dusk. 

4.2. Methods 

The trammel nets were designed and constructed to suit the study and site 

requirements (see Chapter 2 for a general description of trammel nets). They had to 

catch a wide size range of fish and also function effectively without requiring large 

scale clearing of mangrove forest. 

The nets were 15m in length. The stretched mesh size of inner nets was 25.5 rnm 

with a line diameter of 0.15 mm, and the stretched mesh of outer nets was 115 mm 

with a line diameter of 0.4 7 mm. Hanging ratios (between length of float line and 

length of stretched mesh) were 0.4 and 0.6 for the inner and outer nets respectively. 

The drop varied depending on the habitat in which nets were set (see Chapter 2 for a 

description of study sites). The S. alba net had a drop of 3 m, the R. stylosa net had a 

drop of 2.5 m and the C. tagal net had a drop of 1 m. The vertical slack of the inner 

nets was around 1.5 times the drop of the outer nets. 

Initially, it was thought that the nets would catch sufficient fish with a soak time of 

about 1 hour (Losanes et al. 1992b; Lloyd and Mounsey in prep.). After conducting 

trials over several days using soak times of 0.5 hours to 24 hours, I decided that the 

nets should be set for as long as possible in each habitat. Therefore, the nets were set 

as soon as there was enough water for the boat to float in the site and hauled just 

after high tide. As a result, the soak time differed for each sampling occasion. 

For the main part of the pilot study, nets were set at dawn and dusk in 3 habitats in 3 

locations: Charles Darwin National Park (the Park), Elizabeth River and Jones Creek 
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(Chapter 2). Overall sampling procedure followed that described in Chapter 5. 

Logistic complications meant that dawn and dusk sampling could not be done on the 

same day so sampling was conducted over 7 days at each spring tide. The first dawn-

dusk comparison took place during March/April 1999 (late wet season) and the 

second comparison during July/August 1999 (dry season). 

At some times, for example during the dusk sampling in August, spring tides did not 

inundate the highest intertidal habitat (C. tagal) and so nets were not set. The way 

this is dealt with depends on the hypothesis being tested. For assessment of mean 

numbers of fish when the habitat is available, these observations should be 

interpreted as missing values. Summary tables (table 4.1 and table 5.1 in Chapter 5) 

are presented in this format and, along with the multivariate analyses, are interpreted 

from this perspective. 

For comparison of mean numbers of fish (e.g. among habitats) over an interval of 

time, these values should be interpreted as zeros, otherwise values for the C. tagal 

habitat would be too high. This was the approach used for the ANOV A. Data have 

been interpreted in the same way in Chapter 5. 

4.2.1. Data analysis 

Data were standardised to fish/m2 net/hour and analysed using a 4-way, repeated 

measures (RM), mixed model AN OVA. Factors were Location (random), Habitat 

(fixed), Month (fixed, RM) and AMPM (fixed, RM). Plots of residuals, and of 

variances against means, were used to examine the ANOV A assumptions of 

normality and variance heterogeneity (McGuinness 2002). One large outlier (a catch 

of 186 fish at one sampling event) caused a problem with variance heterogeneity, but 
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rather than exclude this value, the data were 4th root transformed to satisfy the 

assumptions. 

Patterns in species composition were examined by multivariate analyses (Clarke 

1993) using the PRIMER statistical package (Clarke and Warwick 1994). Samples 

were pooled over replicates and months and 4th root transformed. Bray-Curtis 

similarities were calculated and used to perform non-metric multidimensional scaling 

(MDS) to illustrate patterns among samples. 

4.3. Results 

4.3.1. Abundance and distribution 

The catch was highly variable among sampling dates, ranging from zero to 186 fish. 

A total of 469 fish, comprising 42 species from 21 families was captured (Table 4-1). 

The dawn sampling consisted of 326 fish and 32 species, 163 of which was a school 

of one species, Valamugil perusii, captured at one sampling event at Jones Creek. 

The dusk sampling captured 143 fish and 29 species. As well as V. perusii, other 

common species were from the Clupeidae, Mugilidae and Ariidae families. Thirteen 

species were represented by a single individual. 

Among habitats, 360 fish and 38 species were captured in the S. alba habitat. 

Seventy five fish and 20 species were captured in the R. stylosa habitat and 34 fish 

and eight species were captured in the C. tagal habitat. Among locations, Jones 

Creek yielded a total of 245 fish and 23 species. The catch of V. perusii contributed 

more than half of the total numbers of fish at this location. The Park produced a total 

of 141 fish and 26 species and at Elizabeth River 83 and 14 species were captured. 
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Table 4-1. Number of fish captured in dawn and dusk samples over all locations and habitats 
(continued next page). 

Species Dawn Dusk TOTAL 

HEMISCYLLIDAE 

Chi/oscyllium punctatum 

CARCHARHINIDAE 

Carcharhinus cautus 

Carcharhinus /eucas 

Negaprion acutidens 2 2 

MEGALOPIDAE 

Megalops cyprinoides 

CLUPEIDAE 

Herklotsichthys koningsbergeri 7 7 

Anodontostoma chacunda 38 33 71 

Escualosa thoracata 4 4 

ENGRAULIDAE 

Thryssa hami/tonii 2 5 7 

Stolephorus indicus 7 4 11 

Stolephorus sp. 

ARIIDAE 

Arius argyrop/euron 6 4 10 

Arius mastersi 5 23 28 

Arius pectoralis 3 8 11 

Arius proximus 3 3 

HEMIRAMPHIDAE 

Arrhamphus sclerolepis 2 

Zenarchopterus buffonis 5 5 

Zenarchopterus rasori 2 2 

Hyporhamphus affinis 5 2 7 

BELONIDAE 

Strongylura strongylura 3 2 5 

Tylosurus punctulatus 2 2 

Tylosurus crocodi/us 2 

AMBASSIDAE 

Ambassis nalua 9 3 12 

CENTROPOMIDAE 

Lates ca/carifer 
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Species Dawn Dusk TOTAL 

SILLAGINIDAE 

Sillago sihama 

ECHENEIDAE 

Echeneis naucrates 2 3 

Remora remora 

CARANGIDAE 

Caranx ignobilis 4 3 7 

Scomberoides commersonnianus 2 

LEIOGNATHIDAE 

Leiognathus decorus 4 4 

HAEMULIDAE 

Pomadasys kaakan 

MONODACTYLIDAE 

Monodactylus argenteus 

TOXOTIDAE 

Toxotes chatareus 5 3 8 

SCATOPHAGIDAE 

Scatophagus multifasciatus 2 2 

MUGILIDAE 

Va/amugil perusii 164 10 174 

Valamugil sehe/i 2 2 

Valamugil speigleri 2 2 

Liza vaigiensis 2 2 

Liza sp. 41 15 56 

POL YNEMIDAE 

Polydactylus macrochir 2 

TETRAODONTIDAE 

Marilyna darwinii 2 3 

Mari/yna meraukensis 1 

TOTAL 326 143 469 

SPECIES 32 29 42 

NUMBER OF SAMPLES 36 30 66 

70 



A COMPARISON OF FISH CATCHES AT DAWN AND DUSK USING 
TRAMMEL NETS IN MANGROVE FOREST HABITATS 

The only significant result generated from the analysis of abundance was for Month, 

which showed a higher catch rate in March/ April than in July/ August (Table 4-2). In 

total, there were more fish captured in July/August (262) than in March/April (207) 

but this was due to the large catch of V. perusii. The 4th root data transformation had 

the effect of reducing the influence of the V. perusii school in the analysis. 

Analysis of number of species also showed a significant result for Month, with a 

mean catch rate of 0.04 in March/ April and 0.02 in July/ August (Table 4-2). Among 

locations, species catch rate appeared to be higher in the Park (Figure 4.1B), but the 

difference was not significant. This may reflect limited power (location was a 

significant factor in the main study, Chapter 5). 

The result for AMPM (dawn/dusk) was also statistically significant, however the low 

mean square (error) and few degrees of freedom suggested that this result could be 

unreliable (Appendix 1). Non-significant error sources (at a significance level of 

0.25, Underwood 1981) were pooled to increase the df and the resulting test was 

non-significant. Using this more powerful test, there was no significant difference 

between the number of fish or species captured at dawn and dusk. 
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Table 4-2. Summary table of ANOVA results for numbers of fish and numbers of species. 
Values in table are mean squares and their significance is indicated thus: *p<0.05, 

**p<O.Ol,***p<O.OOl. Data 4th root transformed. Full ANOVA tables in Appendix 1. 

Effect 
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Figure 4. 1. Mean catch rate of species at each location. 
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4.3.2. Patterns in species composition 

The greatest differences in species composition were between locations and habitats 

(Figure 4.2A and B). These will be addressed as part of the larger component of this 

project in Chapter 5. Within locations, there also appeared to be some evidence of a 

difference in species composition between dawn and dusk (Figure 4.2A). A similar 

trend was not evident within habitats (Figure 4.2B). 

A Stress: O.D1 B Stress: O.D1 
ERAM 

CDAM CAM 

SPM 

ERPM 

CDPM 
JCAM CPM RPM 

SAM 
RAM 

JCPM 

Figure 4.2. MDS ordination of samples. AM - Dawn, PM - Dusk. A. Samples averaged over 
replicates, sampling month and habitat. CD - Charles Darwin National Park, ER- Elizabeth 
River, JC- Jones Creek. B. Samples averaged over replicates, sampling month and location. 

C - C. tagal, R - R. stylosa, S - S. alba. 

4.4. Discussion 

This pilot study was designed to examine the effectiveness of trammel nets in 

intertidal areas and to determine whether the abundance, or species composition, of 

the fish captured differed between dawn and dusk. 

The nets designed for this project were considerably shorter than trammel nets used 

in other studies (Spanier et al. 1989; Acosta and Appel doom 1995; Stergiou et al. 

1996; Acosta 1997; Lloyd and Mounsey 1998). Furthermore, most other studies used 

soak times of around 12 hours, compared to the 1-4 hour soak times used in this 

project. Despite these constraints, fish and species capture rate compared favourably 

with several other studies (Spanier et al. 1989; Acosta 1997; Lloyd and Mounsey 
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1998). The high level of variability among catches was also similar to that in the 

study by Acosta ( 1997) the only other study to sample mangrove fish using trammel 

nets. 

In spite of the small net length and short soak time, the trammel nets captured a wide 

range of species in all three habitats, including the shallow C. tagal habitat. Species 

composition of different habitats and locations will be discussed further in Chapter 5. 

Importantly, there was no significant difference in abundance of fish or species 

between sampling at dawn and dusk. Although this pilot study had few degrees of 

freedom and was, therefore, not a very powerful test, there were similar numbers of 

species captured at dawn and dusk (dawn - 3 2, dusk- 29, Table 4-1). If the large 

outlier is removed, there were also similar numbers of individuals captured (dawn-

162, dusk- 133). Based on these results there is little evidence for differences in 

abundance and species richness between dawn and dusk. 

The MDS ordination showed some evidence of a difference in species composition 

between dawn and dusk within locations. Examination of the data suggests that some 

species appeared to be more active than others at different times of the day. For 

example, the various species of sharks captured in this study were all caught at dusk 

rather than dawn. Many species of shark are known to be crepuscular predators but 

there have been no previous studies to suggest that activity is greater at dusk. Most of 

the species that were found at only one time (dawn or dusk) consisted of few 

individuals. The MDS ordination was performed on 4th root transformed data (to 

reduce the importance of the large outlier) and therefore rare species contributed 

most to the differences between dawn and dusk. More individuals of each species 

would be necessary to confirm this pattern. In any event, for analyses of species 
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composition in the main component of this project (Chapter 5), data were pooled 

over time, so cannot be biased by any dawn/dusk differences. 

The significant differences in numbers of species and individuals among sampling 

months may be due to varying levels of activity. Spanier et al. (1989) suggested that 

increased catches in the summer months may be partly due to greater primary 

production leading to more intense feeding activity by fish. Y anez-Arancibia et al. 

(1988) also found that fish biomass increased during periods of high primary 

production. In Darwin Harbour, water temperatures are around 3°C higher in the wet 

season (mean of 30.5°C) than the dry season (27 .1 °C) (Chapter 3 ). In addition, the 

detrital pool may be enriched over the wet season due to increased mangrove leaf 

litterfall, and extra material being washed from the catchment by wet season rains 

(Padovan, pers. co nun.). This may have contributed to the larger catch of fish over 

the March-April sampling months. 

Overall, the trammel nets designed for this study were found to be effective as a 

sampling tool in an intertidal mangrove forest and there was no difference between 

dawn and dusk sampling. Sampling for the main component of this project was 

therefore generally conducted during the highest tides of the day. 
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5. DISTRIBUTION AND ABUNDANCE OF FISH IN 
THE MANGROVE FORESTS OF DARWIN 

HARBOUR 

5.1. Introduction 

Studies examining the fish assemblages of mangrove forests have generally focussed 

on their nursery value, and these have so far proved inconclusive (Sheridan and Hays 

2003). Although many studies have found high densities of juvenile fish in 

mangroves (eg. Robertson and Duke 1987; Thayer et al. 1987; Chong et al. 1990; 

Laegdsgaard and Johnson 1995; Vance et al. 1996; Ronnback et al. 1998), others 

have found no greater densities of juvenile fish in mangroves than in other coastal 

habitats (Sheridan 1992; Huxham et al. 2004 ). Given that studies have been 

conducted in different geographical regions, both tropical and sub-tropical, and that 

mangrove forests differ widely in their extent, structure, frequency of inundation and 

proximity to alternative inshore habitats (among other things) it is perhaps not 

surprising that fish abundances in mangroves also differ. 

Fish assemblages in mangroves have often been compared to other habitats, such as 

coral reefs and seagrass beds (eg. Robertson and Duke 1987; Morton 1990; Sheridan 

1992; Nagelkerken et al. 2000). In Darwin Harbour the mangrove forest is the 

dominant structural intertidal feature and there are few other structural habitats. The 

mangrove forests, though, are extensive and complex, and made up of several 

different vegetation assemblages (Brocklehurst and Edmeades 1996a). These habitats 

vary in structural complexity and some aquatic environmental variables, and these, in 

turn, can also vary depending on the location within the harbour (Chapter 3). Given 

these differences, it is possible that fish use of the forest may vary with habitat type. 
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Of the various studies examining the assemblages of fish using mangrove forests, 

few have actually sampled within the forest and only two published studies have 

investigated the distribution of fish among different habitats (Vance et al. 1996; 

Ronnback et al. 1998). Both showed that fish travel some distance into mangrove 

forests- at least up to 75 metres (Vance et al. 1996) and 93 metres (Ronnback et al. 

1998) from the mangrove fringe. Both studies also found that small fish travelled 

further into the mangroves than larger predatory fish which were found more often in 

habitats bordering open water, suggesting that the more inland habitat offered better 

protection from predation for juvenile fish. 

One difference between these studies was in the density of fish among habitats. 

Vance et al. ( 1996) captured greater numbers of fish and species in the creek fringe 

sites whereas Ronnback et al. ( 1998) found that the inland site had a greater density 

of fish. This indicates that, despite some similarities, the functional value of habitats 

(Chapter 1) may differ, depending on the region of study. 

Aquatic environmental variables also showed pronounced seasonal variation in the 

harbour and temporal patterns varied among locations (Chapter 3). Seasonal changes 

have previously been observed in the distribution, abundance and species 

composition offish assemblages in mangrove forests (Yanez-Arancibia et al. 1988; 

Robertson and Duke 1990a) and this may extend to the different habitats within the 

forests. If juvenile fish, for instance, are found in greater densities in the higher 

intertidal habitats (Ronnback et al. 1998), the importance of these habitats may vary 

temporally as new recruits enter the mangrove system. 

Little is known of the fish assemblages that inhabit inundated mangrove forests in 

Darwin Harbour and nothing is known of the temporal patterns of fish use of these 
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habitats. The aim of this study, therefore, was to investigate the fish assemblages that 

use the mangrove forest of Darwin Harbour. The specific objectives were to: (1) 

compare assemblages of fish in three different mangrove habitats at high tide: the 

seaward edge dominated by Sonneratia alba woodland, the shoreline forest or tidal 

creek edge dominated by Rhizophora stylosa closed forest and the mid tidal flat 

dominated by Ceriops tagallow closed forest, and (2) investigate temporal variation 

in the importance of different habitats for fish fauna. 

Logistical constraints and other limitations imposed by the local environment meant 

that some of the more common sampling methods could not be used in this study. A 

detailed review of sampling methods is presented in Chapter 2. 

5.2. Methods 

5.2. 1. Sampling design 

Sampling was carried out at three locations in Darwin Harbour: Charles Darwin 

National Park (the Park), Elizabeth River and Jones Creek (Figure 2.3, Chapter 2). 

Two replicate sites were sampled with trammel nets in each of three habitat types 

(see Section 2.3) six times in 1999-2000 and six times in 2000-2001 (Figure 5.1). 

Because of the time needed to set and recover the nets, only one location could be 

sampled in a day. It was also impossible to carry more than three nets in the small 

boat used to access the sites (a small boat was required for the narrow access tracks). 

As a consequence, sampling all six sites (3 habitats x 2 replicate sites) at each 

location took two days and sampling all locations took a total of six days. Since I 

needed to sample the highest of the spring tides each month, one site from each 

habitat was sampled over the first set of spring tides in the month and the remaining 
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sites were done two weeks later, over the second set of springs. The order in which 

sites were sampled was randomised. 

At each location, nets were set on the incoming tide, beginning with the S. alba 

habitat (seaward) and finishing at the C. tagal habitat (landward), then hauled soon 

after high tide beginning with the C. tagal habitat. In the R. stylosa and C. tagal 

habitats, nets were secured to stakes and in the S. alba habitat nets were tied off to 

marked trees, inspected regularly and re-tied as the water level rose. 

Initially, all sampling was planned for the dusk spring tides, however, during the dry 

season, the dawn spring tides were often the only tides large enough to inundate all 

habitats. The pilot study (Chapter 4) found no difference in the numbers of fish and 

species between dawn and dusk, therefore dusk spring tides were sampled over the 

wet season and dawn spring tides were sampled over the dry season. Even when 

using this procedure, some tides did not inundate the highest intertidal habitat. Refer 

to Chapter 4 (Section 4.2) for method of dealing with these sampling occasions. 

Extreme weather conditions during the wet (cyclone) season prevented sampling on a 

few occasions. 

When retrieving the nets, they were hauled, complete with trapped fish, into tubs on 

the boat, covered in ice and transferred to the boat shed. The nets were then hung out 

and the fish untangled. In the laboratory, the fish were identified, measured and 

weighed. Standard length was used for all fish except the sharks and eel which were 

measured to total length. Sex and maturity was estimated by inspection of gonads. 
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Temporal Factors 

1: Year 

2: Month 

Spatial 
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3: Location 

4: Habitat 
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Figure 5.1. Sampling design. 
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5.2.2. Data analysis 

Data were standardised to fish/m2net/hour for both univariate and multivariate 

analyses. 

Abundance and distribution 

The presence of missing values complicated analyses, especially as the design 

included repeated measures (repeated observations, through time, on each site). Two 

different analyses were used to deal with this problem. In the first analysis (Analysis 

A), the month which included missing values- January- was excluded. Thus, this 

analysis included only five months (March, May, July, September and November) 

using a four-factor, repeated measures (RM), mixed model ANOVA. The factors 

were Location (random), Habitat (fixed), Month (fixed, RM) and Year (fixed, RM). 

In the second analysis (Analysis B), results for the months were averaged over the 

two years of the study. Year was thus removed as a factor and all six months were 

analysed using a three-factor, repeated measures mixed model ANOV A. The factors 

were Location (random), Habitat (fixed) and Month (fixed, RM). Location was a 

random factor in both analyses because locations were considered to be haphazardly 

selected sites, representative of the harbour as a whole. 

Fish lengths 

Fish lengths were averaged over sites and months. Mean fish lengths were analysed 

using a 2-way mixed model ANOV A. Factors were Location (random) and Habitat 

(fixed). 
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Plots of residuals, and of variances against means, were used to examine the 

ANOVA assumptions of normality and variance heterogeneity (McGuinness 2002). 

Data were square root transformed in all analyses to satisfy these assumptions. 

Diversity 

Rarefraction curves were generated for locations, habitats and months to compare 

species richness and evenness of species distribution (Hurlbert 1971; James and 

Rathbun 1981; Ludwig and Reynolds 1988). The rarefraction method allows 

comparison of species counts and evenness between samples of unequal size by 

reducing all samples to a common size. Using the total number of individuals for 

each species in a fish assemblage, the rarefraction method was used to estimate the 

number of species expected for progressively smaller numbers of individuals in the 

assemblage. Species richness curves were plotted for different assemblages then 

compared using a standard sample size. Evenness of distribution was compared by 

examining the steepness of the curves. 

Species composition 

Patterns in species composition were examined using multivariate analyses, 

performed using the PRIMER statistical package (Clarke 1993; Clarke and Warwick 

1994). Samples were pooled over replicates and months and square root transformed. 

Bray-Curtis similarities were calculated and used to perform cluster analysis and 

non-metric multidimensional scaling (MDS) to illustrate patterns among samples. 

The contribution of each species in discriminating between groups of samples was 

investigated using Bray-Curtis dissimilarities and the SIMPER procedure (Clarke 

1993). 
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5.3. Results 

5.3.1. Abundance and distribution 

A total of 1096 fish, comprising 63 species from 29 families, was caught during the 

two years of the study (Table 5-l). Eighteen species were represented by only one 

individual. The most abundant species were from 4 families: Clupeidae, Engraulidae, 

Ariidae and Mugilidae. Uncertainty surrounding the taxonomy of some Australian 

mullets (Ian Harrison pers. comm.), particularly juvenile specimens, led to the 

grouping Liza sp. A wide size range of fish was caught, ranging from two 

Leiognathid species, at 36 mm SL, to Negaprion acutidens, at 1010 mm TL. 

All species were coastal, estuarine or mangrove associates (Robertson and Blaber 

1992; Blaber 1997). Both adult and juvenile fish were captured in all locations and 

habitats, although most juveniles were found in the S. alba and R. stylosa habitats. 

The most abundant species, Anodontostoma chacunda, was represented entirely by 

juveniles. In addition, some of the most commonly harvested species in the 

recreational fishery in Darwin Harbour were found as juveniles in the mangroves. 

The most numerous of these were species from the families Carangidae, 

Polynemidae and Mugilidae and the Centropomid, Lates calcarifer. The ariid catfish 

made up the largest proportion of the adult fish sampled. 
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Table 5-1. Lengths, life history stage and fishery importance of all fish captured in study. Breakdown of fish in each habitat at each location. CD- Charles 
Darwin National Park, ER- Elizabeth River, JC- Jones Creek, C -C. tagal, R- R. stylosa and S- S. alba. J- juvenile, A- adult, C- commercial, R

recreational, *-mostly South East Asia. SL- Standard length. **Sharks and eel measured to total length. 

Species N Length (SL** mm) Life history Fishery 
~.- ER 

Range Mean stage importance .;;;; c R s 

HEMISCYLLIDAE ( :•;:,: 

)o ( ••i) 
Chi/oscyl/ium punctatum 2 662 705 684 A C* 1 

CARCHARHINIDAE 

Carcharhinus cautus 16 396-910 547 A/J ] ~illllll' ,,, 1 ·.:•·•;.•:::"·• 

Carcharhinus /eucas 1 585-585 585 J 
C (minor) 

Negaprion acutidens 17 590-1010 719 J 
R (minor) 

? 

OPHICHTHIDAE 
x;:•:: :• 

. •·:. 

Unidentified eel 1 708 708 708 A C* (minor} 
\} 

CLUPEIDAE 

Herk/otsichthys koningsbergeri 64 64 125 74 J/A 

Herklotsichthys Iippa 1 75 75 75 J 
':: 

Sardinel/a a/bella 2 70 78 74 A C* .•• \\ 

Sardinella brachysoma 1 71 71 71 A C* 

Anodontostoma chacunda 128 53 82 64 J C* 11 ?~ 

Escualosa thoracata 3 57 68 62 J/A C* llttlll ENGRAULIDAE 

Thryssa hamiltonii 97 61 176 115 J/A C* 4 18 25 
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Species N Length (SL** mm) Life history Fishery ER 

Range Mean stage importance c R s 
ENGRAULIDAE (continued) 

Thryssa setirostris 8 100-138 117 A C* 

Stolephorus indicus 7 61 -75 68 J C* 

Stolephorus sp. 5 38-77 57 J/A C* 1 

CHANIDAE 

Chanos chanos 353-353 353 J C*/R 1 

ARIIDAE 

Arius argyropleuron 66 180-380 294 J/A 

Arius hainesi 9 174-237 215 J/A 

Arius mastersi 105 134-491 294 J/A R (minor) 2 

Arius proximus 52 192-424 291 J/A 

Arius pectoralis 119 133-311 215 J/A 2 5 

PLOTOSIDAE 

Plotosus lineatus 8 144-188 159 A C* 

BATRACHOIDIDAE 

Batrachomoeus trispinosus 94-94 94 J 

HEMIRAMPHIDAE 

Arrhamphus sclero/epis 4 143- 161 154 A 

] R (minor) 

2 

Zenarchopterus buffonis 3 163- 191 180 A 1 

Hyporhamphus affinis 5 168-218 196 A 

Hyporhamphus sp 2 175-226 201 A 
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Species 

BELONIDAE 

Tylosurus gavialoides 

Strongylura strongylura 

Tylosurus punctulatus 

Tylosurus crocodilus 

PLATYCEPHALIDAE 

Unidentified Platycephalidae 

AMBASSIDAE 

Ambassis vachellii 

Ambassis nalua 

Ambassis interruptus 

CENTROPOMIDAE 

Lates calcarifer 

SILLAGINIDAE 

Sillago sihama 

ECHENEIDAE 

Echeneis naucrates 

Remora remora 

CARANGIDAE 

Caranx bucculentus 

Caranx ignobilis 

N Length (SL ** mm) 

1 

7 

5 

1 

Range 

430 430 

239 352 ' 

147 695 

360 360 

1 287 287 

3 

20 

2 

42 55 

45 82 

60 65 

4 75 343 

1 115 115 

5 98 225 

1 140 140 

2 159 161 

5 107 193 

Mean 

430 

299 

438 

360 

287 

47 

56 

63 

206 

115 

182 

140 

160 

164 

Life history 
stage 

A 

A 

J/A 

J 

A 

A 

J/A 

A 

J 

J 

J 

J 

J 

J 
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Fishery 
importance ,,,, 

l R (minor) 

C* 

R 

C/R 

R 

:): 
::?"'''i){ 

::::':' 

C* (minor) ';;_r 

C* (minor) 

C/R 

C/R 

• ..••.••.••• 

c 

1 

3 

ER 

R s 

1 

4 

... ,, 

:o:::·:·:'Ji~.:::,::::•o::''." 
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Species 

CARANGIDAE {continued) 

Scomberoides commersonianus 

Scomberoides sp. 

LEIOGNATHIDAE 

Leiognathus decorus 

Leiognathus equu/us 

HAEMULIDAE 

Pomadasys kaakan 

SPARIDAE 

Acanthopagrus berda 

SCIAENIDAE 

Johnius sp. 

TOXOTIDAE 

Toxotes chatareus 

MUGILIDAE 

N Length (SL** mm) 

Range Mean 

13 60 424 

1 63 63 

15 

4 

36 55 

36 52 

9 62 332 

1 151 151 

1 117 117 

28 95-182 

164 

63 

48 

42 

189 

151 

117 

136 

Life history 
stage 

J/A 

J 

J 

J 

J/A 

J 

J 

J/A 

Fishery 
importance 

C/R 

C/R 

C* 

C* 

C/R 

C/R 

R 

C* 

:::::i!:i:l:, 

•·•[rit•il:~~~·;.:.' ·························· 

11!: l~ii!; lli!l ·::: ···················· 
Valamugil perusii 88 70 - 14 7 99 J/ A 

Valamugil seheli 5 224-302 263 J/A C/R l'l ~;~ 
Valamugil buchanani 1 303 - 303 303 J ·:;. ; 

Liza vaigiensis 5 341 - 400 370 A .. 

Liza sp. 120 40-284 112 J/A 
----~ 

87 

c 

1 

ER 
R 

1 

c::. 

16 3 ; 

1 1? 

12 24 

········ 
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Species N Length (SL ** mm) Life history Fishery ER 

Range Mean stage importance c R s 
SPHYRAENIDAE 

Sphyraena putnamae 2 163-174 169 J R 

POL YNEMIDAE 

Efeutheronema tetradactyfum 3 83-112 100 J C/R 

Polydactylus macrochir 2 400-459 430 J C/R 

GOBIIDAE 

Periophthafmodon freycineti 148-148 148 A 

ELEOTRIDAE 

Bostrychus sinensis 122- 122 122 A 

SCOMBRIDAE 

Scomberomorus semifasciatus 85-85 85 J C/R 

TETRAODONTIDAE 

Chelonodon pataca 4 47-67 55 J 

Marifyna darwinii 2 50-80 65 J/A 1 

meraukensis 3 94-198 162 J/A 

Total 1096 41 71 

Species 63 10 16 

Number of 18 23 
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Among locations, the Park yielded the largest number of fish (633) and species (46) 

(Table 5-2). Among habitats, the S. alba habitat produced 700 fish and 52 species. 

When data were standardised to numbers/m2netlhr, the Park recorded the highest rate 

of capture for locations, while the C. tagal habitat recorded the highest rate among 

the three habitats. 

Table 5-2. Total captures and capture rate of fish and species at each location and habitat. 

Fish Fish/m2net/hr Species Spp/m2net/hr 

LOCATION 

Charles Darwin National Park 633 0.13 46 0.06 

Jones Creek 241 0.03 36 0.03 

Elizabeth River 222 0.06 31 0.02 

HABITAT 

S. alba 700 0.07 52 0.03 

R. stylosa 281 0.05 38 0.03 

C. tagal 115 0.10 18 0.06 

5.3.2. Analysis of abundance 

Analyses using the two approaches outlined in Section 5.2.2 produced very similar 

results for both fish capture rate and species capture rate (Table 5-3; full ANOVA 

tables in Appendix 1 ). All analyses had significant effects of Location and Habitat x 

Month. All analyses, except Analysis B for fish capture rate, also had a significant 

effect of Month. The Year effect was not significant (in the "A" analyses), indicating 

that, for the months analysed (all except January), capture rates were similar in both 

years (small differences cannot be ruled out). The absence of interactions between 
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Table 5-3. Summary table for capture rates of fish and species using two data analysis 
procedures (see Section 5.2.2). Analysis A (5 months) included March, May, July, 

September and November for both years, with factors Location, Habitat, Year and Month. 
Analysis B (6 months) included January and results for months were averaged over the two 

years of the study thus removing Year as a factor. *p<0.05, **p<O.Ol,***p<O.OOl. MS is the 
mean square from the ANOV A. Full ANOV A tables are presented in Appendix 1. 

fish/m2/hr species/m2netlh r 

Analysis A Analysis 8 Analysis A Analysis B 

Effect MS MS MS MS 

Location 0.264** 0.327*** 0.125** 0.137*** 

Habitat 0.009 0.016 0.015 0.014 

Year 0.029 0.009 

Month 0.080* 0.042 0.065* 0.027* 

Loc x Hab 0.039 0.033 0.020 0.016 

Loc x Year 0.018 0.001 

Hab x Year 0.007 0.004 

Loc x Mo 0.018 0.013 0.009 0.005 

Hab x Mo 0.082** 0.031 * 0.051** 0.021 ** 

Year x Mo 0.013 0.006 

Loc x Hab x Year 0.007 0.003 

Loc X Hab x Mo 0.017 0.011 0.009 0.005 

Loc x Year x Mo 0.015 0.009 

Hab x Year x Mo 0.017 0.009 

Loc x Hab x Yr x Mo 0.014 0.007 

Year and other factors indicates that spatial and temporal patterns were also similar 

in both years (for the months analysed). 

Examination of the magnitude of the mean squares indicates that Location was the 

predominant source of variation in all cases. Post hoc comparisons of Locations, 

using the Tukey HSD test, showed that the mean capture rates for fish, and species, 

at the Park was greater than at both Elizabeth River and Jones Creek (P<O.Ol, Figure 

5.2). 
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Figure 5.2. Mean rates of capture for fish and species at each location. 

The interaction between Month and Habitat (Figure 5.3) shows that the effect of 

Month was almost entirely due to the capture rates of fish and species in the C. tagal 

habitat. For four of the six sampling months the mean capture rates in the C. tagal 

habitat were greater than in both the S. alba and R. stylosa habitats but for May and 

July mean capture rates were similar to the two other habitats. The lack of fish in the 

C. tagal habitat during these months was largely due to lack of water in one May and 

three of the four July sampling occasions (per location). 

For both the R. stylosa and S. alba habitats, there were trends suggesting lower fish 

capture rates in May- July (the dry season) but this is uncertain due to substantial 

variability. The capture rates for species in the R. stylosa and S. alba habitats 

changed little throughout the year. 

There was some evidence of seasonal trends in abundance among individual species 

(Figure 5.4). Of the ten most abundant species, Thryssa hamiltonii and Toxotes 
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chatareus were absent from July (dry season) samples whilst Arius pectoralis and 

A. proximus were rare. The result forT. chatareus was most likely due to the lack of 

water in the C. tagal habitat during July, since most individuals of this species were 

captured in that habitat. The other nine species were more common in the R. sty los a 

and S. alba habitats that were not affected by lack of water. A. chacunda was 

captured in greatest numbers towards the end of the wet season (March) and less 

commonly caught from the end of the dry season of both years. Other abundant 

species showed no clear trends across the two years of the study. The peaks shown 

by Herklotsichthys koningsbergeri and Valamugil perusii were caused by the capture 

of single large schools of fish. 
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Figure 5.3. Mean monthly captures rates for fish (A) and species (B). Left: capture rates for 
all habitats combined, right: capture rates broken down by habitat. 
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Figure 5.4. Total monthly captures of the 10 most abundant species. Note different scales for 
V. perusii and T. chatareus. *Habitats in which each species was most commonly captured. 
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Small fish ( <100 mm SL) made up the largest proportion of fish captured in both the 

S. alba and R. stylosa habitats (Figure 5.5). The species of small fish that tended to 

remain in the seaward and creek edges, rather than penetrate the mangrove forest to 

any great extent, included the Clupeids, A. chacunda and H. koningsbergeri, the 

Engraulid, T. hamiltonii and the Mugilid, V. perusii. Despite this, the mean lengths of 

fish varied little between habitats due to several larger fish also present in both the 

R. stylosa and S. alba habitats. 

There was, however, a significant difference in mean fish lengths among locations 

(Table 5-4). Mean fish lengths at Elizabeth River were significantly smaller than at 

both the Park and Jones Creek (Tukey HSD p<0.05). This result appears to be due to 

the small number of fish in the 100-300 mm size range at Elizabeth River (Figure 

5.6). The main group of fish making up this category in the Park and Jones Creek 

were the Arius species which were found in considerably lower numbers in Elizabeth 

River. All locations had a high proportion offish in the 0-100 mm size category. 

Table 5-4. Summary table of ANOV A results for mean fish length showing Mean Squares 
and significance. *p<0.05, **p<O.Ol,***p<O.OOl. (full table in Appendix 1). 

Effect 

Location 

Habitat 

Loc x Hab 

94 

df 

2 

2 

4 

MS 

24.852** 

1.233 

2.224 
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Figure 5.5. Length frequency histograms of all fish in each habitat. 
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Figure 5.6. Length frequency histograms of all fish in each location. 
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5.3.3. Diversity 

Although the mean species capture rate was greater at the Park, examination of the 

species pool for each location and habitat revealed that all locations had a similar 

overall species richness (Figure 5.7). A standard sample size of 200 individuals was 

used to compare species richness among locations. For this sample size, the expected 

number of species at the Park was 31, Elizabeth River, 30 and Jones Creek, 34. 

Locations also had similarly even species distributions, illustrated by the closely 

matching steepness of rarefraction curves. 
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Figure 5.7. Rarefraction curves for locations and habitats showing the number of species 
expected for a given number of individuals in the sample. 

Species pools for habitats, on the other hand, differed in richness and evenness. For a 

sample size of 115 individuals (corresponding to the total number of individuals for 

the C. tagal habitat), the number of species in the C. tagal habitat was 18, the 

expected number of species in the R. sty los a, habitat was 27 and the S. alba habitat, 
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25. So, while the S. alba and R. stylosa habitats had similar sized species pools, the 

C. tagal habitat had lower species richness and a less even distribution of species, 

indicated by the shallower curve. 

Among months, November had the highest species richness and evenness and July 

was amongst the lowest for both years (Figure 5.8). Other months varied between 

years. September of Year 2 clearly had the least even species distribution. Although 

total captures for this month were higher than all other months (159), more than one 

third of catch consisted of a school of one species, Valamugil perusii. In contrast, 

total captures for November of Year 2 were among the lowest (51), but consisted of a 

larger number of species (21) and a low level of dominance by any one species. 
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Figure 5.8. Rarefraction curves for each of the six sampling months over two years. 
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5.3.4. Patterns in species composition 

Species composition differed among habitats with the C. tagal and S. alba habitats 

separated most widely and the R. stylosa habitat overlapping the two (Figure 5.9 and 

Figure 5.10). There was also a difference among locations, with Elizabeth River and 

the Park separating out (Figure 5.9). There was some evidence of seasonal cycle in 

species composition, but further sampling would be required to confirm that pattern. 

Higher level transformation, to increase importance of rare species, made little 

difference to the results. 
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• C. tagal 

V R. sty/osa 

D S. alba 

Figure 5.9. MDS ordination of samples by habitat. Samples averaged over replicates and 
months. CD- Charles Darwin National Park, ER- Elizabeth River, JC- Jones Creek. 

Eight species contributed at least 50% to the total dissimilarity between the C. tagal 

and S. alba habitats (Table 5-5 and Figure 5.11). Liza sp., Arius mastersi, Toxotes 

chatareus and Arius pectoralis were more common in the C. tagal habitat. Species 
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found more commonly in the S. alba habitat were Anodontostoma chacunda, 

Valamugil perusii, Arius argyropleuron and Arius proximus. 
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Figure 5.10. Dendrogram generated from Bray-Curtis similarities of samples. Samples 
averaged over replicates and months. C - C. tagal, R - R. stylosa, S - S. alba. CD - Charles 

Darwin National Park, ER- Elizabeth River, JC- Jones Creek. Numbers (1, 2) refer to 
years. 

Nine species contributed at least 50% to the total dissimilarity between the Park and 

Elizabeth River (Table 5-6 and Figure 5.12). All species, except Toxotes chatareus, 

were more abundant in the Park. 

Overall, the groupings of locations and habitats suggest the shift in species 

composition from the S. alba habitats through the R. sty los a to the C. tagal habitats 

100 



DISTRIBUTION AND ABUNDANCE OF FISH IN THE MANGROVE FORESTS 
OF DARWIN HARBOUR 

was the strongest but that similarity within habitats decreased as distance from the 

seaward edge increased. So, while the S. alba habitats were more similar to each 

other than to the C. tagal habitats, the C. tagal habitats had few similarities with each 

other. This is clearly demonstrated by examining the species which separate the 

C. tagal and S. alba habitats. Two of the 4 species more common in the C. tagal 

habitat, A. mastersi and A. pectoralis, were entirely absent from this habitat at 

Elizabeth River, while T. chatareus was far more common at Elizabeth River than at 

either the Park or Jones Creek. On the other hand, many of the species found more 

often in the S. alba habitat were common to all locations. 

Table 5-5. Average abundance of species making up at least 50% of the average dissimilarity 
between C. tagal (C) and S. alba (S) habitats. Species are listed in order of% contribution. 

SD = standard deviation of the dissimilarity values. *Average abundances multiplied by 100 
for presentation in table. 

Average dissimilarity: 75.68 

Species Average Av.Diss Diss/SD 0/o Cumulative 0/o 
abundance* contribution contribution 

c s 
Liza sp. 2.66 0.42 5.91 1.63 7.80 7.80 

Arius mastersi 2.57 0.36 5.87 1.29 7.75 15.55 

Toxotes chatareus 1.58 0.01 5.83 1.16 7.71 23.26 

Anodontostoma 
chacunda 0.27 1.06 5.76 2.23 7.61 30.87 

Arius pectoralis 1.19 0.79 4.15 1.56 5.48 36.36 

Valamigil perusii 0.09 0.94 4.06 1.19 5.37 41.72 

Arius argyropleuron 0.00 0.64 3.81 2.04 5.03 46.75 

Arius proximus 0.00 0.39 3.61 2.40 4.78 51.53 
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Table 5-6. Average abundance of species making up at least 50% of the average dissimilarity 
between Charles Darwin National Park (CD) and Elizabeth River (ER). Species are listed in 

order of % contribution. SD = standard deviation of the dissimilarity values. *Average 
abundances multiplied by 100 for presentation in table. 

Average dissimilarity: 68.81 

Species Average Av.Diss Diss/SD % Cumulative % 
abundance* contribution contribution 

CD ER 

Arius mastersi 3.27 0.06 8.20 1.61 11.91 11.91 

Arius pectoralis 1.66 0.08 5.67 2.15 8.24 20.16 

Liza sp. 2.01 1.47 4.24 1.36 6.17 26.32 

Toxotes chatareus 0.21 1.40 4.03 1.10 5.85 32.18 

H. koningsbergeri 0.84 0.00 3.62 1.14 5.25 37.43 

Anodontostoma 
chacunda 0.77 0.43 3.00 1.44 4.36 41.79 

Valamigil perusii 0.65 0.20 2.74 1.00 3.98 45.78 

Arius argyropleuron 0.60 0.07 2.67 1.23 3.89 49.66 

Arius proximus 0.32 0.09 2.21 1.34 3.21 52.87 
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Figure 5 .11. Mean abundances of species making up at least 50% of the dissimilarity 
between the C. tagal and S. alba habitats. 
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Figure 5 .12. Mean abundances of species making up at least 50% of the dissimilarity 
between Charles Darwin National Park and Elizabeth River. CD- Charles Darwin National 

Park, ER- Elizabeth River, JC- Jones Creek. 

5.3.5. Environmental variables 

Seven aquatic environmental variables were measured as part of this study 

(Chapter 3). Maximum Depth was the only variable to match the pattern in species 

composition among habitats (Figure 5.13). Salinity, pH and dissolved oxygen 

matched the pattern among locations, with Elizabeth River showing generally lower 

values than the Park in all three variables. Elizabeth River also had more calm days 

(sea state category 0) and fewer category 2 and 3 days than either the Park or Jones 
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Creek (Chapter 3, Figure 3.14). Species composition did not appear to vary with 

either temperature or turbidity. 
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Figure 5.13. MDS ordination of biotic samples with superimposed circles of increasing 
values for each of six environmental variables (scales appropriate for each variable were 
used to emphasise difference between smallest and largest values). CD- Charles Darwin 

National Park, ER- Elizabeth River, JC- Jones Creek, C- C. tagal, R- R. stylosa, S- S. 
alba. 
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5.4. Discussion 

5.4.1. Species composition 

Of the 415 species recorded from Darwin Harbour (Larson and Williams 1997), this 

study has documented 63 from 3 habitats within the fringing mangrove forests. A 

wide size range of fish was sampled, with individuals greater than 1 OOmm in length 

making up 60o/o of the catch. One of the major differences between this and other 

studies was the lack of small mangrove resident fishes including the Gobiidae 

(Thayer et al. 1987; Laegdsgaard and Johnson 1995; Vance et al. 1996; Ronnback et 

al. 1998; Ley et al. 1999). 

Despite many gobies in Darwin Harbour being obligate mangrove dwellers (Larson, 

pers. comm.), only one member of the family was captured in this study: the large 

predatory Periophthalmodonfreycineti. Other smaller species were not expected to 

be captured due to their small size and sedentary habits (see Chapter 6). Considering 

the Gobiidae is the most speciose family in Darwin Harbour (Larson and Williams 

1997), with half of the 70 species in the harbour being associated with mangrove 

forests (Larson, pers. comm.), the true number of species using the mangrove forests 

is likely to be close to 100. 

Given that species richness is highly dependent on sample size and methods, 

comparisons between studies need to be interpreted with care. Few studies have 

sampled fish within mangrove forests at high tide and many have been designed to 

examine their nursery value. As a consequence, the samples are usually dominated 

by small and juvenile fish (Robertson and Duke 1987; Sheridan 1992; Laegdsgaard 

and Johnson 1995; Nagelkerken et al. 2000; Cocheret de la Moriniere et al. 2002). 

The methods used most often to sample fish in mangrove forests (Chapter 2) also 
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appear to be most effective for sampling smaller fish, whether or not they are 

specifically targeted (Thayer et al. 1987; Morton 1990; Robertson and Duke 1990a; 

Halliday and Young 1996; Vance et al. 1996; Ronnback et al. 1998). Gill and 

trammel nets, on the other hand, are more efficient at catching larger, more mobile 

fauna (eg. Blaber et al. 1985; Blaber et al. 1989; Acosta 1997). 

Despite this, and taking sample size and methods into account, species richness of 

the Darwin Harbour mangroves is comparable to other tropical locations. Vance et 

al. (1996) trapped a total of 55 species in the Embley estuary, northern Australia 

using four stake nets ( 480-640m2
) in two intertidal mangrove forest habitats over 14 

sampling occasions. Smaller stake nets (89-258m2
) were used in the Philippines 

(Ronnback et al. 1998), capturing 37 taxa at four sites from four samples over two 

months. At Alligator Creek in north-eastern Queensland, Robertson and Duke 

( 1990a) set trap nets at the mouths of small gutters draining the mangrove forest and 

captured 92 species in 21 samples over one year. 

Although fish assemblages in mangrove estuaries in the sub-tropical Atlantic have 

been described as generally less species rich than those of the Indo-West Pacific 

(Robertson and Blaber 1992), two studies of mangrove prop root habitats in Florida 

show moderately rich assemblages. Sampling eight sites (22-58m2
), eight times over 

one year yielded 64 species in one study (Thayer et al. 1987) and 7 6 species from 18 

sites (72-196m2
) sampled 13 times over 1 year in another (Ley et al. 1999). 

In contrast, studies from the Australian sub-tropics show evidence of lower species 

richness in mangrove forests. Morton ( 1990) trapped 40 species in a large area of 

intertidal mangrove forest (3340m2
) in 14 samples over one year. Halliday and 

Young (1996) used block nets to sample four sites (each 1000m2
) bi-monthly over 
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two years and captured 42 species. Laegdsgaard and Johnson ( 1995) sampled 

mangrove habitats with trap nets on ebb tides and captured 38 species in monthly 

samples over two years. 

Species composition in the Darwin Harbour mangroves was also broadly similar to 

that of other tropical Australian locations, although there were some conspicuous 

differences. The four most abundant families captured in this study, Ariidae, 

Mugilidae, Clupeidae and Engraulidae, are considered ubiquitous in Indo-Western 

Pacific estuarine systems (Robertson and Blaber 1992). The most abundant species, 

Anodontostoma chacunda, has been captured in mangrove forests (Vance et al. 1996) 

and upper estuarine mangrove creeks, (Blaber et al. 1989) in the Embley estuary, 

Gulf of Carpentaria. This species was also present in trap catches in Alligator Creek, 

north Queensland, but in low numbers (Robertson and Duke 1990a). 

The engraulild, Thryssa hamiltoni, is more widespread, ranging from sub-tropical 

Australia (Morton 1990), across the north of Australia (Blaber et al. 1989; Robertson 

and Duke 1990a; Vance et al. 1996) to Malaysia and Thailand (Chong et al. 1990; 

Ikejima et al. 2003). Mullets are probably the most widespread of the tropical 

estuarine fishes and the species captured in this study are found throughout the Indo-

West Pacific (Blaber 1997). 

Ariid catfish made up the largest proportion of adult fish sampled, but have rarely 

been captured in mangrove forests in other locations. Five of the eight species of 

ariid catfish found in Darwin Harbour were captured in this study. Arius proximus 

was abundant on mud flats in the lower Embley Estuary and several species were 

common in the main mangrove channels (Blaber et ql. 1989), but were absent from 

the forest (Vance et al. 1996). Ariidae were also present in main mangrove channels 
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in Dampier, north western Australia (Blaber et al. 1985) but appear to be far less 

common on the east coast of Queensland (Robertson and Blaber 1992). 

The two species of shark, Carcharhinus cautus and Negaprion acutidens, are 

reasonably common in mangrove estuaries, although rarely captured in mangrove 

forests (Blaber eta!. 1985; Salini et al. 1992; Salini et al. 1998). C. cautus has 

previously been captured on intertidal mudflats adjacent to mangroves in Darwin 

Harbour (Lyle 1987) and N. acutidens was captured on mud flats in the Embley 

Estuary (Blaber et al. 1989). Both species have been captured in main mangrove 

channels in Dampier (Blaber et al. 1985). 

Other species that were sampled in reasonable numbers are also commonly found 

throughout Indo-Western Pacific estuaries. These include species from the 

Carangidae, Hemiramphidae, Ambassidae and Toxotidae families. 

Several species targeted by recreational fishers in Darwin Harbour were captured in 

the mangroves as juveniles. Most are common estuarine fish and include the 

trevallys, Caranx ignobilis and C. bucculentus, queenfish, Scomberoides 

commersonianus, threadfin salmon, Eleutheronema tetradactylum and Polydactylus 

macrochir, grunter, Pomadasys kaakan and barramundi, Lates calcarifer. Rare 

captures were mackerel, Scomberomorus semifasciatus, whiting, Sillago sihama and 

bream, Acanthopagrus berda. Sharks and mullet are also harvested. Most sharks 

captured in this study were juveniles whilst mullets comprised both juveniles and 

adults. 

Although only four juvenile barramundi were captured, this Northern Territory 

"icon" species was not expected to be abundant. It is not a commonly caught fish in 
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Darwin Harbour making up only 6% of the total annual recreational catch (Coleman 

1998). The life history of this species centres on movement between marine and 

freshwater habitats. Although large adult barramundi are present in the Darwin 

Harbour, the catchment surrounding the harbour has little of the required wetland 

environments for juveniles. Barramundi are more abundant in coastal areas of the 

Northern Territory adjacent to large wetland systems, such as the Mary River. 

A notable absence was that of the family Lutjanidae. In Darwin Harbour snappers 

(Lutjanidae) are the most commonly harvested recreational fish species (Coleman 

1998) and have been previously captured during beam trawl surveys by the NT 

Museum (Larson and Williams 1997). Two species, Lutjanus argentimaculatus and 

L. russelli are among the ubiquitous mangrove species, although they are usually 

captured in low numbers (Robertson and Blaber 1992). These species have been 

observed or captured in mangrove lined creeks (Blaber et al. 1989; Robertson and 

Duke 1990a; Sheaves 1992; Ikejima et al. 2003) and mangrove forests (Blaber et al. 

1985; Halliday and Young 1996; Vance et al. 1996). 

Selectivity of the sampling method may explain the lack of juvenile lutjanids given 

that they have been captured in mangrove forests using other methods (Blaber et a[. 

1985; Halliday and Young 1996; Vance et al. 1996). Passive capture techniques, 

such as the trammel nets used in this study, are most effective for fish that are 

actively foraging (Cortes 1997), they are therefore somewhat biased against species 

with ambush predatory behaviour, such as the Lutjanidae (Sheaves 1992). On the 

other hand, these species may remain at the seaward edge of the forest or move into 

channel and creek lines at high tide (where there were no nets). 
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Despite this, and given the constraints imposed by the local environment (Chapter 2), 

trammel nets have proven to be a practical method with which to sample fish in the 

mangrove forests of Darwin Harbour. The number of species captured was high and 

comparable to other studies and included larger species not captured in other studies 

conducted in mangrove forests (Morton 1990; Halliday and Young 1996; Vance et 

al. 1996; Ronnback et al. 1998). Although many of the abundant species captured in 

this study may not be considered valuable recreational species, they are important 

prey species for recreationally and commercially valuable fish (Davis 1985; 

Robertson and Duke 1990b, Chapter 7) and as such are important components of the 

ecosystem. 

5.4.2. Temporal patterns 

Four of the most abundant species exhibited temporal changes in abundance. 

A. chacunda was most abundant in March falling to very low numbers from 

September through to January. This pattern is almost identical to that found by 

Beumer ( 1978) in a mangrove creek in North Queensland. In addition, all individuals 

in this study, and the study by Beumer, were sub-adults. There is some evidence that 

this species may move to upstream locations during the dry season. In March, most 

fish were captured in the Park and Jones Creek, whereas in May most fish were 

captured at Jones Creek and Elizabeth River and in July most fish were captured in 

Elizabeth River. This species is an estuarine spawner and breeds in during the cool 

dry season in southern India (Munroe et al. 1999). If a similar pattern occurs in 

northern Australia, this species may move upstream to breed and return to the 

downstream locations as older juveniles. 
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T. hamiltoni, A. pectoralis and A. proximus all showed some evidence of a seasonal 

pattern, with abundances falling to low levels during the dry season. In north 

Queensland, the main recruitment period forT. hamiltoni occurs between October 

and December (Robertson and Duke 1990b). There was some evidence that increases 

in abundance of this species in January and March were due to recruits. Fish less 

than 100 mm made up a high proportion of catches during these months. 

The ariid catfish captured in this study are unusual among estuarine fish in that adults 

are found throughout coastal and estuarine habitats but the juvenile phase is 

completed in deeper marine waters (Blaber 1997). The Ariidae are mouth brooders 

and several individuals were found to have swallowed eggs upon capture or had eggs 

or larvae tangled with them in the nets during the wet season sampling months, the 

main spawning season for most ariids (Blaber 1997). The larger numbers of 

A. pectoralis and A. proximus captured during this time may have been due to 

spawning and reproductive behaviour although the other ariid species lacked similar 

temporal patterns. 

Two less abundant species which also showed some evidence of temporal pattern 

were the sharks. Although only 16 C. cautus were captured during the study, all 

except one were captured between November and March and 11 were less than 

500mm in length. Birth for this species occurs around October and November and 

approximate size at birth is 400mm (Lyle 1987). N. acutidens showed a similar 

pattern with most captures from September to March. All were juvenile, and nine 

were less than 700mm in length. Size at birth for this species is from 500-700 mm 

(Last and Stevens 1994 ). These results indicate that temporal patterns were due to 

recruitment of juveniles. 
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Despite the temporal patterns shown by some species, seasonal patterns overall were 

masked by high levels of variation and differences between habitats. Habitat 

differences are discussed in the following section. 

5.4.3. Spatial patterns 

Locations 

The major difference in capture rates was between the different locations in Darwin 

Harbour. There were substantially more fish and species captured in the Park over 

the two years of the study although, after taking numbers of individuals into account, 

overall species richness was similar across all locations. 

Several authors have reported declines in numbers of fish and species with distance 

upstream in estuarine systems (Loneragan et al. 1986; Blaber et al. 1989; Sheaves 

1992; Ley et al. 1999). Explanations for differences in species richness and 

composition include the number of available habitats (Blaber et al. 1989) and 

environmental variables, such as salinity, temperature and water depth (Loneragan et 

al. 1986; Sheaves 1992; Ley et al. 1999). 

Environmental variables most likely account for differences in species composition 

among locations in Darwin Harbour (cf. habitats). Elizabeth River experienced the 

greatest variation in salinity as well as lowest pH and dissolved oxygen values of all 

three locations which may have prevented the movement of less tolerant species into 

this location. Toxotes chatareus, Arrhamphus sclerolepis and Leiognathus equulus, 

species which tolerate brackish conditions (Allen and Swainston 1988; Froese and 

Pauly 2003), were all more common in Elizabeth River. 
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Different processes, however, may act on numbers of individuals between locations. 

Sheaves (1992), for instance, sampled the length of Alligator creek, north 

Queensland, in two habitats, "snags" and clear areas, and found that habitats with 

greater structural complexity (snags), harboured more fish than clear areas. He also 

found more fish in the snag habitats downstream than in similar habitats upstream 

and proposed that numbers of fish in the lower reaches were greater because snag 

habitats were less common and more fish were found in each one. 

In another study, Mcivor and Odum (1988) compared fish assemblages on accreting 

mud banks with those in deeper erosional banks and concluded that, at low tide, the 

shallower accreting mud banks afforded small fish greater protection from predation 

and therefore harboured more fish. In addition, more fish were found in marsh 

habitats adjacent to the shallow mud banks than those adjacent to erosional banks at 

high tide. Mcivor and Odum (1988) concluded that fish may occupy intertidal 

habitats based on the characteristics of the adjacent sub-tidal habitats. 

Differences in relative abundance in the three locations in Darwin Harbour may be 

due to a combination of the physical characteristics of each location and its position 

within the harbour. The sampling sites in the Park were situated within a larger area 

of mangroves than either Elizabeth River or Jones Creek (Chapter 2) and the forest 

was less structurally complex (Chapter 3). There were also many creeks and gutters 

flowing from the higher habitats to the seaward edge, which was open to the large 

embayment section of the harbour and bordered by extensive shallow mudflats. 

Elizabeth River and Jones Creek were both situated upstream from the open harbour 

in relatively narrow tributaries (20-30 m wide). The size and open aspect of the Park, 
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both in relation to structural complexity and its proximity to the open harbour could 

have facilitated the movement of larger numbers of fish into the mangroves. 

Habitats 

For four of the six sampling months each year, the mean capture rates for fish and 

species was greater in the higher intertidal habitat (C. tagal) than in the seaward and 

creek edge habitats (S. alba and R. stylosa). Four species, Arius mastersi, 

A. pectoralis, Toxotes chatareus and Liza sp., accounted for most of these captures. 

In the two dry season months, fewer fish were captured in this habitat due to lack of 

water on several sampling occasions. These results show that some species will 

travel large distances into the forest as long as there is enough water. Despite the 

higher capture rates, the overall species richness of the C. tagal habitat was distinctly 

lower and less evenly distributed than either of the other habitats. This result is 

similar to that of Vance et al. ( 1996) who found that a C. tagal site harboured only 

half as many species as a creek fringe R. stylosa site. 

The difference in species composition among habitats was not entirely uniform 

across locations. Species captured in the S. alba habitats were more similar to each 

other than were those captured in the C. tagal habitat. Some of the most abundant 

species, Anodontostoma chacunda, Thryssa hamiltonii and Valamugil perusii were 

found in similar numbers in the S. alba habitats in all locations. Four of the five ariid 

catfish were also found in the S. alba habitats in all locations, although numbers 

varied. 

In contrast, of the 18 species captured in the C. tagal habitats, only two species, Liza 

sp. and Toxotes chatareus, were common across all locations. Of these, T. chatareus 
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was much more abundant in Elizabeth River than at either of the other two locations 

whereas Liza sp. was more abundant in the C. tagal habitats of the Park and 

Elizabeth River but more common in the S. alba habitat at Jones Creek. A. mastersi 

and A. pectoralis were common visitors to the C. tagal habitat in the Park and Jones 

Creek, although only 11 fish were captured in that habitat at Jones Creek. A. mastersi 

and A. pectoralis were never found in the C. tagal habitat at Elizabeth River. 

Small fish ( <1 00 mm) were found throughout the forest but they made up larger 

proportions of total numb~rs in the seaward and creek edge habitats than in the 

higher intertidal habitat. Vance et al. ( 1996) also found small fish in both creek edge 

and inland sites, although in that study, the mean length of fish in the creek edge 

habitat was larger than at the inland site, due to the presence of most of the larger 

predatory fish. Both Vance et al. (1996) and Ronnback et al. (1998) found that larger 

predatory fish were restricted to the seaward habitats and suggested that small fish 

may find refuge from predation in the more inland habitats. 

This was not necessarily the case in Darwin Harbour. Indeed, small fish were found 

in greater abundances in the same habitats as piscivores. Piscivorous fish captured in 

this study included sharks, carangids, Strongylura strongylura and Lates calcarifer. 

Large predatory species (Arius mastersi and A. pectoralis) which included some fish 

in their diets also made up a large proportion of fish (>50%) in the C. tagal habitat, 

particularly in the Park. Given the wide distribution of both small and predatory fish 

across all habitats, it is unlikely that higher intertidal habitats offered greater 

predation refuge value. 

One explanation for the differential distribution of species among habitats is that they 

present a combination of favourable environmental conditions and preferred food 
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items. For example T. chatareus is known to occupy quiet waters with overhanging 

vegetation (Blaber 1997). The C. tagal habitat, particularly in the calmer waters of 

Elizabeth River, may have provided both of these requirements. 

In contrast toT. chatareus, the catfishes and mullets are generalist benthic feeders 

(Chapter 7, Odum 1970; Blaber 1997) and were found throughout all habitats. Their 

presence in larger numbers in the C. tagal habitat perhaps indicates that using 

habitats that are inundated less often and therefore only forageable for a limited time 

provides more food for a given search time. Diet and trophic interactions are 

explored in more detail in Chapter 7. 

The presence of larger fish in the mangroves of Darwin Harbour may also be 

associated with the overall depth of water. The tidal range in Darwin Harbour is 

larger than in many other locations and at high spring tides the water depth in the 

S. alba habitat is usually greater than four metres. This habitat is also relatively open 

which may have allowed larger species to gain access to mangrove habitats. 

The boat tracks may also have provided access to the higher intertidal habitats for 

some fish. In most cases tracks initially followed natural creeks or gaps and were 

then positioned approximately parallel to the shore to avoid providing channels along 

which the tide could flow. In addition, nets were placed close to vegetation along 

each net site. Fish that became familiar with the boat tracks would most likely have 

also used the natural channels and gaps occurring throughout the mangrove forests 

and therefore would gain access to higher intertidal habitats whether or not boat 

tracks were present. 
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5.4.4. Conclusion 

Fish in Darwin Harbour clearly travel large distances into the mangrove forests when 

all habitats are available. Sampling sites in the three C. tagal habitats were 150-

500 m from open water, usually reached a depth of no more than one metre and were 

rarely inundated for more than an hour. Yet results show that, when inundated, 

capture rates were higher at these sites than in the seaward sites. 

Results of this study do not necessarily support the argument that higher intertidal 

habitats may provide greater refuge from predation for juvenile fish. Nevertheless, 

many of the fish captured in this study were juvenile which supports the hypothesis 

that mangroves generally are used as nurseries by some fish species. Habitats within 

mangroves may provide particular sets of conditions that correspond with the needs 

of individual species, for example food supply or environmental conditions. This is 

supported by the fact that small fish did not inevitably find themselves in the shallow 

water habitats simply because they were small. Also several larger species appeared 

to preferentially use the higher intertidal habitats. 

Location within the harbour was an important factor in this study. Despite selecting 

the same habitats to sample in each location, relative abundance and species 

composition changed with distance upstream. Access to the open waters of the 

harbour, environmental variables and forest area and structure may all have played a 

role in the differences among locations. 

At high tide, the mangrove forests of Darwin Harbour are used by a wide range of 

fish species. Juvenile and small fish were found throughout the forest and several of 

these were recreationally important species. Although many of the abundant species 
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were not economically valuable species themselves, they are important prey species 

for higher carnivores and have a vital role in the trophic ecology of the ecosystem. 
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6. DISTRIBUTION OF LARVAL AND JUVENILE FISH 
IN MANGROVE HABITATS OF DARWIN HARBOUR 

6.1. Introduction 

Despite the large number of studies investigating the nursery role of tropical 

mangroves, debate continues to surround the question of the importance of mangrove 

forests to fish survival and recruitment to adult populations (Vidy 2000; Sheridan 

and Hays 2003; Mumby et al. 2004). Notwithstanding the debate, two main 

hypotheses are presented to explain the high densities of juvenile fish often found in 

tropical mangrove forests (Robertson and Blaber 1992). These centre on protection 

from predation, gained from the structural complexity of the forest, and increased 

food availability, due to the high productivity of tropical mangrove forests. These are 

by no means mutually exclusive, and Robertson and Blaber (1992) propose that each 

mechanism is important, but the relative significance of each varies among mangrove 

habitats and fish species. 

In tropical mangrove forests both structural complexity (Chapter 3, Brocklehurst and 

Edmeades 1996a; Ronnback et al. 1998; Vance et al. 2002) and productivity 

(Metcalfe 1999; Comley 2002) can vary within and among the different vegetation 

assemblages (or habitats) making up the forest. Distribution of. fish among the 

habitats can also vary. For example, the studies by Ronnback et al. (1998) and Vance 

et al. (2002) found that small fish were distributed throughout two mangrove habitats 

but that larger predatory fish rarely went further into the forest than the seaward 

fringe. For this reason, both studies concluded that the inland habitats may provide a 

refuge from predation for small fish. 
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In the present study, larval fish and juveniles less than 36 mm SL were not captured 

in the trammel nets (Chapter 5) but many fish recruit to estuarine habitats, including 

mangroves, as larvae or small juveniles (Robertson and Duke 1990b; Laegdsgaard 

1996; Barletta-Bergan et al. 2002). Furthermore, during initial exploration of the 

sampling sites at low tide, small fish were seen in many of the puddles throughout 

the forest. While there is much information about fish inhabiting sub-tropical and 

temperate intertidal pools (Beckley 1983; Bennett and Griffiths 1984; Bennett 1986; 

Lardner et al. 1993; Mahon and Mahon 1994; Crowley and Tibbetts 1995; Rosa et 

al. 1997), and some knowledge of fish that retreat to mangrove gutters and creeks 

during low tide (Robertson and Duke 1990a; Barletta et al. 2000; Barletta-Bergan et 

al. 2002), there is very little information about the fish remaining within mangrove 

forests, waiting out low tide in small pools of water (Barletta et al. 2000). Results 

from some of the studies suggest that tidal pools may act as nurseries for some 

species of fish (Beckley 1983; Russell and Garrett 1983; Bennett 1986; Rosa et al. 

1997). 

The lack of information on the distribution and abundance of these life history stages 

within the forest means that a full assessment of the relative importance of the two 

hypotheses is not possible. In contrast to the other studies, and in contradiction to one 

of the hypotheses, small and large predatory fish were captured in all the three 

mangrove habitats sampled in this study (Chapter 5). Clearly, it is important to gain 

some knowledge of the larvae and small juvenile fish to further examine these issues. 

Sampling fish in mangrove forests often requires a combination of different sampling 

techniques to encompass the different species and habitats in the forest. Several 

studies have used a combination of fishing gears, such as various types of nets, 
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trawls and fish poisons, for use in a range of habitats including mud flats, gutters, 

creeks and forest (Blaber et al. 1989; Blaber and Milton 1990; Chong et al. 1990; 

Robertson and Duke 1990a). As discussed in Chapter 2, constraints operating in this 

project prevented the use of many of these methods. I selected two techniques to 

sample larval and small juvenile fish in the mangrove forest: light traps and modified 

pitfall traps. These methods suited the constraints of the project and complemented 

the main sampling method by collecting species that would not be captured by the 

trammel nets. 

Light traps were used to investigate whether larval and juvenile fish enter the 

mangroves at high tide and to examine spatial patterns and distribution among the 

different habitats. The modified pitfall traps were used to sample species that used 

puddles as refuges while the tide was out. With each of these methods, I was aiming 

to supplement our knowledge of fish use of mangrove forests and contribute to 

information regarding the use of mangrove forests as a nursery. 

6.2. Methods 

6.2. 1. Light traps 

For this project, the light traps had to be inexpensive and small enough to be 

transported in a dinghy. After testing two models, the final design was based on one 

used on the Great Barrier Reef (M. Emsley pers. comm.). The light trap consisted of 

a clear acrylic rectangular box with 10 mm slots in each side (Figure 6.1 ). A 

waterproof battery housing and cylindrical acrylic tube enclosing a fluorescent light 

was fitted into the top of the box and an elastic topped bag made of mosquito mesh 

was stretched around the base. 
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Figure 6.1. Light trap design. 

Light trap sampling was carried out at the same time as the trammel net sampling 

(see Chapter 5) during the three wet season sampling months (November, 1 anuary 

and March) over 2 years. Traps were positioned in three habitats, Sonneratia alba 

(seaward), Rhizophora stylosa (tidal creek edge) and Ceriops tagal (mid tidal flat) in 

each of the three harbour locations (see Chapter 2). Sampling procedure followed 

that discussed in Chapter 5. 
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When possible, traps were deployed for one hour after "civil twilight" 

(approximately 20 minutes after sunset). In some cases the traps in the highest 

intertidal habitat (C. tagal) had to be set at slightly different times to synchronise 

with the time of tidal inundation. Before deployment, a 12 volt battery was connected 

to the light in each trap and the mesh bag placed over the base of the trap. Traps were 

lowered into the water and tied to a stake or tree. After one hour, traps were lifted 

into the boat, the battery was disconnected and the mesh bag removed and put in a 

zip-lock plastic bag which was placed on ice. On returning to the laboratory, animals 

were removed from the bag and preserved in 70% ethanol. Fish were counted and 

identified to the lowest possible taxon. 

6.2.2. Pit traps 

Pit traps were made using 200 mm diameter black plastic plant pots with fibre glass 

insect screening taped over the holes in the base. This design was modified from that 

of Salgado-Kent (in press). Trapping was conducted in August and October 2000 and 

February 2001 at Charles Darwin National Park (the Park) and Elizabeth River 

(logistic constraints prevented sampling at Jones Creek). At low tide, three pots were 

placed haphazardly within the forest habitat alongside each net site in all three 

habitats in each location (see Chapter 2). Pots were placed in holes dug into the mud 

and secured with forked branches to stop them rising out of the mud with the 

incoming tide. The pots were retrieved the next day at low tide. After removing pots 

from the mud, any water remaining in the pot was poured through a sieve. Fish 

captured during this process were put in plastic zip-lock bags and placed on ice. On 

returning to the laboratory, fish were counted, measured (SL) and identified to the 

lowest possible taxon. 
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6.2.3. Data analysis 

Light traps 

To compare sampling sites with highly variable water depths, data were converted to 

numbers per 1Om3
• Water volume sampled was calculated by estimating the distance 

of illumination around the traps (Sm) and depth of water at each of the trap sites. 

Abundance was analysed using a 3-way, repeated measures (RM), mixed model 

ANOV A. Factors were Location (random), Habitat (fixed) and Month (fixed; RM). 

Year was removed as a factor (by averaging years) because of missing data (due to 

extreme weather conditions; see also Section 5.2.2.). Plots of residuals, and of 

variances against means, were used to examine the ANOV A assumptions of 

no1mality and variance heterogeneity (McGuinness 2002). Data were square root 

transformed to conform with these assumptions. 

Patterns in species composition were examined using multivariate analyses, 

performed using the PRIMER statistical package (Clarke 1993; Clarke and Warwick 

1994). Samples were pooled over years and months after preliminary analysis 

indicated there were no consistent temporal patterns. Analysis was done on both 

untransformed and 4th root transformed data to examine effects of abundant and rare 

taxa. Bray-Curtis similarities were calculated and used to perform cluster analysis 

and non-metric multidimensional scaling (MDS) to illustrate patterns among 

habitats. The contribution of each taxon in discriminating between habitats was 

investigated using Bray-Curtis dissimilarities and the SIMPER procedure (Clarke 

1993). 
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Pit traps 

Data were analysed using a 4-way, mixed model, nested ANOV A. Factors were 

Month (fixed), Location (random), Habitat (fixed) and Site (random). Site was nested 

in Location and Habitat. Plots of residuals, and of variances against means, were 

used to examine the AN OVA assumptions of normality and variance heterogeneity. 

Data were 4th root transformed to conform with these assumptions. 

Multivariate analysis followed that for the light traps. Samples were pooled over sites 

and months. Data were square root transformed and standardised in PRIM:ER to 

account for different, and unknown, volumes of water sampled in each site (Clarke 

and Warwick 1994). The square root and 4th root transformations produced the same 

results and analysis of untransformed data provided no additional information. 

6.3. Results 

6.3.1. Light traps 

A total of 2068 fish comprising 31 taxa from 14 families was trapped during the 

study (Table 6-1). The most abundant taxa were from the Engraulidae family 

followed by Atherinomorus endrachtensis (Atherinidae) and Sardinella brachysoma 

(Clupeidae ). Twelve taxa were represented by only one individual. All fish were 

postflexion larvae or juveniles. 

The greatest number of fish was captured in Elizabeth River (853), Jones Creek 

yielded 786 and the Park 429. Total taxa captured in Jones Creek was 21, the Park 19 

and Elizabeth River 15. Among habitats, 833 fish and 19 taxa were captured in the 

S. alba habitat, 305 fish and 16 taxa were captured in the R. stylosa habitat and 93 

fish and 20 taxa were captured in the C. tagal habitat. 
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Table 6-1. Number of fish trapped in each habitat at each location. CDNP-Charles Darwin 
National Park, ER-Elizabeth River, JC-Jones Creek, C-C. tagal, R-R. stylosa and S-S. 

alba. 

MEGALOPIDAE 

Leptocephalus 

CLUPEIDAE 

Anodontostoma chacunda 

Escua/osa thoracata 

Hi/sa kelee 

Sardinel/a brachysoma. 

Sardinella sp. 

Unidentified Clupeidae 

ENGRAULIDAE 

Stolephorus brachychepha/us 

Stolephorus indicus 

Stolephorus sp. 

Unidentified Engraulidae 

HEMIRHAMPHIDAE 

Unidentified Hemirhamphidae 

ATHERINIDAE 

Atherinomorus endrachtensis 

SCORPAENIDAE 

Unidentified Scorpaenidae 

AMBASSIDAE 

Ambassis gymnocepha/us 

Ambassis vache/li 

APOGONIDAE 

Unidentified Apogonidae 

NEMIPTERIDAE 

Unidentified Nemipteridae 

MUGILIDAE 

Valamugi/ sp. 

Unidentified Mugilidae 

BLENNIIDAE 

Omobranchus sp. 

Unidentified Blenniidae 

C R 

1 

3 1 

2 

5 3 

2 19 

6 38 

4 42 

8 43 
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Taxa ER ./ TOTAL 
i i •::··· () c R 

GOBIIDAE 
i 

Pandaka rouxi 1 " 
1 

•·.· 
·•: 

Apocryptodon sp. 1 

Gobiopterus sp. 2 1 13 

Mugilogobius sp. : 1 

Pseudogobius sp. :::>::.:.:·..:.·. :: 

•••••••••• 

1 

Unidentified Gobiidae i 6 
; 

ELEOTRIDAE 
····· 

\ 

Butis butis 1 

TETRAODONTIDAE 

Chelonodon pataca : .. : 1 3 
••• 

Marilyna menaukensis ••• 1 

TOTAL 

t 

34 149 

6~~ I ~~!j 2068 

TAXA 11 8 31 

Analysis showed significant differences in mean number of fish captured among 

locations and habitats as well as an interaction between Habitat and Month (Table 

6-2). Post hoc comparison for Location using the Tukey HSD test showed that the 

mean number of fish per 10m3 captured in the Park (mean= 0.64) was less than in 

both Jones Creek and Elizabeth River, which were equal (means= 0.99 and 1.10, 

respectively; Figure 6.2A). 

Among habitats, mean number of fish per 1Om3 captured in the S. alba habitat (mean 

= 1.78) was significantly greater than the R. stylosa and C. tagal habitats, which were 

equal (means = 0.58 and 0.34 respectively; Tukeys HSD test). Figure 6.2B shows 

the interaction between Month and Habitat. There were always more fish captured in 

the S. alba habitat over the three months, but the difference between the R. stylosa 

and C. tagal habitats was only evident in March (Tukeys HSD test). The taxa which 
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increased in abundance in March were the unidentified Engraulidae and Stolephorus 

sp. (Figure 6.3) and these taxa were much more abundant in the S. alba habitat 

(Table 6-1). The increase in numbers of Engraulidae and Stolephorus sp. did not 

occur in the C. tagal habitat. 

Table 6-2. Summary table of ANOVA results for numbers of fish and taxa captured in light 
traps. The values in the table are the mean squares from the ANOVA, with their significance 

indicated thus: *p<0.05, **p<0.01, ***p<O.OOl. (full tables in Appendix 1). 

Effect df No of fish No of taxa 

Location 2 0.396* 0.062* 

Habitat 2 1.939** 0.023 

Month 2 0.541 0.038 

Loc x Hab 4 0.065 0.011 

Loc x Mo 4 0.291 0.007 

Hab x Mo 4 0.479* 0.031* 

Loc x Hab x Mo 8 0.082 0.006 

A 1 5 B 5 .--.. . 
w 
(J) 

_._ Ceriops tagal .,...-

-...!.. - .. - Rhizophora sty/osa -±. 4 ....... I C'"J 

I 
····•·~ Sonneratia alba 

E 
0 1.0 .,...-

G5 3 
0. 

I .c 
~ 
0 2 
G5 0.5 
.0 
E 

I··················I· :::J 

--1 c 
c 
co 
Q.) --~ 

0.0 0 
CD Nat Park Elizabeth R Jones Ck Nov Jan Mar 

Figure 6.2. Mean number of fish per 1Om3 captured in light traps in each location (A) and in 
each habitat over the three sampling months (B). 
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0.8 0.8 

0.6 0.6 

0.4 0.4 
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Figure 6.3. Mean abundances of major taxa over the three sampling months pooled over all 
locations and habitats. Note different scale for S. indicus. 

There was also a significant difference in the mean number of taxa captured among 

locations and an interaction between Habitat and Month (Table 6-2). Post hoc 

comparison using the Tukey HSD test showed that the significant result for Location 

was due to the difference between the Park and Jones Creek. The mean number of 
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taxa per 10m3 captured in Jones Creek (0.20) was significantly greater than the Park 

(0.12) (Figure 6.4A). 

Figure 6.4B shows the Habitat by Month interaction. In November there were 

significantly more taxa per 10m3 captured in the C. tagal habitat but there was no 

difference among all other habitat x month combinations (Tukeys HSD test). 

--~A 0.25 B 0.4 
w 
(/) --+- Ceriops tagal .,..-

i 0.20 I -•- Rhizophora stylosa 
--+- Sonneratia alba 

C"l 0.3 
E 
0 

I .,..-

Q; 0.15 
0.. 

I ctl 0.2 X 
.$ 
0 0.10 
Q; 
.a 
E 0.1 
:::1 0.05 c 
c 
ctl 
Q) 

~ 
0.00 0.0 

CD Nat Park Elizabeth R. Jones C. Nov Jan Mar 

Figure 6.4. Mean number of taxa per 10m3 captured in light traps in each location (A) and in 
each habitat over the three sampling months (B). 

Patterns in species composition 

The dominance of two taxa, Engraulidae and Stolephorus sp., affected analysis of 

patterns in species composition. Analysis of untransformed data, pooling years and 

months, reflected this dominance (Figure 6.5). Habitats were separated at 50% 

similarity, with both the R. stylosa and S. alba habitats characterised by the abundant 

taxa (contributing 79% and 89% respectively to similarities within habitats). The 

C. tagal habitat, with a lower overall similarity value, was characterised by a larger 
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number of taxa, including Stolephorus brachycephalus, Atherinomorus 

· entrachtensis, Gobiopterus sp. and Stolephorus sp. The separation between the 

C. tagal habitat in the Park (CDC) and all other sampling sites was most likely due 

to the absence of both abundant taxa from this sampling site. 

Analysis of 4th root transformed data, to emphasise the contribution of the rarer taxa, 

resulted in increased similarity among sampling sites (Figure 6.6). At 50o/o similarity 

the only separation remaining was that between CDC and all other sampling sites. 

The Engraulidae and Stolephorus sp. continued to be the main characterising taxa for 

both the R. stylosa and S. alba habitats, although their contribution was reduced. 

There was virtually no change in the species characterising the C. tagal habitat. 

Analysis at the family level indicated the Engraulidae, Atherinidae and the Clupeidae 

families characterised all habitats, but in addition, the Gobiidae was an important 

contributor to the similarity within the C. tagal habitat (Table 6-3). Results shown in 

Table 6-3 are from 4th root transformed data. Other transformations made little 

difference, but using untransformed data resulted in the highly abundant Engraulidae 

increasing its contribution to the similarity within the S. alba and R. stylosa habitats 

to 94% and 89o/o respectively. There was little influence on the results for the 

C. tagal habitat. 
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Figure 6.5. A. MDS ordination of samples using untransformed data with superimposed 
circles from dendrogram generated from Bray-Curtis similarities of samples (B). Samples 

averaged over years and months. Dotted vertical line groups clusters based on 50% 
similarity. CD-Charles Darwin National Park, ER-Elizabeth River, JC-Jones Creek. C-C. 

tagal, R-R. stylosa, S-S. alba. 
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Figure 6.6. MDS ordination (A) and dendrogram (B) generated from Bray-Curtis similarities 
of samples using 4th root transformed data. Samples averaged over years and months. CD

Charles Darwin National Park, ER-Elizabeth River, JC-Jones Creek. C-C. tagal, R-R. 
stylosa, S-S. alba. 
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Table 6-3. Families making up at least 90% of the similarity within habitats. Results from 4th 
root transformation. 

C. tagal 

average similarity: 64.88 

Family Average Av.Sim SD(Sim) o/o Cumulative 0/o 
abundance contribution contribution 

Engraulidae 0.14 19.77 2.49 30.46 30.46 

Gobiidae 0.05 16.66 1.66 25.68 56.15 

Atherinidae 0.04 14.91 2.34 22.98 79.13 

Clupeidae 0.03 5.02 8.66 7.74 86.87 

Tetraodontidae 0.02 4.70 8.10 7.24 94.11 

R. stylosa 

average similarity 69.24 

Engraulidae 0.37 38.12 1.35 55.06 55.06 

Clupeidae 0.03 18.41 0.68 26.58 81.64 

Atherinidae 0.08 8.59 14.81 12.41 94.05 

S. alba 

average similarity 69.88 

Engraulidae 1.31 35.64 2.01 51.00 51.00 

Clupeidae 0.13 16.74 1.20 23.95 74.95 

Atherinidae 0.07 11.79 2.95 16.88 91.83 

Overall, the S. alba and R. stylosa habitats were dominated by the Engraulidae 

family and by the unidentified Engraulidae and Stolephorus sp. in particular. 

Although an engraulid, Stolephorus brachycephalus, contributed at least 20% to the 

similarity within the C. tagal habitats, other species from the Gobiidae and 

Atherinidae were also important in that habitat. 

6.3.2. Pit traps 

Of the 108 samples, 58 yielded fish. One trap in the Park went missing and five traps 

in the Elizabeth RiverS. alba habitat had drained completely and no fish were found 

in those. Of the traps that retained some fish, most had trapped one fish. Figure 6. 7 
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shows the distribution of fish among traps with superimposed expected values if fish 

were randomly distributed among traps (poisson distribution). Deviations from the 

expected values indicate a clumped, rather than random, distribution of fish. 
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Figure 6. 7. Numbers of fish captured per trap with superimposed expected poisson values. 

A total of 117 fish comprising 11 species was trapped (Table 6-4). All species, with 

one exception (Pseudomugil cyanodorsalis), were from the Gobiidae family. 

Pandaka lidwilli was the most abundant species (54 individuals) and three species 

were represented by only one individual. Fifty fish comprising nine species were 

trapped in the Park. Sixty seven fish comprising eight species were trapped in 

Elizabeth River. 

All fish captured in this study were under 40nun SL. The smallest species was 

Pandaka lidwilli, with an average length of 8.7mm. Most of these were adults but 
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there was a mix of adults and juveniles among the other species (H. Larson, pers. 

comm.). 

Table 6-4. Number of fish trapped in pit traps in each habitat at each location. CD-Charles 
Darwin National Park, ER-Elizabeth River. C-C. tagal, R-R. stylosa, S-S. alba . 

SPECIES ••••••• 
. ). ) ...... : ., .... 

SL ... /) . ) ER 
if 

(mm) \ r. ? . c R S· \ ·> ....... !"'. r i•••··· + 
MELANOTAENIIDAE 

(. / > •• 
\. 

•>i{:: 
r . : Pseudomugil cyanodorsalis 9.8- 14 

... 

··· .. 3 • •• 

····· { < .... :) 
/ GOBIIDAE ....... •• > ·.• 

• oy .. .. 
Amoya sp. 10.7 :•. 

Gobiopterus sp. 6.3-7.7 ; 
Hemigobius hoevenii 28 

ir 
1 

Mugilogobius filifer 10.0- 30.9 
..... 

11 2 
••••••• 
.... lg•c 

Mugilogobius mertoni 14.1 -19.0 1 

Pandaka lidwilli 5.6- 12.8 
•••• 

2 20 10 
i. 

Pseudogobius sp. 5.3 
•••••• Pseudogobius sp. 2 6.5- 25.8 ./ 5 ......• 

)\ >: 

Pseudogobius sp. 3 10.4- 16.6 
••••••• 

1 ·-;~ 
: 

....• 
•· Unidentified Gobiidae 5.5- 6.4 {/ 3 • 

TOTAL 
) 

20 29 18 
••••• •••• \ y i. : 

SPECIES . { ii 5 5 / 
:• ... 

Analysis of numbers of fish showed a main effect of Site and interaction effects 

between Location and Month, Habitat and Month and Site and Month (Table 6-5). 

The main effect of Site and its interaction with Month indicated heterogeneity among 

sites which changed over time. The interaction effects of Location and Habitat by 

Month are shown in Figure 6.8. The location by month interaction may indicate large 

scale changes in fish abundance over time. Figure 6.8B shows the Month by Habitat 

interaction showing no consistent patterns in fish abundance among habitats. There 
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appeared to be a trend for a decrease in fish captures from August to February in the 

R. stylosa and S. alba habitats however there was also substantial variation in 

abundances over the three months. In the C. tagal habitat there were fewer fish 

captured in August. 

There were no main effects for analysis of number of taxa, but there were two 

interactions. The Month by Habitat interaction was similar to that for numbers of 

fish; there were no consistent patterns, but there appeared to be fewer taxa captured 

in the C. tagal habitat in August. The Month by Site interaction again indicated 

heterogeneity among sites. 

Table 6-5. Summary table of AN OVA results for numbers of fish and taxa captured in pit 
traps. Values in the table are the mean squares from the ANOV A, with their significance 

indicated thus: *p<0.05, **p<O.O 1, ***p<O.OOl. (full tables in Appendix 1). 

Effect df No of fish No of taxa 

Location 1.340 1.022 

Habitat 2 0.640 0.739 

Month 2 0.251 0.366 

Site 6 0.560* 0.342 

Loc x Hab 2 0.642 0.720 

Loc x Mo 2 2.186* 1.522 

Hab x Mo 4 0.526* 0.385* 

Mo x Site 12 0.526* 0.431 * 

Loc x Hab x Mo 4 0.041 0.057 
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Figure 6.8. Mean number of fish captured in pit traps over the three sampling months in each 
location (A) and habitat (B). 
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Figure 6.9. Mean number of taxa captured in pit traps over the three sampling months in 
each habitat. 

Patterns in species composition 

During preliminary multivariate analyses, the unidentified Gobiidae were found to be 

among the highest contributors to the dissimilarity between habitats. Because most of 

the species trapped were gobiids, an unidentified goby was not considered a useful 
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discriminating species, so that group was removed from the species list before 

performing the final multivariate analysis. 

MDS and cluster analysis showed separation between the C. tagal and the other two 

habitats but the two C. tagal were also relatively widely separated with a similarity 

of less than 50o/o (Figure 6.1 0). This may be due to two species in particular, 

Gobiopterus sp. and Pseudomugil cyanodorsalis. Gobiopterus sp. was found only in 

the C. tagal habitat at the Park while P. cyanodorsalis was found only in the 

Elizabeth River C. tagal habitat. (Table 6-4). There was no clear pattern among 

locations. 

SllviPER analysis showed that the species contributing most to the dissimilarity 

between the C. tagal habitat and the R. stylosa habitat were Mugilogobius filifer and 

Pseudogobius sp 2 (Table 6-6). Mugilogobius filifer and Pseudo gob ius sp 3 

contributed more than 20% each to the dissimilarity between the C. tagal habitat and 

the S. alba habitat (Table 6-7). Species which characterised the different habitats are 

shown in Table 6-8. 
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Figure 6.10. A. MDS ordination of samples by location and habitat. B. Dendrogram 
generated from Bray-Curtis similarities of samples. Samples averaged over sites and months. 
CD-Charles Darwin National Park, ER-Elizabeth River, JC-Jones Creek. C-C. tagal, R-R. 

stylosa, S-S. alba. 

Table 6-6. Average abundance of species making up at least 90% of the average dissimilarity 
between C. tagal (C) and R. stylosa (R) habitats. Species are listed in order of% 

contribution. SD = standard deviation of the dissimilarity values. Sites and months averaged. 

Groups C and R 

average dissimilarity: 61.24 

Species Average Av.Diss Diss/SD o;o Cumulative 
abundance contribution % 

c R 
contribution 

Mugilogobius filifer 1.08 0.17 12.85 1.34 20.99 20.99 

Pseudogobius sp. 2 0.08 1.08 12.08 1.70 19.73 40.71 

Pandaka lidwil/i 0.67 2.42 8.38 1.69 13.68 54.40 

Gobiopterus sp. 0.42 0.00 7.15 0.86 11.68 66.07 

Mugi/ogobius mertoni 0.17 0.00 6.72 10.79 10.98 77.05 

P. cyanodorsalis 0.25 0.00 6.10 0.86 9.97 87.02 

Pseudogobius sp. 0.08 0.00 3.20 0.86 5.22 92.24 
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Table 6-7. Average abundance of species making up at least 90% of the average dissimilarity 
between C. tagal (C) and S. alba (S) habitats. Species are listed in order of% contribution. 

SD =standard deviation of the dissimilarity values. Sites and months averaged. 

Groups C and S 

average dissimilarity: 71.36 

Species Average Av.Diss Diss/SD o/o Cumulative 
abundance contribution 0/o 

c s contribution 

Mugilogobius filifer 1.08 0.00 16.21 1.93 22.71 22.71 

Pseudogobius sp. 3 0.00 0.83 14.36 2.43 20.12 42.83 

Pseudogobius sp. 2 0.08 0.42 7.57 1.18 10.61 53.44 

Gobiopterus sp. 0.42 0.00 7.15 0.86 10.02 63.46 

Pandaka lidwilli 0.67 1.42 6.75 1.36 9.46 72.92 

Mugi/ogobius mertoni 0.17 0.00 6.72 10.71 9.42 82.34 

P. cyanodorsalis 0.25 0.00 6.10 0.86 8.55 90.89 

Table 6-8. Species which contributed most to the similarity within habitats. 

C. tagal 

average similarity: 45.98 

Family Average Av.Sim % Cumulative % 
abundance contribution contribution 

Mugilogobius filifer 1.08 17.31 37.65 37.65 

Pandaka /idwilli 0.67 16.79 36.52 74.17 

Mugilogobius mertoni 0.17 11.87 25.83 100.00 

R. stylosa 

average similarity 69.40 

Pandaka /idwil/i 2.42 44.19 63.67 63.67 

Pseudogobius sp 2 1.08 25.22 36.33 100.00 

S. alba 

average similarity 63.61 

Pandaka /idwil/i 1.42 41.45 65.17 65.17 

Pseudogobius sp 3 0.83 22.16 34.83 100.00 
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6.4. Discussion 

6.4. 1. Light traps 

The majority of fish captured in the light traps were postflexion larvae or juveniles of 

small coastal schooling species, of which the most numerous were from the 

Engraulidae (81% ). The engraulids, clupeids and the atherinid, Atherinomorus 

endrachtensis, made up 97o/o of the total catch. Most of these species are known to 

enter estuaries and many tolerate brackish water (Wongratana et al. 1999). These 

three families also made up the greatest percentage (91- 100%) of light trap captures 

in a mangrove study in Florida (Lindquist et al. 1999). Often referred to as "bait 

fishes", species from these families are also regularly collected in large numbers in 

light traps in studies of coral reef fishes (Choat et al. 1993; Meekan et al. 2000; 

Meekan et al. 2001). 

Similar taxa have also contributed to a large percentage of captures in studies using 

other methods to sample juvenile fish in mangroves. Species from four families, 

Ambassidae, Clupeidae, Gobiidae and Pseudomugilidae made up 83% of captures 

from stake nets in a mangrove forest in the Embley estuary in northern Australia 

(Vance et al. 1996). Ronnback et al. (1998) used the same sampling method in the 

Philippines and species from two families, Ambassidae and Atherinidae, made up 

92o/o of captures. Trap nets used in north Queensland to sample mangrove fish on the 

ebb tide captured 92 species, of which 93% were from four families, Engraulidae, 

Ambassidae, Leiognathidae and Clupeidae (Robertson and Duke 1990a). 

In the present study, 11 families contributed to the rest of the catch (as opposed to 1 

in the Florida study). The next most important family captured in this study was the 

Gobiidae. The species found in this study are known from mangrove creeks, 
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estuaries and quiet backwaters, some tolerating highly variable salinities (Larson and 

Murdy 2001). Many gobies are mangrove residents and several gobies captured in 

the light traps were also trapped in the pit traps. Gobies are also often among the 

most numerous of the species captured in other studies of juvenile mangrove fish 

(Laegdsgaard and Johnson 1995; Barletta-Bergan et al. 2002). 

The number and composition of taxa captured using light traps in this study 

compares favourably with other studies which have used different methods to sample 

juvenile fish in mangrove forests (Robertson and Duke 1987; Laegdsgaard and 

Johnson 1995; Barletta-Bergan et al. 2002). One exception was the Ambassidae, 

which was rarely captured in the light traps, although it was reasonably common in 

the trammel net study. 

Temporal patterns 

Several taxa showed distinct temporal patterns in abundance. The dominance of the 

two most abundant taxa was a result of significant increases in March, but three other 

species, Sardinella brachysoma, Stolephorus brachycephalus and Atherinomorus 

endrachtensis, were more abundant in November. Stolephorus indicus was the only 

common species to lack temporal patterns in abundance throughout the sampling 

period. 

Many tropical fish recruit to inshore habitats, including mangroves and coral reefs, 

over the summer wet season months (Robertson and Duke 1990b; Laegdsgaard 1996; 

Meekan et al. 2001) and this recruitment can be highly variable (Williams and Sale 

1981 ). However, little is known of the breeding and spawning patterns of the major 

taxa captured in the present study (Ivantsoff and Crowley 1999; Munroe et al. 1999; 
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Wongratana et al. 1999). Most tropical clupeoid fishes have protracted spawning 

seasons, with peaks of intensity occurring once or twice throughout the year 

(Longhurst and Pauly 1987; Blaber 1997) and some Atherinidae are known to breed 

annually or opportunistically (Ivantsoff and Crowley 1999). 

Among the major taxa in this study, temporal patterns were consistent across both 

years which may reflect regular peaks in spawning activity for at least three species, 

S. brachysoma, S. brachycephalus and A. endrachtensis. In November of both years 

water temperatures were still high but the onset of wet season rains had already 

occurred and salinity had begun to drop slightly. Barletta-Bergan et al. (2002) also 

found that larval densities increased in the early wet season. The Stolephorus sp. and 

Engraulidae could have been made up of several different species which prevents 

further interpretation of temporal patterns for these taxa and may explain the higher 

levels of variation among months. 

Spatial patterns 

Locations 

The three locations were chosen as representative of the harbour mangrove 

community as a whole, but analysis suggested that they differed in their use by larval 

and juvenile fish. The average number of fish captured at the Park was significantly 

lower than at either Elizabeth River or Jones Creek (upstream sites). Three of the 

abundant species, Atherinomorus endrachtensis, Sardinella brachysoma and 

Stolephorus sp. were either absent or in lower numbers in the Park compared to the 

other locations. 
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The Park had several environmental characteristics which set it apart from the other 

locations. These include proximity to the open harbour, aquatic environmental 

variables similar to open marine environments, a higher level of natural and artificial 

disturbance, and a lower level of structural complexity (Chapter 3). All of these 

characteristics may influence the abundance of different species to some degree but 

results of this study suggest that distance from the open harbour environment may be 

the main factor affecting numbers and species composition of each location. 

The most abundant taxa captured in this study are thought to enter estuaries and 

some tolerate brackish water (Ivantsoff and Crowley 1991; Wongratana et al. 1999). 

Stolephorus indicus, for instance, moves offshore to breed but returns to inshore 

environments immediately after spawning and another engraulid, Thryssa hamiltonii, 

also enters estuaries (Wongratana et al. 1999). The brackish waters of the upstream 

locations may have provided more suitable conditions for these abundant taxa. 

Barletta-Bergan et al. (2002) also found greater densities of most species, including 

engraulids, in upstream locations. 

In contrast, the Nemipteridae was one of the rare taxa found only in the Park. Species 

from this family are considered marine, rather than estuarine or brackish water 

species and would rarely be expected to migrate upstream. More resident mangrove 

dwellers (Gobiidae) were also found in the Park and these would not be expected to 

move on a large scale from location to location. Although all of the abundant species 

were found in large numbers at Elizabeth River, many of the rare taxa were absent. 

The lower numbers of taxa found in this location may also be a result of the greater 

variability in aquatic environmental variables. The sampling sites at ~lizabeth River 
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were situated in a quiet backwater and experienced lower dissolved oxygen and pH 

levels than the other locations (Chapter 3). 

Habitats 

Despite the difference in abundance among locations, the trend at all locations was 

for fish abundance in the mangroves to decline rapidly as distance from the seaward 

edge increased. So, although most fish travelled considerable distances to the 

upstream locations, once there, few penetrated very far into the mangrove forest. 

This result is similar to that found for small fish in the trammel net sampling. The 

proportion of small fish was greater in the S. alba and R. sty los a habitats than in the 

C. tagal habitat. 

One explanation for the larger numbers of fish captured in these seaward habitats is 

presence of preferred prey. Many larval and juvenile fish are zooplanktivores 

(Robertson et al. 1988) and the light traps in the seaward habitats appeared to capture 

larger numbers of crustacean larvae (pers. obs.). Moreover, in some samples, fish had 

clearly been feeding on the abundant crab larvae that were also captured in the traps. 

Robertson et al. (1988) also found that crab zoea were highly abundant over the 

summer months in Alligator Creek, north Queensland. 

Number of taxa did not follow the same trend as total abundance and, over the whole 

study, total numbers of taxa captured were similar in the C. tagal and S. alba 

habitats (20 and 19 respectively) and slightly lower in the R. stylosa habitat (16). 

This result differs from that of the trammel net sampling (Chapter 5) when fewer 

species were captured in the C. tagal habitat. This was largely due to the capture of 

gobies in the light traps. 

146 



DISTRIBUTION OF LARVAL AND JUVENILE FISH IN MANGROVE 
HABITATS OF DARWIN HARBOUR 

Gobiidae was also the main discriminating family in species composition among 

habitats. Although the Engraulidae strongly characterised all habitats, Gobiopterus 

sp. was an important species in the C. tagal habitat. This species was also captured in 

the C. tagal habitat in the pit trap sampling suggesting that it may be resident in 

greater numbers in this habitat. 

6.4.2. Pit traps 

Despite several casual observations of large numbers of small fish gathered in 

puddles at low tide, the average number of fish captured per trap in this study was 

low (.X = 1.11, range 0-1 0). Only one trap captured 10 fish and this included all the 

Gobiopterus sp. The relatively large number of fish in this trap was probably due to a 

dense covering of leaves which may have provided protection for a larger number of 

fish or they could have simply prevented fish leaving the trap. 

Except for one species, Pseudomugil cyanodorsalis, all fish captured were from the 

Gobiidae family. All species are regarded as either estuarine or mangrove dwellers 

and most are described as benthopelagic or demersal (Larson 2001) although the 

most abundant species, Pandaka lidwilli, is a small (~15mm) schooling pelagic 

species (Larson and Murdy 2001) and was captured most often in small groups 

which contributed to the observed clumped distribution of fish among traps. Despite 

the large numbers of this species found in the pit trap study and their habit of 

schooling near the surface (Larson and Murdy 2001), no P. lidwilli were captured in 

the light traps. This is most likely because the attraction to light usually only occurs 

in larval or juvenile fish and most of the P. lidwilli captured in this study were adults. 
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Analysis of the pit trap data was difficult to interpret due to the low numbers of fish 

trapped per sample. The only significant main factor was site, which simply reflected 

heterogeneity among sites in each habitat and location. There appeared to be some 

large scale changes in where fish were abundant over the 3 sampling months which 

may be a seasonal effect, however sampling would need to be conducted for at least 

another year to confirm this. 

While there were no consistent trends in abundance or diversity among habitats, 

there were some patterns in species composition. Most of the Mugilogobius filifer 

were found in the C. tagal habitat while the Pseudogobius spp. were found mainly in 

the R. stylosa and S. alba habitats. These data.compare well to other studies currently 

underway in the same locations (K. Metcalfe pers. comm.) The most abundant 

species, Pandaka lidwilli was found throughout all three habitats in both locations. 

Although there have been no similar studies for direct comparison, a few studies 

have sampled mangrove creeks at low tide. Barletta et al. (2000) sampled fish with 

an ichthyotoxin in small mangrove gutters of the Caete River Estuary in Brazil. The 

most abundant species captured were also mangrove residents including six species 

of Gobiidae. In contrast, Robertson and Duke ( 1990a) sampled shallow creeks (3 

metres wide) at low tide with a small pocket seine. They captured large numbers of a 

wide range of species dominated by Ambassis gymnocephalus and Leiognathus 

equulus but residents, such as the Gobiidae and Eleotridae were rarely captured. 

Barletta et al. (2000) observed that the Eleotridae and Gobiidae had behavioural 

strategies which helped them avoid exposure during low tide. These strategies, such 

as sheltering in crab holes and attaching to mangrove roots would not have prevented 
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them being affected by ichthyotoxin, but would have allowed them to avoid capture 

in a seine net. 

The large tidal range that occurs in Darwin Harbour (up to 8m) results in long 

periods of exposure for mangrove forests and their associated fauna. The fish that 

wait out this time in small pools and puddles amongst the trees rather than leave the 

forest and retreat to creeks, need to be able to withstand the variability in 

temperature, salinity and dissolved oxygen that may occur in these pools over the 

low tide. Perhaps not surprisingly, all of the species found in this study were 

mangrove residents which have a high tolerance to variability in their environment 

(Barletta et al. 2000; Froese and Pauly 2003). 

6.4.3. Conclusion 

Results from this study have supplemented the information gained from the trammel 

net sampling (Chapter 5). Larval and juvenile fish were captured in all three 

habitats, but were more abundant in the seaward habitats which reflected the relative 

abundance of small fish captured in the trammel nets. The pit traps did not catch 

larval fish or juveniles other than gobies which suggests that larvae and juveniles of 

non-resident species move into the mangroves with the tide and retreat to adjacent 

habitats, such as small creeks, or even the large expanses of shallow mud flats, at low 

tide. 

The two widely accepted explanations for the high densities of juvenile fish in 

mangrove forests, structural complexity and food availability, most likely work 

together in Darwin Harbour. Mangrove forests are the dominant intertidal habitat in 

the harbour. There are few other structurally complex habitats, such as rocky or coral 

reefs and no seagrass beds. The greater level of protection afforded by structure of 
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the mangrove forest would perhaps give the larval and juvenile fish an opportunity to 

feed on planktonic invertebrates (crustacean larvae in particular) which also appeared 

to be frequently abundant in the forest. The fact that fewer larvae and fish wer~ 

captured in the higher intertidal forest suggests that the seaward habitat may have 

offered sufficient protection from predation and harboured enough prey to balance 

predation risk and foraging gains. Once gaining the protection of the forest, further 

movement towards higher intertidal sites could expose small fish to the risk of 

predation due to movement between safe areas. 

The two methods used in this study have rarely been used to sample fish in mangrove 

environments. Light traps have their own sampling biases and problems, such as low 

sampling efficiency (Meekan et al. 2000) and selectivity (Faber 1981). However, 

even in a relatively turbid environment such as Darwin Harbour, they were highly 

successful in trapping large numbers of fish. This provided comparative information 

about the distribution of larval and juvenile fish among the different mangrove 

habitats in different locations within the harbour. Species composition was similar to 

studies that have used other methods to sample juvenile fish in mangroves. This 

indicates that despite their shortcomings, light traps can provide information that 

would otherwise be difficult to obtain in this environment using other methods. 

The pit traps were an attempt to standardise the size of puddles that may be used by 

fish remaining in mangroves during low tide. These were successful in providing 

information about the distribution of various mangrove dwelling gobies throughout 

the mangrove forest. The lack of other species suggests that in general these small 

puddles are not used by non-resident larval and juvenile fish as nursery sites. 
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7. DIETS AND TROPHIC STRUCTURE OF FISH 
FROM MANGROVE FORESTS IN DARWIN 

HARBOUR 

7 .1. Introduction 

Elliott et al. (2002) wrote: "In order to understand the functioning within estuarine 

habitats, it is necessary first to describe the trophic interactions in the habitats and 

then to quantify them where possible." In this chapter, I will describe the diets and 

trophic structure ·of the fish using the mangrove forests in Darwin Harbour. In the 

subsequent chapter I attempt to quantify trophic links between the mangrove forests 

and the fish of the Darwin Harbour ecosystem. 

Few studies have investigated the diets of whole fish assemblages in mangrove 

forests since the influential work of Odum and Heald (1972). Ong and Sasekumar 

(1984) examined the diets of 61 species of fish collected in shallow waters adjacent 

to a mangrove shoreline in Malaysia and classified them into five trophic groups. 

Sixteen species were categorised as detritivores and Ong and Sasekumar (1984) 

concluded, as had Odum and Heald ( 1972 ), that mangrove detritus was the basis for 

the estuarine food web. Yanez-Arancibia et al. (1979) studied the assemblages of 

fish in the southern Gulf of Mexico also grouping 121 species into five trophic 

groups but concluded that there was no evidence to show that mangrove detritus was 

the most important contributor to the food chain. 

More recent diet analyses have focussed on the relative importance of the different 

primary producers in the diets of fish, as determined by stable isotope analysis 

(Marguillier et al. 1997; Nagelkerken et al. 2001; Melville and Connolly 2003; 

Kieckbusch et al. 2004; Nagelkerken and van der Velde 2004a). An examination of 
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these studies suggests that the contribution of mangroves to the diets of marine biota 

varies locally and regionally and may depend on fish species as well as presence and 

relative area of alternative primary producers. 

As discussed in Chapter 1, research also indicates that in Indo-West Pacific 

mangrove forests, some leaf-eating sesarrnid crabs may effect energy flows within 

the forest, greatly reducing the export of leaf detritus to adjacent coastal areas and 

thus, increasing the recycling of nutrients within the forest (MacN ae 1968; Robertson 

1986; Mcivor and Smith 1995; Lee 1998; Salgado-Kent 2002). 

There have been numerous studies of the role of sesarmid crabs in the structure and 

function of mangrove forests since the work of Robertson ( 1986) who measured le.af 

consumption rates and suggested that these crabs may have a major influence on the 

trophic flows in mangrove ecosystems ( eg.Camilleri 1989; Emmerson and 

McGwynne 1992; Micheli 1993; McGuinness 1997a; Lee 1998; Dahdouh-Guebas et 

al. 1999; Salgado-Kent 2002). Although it has been acknowledged that the action of 

sesarmid crabs may substantially alter estuarine trophic flows and food webs 

(Robertson et al. 1992), the importance of mangrove litter in the diet of sesarmid 

crabs has recently been questioned (Bouillon et al. 2002) and little is known of the 

trophic links to higher consumers. Indeed, in a review of recent literature, Kathiresan 

(200 1) presented a stylised food web of a mangrove ecosystem in which "Crab 

Consumption" flowed only to "Faeces/Death''. 

One study (Sheaves and Molony 2000) specifically targeted three species of 

predatory fish and found that sesarmid crabs dominated the diets of two species and 

formed a significant proportion of the third. From these results they proposed a 

modified, and more complex, version of the original mangrove food web in which a 
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greater proportion of the mangrove productivity reached top predators- and was 

ultimately exported from the system- as a result of a "short-circuit" in the food 

chain. In order to determine the trophic links between mangroves and fish, and 

ultimately the role of mangroves in an estuarine system, it is important that key 

trophic groups are identified and the dietary relationships among these better 

understood. 

As discussed in Chapter 1 the mangrove forests of Darwin Harbour are extensive and 

comprise several different habitats. Determining the relative value of different 

mangrove habitats to fish is difficult. Some habitats may appear to be more valuable 

as predation refuges (Vance et al. 1996; Ronnback et al. 1998) but others may 

provide greater feeding opportunities or higher quality food items (Davis 1985; Ley 

et al. 1992). Ley et al. (1992) studied the diets of four resident species within 

mangroves in Florida Bay and reported changes in diet with season and habitat. Two 

species consumed lower quality food items in upstream habitats, which experienced 

higher variability in salinity, than in downstream habitats with more stable salinity 

levels. Davis (1985) examined the diet of Lates calcarifer in northern Australia and 

observed that habitat played an important role in the dietary changes of this species. 

The ontogenetic transition in diet from macrocrustacea to fish was more pronounced 

in the tidal saltwater habitat than in the freshwater non-tidal habitat and Davis 

concluded that prey availability, rather than preference for a type of prey influenced 

the diets of fish in each habitat. 

Patterns of habitat use by some fauna can be complex (Salgado-Kent 2002; Vance et 

al. 2002). Vance et al. (2002) noted that small scale differences in topography and 

water currents, rather than habitat type, influenced the distribution of prawns in a 

153 



DIETS AND TROPHIC STRUCTURE OF FISH FROM MANGROVE FORESTS 
IN DARWIN HARBOUR 

mangrove forest associated with a meandering creek. Along a nearby river shoreline, 

however, prawn distribution was more consistent, with highest densities in the 

habitats closer to the shoreline than in the shallower inland habitats. Salgado-Kent 

(2002) found high levels of variability in distribution of grapsid crabs among 

mangrove habitats in Darwin Harbour. Although habitat was the most important 

factor in distribution of most species, she concluded that other factors, such as tidal 

inundation, irregular wet season rains and substrate characteristics may also 

influence crab distribution. 

Little is known about the diets of fish inhabiting mangroves in Darwin Harbour. 

Larson ( 1987) presented some broad trophic groupings of fishes in Darwin Harbour, 

but these were based on diet information from other studies or related species (H. 

Larson, pers. comm.). While this may well be valid in the absence of local data, the 

opportunistic nature of many fish species means that their diets can change in 

relation to the local prey abundances (Robertson et al. 1988; Salini et al. 1990; Ley 

et al. 1992). This is important because different prey species, even within families, 

may have very different roles in energy flows. Furthermore, given the differential 

distribution of sesarmid crabs, for instance, throughout the mangrove forest 

(Salgado-Kent 2002), mangrove habitats may also differ in their contribution to the 

trophic structure of the mangrove community. 

The aim of this chapter is to determine diets and trophic groups of fish using the 

mangrove forests of Darwin Harbour. I describe the diets of fish from three different 

habitats within the mangrove forests, identify predators of the Sesarminae sub-family 

of crabs and generate trophic groups using multivariate techniques. 
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This information will provide valuable data for modelling trophic flows in Darwin 

Harbour and allow a better understanding of the role of mangroves, and mangrove 

habitats, in the harbour ecosystem. Such an understanding should provide a basis for 

more informed management decisions in a region where coastal development and 

conservation are often conflicting priorities. 

7.2. Methods 

7.2. 1. Study sites and sampling methods 

Fish were sampled within the mangrove forest in three locations in Darwin Harbour 

(Chapter 2, Figure 2.3) using trammel nets. Three habitats were sampled in each 

location, Ceriops tagal (mid intertidal flat), Rizophora stylosa (tidal creek forest) and 

Sonneratia alba (seaward fringe) (see Chapter 2 for a full description of study sites). 

Samples were taken at high spring tides, every second month for two years. Sample 

design and procedure was described in detail in Chapter 5. Trammel net 

specifications were given in Chapter 4. 

Immediately after removal from the nets, fish were placed in a freezer at -20°C for 

storage. In the laboratory they were thawed, then identified, measured (SL, FL & TL) 

and weighed. Stomachs, and food items found in the mouth, were removed and fixed 

in 1 Oo/o buffered formalin for two weeks then transferred to 70% ethanol. 

7.2.2. Diet analyses 

To increase the number of stomachs available for analysis, fish captured during the 

pilot study were included (April and August 1999). Fifteen of 65 species were 

captured in sufficient numbers for meaningful analysis. A further 21 species were 

examined after pooling into eight taxonomic groups (based on genera or families) 
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(Table 7-1 ). Species were grouped if the main prey items were the same and found in 

similar proportions. Both individual species and groups of species are referred to as 

"predator groups" in the remainder of this chapter. Four predator groups were 

numerous enough across a wide size range to divide into size classes and investigate 

ontogenetic shifts in diet (Table 7-2). 

All predator groups, with one exception, consisted of at least 6 fish with stomachs 

containing food. The exception was Lates calcarifer which was represented by five 

individuals, three of which had food in their stomachs. L. calcarifer was included 

because the diet of this species is well known and the items found in the three 

stomachs corresponded well with the known diet (Davis 1985). 

The clupeid, Anodontostoma chacunda, and five mullet species were not included. 

These species have a gizzard which grinds food before it passes into the gut. A 

preliminary examination of several gizzards of each species indicated that most of 

the ingested matter was sediment and little further detail could be discerned. 

A. chacunda and mullet have been described as iliophagous or detritus feeders, 

feeding on microfauna and plant matter present in the substratum (Beumer 1978; 

Day 1981; Robertson and Blaber 1992; Blaber 1997) (these species were included in 

the trophic model in Chapter 8 as demersal omnivores). 

Temporal changes in diet were not examined because no predator group was 

common enough across several months. 
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Table 7-1 . Species selected for diet analysis. Species were pooled only if the main prey items 
were the same and found in similar proportions. 

Predator group Abbrev Pooled species N with food 

Carcharhinus cautus Cc 16 10 

Negaprion acutidens Na 17 10 

Herklotsichthys koningsbergeri Hk 60 38 

Thryssa spp. Th Thryssa hami/tonii 63 58 

Thryssa setirostris 8 6 

Stolephorus indicus Si 11 11 

Arius argyropleuron A a 69 55 

Arius hainesi Ah 9 7 

Arius mastersi Am 110 105 

Arius pectoralis Ap 95 94 

Arius proximus Apr 43 41 

Plotosus lineatus PI 8 8 

Hemiramphidae He Arrhamphus sclerolepis 6 4 

Hyporhamphus affinis 8 3 

Hyporhamphus sp. 2 2 

Zenarchopterus buffonis 7 6 

Zenarchopterus rasori 2 2 

Belonidae Be Strongylura strongylura 12 8 

Tylosurus punctulatus 7 4 

Ambassis spp. Amb Ambassis interruptus 

Ambassis nalua 25 15 

Ambassis vachellii 2 2 

Lates calcarifer Lc 5 3 

Echeneidae Ec Echeneis naucrates 7 5 

Remora remora 

Caranx ignobilis Ci 12 10 

Scomberoides commersonianus Sc 15 14 

Leiognathus spp. Le Leiognathus decorus 10 7 

Leiognathus equulus 2 2 

Pomadasys kaakan Pk 9 8 

Toxotes chatareus Tc 34 32 

Polynem idae Po Eleutheronema tetradactylum 3 3 

Polydactylus macrochir 4 3 

Tetraodontidae Te Chelonodon pataca 4 3 

Marilyna darwinii 5 2 

Marilyna meraukensis 4 4 
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Table 7-2. Predator groups which could be divided into size classes. N- number of fish 
(excluding empty stomachs). 

Predator group Small Large 

N SL (mm) N SL (mm) 

Herklotsichthys koningsbergeri 14 64-69 24 70-112 

Thryssa spp. 12 87-99 52 100-176 

Scomberoides commersonianus 7 60-80 7 106-424 

Toxotes chatareus 9 78- 112 23 123-188 

One of the major questions of this study was whether fish were feeding in the 

mangrove forests. Therefore, only prey items found in the stomach and mouth were 

used for analysis. Any prey items that had already passed through the stomach would 

most likely have been consumed before entering the forest. Prey items were taken 

from the foregut in a few cases where the distinction between stomach and intestine 

was not clear. 

Stomach contents were sorted under a dissecting microscope then each prey item was 

identified to the lowest taxonomic category possible and weighed to the nearest 

O.OOlg. Items were then placed in a drying oven at 80°C. To determine the optimum 

drying time, 30 items were monitored and weighed every hour for six hours then 

opportunistically for the next 16 hours (Figure 7.1). As a result of this trial, I decided 

to dry items for a minimum of four hours. After this, items were transferred to a 

desiccator to cool and weighed again. 

Stomach contents of three species (Stolephorus indicus, Leiognathus decorus and 

L. equulus) were too small to be weighed. For these species, graph paper was placed 

158 



DIETS AND TROPHIC STRUCTURE OF FISH FROM MANGROVE FORESTS 
IN DARWIN HARBOUR 

under the sorting dish and an equivalent measure of bulk was calculated using area of 

each item as a percentage of the total area covered by all items. 

7.2.3. 

5 

4 

-3 C) -~ .c 
C) 

"Q; 2 ;: 

0 1 2 3 4 5 6 7 8 9 1 0 11 12 13 14 15 16 17 18 19 20 

Hours 

Figure 7 .1. Weight of 30 prey items, dried at 80°C over 20 hours. 

General description of diet 

Stomach contents were described using the gravimetric (percentage dry weight), 

numerical and frequency of occurrence methods (Hyslop 1980). Percent dry weight 

(%W) was calculated as the weight of each prey category expressed as a percentage 

of the total weight of the stomach contents in each individual. Percent numbers (%N) 

was calculated as the number of items in a prey category expressed as a percentage 

of the total number of prey items per stomach. Percentage occurrence (o/oO) was 

calculated as the number of stomachs containing a prey item expressed as a 

percentage of all stomachs (containing some food). 
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Using these methods to describe the diets of fish was an effort to reduce bias and 

provide the most complete representation of fish diets (Hyslop 1980; Cortes 1997). 

An "index of relative importance" (IRI; Cortes 1997), combining all three measures 

in the formula (o/oN + o/o W) x %0, was also calculated to give an overall measure of 

dietary importance. Despite arguments that the IRI may confound errors present in 

the single values (Hyslop 1980), or that it may be redundant in some circumstances 

(Macdonald and Green 1983), the IRI can cancel out biases inherent in each of the 

single value methods (Cortes 1997). Also, because it is becoming more commonly 

used in dietary studies, it facilitates comparisons among studies (Cortes 1997; Llanso 

et al. 1998; Cruz-Escalona et al. 2000; Arendt et al. 2001; Bethea et al. 2004). 

Absolute IRI values were converted to percentages for ease of comparison (Cortes 

1997). 

The 75 identified prey items (Appendix 2) were combined into 16 functional groups 

for analysis (Table 7-3). Rather than pooling species into groups based entirely on 

taxonomy, categories were determined by a combination of taxonomy and preferred 

habitat to provide more applicable data for trophic analysis. Due to the large number 

of unidentified crabs, all identified crabs were combined in the "crab" functional 

group for most analyses. 

Cumulative prey curves were generated for each predator group to investigate 

whether enough samples had been collected to describe diets with some confidence 

(Cortes 1997). For each predator group, the order of individuals was randomised and 

the cumulative number of new prey items recorded. The "unknown" and "other" prey 

groups were excluded from this process because "unknown" items may not 

necessarily be new items and "other" prey included items that were not considered 
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prey, such as stones and, in the case of the ariid catfish, their own eggs (they are 

mouth brooders). This process was repeated up to 10 times and the mean number of 

new prey items per individual was plotted against the total number of stomachs. 

Table 7-3. List of major prey taxa making up functional groups. (see Appendix 2 for full list 
of prey taxa). 

Functional group Taxa 

Polychaete Polychaeta 

Mollusc Bivalvia, Gastropoda including Onchidiidae 

Cephalopod mollusc Unidentified squid beaks, Octopodidae 

Crustacean Unidentified crustaceans 

Zooplankton Copepoda, unidentified decapod/crab larvae 

Benthic crustacean Alpheidae, Amphipoda, lsopoda, Ostracoda, Stomatopoda, 
Tanaidacea, Thalassinidea 

Shrimp Caridea, Penaeidae, Sergestidae, unidentified shrimp 

Crab Anomura, Brachyura 

Benthos Ascidiacea, Echiura, Ophurida, Sipuncula, mixed plant and other 
matter including fish scales 

Terrestrial invertebrate Arachnida, Hymenoptera, Coleoptera, Orthoptera 

Fish Fish 

Snake Snakes 

Mangrove Leaves, woody material, flowers 

Plant Unidentified plant material 

Other Own eggs (Ariidae), rice, chicken bones, aluminium foil, fur, 
parasitic Nematoda, stones and sediment 

Unknown Unidentified material 

7.2.4. Dietary breadth 

The Shannon-Wiener index was used to assess the overall dietary breadth of each 

predator group (Marshall and Elliott 1997). The "unknown" and "other" prey groups 

were excluded from this analysis for the same reasons as discussed above. 
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7.2.5. Trophic groups 

Multivariate analyses were used to identify trophic groups among species. Analyses 

were performed using the PRJMER statistical package (Clarke 1993; Clarke and 

Warwick 1994 ). Percent IRI values for each prey functional group in each predator 

group were square root transformed (Platell and Potter 2001; Baldo and Drake 2002) 

and used to calculate Bray-Curtis similarities. Cluster analysis and non-metric 

multidimensional scaling (MDS) were used to determine trophic groups. The major 

prey item defining each trophic group was determined using the SIMPER procedure 

(Clarke 1993). Analyses of similarities (ANOSIM, Clarke 1993) were then 

conducted on Bray-Curtis similarity matrices of percent dry weight and percent 

numbers of all fish, grouped according to trophic category, to test for significant 

differences between trophic groups identified from MDS and cluster analysis. 

7.2.6. Habitat comparison 

Two species, Arius mastersi and Arius pectoralis, were captured in sufficient 

numbers in the three mangrove vegetation assemblages to compare diets across 

habitats. Habitat differences in diet composition were tested using Analysis of 

Similarities (Clarke 1993) in which individuals of each species were used as 

replicates. The prey group comprising sesarmid crabs was included in this analysis 

because these predator species were the major consumers of sesarmids. 

7 .3. Resu Its 

7.3.1. Overall diet description 

In total, 726 stomachs were examined and 609 stomachs contained food. Twenty 

three species- 33 stomachs- were not caught in sufficient numbers to be included 

in the analysis. The overall percentage of empty stomachs, of species included in 
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analyses, was low ( 16%) and ranged from Oo/o (Stolephorus indicus and Plotosus 

lineatus) to 41% (Negaprion acutidens) (Table 7-1). 

For most predator groups the number of stomachs examined was enough to 

adequately describe the diets (Figure 7 .2). The curves for L. calcarifer and 

Echeneidae did not show strong trends to asymptotes, however in the case of 

L. calcarifer the prey items identified in this study were consistent with what is 

already known about the diet of this species (Davis 1985). The diet of Echeneis 

naucrates (Echeneidae) also corresponded well with diet information in the literature 

(Druzhinin 1980, abstract). For these reasons, both of these predator groups were 

included in analyses. 

Overall, shrimp, crabs and fish were the most important dietary item (Table 7-4). 

Almost all predator groups had consumed shrimps. Although many shrimps were 

unidentifiable, this functional group included all Caridea (other than Alpheidae) and 

the families Penaeidae and Sergestidae. Major predators of penaeid shrimps were 

Caranx ignobilis, small Scomberoides commersonianus, the Polynemidae and 

Belonidae. 

The two shark species and S. commersonianus were the major piscivores, although 

shrimp also contributed more than 20% to the diet of C. cautus. Other predator 

groups to include substantial proportions of fish in their diets were L. calcarifer and 

the Belonidae. The major identified fish prey were from the family Gobiidae. Other 

species were from the Mugilidae, Leiognathidae, Clupeidae and Engraulildae 

families. 
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Some predator groups specialised in less common prey items (Table 7-4). These 

included Herklotsichthys koningsbergeri which fed mainly on polychaetes; 

Hemiramphidae and Toxotes chatareus, which consumed terrestrial inve11ebrates; 

and the Tetraodontidae which fed on shelled molluscs. 

Ants, including the green tree ant, Oecophylla smaragdina, made up the greatest 

number of the identified terrestrial invertebrate prey group. Other terrestrial 

invertebrate fauna found as prey included grasshoppers, beetles and spiders. 

Nereididae was the most commonly identified polychaete family and several of these 

were in a swimming phase of their life history. H. koningsbergeri was the main 

predator of the swimming Nereididae and had occasionally consumed many at once. 

Unidentified polychaetes made up around 30% of the diets of A. argyropleuron and 

Leiognathus spp. 

Few mollusc prey items were identifiable. One species, Tellina sp. was identified 

from stomach contents of A. argyropleuron, one of which had eaten 42 individuals. 

Seventeen molluscs from the family Onchidiidae, were consumed by A. mastersi. 

Some of the less common prey items included stomatopods, alpheid shrimps, mud 

lobsters (Thalassina anomala), snakes, octopus and brittle stars (Ophiurida). 

Mangrove matter was consumed by the Ariid catfish, T. chatareus and the 

Tetraodontidae. The major consumer of plants not identified as mangrove were the 

Leiognathus spp. 
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Figure 7 .2. Cumulative prey curves of all species groups used in analyses. Prey groups "unknown" and "other" excluded. 
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Table 7-4. Diet composition of the 23 predator groups expressed as percent index of relative importance (%IRI) (See Appendix 2 for table of% numbers,% 
dry weight and% occurrence). Major prey items for each predator group are in bold. Predator group abbreviations are given in Table 7-1. 

Predator groups Cc Na Hk Hk Si Th Th Aa Ah Am Ap Apr PI He Be Amb Lc Ec Ci Sc Sc Le Pk Tc Tc Po Te 

Prey 

Polycheate 

Mollusc 

Mollusc (ceph) 

Crustacean 

Zooplankton 

Benthic crust. 

Shrimp 

Crab 

Benthos 

Fish 

Terrest. inv. 

Snake 

Mangrove 

Plant 

Other 

Unknown 

Total (excl. unkn) 

Average 

0.1 

2.1 

1.0 

21.2 

1.2 

(S) (L) (S) (L) (S) (L) (S) (L) 

52.5 90.2 8.1 32.0 0.1 1.4 12.2 0.2 3.0 

8.6 32.9 1.8 2.3 0.6 0.1 0.5 

<0.1 <0.1 0.8 

4.9 3.1 3.1 2.2 2.9 1.5 11.8 0.9 1.9 2.6 4.8 1.6 0.4 8.7 

20.5 0.9 47.9 1.2 1.4 <0. 1 <0. 1 1.1 

3.0 0.2 1.1 1.4 1 0.3 5.3 2.8 11.2 2.2 0.9 

24.9 0.1 

18.9 7.4 

5.7 0.2 

6.4 

0.7 

30.8 

0.9 2.9 26.3 

23.4 

0.3 0.4 

0.8 0.1 86.6 

0.0 0.1 

0.2 0.1 0.2 

1.6 0.3 94.9 47.7 72.6 3.3 0.5 5.1 1.9 7.1 54.8 43.1 16.5 62.8 3.4 76.4 77.3 5.6 8.7 8.6 0.2 0.1 94.7 0.5 

0.1 24.1 21.6 76.6 54.1 65.1 38.5 0.1 2.2 0.3 8.5 

<0.1 4.9 9.8 2.4 13.9 3.3 2.2 

0.1 

1.0 8.2 

1.4 53.4 9.5 3.6 0.1 9.4 

1.4 

73.6 95.8 1.4 0.6 2.2 13.5 <0.1 2.9 3.0 4.0 1.4 0.2 43.3 1.3 28.7 10.3 14.0 21.3 77.7 4.8 2.0 0.1 4.9 

1.2 

0.1 

0.7 

0.1 7.7 1.2 

2.8 11.5 2.1 0.3 

<0.1 

0.3 0.1 <0.1 

0.1 <0.1 0.1 

81.8 

2.0 0.4 1.2 5.8 1.6 0.1 0.4 

2.4 1.4 0.1 0.4 0.1 

1.0 <0.1 1.6 

1.1 

0.3 

0.5 19.8 9.7 0.9 1.4 1.7 0.3 13.1 8.8 66.6 

4.6 

1.4 

0.2 0.3 

32.2 0.2 

6.3 0.6 

0.7 2.8 

0.2 25.4 2.1 

88.1 71.6 <0.1 

0.3 23.3 0.2 2.2 

<0.1 <0.1 

0.2 0.9 
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The major crab predators were the Ariid catfishes, the eel-tailed catfish, P. lineatus 

and the javelin fish, P. kaakan. Crabs from 10 families were identified (Table 7-5). 

Although hermit crabs (Diogenidae) made up the greatest number of identified crabs, 

almost all were taken by five individuals in one sampling occasion and were rarely 

found otherwise. Other crab families commonly found in crab predators were the 

Camptandriidae, Grapsidae and Ocypodidae. Almost all identified crabs were 

mangrove dwellers. 

Table 7-5. Identified crabs found in stomach content of all fish. 

Species N Species N 

Anomura Brachyura (cont.) 

Diogenidae 186 Hymenosomatidae 17 

Porcellanidae 12 M ictryridae 

Brachyura Ocypodidae 64 

Calappidae 2 Macrophthalmus sp. 23 

Camptandriidae 46 Uca polita 

Grapsidae 46 Uca sp. 31 

Grapsinae Pinnotheridae 

Sesarminae Portunidae 

Perisesarma darwinensis 37 Charybdis sp. 3 

Perisesarma semperi 7 Portunus sp. 4 

Perisesarma sp. 11 Total identified crabs 503 

Sarmatium sp. 9 Unidentified crab remains 424 

7.3.2. Sesarmid predation 

Sesarmid crabs were identified in eight predator groups, including two species, 

Acanthopagrus berda and Periophthalmodon freycineti, which were not included in 

other analyses because they were represented by only one individual each (Table 
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7 -6). Perisesanna darwinensis was the most numerous and was found in six of the 

predators. Sesarmids made up 13% of all identified crabs and 21% of all brachyuran 

crabs. A. mastersi had consumed the largest number of sesarmids. Seventy five 

percent of all identified brachyuran crabs eaten by T. chatareus were sesarmids. 

A. mastersi had eaten 32%, A. pectoralis, 22o/o and A. proximus, 8o/o. 

Table 7-6. Total number of crabs consumed by the eight predators that included at least one 
sesarmid crab in their diets. Predator group abbreviations are given in Tab lee 7-1. Ab -

Acanthopagrus berda; Pf- Periophthalmodonfreycineti. 

Predator group Ap Am Apr Tc Te Na Ab Pf 

Sesarmid crabs 

Perisesarma darwinensis 12 15 5 3 

Perisesarma sp. 6 3 

Sarmatium sp. 4 5 

Perisesarma semperi 5 

Sesarminae 

Total Sesarminae 18 32 5 6 1 1 1 1 

Other crab prey 

Anomura 

Diogenidae 156 27 

Porcellanidae 10 2 

Brachyura 

Calappidae 

Camptandriidae 9 8 8 

Grapsidae 27 4 10 

Hymenosomatidae 14 2 

Mictryridae 

Ocypodidae 11 48 40 

Pinnotheridae 

Portunidae 7 

Unidetified crabs 159 102 36 7 3 

Total crabs 407 230 102 15 5 2 2 1 
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7.3.3. Dietary breadth 

Several predators showed generalist feeding strategies, taking a diverse range of prey 

items (Figure 7.3). Predator groups with the richest diets were the small 

H. koningsbergeri, Arius hainesi, A. argyropleuron, A. pectoralis, A. proximus, 

Ambassis spp., the Echeneidae, Leiognathus spp. and P. kaakan. Although 

A. mastersi had eaten a wide range of prey items (Table 7-4) the high level of 

dependence on crabs reduced the overall dietary breadth of this species. Negaprion 

acutidens showed the most highly specialised diet- relying almost exclusively on 

fish. Other specialists; the large H. koningsbergeri, S. indicus, Hemiramphidae, small 

T. chatareus, the Polynemidae, and Tetraodontidae, were also clearly shown by low 

richness and evenness values. The result for L. calcarifer showed low richness (only 

three diet items) but high evenness due to lack of dependence on one item. However, 

this result could have been influenced by the small sample size (three stomachs). 
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• • • • • • • 
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r- r-• • • • • • 0.4 
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Figure 7.3. Dietary breadth of each species/group shown by H' (bars), diversity, and J 
(circles), evenness. 
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7.3.4. Ontogenetic changes in diet 

There were changes with size in the diets of some predators both in dietary 

importance and dietary breadth (Table 7-4 and Figure 7.3). Zooplankton was an 

important dietary item in the smaller H. koningsbergeri but was not taken larger 

individuals. The reliance of H. koningsbergeri on polychaetes increased with size, 

substantially reducing the dietary breadth of larger fish (Figure 7.3). Zooplankton 

was also more important for the smaller Thryssa spp., replaced by shrimp and fish in 

the larger individuals. Although diet richness increased slightly in the larger size 

class, evenness was higher for the small Thryssa spp. due to the equal dependence on 

zooplankton and shrimp. The diet of S. commersonianus switched from being 

dominated by shrimp in small individuals to fish in the larger individuals. The diet of 

larger S. commersonianus was also more diverse. Terrestrial invertebrates were 

similarly important across both size classes ofT. chatareus, although the diet of this 

species became richer with increase in size. 

7.3.5. Trophic groups 

Seven distinct trophic groups were identified from MDS and cluster analysis at a 

level of 50% similarity (Figure 7.4 and Figure 7.5). In the MDS, the Tetrodontidae 

(Te) appeared to group with the surface feeders (Figure 7.4 ), but the family clustered 

with the benthic feeders (Figure 7.5). Using 3 dimensions for the MDS, Te was 

clearly separated from the surface feeders. 

Trophic groups were defined by the main prey items in the diet (derived from the 

SIMPER procedure). Six trophic groups were clustered into two larger groups with 

similar feeding mode; nekton feeders and demersal/benthic feeders. The "terrestrial 

invertebrates" predators were categorised as surface feeders. 
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Among the nekton feeders, N. acutidens, C. cautus and the large S. commersonianus 

ate mainly fish, whereas all other predators included varying proportions of shrimp in 

their diets (Figure 7 .6). Among the benthic feeders, the Tetraodontidae were the 

major mollusc specialists, Leiognathus spp. and H. koningsbergeri had consumed 

high proportions of polychaetes and the diets of the five Ariids and P. kaakan were 

defined by the presence of crabs. 
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Figure 7 .4. MDS ordination of %IRI values, with superimposed clusters from dendrogram 
shown in Figure 7.5 (See Table 7-1 for species/group abbreviations).Solid lines group 
clusters with more than 50% similarity. Dotted lines group clusters of more than 30% 

similarity (see Figure 7 .5). 
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Figure 7.5. Dendrogram generated from Bray-Curtis similarities of diet composition based 
on %IRI values. Dotted vertical lines group clusters based on 30% and 50% similarity 

* Main prey group derived from SIMPER procedure (Clarke 1993). 
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Figure 7.6. Diet composition of all species/groups grouped according to clusters from dendrogram shown in Figure 7.5. 
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There were differences evident among species within the family Ariidae. The major 

division was between the three species which were more heavily dependent on crabs, 

A. mastersi and A. proximus and A. pectoralis, and other members of the family, 

A. argyropleuron and A. hainesi (Figure 7. 7). A. argyropleuron was less dependent 

on crabs and included a larger proportion of polychaetes, while A. hainesi showed a 

wide diet choice in which several items were important. Shelled molluscs were the 

most frequently consumed prey item, although crabs, crustaceans and plants were 

also eaten by a high proportion of individuals. Benthic crustaceans were taken in 

similar numbers to the molluscs. The crustaceans, however, were mainly amphipods 

so they comprised only a small percentage of the total prey weight. In contrast, the 

benthos prey group weighed more than all the other groups even though relatively 

few such items were eaten. This, however, was potentially an artefact resulting from 

the difficulty of differentiating some of the individual items in this group (the 

"benthos" prey group included mixed plant and other matter which could not be 

separated and was counted as one item). A. hainesi also showed the highest average 

number of prey items per stomach (Table 7-4). 
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Figure 7.7. Diet composition of species of the family Ariidae, expressed as percent numbers, 
percent dry weight and percent frequency. 
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The cluster which included Ambassis spp. and the Echeneidae was defined by diets 

containing high levels of unknown prey. Using only the known prey items in the 

analysis after removal of the unknown prey group resulted in Ambassis spp. grouping 

with the Fish/Shrimp cluster and the Echeneidae remaining separate. The diet of the 

Echeneidae was based on stomachs from six fish which may not have been enough to 

describe the diet accurately (Figure 7.2). With the unknown prey group making up 

such a large proportion of the diets of these predators, regrouping based on the other 

items in their diets may have been premature therefore the unknown prey group was 

retained in analysis. 

The ANOSIM test, using all fish, grouped according to trophic categories shown in 

Figure 7.5, showed that there were significant differences among trophic groups in 

both percent numbers and percent dry weight (P< 0.001). Pairwise tests indicated 

that the diet of each group differed significantly from that of every other group 

(P<O.OO 1 to P< 0.008). 

7.3.6. Habitat comparison 

Arius mastersi and A. pectoralis were the only species present in sufficient numbers 

'for a reliable test for differences in diet composition among habitats. ANOSIM: tests 

were conducted on percent numbers and percent dry weight. The result for percent 

numbers showed that the composition of the diet of A. mastersi differed significantly 

among habitats (P< 0.05) but that of A. pectoralis did not (Table 7-7). Further tests 

on the diets of A. mastersi, using ANOSIM on pairs of habitats to detennine which 

differed, were all non-significant, presumably due to a lack of power. 

Comparisons among habitats in the composition of the diet based on percent dry 

weight were not significant for either species. 
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Prey items found in higher proportions in A. mastersi captured in the C. tagal 

habitat were mangrove. sesarmid crabs, benthic cru taccans and polychaetes (Figure 

7 .8). Fish from the R. stylosa habitat took more fish, but fewer crabs, while those 

from the S. alba habitat had more shrimp and crabs . 

Table 7-7. ANOSIM resul ts for habitat using percent numbers. R stalistic based on 
similariti es between samples in similarity matrix. R closr to I indtcates that diet composition 

of spec ies within habitats is more sim1lar to each other than bl!twecn hab11ats· R close to 0 
indicates that the diet composition of species wtthm and between habitats is similar. Ct- C. 

taf!al, Rs - R. st)losa, Sa S. alba 

A. mastersi A. pecto1 a lis 

Groups R statistic Sig. level Groups R ft;.;tistic si __ . t6v~~ 

Global 0.038 0.04 Global -0099 0 99 

Ct, As 0.042 0.09 Ct As -0 OuA 0 ~; 

Ct, Sa 0.042 0.09 Ct Sa -0.074 O.PA 

As, Sa 0.033 0 .06 As, Sa -0.114 0.99 

[ J Unknown 
100 Other 

Plant 

- Mal"\grove 
80 Snake 
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Figure 7.8. Diet composition fo r A. mastersi in 3 mangrove habitats expressed as percent 
numbers. 
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Comparison of diet items and prey availability 

Using data provided by K Metcalfe1
, it is possible to compare the frequency of some 

items taken by the fish with their availability in the three habitats sampled. The 

sesarmid crab, P. darwinensis was found in larger numbers in the fish captured in the 

C. tagal habitats than in the other two habitats (Figure 7 .9). Metcalfe (unpub.) found 

P. darwinensis living almost exclusively in the C. tagal habitat (Table 7-8). Most 

Uca spp. were found in fish captured in the S. alba habitat, reflecting patterns in their 

relative abundance among habitats (Metcalfe, unpub.). Nereid polychaetes were 

found in larger proportions in fish from the S. alba habitat, which also reflected the 

distribution of N ereididae among habitats (Figure 7. 9). An exception to these results 

was the crab, Perisesanna semperi, in which the pattern of relative abundance in the 

diet was the reverse of its abundance in the field. As only six P. semperi were found 

in total, the comparison is probably not reliable. 

Crabs Polychaetes 
25 200 

- r--

*Habitat 
20 160 

C/J 
~ C. tagal 

~ m R. stylosa Q) 
..c 15 120 D S.alba E 
::I 
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"'@ 
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10 80 
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5 40 ,......... 
r:-
~ . 

rom 
0 0 ~:-

P. darwinensis P. semperi Uca spp. Nereididae Polychaeta 

Figure 7.9. Total number of identified crabs and polychaetes found in stomach content of all 
fish. * Habitat refers to where fish were captured. 

1 These are preliminary data from studies done by K Metcalfe for her PhD dissertation (in 

preparation): The biological diversity, recovery from disturbance and rehabilitation of mangroves. 
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Table 7-8. Relative abundances of crabs and polychaetes found in the three habitats studied 
here (preliminary data K. Metcalfe unpub.). 

Brachyura Polychaeta 

Habitat P. darwinensis P. semperi Ucaspp. Nereididae 

C. tagal high low low low 

R. stylosa med med med med 

S. alba low high high high 

7 .4. Discussion 

7.4. 1. General diet 

A wide range of prey items was taken by fish using all three mangrove habitats. The 

percentage of empty stomachs was generally low suggesting that fish were actively 

feeding in the mangroves. Further, the most common prey groups included some of 

the most characteristic fauna of mangrove forests, such as shrimps, fish and crabs 

(MacNae 1968; Hutchings and Recher 1981; Kathiresan and Bingham 2001). 

The link between shrimps and mangroves is well recognised (Staples 1980b; Staples 

1980a; Staples et al. 1985; Vance et al. 1990; Vance et al. 1996; Loneragan et al. 

1997; Chong et al. 2001; Vance et al. 2002). In fact, shrimps, including juvenile 

prawns from the family Penaeidae, were captured in nets and traps in the mangroves 

during this study. Penaeid prawns were consumed by Caranx ignobilis, 

Scomberoides commersonianus, the Polynernidae and Belonidae. 

Because penaeid prawns have high commercial importance, many of the dietary 

studies of tropical mangrove fish have focussed on the effect of predation on this 

family (Robertson 1988; Salini et al. 1990; Brewer et al. 1995; Salini et al. 1998). 

Scomberoides commersonianus, Polydactylus sheridani (synonym for P. macrochir), 
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Eleutheronema tetradactylum and Lates calcarifer are reported to have a major 

impact on juvenile penaeid prawns in the Norman and Embley Estuaries in the Gulf 

of Carpentaria (Salini et al. 1990; Brewer et al. 1995; Salini et al. 1998). L. 

calcarifer is also an important predator of juvenile Penaeus merguiensis in Alligator 

Creek, north Queensland (Robertson 1988) and the Van Diemen Gulf near Darwin 

(Davis 1985). 

Although many shrimps were too heavily digested to identify, predators of penaeid 

prawns in Darwin Harbour appear to be similar to those in other estuarine habitats of 

northern Australia. 

Only three predator groups were predominantly piscivorous, but several others 

included substantial proportions (in numbers and weight) of fish in their diets and 

only four had not consumed fish. The major identified fish prey were from the family 

Gobiidae. Other species were from the Mugilidae, Leiognathidae, Clupeidae and 

Engraulildae families, all of which were captured in this study. The main piscivores 

were the two sharks, Carcharhinus cautus and Negaprion acutidens, and the large 

S. commersonianus. C. cautus and N. acutidens are common estuarine sharks and 

have been captured in mangrove creeks in Dampier, Western Australia (Blaber 1986) 

and the Embley Estuary in the Gulf of Carpentaria (Blaber et al. 1989; Salini et al. 

1990). 

Identifiable fish eaten by C. cautus were from the families Gobiidae, Clupeidae and 

Leiognathidae whereas N. acutidens had eaten eels (Ophichthidae), mullet 

(Mugilidae) and a ray (Dasyatidae). None of the fish consumed by 

S. commersonianus were identifiable. Not all piscivores were large: engraulids were 

mainly consumed by Thryssa spp. (94-176 nun SL). The Gobiidae, Clupeidae, 
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Engraulidae and Leiognathidae families were also common fish prey found in several 

other studies around northern Australia (Robertson and Duke 1990b; Salini et al. 

1990; Salini et al. 1998). 

The Ocypodidae and Grapsidae made up more than 75 %of the total identified 

brachyuran crab prey. These families are the dominant crabs in Indo-West Pacific 

mangrove ecosystems, including Darwin Harbour (Lee 1998; McGuinness 2003). 

Three of the five Ariid catfish, A. mastersi, A. pectoralis and A. proximus had 

predominantly fed on crabs. A. argyropleuron and A. hainesi had also consumed a 

high proportion of crabs, but other important food items for these species were 

polychaetes and molluscs respectively. 

These results differ from those of Blaber ( 1994) who examined the diets of 13 

species of Ariid catfish from four sites in the Gulf of Carpentaria, and grouped 

species into 3 feeding guilds- based on diets dominated by fish, polychaetes and 

molluscs. In their study, A. mastersi and A. proximus were grouped together with 

primarily piscivorous fish (prey measured as %dry weight), with crabs of secondary 

importance. A. mastersi had also consumed a number of prey items grouped under 

the category "other" which included sea snakes (Blaber et al. 1994). Although some 

A. mastersi and A. proximus had consumed fish in the present study (30-40% of 

individuals), it was of minor importance (less than 10% dry weight) compared to 

crabs (90% of individuals and 40-SOo/o dry weight). A. mastersi had also consumed 

snakes but in this case the mangrove snake, Fordonia leucobalia, was the only 

identifiable species. 

The second feeding guild in the Gulf of Carpentaria, polychaetes, included 

A. pectoralis ("Arius sp. 3") and A. hainesi ("Arius sp. 4") (Blaber et al. 1994). In the 
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present study the diet of A. pectoralis was closer to that of A. mastersi and 

A. proximus and thus dominated by crabs. Despite this, it included more polychaetes, 

benthos and mangrove suggesting a somewhat less selective feeding habit than 

A. mastersi or A. proximus. A. hainesi had eaten very few polychaetes, more 

molluscs and, again, a substantial number of crabs but also included amphipods and 

zooplankton, which was similar to the secondarily important prey items in the Gulf 

of Carpentaria. 

A. argyropleuron was the only species in guild 3 (molluscivores) with polychaetes as 

a secondary prey item, although the species was divided by habitat with offshore 

species eating mainly fish, crustaceans and echinoderms (Blaber et al. 1994 ). In the 

present study, polychaetes were the main dietary item for this species, with crabs as 

the secondary prey item and then molluscs. 

These geographical differences in diet suggests that the Ariid catfish examined in 

this study are opportunistic predators, responding to local prey availability. Despite 

some variability, the dominance of crab fauna in mangrove forests (MacNae 1968) 

was reflected in the diets of all the Ariid species. While acknowledging the flexibility 

of the diets of Ariid catfish, Blaber et al. ( 1994) suggested that mouth width might 

determine the prey groups eaten by different species, giving an example of the 

piscivory shown by the species with wider mouths. My study suggests that this may 

not be the case, although relative mouth width may indeed determine the size of 

prey. For example, the crabs, and several other prey items, eaten by A. mastersi, 

A. proximus and A. pectoralis were often large (o/o dry wt > %numbers), while 

A. hainesi and A. argyropleuron had usually fed on numerous small items. 
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Other prey items eaten in smaller quantities or by fewer fish, such as terrestrial 

invertebrates, molluscs and polychaetes, are also widespread in mangrove forests 

(MacNae 1968; Hutchings and Recher 1981; Kathiresan and Bingham 2001). Sixteen 

ant species, mostly arboreal and including the green tree ant Oecophylla smaragdina, 

have been identified from mangroves of Darwin Harbour (Clay and Andersen 1996). 

Toxotes chatareus and the Hemiramphidae were the major predators of terrestrial 

invertebrates although 0. smaragdina was identified only in T. chatareus. More than 

20% of the diet of T. chatareus consisted of mangrove matter and most comprised 

flowers of the mangrove A vicennia marina. T. chatareus has also been recorded as 

having ingested 0. smaragdina (Blaber 1997) and mangrove flowers (Salini et al. 

1990) in the Gulf of Carpentaria. Given that one of the main feeding habit of 

T. chatareus is to spit a jet of water to dislodge prey from overhanging leaves, the 

ingestion of mangrove leaves and flowers may have been accidental. T. chatareus 

also exhibited ontogenetic changes in diet. These are discussed in Section 7.4.3. 

Many of the species of polychaetes recorded from the mangroves of Darwin Harbour 

are from the Nereididae family (Hanley 1985, Metcalfe, unpub.). Nereididae were 

consumed by Ariids, Herklotsichthys koningsbergeri and Thryssa spp. Only 

H. koningsbergeri and Thryssa spp. had taken swimming forms of the polychaete. 

Unidentified polychaetes made up reasonable proportions of the diets of Leio gnathus 

spp. 

Molluscs are common in mangrove forests (Kathiresan and Bingham 2001; 

McGuinness 2003). One mangrove associated bivalve, Tellina sp. (Kathiresan and 

Bingham 2001) was identified in large numbers from the stomach contents of one 

Arius argyropleuron. Another, larger, mollusc from the family Onchidiidae, was 

183 



DIETS AND TROPHIC STRUCTURE OF FISH FROM MANGROVE FORESTS 
IN DARWIN HARBOUR 

Other prey items eaten in smaller quantities or by fewer fish, such as terrestrial 

invertebrates, molluscs and polychaetes, are also widespread in mangrove forests 

(MacNae 1968; Hutchings and Recher 1981; Kathiresan and Bingham 2001). Sixteen 

ant species, mostly arboreal and including the green tree ant Oecophylla smaragdina, 

have been identified from mangroves of Darwin Harbour (Clay and Andersen 1996). 

Toxotes chatareus and the Hemiramphidae were the major predators of terrestrial 

invertebrates although 0. smaragdina was identified only in T. chatareus. More than 

20% of the diet of T. chatareus consisted of mangrove matter and most comprised 

flowers of the mangrove A vicennia marina. T. chatareus has also been recorded as 

having ingested 0. smaragdina (Blaber 1997) and mangrove flowers (Salini et al. 

1990) in the Gulf of Carpentaria. Given that one of the main feeding habit of 

T. chatareus is to spit a jet of water to dislodge prey from overhanging leaves, the 

ingestion of mangrove leaves and flowers may have been accidental. T. chatareus 

also exhibited ontogenetic changes in diet. These are discussed in Section 7.4.3. 

Many of the species of polychaetes recorded from the mangroves of Darwin Harbour 

are from the Nereididae family (Hanley 1985, Metcalfe, unpub.). Nereididae were 

consumed by Ariids, Herklotsichthys koningsbergeri and Thryssa spp. Only 

H. koningsbergeri and Thryssa spp. had taken swimming forms of the polychaete. 

Unidentified polychaetes made up reasonable proportions of the diets of Leio gnathus 

spp. 

Molluscs are common in mangrove forests (Kathiresan and Bingham 2001; 

McGuinness 2003). One mangrove associated bivalve, Tellina sp. (Kathiresan and 

Bingham 2001) was identified in large numbers from the stomach contents of one 

Arius argyropleuron. Another, larger, mollusc from the family Onchidiidae, was 
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Ley et al. (1992) reported high levels of "ornnivory, broad dietary overlap and the 

ability to exploit temporary peaks of prey" in fish captured in a mangrove lagoon and 

noted that these characteristics are typical of estuarine fishes. In my study, despite 

distinct trophic groups (section 7 .2.5), many prey items were consumed by a wide 

range of predator groups. Mangrove fauna dominated the diets of all groups and 

some prey groups, such as terrestrial invertebrates, were heavily exploited indicating 

that the fish assemblage in this study possess these characteristics. 

7.4.3. Ontogenetic changes in diet 

Shifts in diet with size have been well documented (Davis 1985; Laegdsgaard 1996; 

Blaber 1997; Platell and Potter 2001; Simpfendorfer et al. 2001; Wilson and Sheaves 

2001; Bethea et al. 2004). For many species, habitat shifts associated with 

diminishing vulnerability to predators can influence diet (Davis 1985; Laegdsgaard 

and Johnson 2001). Diet shift is also driven by the changing ability catch and eat 

particular prey items (Valiela 1984; Simpfendorfer et al. 2001). For many 

piscivorous species, this shift is often from zooplankton to crustaceans then fish 

(Davis 1985; Simpfendorfer et al. 2001; Bethea et al. 2004). 

In the present study, diet changed with size in all four of the predator groups 

examined. Scomberoides commersonianus exhibited the common piscivore shift 

from crustaceans, in this case shrimp, to fish. Fish prey were unidentifiable, which 

suggests they may not have been consumed in the mangroves (at least during the 

tidal cycle in which the fish were captured), but penaeids and sergestids- common in 

the mangrove forest - were identified among the shrimp prey of the smaller 

indi victuals. 
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Small Herklotsichthys koningsbergeri and Thryssa spp. consumed some zooplankton 

(crab/decapod larvae) while the diets of larger individuals were dominated by 

polychaetes, and by shrimp and fish, respectively. Crab zoea were also the dominant 

prey item for juvenile fish in Alligator Creek, north Queensland, during the main 

recruitment period over the summer months (Robertson et al. 1988). In this study, 

crab larvae were present in small fish in March, which corresponded with high 

numbers of crab larvae captured in light traps in the same locations (pers. obs.). 

The shift for Toxotes chatareus differed as the main prey group, terrestrial 

invertebrates, did not change but the diet of larger fish was broader. The small fish 

fed almost exclusively on terrestrial invertebrates, but also consumed some crabs. 

Larger fish included a wider range of prey items and more than 20% was mangrove 

material, particularly flowers. This pattern has also been observed in T. chatareus 

from the Gulf of Carpentaria (Blaber 1997). This pattern may occur because small 

fish may not be strong enough to knock off mangrove leaves when shooting down 

prey, or leaves and flowers may simply be too large for them to eat. 

7.4.4. Trophic groups 

The Darwin Harbour mangrove forests provided feeding grounds for seven distinct 

trophic groups that used all available surroundings; substrate, water column and 

water surface in which to obtain food. Although some predators within each trophic 

group showed evidence of dietary overlap, feeding behaviour and habitat preferences 

may reduce the potential for competition within groups. 

The behaviour of the surface feeders, T. chatareus and the Hemiramphidae, differs to 

some extent. T. chatareus often feeds by dislodging prey from overhanging 

vegetation with a jet of water (Blaber 1997) although it is also sometimes observed 
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swimming at the water surface possibly searching for prey on the surface. The 

Hemiramphidae appear to have a more active feeding action often leaping from the 

water and skimming on the surface (Collette 1999). So, although both groups 

predominantly fed on terrestrial invertebrates, the method of feeding may allow a 

differential use of habitats. The spitting feeding mode ofT. chatareus would require 

calm waters with overhanging vegetation (Blaber 1997) and this species was 

captured most often in the quiet C. tagal habitat, whereas most Hemiramphidae were 

captured in the S. alba habitats where the open surface waters may suit their more 

active feeding behaviour. 

Among the piscivores, N. acutidens had the most specialised diet- consuming very 

little other than fish- whereas C. cautus and S. commersonianus included other 

items. Of the sharks, it appears that C. cautus is more likely to include a wider range 

of prey items in its diet. C. cautus captured over mud flats in Darwin Harbour had 

eaten snakes, including the mangrove snakes, Fordonia leucobalia and Cerberus 

rynchops (Lyle and Timms 1987) and at Groote Eylandt in the Gulf of Carpentaria 

this shark had consumed a high proportion of cephalopods (Brewer et al. 1995), 

although fish were the main prey item in the Embley Estuary (Salini et al. 1992). 

Unfortunately, the remains of most fish could not be accurately identified, precluding 

a more detailed analysis of piscivore diets. 

Ariid catfish made up most of the benthic/crab trophic group. The differences among 

Ariid crab predators have been discussed above (Section 7 .4.1). In the present study, 

A. mastersi, A. proximus, A. pectoralis and P. kaakan grouped somewhat differently 

to A. argyropleuron and A. hainesi, based mainly on the proportion of crabs and the 

inclusion of high proportions of other items in the diets of the two latter species. The 
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large number of crabs found in mangrove forests may allow some dietary overlap 

among crab eaters although there were subtle differences in the crab prey suggesting 

slightly different feeding preferences. For example A. mastersi appeared to select 

larger prey items including crabs (Section 7.4.1; Blaber et al. 1994) while 

A. proximus and A. pectoralis consumed generally smaller crabs. 

The demersal/polychaete trophic group comprised H. koningsbergeri and 

Leiognathus spp. but there were some differences between the diets of these species. 

H. koningsbergeri had eaten a number of polychaetes in the swimming phase but 

Leiognathus spp. had not. Further, while both ate zooplankton, Leiognathus spp. had 

consumed copepods but H. koningsbergeri had eaten crab larvae. The Leiognathus 

spp. had also consumed some plant matter (other than mangrove) which was absent 

from the diet of H. koningsbergeri. 

The diet of Leiognathus spp. in this study appears to be consistent with observations 

of Wilson and Sheaves (200 1) who categorised leiognathids as "omnivores" with a 

mainly benthic feeding mode, although in their study leiognathids consumed large 

amounts of algae and gastropods. They have also been recorded as having a diet of 

amphipods, polychaetes, small crustaceans and detritus (Sommer et al. 1996; 

Wright, 1989 in Froese and Pauly 2003). There is no published diet information for 

H. koningsbergeri but the present study suggests that this species consumes at least 

some planktonic and other mid-water prey. So, although both species ate 

polychaetes and zooplankton, they probably fed in different ways. 

It is, for obvious reasons, difficult to draw definitive conclusions about the group 

feeding on "unknown" material. The Ambassidae and Echeneidae are very different 

families of fish with distinctly different feeding behaviours. Wilson and Sheaves 

188 



DIETS AND TROPHIC STRUCTURE OF FISH FROM MANGROVE FORESTS 
IN DARWIN HARBOUR 

(200 1) includes Ambassis nalua - the most numerous of the Ambassids in my study 

- in a "benthopelagic carnivore" trophic guild with diets high in planktonic copepods 

and low in benthic prey. Salini et al. ( 1990) found A. nalua was primarily a 

piscivore, but it also fed on crustaceans, plants and polychaetes. In this study, 

identified prey consisted mostly of shrimps but included other crustaceans, 

polychaetes, fish and zooplankton ( copepods and crab larvae), which is consistent 

with both Wilson and Sheaves (200 1) and Salini et al. ( 1990) and would place 

Ambassidae in the nektonic/shrimp trophic group in this study. 

The Echeneidae are considerably larger fish, although in this study all were juvenile 

and less than 250 mm SL. They are sometimes found free swimming but usually 

attach temporarily to larger animals and feed by either cleaning that animal of 

parasites or taking scraps of its prey (Froese and Pauly 2003). They are also known 

to eat small fish, molluscs and crustaceans (Druzhinin 1980, abstract). In the present 

study, the Echeneidae had also eaten molluscs, crustaceans and fish. Combining data 

from this study with information from the literature suggests that juvenile and adult 

Echenidae may be categorised into different trophic groups. Juveniles may fit best in 

the demersal or benthic feeding mode while the nektonic/fish group might be more 

appropriate for adults. 

There are generally few herbivorous fishes in tropical estuaries (Blaber 1997). The 

only species in which plants assumed some importance in this study were 

A. argyropleuron, A. hainesi and Leiognathus spp. but this was a minor component 

of each diet. Some species of the Hemiramphidae, including Arrhamphus sclerolepis, 

have been described as herbivores by other authors (Larson 1987; Robertson and 

Blaber 1992; Blaber 1997), but in this study terrestrial invertebrates formed the 
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major part of the diets of all species in this group. This result may have been due to 

differential digestion times of prey items (insect parts would take longer to digest 

than some other prey items), although algae is uncommon in the mangrove forests 

(Alongi 1994) and the fish did not appear to have eaten mangrove material. 

liiophagous species, or detritivores, are common in estuarine systems (Robertson and 

Blaber 1992; Blaber 1997). The Mugilidae and the clupeid, A. chacunda, were the 

most numerous species captured in this study but were not included in this dietary 

analysis (because the gizzards in these species had rendered the prey unidentifiable), 

however, these fish are included as demersal omnivores in the trophic model in 

Chapter 8. 

7.4.5. Habitat comparison 

Despite trapping fish in all three habitats, it was difficult to establish whether prey 

items had been consumed in the habitats in which the fish were captured because 

they could, of course, move freely between habitats. However, results for 

A. mastersi, did suggest that so~e fish were actively feeding at the time of capture. 

The increased incidence of the sesarmid crab, Perisesarma darwinensis, in the diets 

of fish from the C. tagal habitats suggests that at least some of the A. mastersi 

captured in the C. tagal habitats had fed in that habitat. Moreover, the A. mastersi in 

the S. alba habitats had consumed more Uca sp. than those from other habitats. 

Further evidence for habitat preferences comes from the diet of T. chatareus, which 

was captured most commonly in the C. tagal habitat (Chapter 5). The dominant prey 

group for this species, ants, are more abundant in the C. tagal habitat than in the 

R. stylosa habitat (Clay and Andersen 1996). Although Clay and Anderson (1996) 

did not sample the S. alba habitat, Coupland (2002) found large numbers of insects, 
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including ants, in both the C. tagal and S. alba habitats but fewer in the R. stylosa 

habitat (Coupland 2002). The ants in the S. alba habitat, however, belonged to 

species which nest in intertidal mud or inside twigs and retreat to these nests during 

inundation (Nielsen et al. 2003) and therefore would not be available toT. chatareus 

at high tide. 

7.4.6. Sesarmid predation 

Three species of ariid catfish and Toxotes chatare us were the main predators of 

sesarmid crabs. Although predominantly an insect feeder, T. chatareus has 

previously been found to include sesarmid crabs in its diet (Sheaves and Molony 

2000). Perisesarma darwinensis, the most commonly eaten sesarrnid crab, is known 

to be one of the major consumers of mangrove leaves in Darwin Harbour (Salgado-

Kent 2002). Given that many of the unidentified grapsid crabs could also have been 

sesarmids, fish could potentially be an important influence on this group of crabs. 

Sheaves and Molony (2000) found that a high proportion of three species of 

predatory fish, Epinephelus coioides, E. malabaricus and Lutjanus argentimaculatus 

had consumed sesarmid crabs in mangrove creeks in north east Queensland. As noted 

earlier, they concluded that the predation on sesarmids by these higher order 

carnivores has the potential to effectively "short-circuit" a branch of the food chain 

and significantly increase the complexity of mangrove food webs. 

The results of my study support the conclusion of Sheaves and Molony (2000) but 

also suggest another layer of complexity. Unlike the three species studied by Sheaves 

and Molony (2000), the Ariid catfish captured in this study are estuarine species, 

unlikely to migrate offshore and export mangrove productivity (Blaber et al. 1994; 

Kailola 2000; Kailola 2001). Moreover, they might be more accurately described as 

191 



DIETS AND TROPHIC STRUCTURE OF FISH FROM MANGROVE FORESTS 
IN DARWIN HARBOUR 

intermediate cami vores rather than top predators and, despite their formidable 

defences, they are eaten by sever~l different species including Lates calcarifer 

(Davis 1985; Salini et al. 1998), Eleutheronema tetradactylum, Caranx bucculentus, 

Scomberoides commersonianus, and several species of shark including C. cautus and 

N. acutidens (Salini et al. 1990; Brewer et al. 1995; Salini et al. 1998). Cannibalism 

has also been reported (Brewer et al. 1995; Salini et al. 1998). Thus, consumption of 

sesarmid crabs by Ariid catfish also "short-circuits" part of the food chain, but 

potentially includes one more step before the "higher carnivores" in the 

representation of mangrove food webs of Sheaves and Molony (2000). 

The Ariidae are abundant in the harbour and range widely throughout the mangroves 

at high tide. This suggests that predation on sesarmid crabs could be high. 

Furthermore, although not captured in the present study, the species targeted by 

Sheaves and Molony (2000) are known to inhabit Darwin Harbour and possibly have 

a similar feeding preference for sesarmid crabs. Thus, sesarmid crabs may be one of 

the major trophic links between mangrove forests and fish of higher trophic status in 

Darwin Harbour. 

Two problems that can cause errors in interpreting the results of diet studies are 

differential digestion rates of prey and the difficulty of estimating the abundance of 

rare, or seasonally variable, prey in the diets of predators (Hyslop 1980; Christensen 

and Walters 2000). One way to minimise the first of these problems is to sample fish 

during the peak feeding period (Hyslop 1980). The second problem might be 

minimised by long term sampling studies. Results of this study suggest that the 

problem of differential digestion was addressed to some extent, as most fish were 

actively feeding when captured. Although seasonal patterns were not investigated, 
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some seasonally abundant prey, such as zooplankton (Robertson et al. 1988), were 

identified in the diets of some fish which suggests that long term studies may help to 

detect at least seasonally variable prey. 

7.4.7. Conclusion 

It is clear from these results that mangrove forests are important feeding areas for the 

fish of Darwin Harbour. Most fish had food in their stomachs when captured and 

almost all prey items occur in the local mangrove forests. Every available niche 

appeared to be exploited, from the seaward edge to one of the shallowest intertidal 

habitats and prey were taken from the tree canopy, water surface, water colurrm, tree 

roots and substratum. 

Grapsid crabs from the family Sesarminae are abundant in the mangroves of Darwin 

Harbour and were consumed in large numbers by several species of fish. The fact 

that P. darwinensis is found more commonly in higher intertidal habitats, is one of 

the species to have a major role in mangrove leaf consumption and was also the most 

common sesarmid prey item suggests that this habitat may play an important role in 

the link between mangroves and fish assemblages in Darwin Harbour. The links 

between mangroves and fish will be further discussed in Chapter 8. 

Darwin Harbour has few other coastal habitats apart from mud flats. There are one or 

two beaches but no seagrasses and few coral or rocky reefs. At high tide, the 

mangrove forests provide an array of prey items not available to fish at low tide, 

including abundant crabs and other benthic crustaceans, molluscs and terrestrial 

invertebrates. In addition, at spring tides - when this study was conducted - the 

higher intertidal mangrove habitats are inundated, providing access to less frequently 

exploited feeding grounds. This abundant and diverse assemblage of prey which is 
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only accessible to fish for a limited time each day appears to provide an important 

temporal feeding opportunity for a wide variety and size range of fish. 
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8. TOWARDS A TROPHIC MODEL OF DARWIN 
HARBOUR 

8.1. Introduction 

Fish in Darwin Harbour forage extensively throughout the mangrove forests during 

high tide feeding on a wide range of mangrove associated prey items (Chapter 7). 

Some fish are found more often in one habitat while others use all habitats, all of 

which appears to suggest close trophic links to the mangrove forest. Predation on the 

leaf-eating sesarmid crabs, especially, indicates that the links between mangrove 

production and higher carnivores in the system may be important. Consequently, 

habitat alterations, such as mangrove removal, could have a significant effect on the 

Darwin Harbour ecosystem through trophic interactions. Since there is little doubt 

that the growth of Darwin will result in at least some further reductions in the 

mangrove habitat, it is vitally important that the potential impact of different amounts 

and types of clearing be better understood. 

To gain a better understanding of the potential effects of mangrove clearance, we 

need to know how (and how much) mangroves contribute to the trophic ecology of 

the rest of the ecosystem. As discussed in Chapter 7, current thinking is that most 

food webs of tropical mangrove systems are detritus driven (Blaber 1997; Kathiresan 

and Bingham 2001), but the links to higher trophic levels are still unclear. Some 

studies suggest that exported detritus supports coastal food webs (Odum and Heald 

1972; Hutchings and Saenger 1987; Sarkar 1993) but others suggest that the 

mangrove carbon rarely contributes to coastal food webs (Hemminga et al. 1994; 

Loneragan et al. 1997; Marguillier et al. 1997; Kieckbusch et al. 2004). 

195 



TOWARDS A TROPHIC MODEL OF DARWIN HARBOUR 

The results presented in Chapter 7 indicated that sesarmid crabs may play an 

important role in the food web of Darwin Harbour. They are common in the 

mangrove forests and are consumed in relatively large numbers by some of the most 

abundant fish in the harbour. Of the numerous published food web models, few have 

considered the effect of leaf eating crabs on the structure of food webs. Sheaves and 

Molony (2000) suggested that consumption of sesarmid crabs by three species of 

higher predators short-circuits the detrital food chain and results in the export of a 

greater proportion of mangrove productivity, thereby introducing a greater level of 

complexity. Wolff et al. (2000), on the other hand, concluded that the leaf-eating 

mangrove crab, U cides cordatus, contributed to a greater level of recycling within 

the forest. 

This chapter presents an attempt, using the ecosystem modelling system Ecopath 

with Ecosim (EwE), to estimate the trophic flows among the various components of 

the Darwin Harbour ecosystem with a view to future exploration of hypotheses about 

the effects of mangrove removal on ecosystem functioning. Given the uncertainties 

involved in much of the information used in modelling these flows, the results should 

be interpreted as hypotheses for further testing, rather than as actual descriptions of 

processes. In summary, the aims of this chapter are to: 

• Review and standardise existing information about the ecosystem components of 

Darwin Harbour; 

• Construct a basic mass-balance trophic model of Darwin Harbour using the EwE 

modelling approach and software; 

• Determine areas in which further research is required to improve the model; 

• Examine the usefulness of the model as a management tool. 

196 



TOWARDS A TROPHIC MODEL OF DARWIN HARBOUR 

8.2. Methods 

The original Ecopath approach (Polovina 1984) has been modified and enhanced 

over several years (Christensen and Pauly 1992; Christensen and Walters 2000) and 

detailed descriptions of the package can be found in a number of publications (e.g. 

Christensen and Pauly 1992; Christensen and Pauly 1993b; Walters et al. 1997). 

Using data for each species or component of an ecosystem, EwE produces a trophic 

model that allows analysis and interpretation of the flows and biomass in the system. 

Using the dynamic Ecosim and Ecospace modules, impacts on the ecosystem, for 

example changes in fishing pressure or alteration of habitat, can be simulated to 

study the responses of the rest of the ecosystem components. 

The model comprises producers, consumers and at least one detritus group. Each 

consumer group consists of either one species, or a group of species, having similar 

habitat preferences, diet and predators. The basic routine assumes mass balance 

(production balances loss for each functional group) for a defined ecosystem over a 

specified time period, usually one year, and uses a system of simultaneous linear 

equations to balance biomass production and loss for each functional group in the 

ecosystem during that time period. 

The Master Equation of the EwE model, which defines the parameters required for 

each component of the ecosystem, is: 

B.(p) ·EE.=Y.+~B.(Q) ·DC .. 
I B . I I L...J 1 B . Jl 

I J 
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where: 

B =biomass (i =prey, j =predator) 

(P/B)i =production/biomass ratio of (i) 

EEi = ecotrophic efficiency of (i) (proportion of production consumed by 

predators within the system, usually estimated by EwE) 

Yi = fisheries yield (or export) of (i) 

(QIB)j =consumption/biomass ratio of G) 

DCji =diet composition (fraction of i in diet of j) 

The study area, Darwin Harbour, is described in Chapter 2 and includes 200 km2 of 

mangrove forests. 

8.2.1. Parameter estimation 

The model comprised 23 functional groups: three producers, 19 consumers and one 

detritus group. Input data and literature sources are given in Table 8-1 and the 

procedures used to determine the inputs to the EwE model are detailed below. Inputs 

for diet composition (Table 8-2) were based on data gathered in Chapter 7, 

information from FishBase (Froese and Pauly 2003) and published reports of 

stomach content analyses. 

Although information from other chapters in this thesis has contributed to the 

development of the model, there was a limited amount of information available for 

functional groups other than fish. Consequently, data were also sourced from 

published literature relating to similar habitats in tropical Australia. Where data from 

Australia were not available, information from other tropical systems has been used. 

Local anecdotal information was also incorporated in an attempt to make the model 

more representative of Darwin Harbour. As more locally applicable information 

becomes available it can be used to update the model. 
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Table 8-1. Input data for each functional group and literature sources used to determine 
estimates (a, b, c refer to separate authors in the source column). Biomass is in tlkm2

, P/B 
and Q/B are t/km2/year. Functional groups are ordered by trophic level (established during 

balancing, see Table 8-3). 

Functional group Biomass P/8 Q/8 Source 

Fish: Pelagic 8.25 0.80 8.90 See Fish section 8.2.1 

Crocodiles 0.02 0.90 5.50 Webb eta/., 1991 

Fish: Benthic (Crabs) 2.40 0.80 8.00 See Fish section 8.2.1 

Fish: Dem carnivores 1.10 0.80 7.30 See Fish section 8.2.1 

Birds 0.10 5.40 70.00 Christensen and Pauly, 1993b 

Fish: Benthic a2.20 b0.80-3.00 a8.00 aSee text; bWolff eta/., 2000 

Fish: Planktivores a3.40 b2.30-5.40 a20.00 aSee text; bWolff eta/., 2000 

Fish: Surface a1.60 b2.30-5.40 a20.00 aSee text; bWolff eta/., 2000 

Fish: Dem omnivores 2.00 2.30 13.39 See Fish section 8.2.1 

Mud crabs a1.20 b2.00-5.50 c20.00 asee text; bWolff eta/., 2000; 
cChristensen and Pauly, 1993b 

Terrestrial mammals 1.90 0.50 10.00 See section 8.2.1 

Prawns/shrimps a3.00 b7.00 b25.00 avance eta/., 1996; bWolff eta/., 
2000 

Fiddler crabs a8.00 b3.00 b20.00 aNobbs and McGuinness, 1999; 
t>wolff eta/., 2000 

Other benthos a34.00 b7.00 b36.25 
acrowe, 1997; abChavez eta/., 
1993 

Molluscs a1 0.68 b2.00 b1 0.00 aSmith eta/., 1997; bChavez et 
a/., 1993 

Zooplankton a11.80 b20.00 b1 00.00 aMcKinnon and Clump, 1998; 
bChristensen and Pauly, 1993b 

Insects a0.90 a12.00 b 45.00 aWolff eta/., 2000; bRobertson, 
1991 

Wood borers 30.00 2.00 15.00 See section 8.2.1 

Sesarm id crabs a8.00 b3.00 c20.00 aSmith eta/., 1997; bWolff eta/., 
2000; cRobertson, 1991 

Mangroves 82900.00 0.03 See section 8.2.1 

Phytoplankton 8.60 130.00 See section 8.2.1 

Benthic producers 2.50 44.50 Christensen and Pauly, 1993b 

Detritus 480.00 See section 8.2.1 
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Table 8-2. Diet composition matrix for the functional groups in the Darwin Harbour ecosystem. Columns show predators and rows show prey. 

No. Prey\ Predator 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 

Fish: Pelagic 0.100 0.029 

2 Crocodiles 

3 Fish: Benthic (Crabs) 0.050 0.020 0.030 0.030 

4 Fish: Dem carnivores 0.120 0.060 0.005 

5 Birds 0.200 0.005 

6 Fish: Benthic 0.020 0.020 0.010 0.060 0.020 0.100 

7 Fish: Planktivores 0.195 0.010 0.010 0.050 0.050 

8 Fish: Surface 0.150 0.050 0.010 

9 Fish: Dem omnivores 0.170 0.010 0.010 

10 Mud crabs 0.190 0.030 0.010 0.015 

11 Terrestrial mammals 0.300 

12 Prawns/shrimps 0.050 0.010 0.040 0.045 0.010 0.230 0.050 0.010 

13 Fiddler crabs 0.040 0.270 0.050 0.250 0.050 0.020 0.230 

14 Other benthos 0.100 0.040 0.300 0.500 0.250 0.100 0.100 0.070 0.500 0.300 0.100 0.200 0.100 0.100 

15 Molluscs 0.020 0.080 0.050 0.130 0.500 0.050 0.030 0.190 0.050 

16 Zooplankton 0.025 0.050 0.010 0.080 0.050 0.330 0.290 0.100 0.120 0.200 0.050 0.055 

17 Insects 0.001 0.025 0.500 0.001 

18 Wood borers 0.020 0.010 0.050 

19 Sesarmid crabs 0.050 0.270 0.040 0.100 0.050 0.040 0.025 0.150 

20 Mangroves 0.040 0.009 0.050 0.025 0.080 0.005 0.350 0.999 1.000 0.860 

21 Phytoplankton 0.005 0.190 0.010 0.010 0.100 0.050 0.050 0.700 

22 Benthic producers 0.010 0.050 0.010 0.010 0.015 0.050 0.080 0.100 0.015 

23 Detritus 0.106 0.050 0.100 0.050 0.260 0.380 0.010 0.535 0.700 0.770 0.750 0.230 0.140 
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Primary productivity 

Mangrove biomass studies in Darwin Harbour have been used to derive a mean 

biomass estimate (including below ground biomass) of 24,000 t(DW)/km2 (Comley 

2002). Mangrove productivity data were obtained from litterfall studies conducted in 

Darwin Harbour (Metcalfe 1999). Litterfall varied among species and ranged from 

432 to 1236 t(DW)Ikm2/year. A mean value of 768 t(DW)/km2/year has been used to 

derive a production/biomass ratio. Figures were converted to wet weight using 

conversion factors of between 1.72 and 2 for whole tree biomass (depending on the 

species) and 2.56 for leaf biomass (Comley 2002). The mangroves were estimated to 

cover 44% of study area. 

A mean chlorophyll a concentration of 1.8 J.Lg L-1 (Padovan 1997) was used to 

·estimate phytoplankton biomass. Chlorophyll a was converted to carbon which was 

then converted to wet weight. Empirical models incorporating light and temperature 

have been developed to account for the observed variability in the chlorophyll a to 

carbon ratio (e.g. Geider 1987; Cloem et al. 1995). However, due to the lack of 

accompanying data needed for these models, an estimated ratio of 1:60 has been used 

in this study. (Boto and Bunt 1981: D. Pauly, pers. comm.). There have been no 

studies of phytoplankton productivity in Darwin Harbour and very few in mangrove 

habitats at all. For the purposes of this model an estimate has been made based on the 

few studies conducted in mangrove estuaries in the South East Asian region 

(Robertson and Blaber 1992). The mean for total organic carbon (4 mgll) has been 

used to estimate the detrital pool (Wrigley et al. 1990). 
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Invertebrate fauna 

Benthic crustaceans were divided into 3 decapod groups: sesarmid crabs (Grapsidae), 

fiddler crabs (Ocypodidae) and mud crabs (Scylla serrata). These families dominate 

the crab fauna in Indo-West Pacific mangrove systems, including Darwin Harbour 

(Lee 1998; McGuinness 2003). A biomass estimate for sesarmid crabs was made 

based on Smith et al. (1997) and an estimate for fiddler crabs was based on Nobbs 

and McGuinness ( 1999). Mud crabs are an important part of the recreational fishery 

and biomass was estimated from catch data and unpublished survey results from 

creeks in nearby mangrove communities (T. Hay pers. comm.). Several other 

crustacean groups are also common in the mangrove forests. These include hermit 

crabs, alpheid shrimps, mud lobsters (Thalassina anomala) and barnacles, however 

information about the ecology of these groups is scarce and therefore no individual 

population estimates were made. In this model, they are included in the "other 

benthos" group. 

An estimate of biomass for the group "prawns/shrimps" was derived from Vance et 

al. (1996; 2002), while productivity, consumption and diet were based on Hill and 

Wassenberg (1992). 

Two groups of molluscs were identified to include separately in the model. The 

group "molluscs" included the wide variety of mangrove associated bivalves and 

gastropods. In the absence of other information, biomass estimates were derived 

from Crowe (1997) and Smith et al. (1997) and were based on mudwhelks 

commonly found on the forest floor, including Terebralia spp. and Telecscopium 

telescopium. "Wood borers" (Teredinidae) are bivalve molluscs found in large 

numbers in living mangrove trees and decomposing wood, but information about 
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them is scarce. Biomass, productivity and consumption information was estimated 

based on personal observations, the few published papers (Robertson 1991; Singh 

and Sasekumar 1994) and previous models (Christensen and Pauly 1993b). 

Fish fauna 

Information about the fish species inhabiting Darwin Harbour has come from a 

comprehensive species list for the area (Larson and Williams 1997) and results 

reported in Chapters 5, 6 and 7. Results from the present study have shown that the 

species composition of fish assemblages is similar to that of Embley Estuary, in the 

Gulf of Carpentaria, northern Australia, therefore initial inputs of fish biomass were 

estimated from several comprehensive studies conducted there (Blaber et al. 1989; 

Salini et al. 1990; Salini et al. 1992; Blaber et al. 1994; Blaber et al. 1995). 

Fish were sorted into seven functional groups based on the trophic groups identified, 

by multivariate analysis, in Chapter 7. Pelagic fish included the larger open water 

fish, such as trevallies, queenfish and sharks, and represented the trophic group with 

a nektonic feeding mode and fish as the main prey item (Section 7.3.5). Benthic crab 

feeders represented the group including the ariid catfish and Pon1adasys kakaan. 

Demersal carnivores included those species that occur in shallow coastal waters, 

feeding mainly on prey occurring on or near the bottom. The "demersal polychaete" 

and "demersal unknown" trophic groups were represented by this functional group. 

Benthic fish included the species, such as mudskippers, gobies and rays (not captured 

in the present study, but observed during low tide in mangrove creeks), that spend 

almost all of their time on the bottom. Planktivores consisted of mainly engraulids, 

clupeids, ambassids and atherinids and represented the "nektonic shrimp" trophic 

group. Demersal omnivores included the Mugilidae and Anodontostoma chacunda. 
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Productivity and consumption estimates were made based on previous models 

(Christensen and Pauly 1993b) and information from FishBase (Froese and Pauly 

2003). 

Terrestrial mammals 

Very little quantitative information is available for mammals inhabiting mangrove 

forests. A mammal trapping survey has recently been conducted as part of a wider 

study of the biodiversity of the mangroves of Darwin Harbour and aims to address 

this lack of information (Metcalfe, unpub.). A biomass estimate was made based on 

information from this survey. Production and consumption values were estimated 

based on Lawler et al. (1998) and previous models (Christensen and Pauly 1993b). 

Crocodiles 

Crocodiles are one of the top predators typically present in coastal waters of the 

Northern Territory, however because of the risk to the human population, they are 

regularly removed from Darwin Harbour by wildlife authorities. The small 

population remaining consists mainly of young individuals (G. Webb pers. com.m.). 

Biomass estimates were made based on the numbers removed and on advice from the 

Parks and Wildlife Commission of the Northern Territory. Production and 

consumption values were estimated based on information in Webb et al. ( 1991). To 

account for removal and relocation of crocodiles, this activity has also been included 

as a "fishery" (see below). 

Fishery 

Commercial fishing is not permitted in Darwin Harbour but recreational fishing is 

very popular. Fishing biomass estimates were derived from a recent survey which 
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collected detailed information about species and numbers caught (Coleman 1998). 

Species were classified into the functional groups described above. 

8.2.2. Missing groups 

The model was largely based on fauna found in, or that temporarily frequent, 

mangrove forests. Consequently many groups were not incorporated separately into 

the model. These included groups associated with the large expanses of mud flats, 

rocky and coral rubble habitats and open water habitats, such as marine mammals 

(dugongs, dolphins), turtles, snakes and corals. Some of these groups are present in 

low numbers (turtles, dugongs), but other habitats have high numbers and diversity 

of fauna ( eg. mud flats, Smit 2003). The information required to include all these 

groups in the model is unavailable at present. The model can be updated as more and 

better information becomes available. 

8.3. Balancing the model 

A key assumption of the model is that of mass balance; calculated biomass losses 

must sum to calculated gains during the time period defined for the model 

(Christensen and Pauly 1993a). The result is a snapshot of the ecosystem components 

based on biomass and trophic flows averaged over the time period (usually one year). 

Two values are important in the process of balancing the model. The ecotrophic 

efficiency (EE) is a measure of that part of the production that is consumed by 

predators within the system and therefore must be <1. The gross efficiency (GE) 

links the production and consumption of a particular functional group (P/Q) and for 

most groups, should fall between 0.05 and 0.3 (D. Pauly, pers. comm.). 
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The first run of the model, using the initial parameter values and diet matrix, 

generated several EE values that exceeded 1. This meant that within these functional 

groups more biomass was being used than produced. To balance the model, it was 

necessary to adjust some of the input data. The biomass and Q/B of pelagic fish was 

reduced and the biomass and P!B of fish of lower trophic levels was increased. This 

was justified on the basis that the biomass data for fish came from another estuary in 

northern Australia which is relatively unfished compared to Darwin Harbour. The 

biomass of insects had to be increased due to their presence in large numbers in the 

diets of the surface feeding fish (Chapter 7) and the biomass of benthic producers 

was also increased from the original estimate. Initial biomass values for these groups 

were estimated using data from models of systems outside Australia. Several minor 

alterations were also made to the diet matrix. Gross efficiency values were within the 

acceptable range. 

8.4. Results and discussion 

It should be noted at the outset that the model generated in this exercise could only 

be regarded as a "first cut", useful in that it consolidates information about some of 

the species or groups of species in Darwin Harbour and provides a framework for 

future modification and refinement as more information becomes available. It can 

also be used to generate hypotheses and highlight research needs. Thus, while 

Darwin Harbour has been the subject of previous detailed studies (Larson et al. 1987; 

Hanley et al. 1997; McGuinness 2003; Smit 2003 ), much of the information was not 

collected in a form that could be used in this model. This study provides an 

opportunity to determine the areas in which future research should be focussed. 
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The results of parameter estimation are shown in Table 8-3. Significantly, it has been 

possible to produce a balanced model with the limited available information and with 

few modifications to the input data (Table 8-1). 

Table 8-3. Results from the balanced EwE model for Darwin Harbour. Numbers underlined 
in bold denote input values modified to balance the model. Biomass is in t/krn2

, P/B and Q/B 
are t/km2/year. *Habitat area is an estimate of the fraction of the total area in which the 

functional group occurs. Averaged biomass is the biomass in the habitat area averaged over 
the whole study area (Darwin Harbour). **Ecotrophic efficiency estimated by EwE. 

Functional group Trophic Habitat Biomass P/B Q/B EE** 

level area* in habitat averaged* 
area 

Fish: Pelagic 3.9 0.80 2:.§.Q 4.40 0.80 6.40 0.846 

Crocodiles 3.8 0.80 0.02 0.02 0.90 5.50 0.556 

Fish: Benthic (Crabs) 3.1 1.00 2.40 2.40 1.30 8.00 0.864 

Fish: Dem carnivores 3.1 1.00 3.00 3.00 1.35 7.30 0.924 

Birds 3.1 1.00 0.10 0.10 5.40 70.00 0.110 

Fish: Benthic 3.0 1.00 2.20 2.20 2.30 8.00 0.793 

Fish: Planktivores 3.0 1.00 3.40 3.40 5.35 20.00 0.520 

Fish: Surface 3.0 1.00 1.60 1.60 5.30 20.00 0.937 

Fish: Dem omnivores 2.9 1.00 2.20 2.20 2.30 13.39 0.992 

Mud crabs 2.8 0.50 1.20 0.60 5.50 20.00 0.734 

Terrestrial mammals 2.7 0.44 1.90 0.84 0.50 10.00 0.063 

Prawns/shrimps 2.4 1.00 3.00 3.00 7.00 25.00 0.962 

Fiddler crabs 2.2 0.50 8.00 4.00 3.00 20.00 0.503 

Other benthos 2.2 1.00 34.00 34.00 7.00 36.25 0.873 

Molluscs 2.1 1.00 10.68 10.68 2.00 10.00 0.940 

Zooplankton 2.1 1.00 11.80 11.80 20.00 100.00 0.765 

Insects 2.0 1.00 ~ 1.40 12.00 45.00 0.967 

Wood borers 2.0 0.44 30.00 13.20 2.00 15.00 0.039 

Sesarmid crabs 2.0 0.50 8.00 4.00 3.00 20.00 0.476 

Mangroves 1.0 0.44 82900.00 36476.00 0.03 0.308 

Phytoplankton 1.0 1.00 8.60 8.60 130.00 0.766 

Benthic producers 1.0 1.00 llQ 3.50 44.50 0.858 

Detritus 1.0 1.00 480.00 480.00 0.775 

As pointed out above, most changes were made to the fish groups. Fish biomass 

estimates were made based on a study conducted in the Embley Estuary in tropical 
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northern Australia (Blaber et al. 1989). Although the Embley Estuary is a similar 

tropical estuarine system, differences in fish biomass between Darwin Harbour and 

Embley Estuary might be expected, especially since the Embley Estuary has very 

low human population levels and hence fishing pressure. The mean trophic level of 

harvested groups was 3.24 which suggests that the local biomass of species making 

up the higher trophic levels may be depleted compared to Embley Estuary. 

Diet analysis (Chapter 7) showed that insects made up a large proportion of the diet 

of the surface feeding fish. This was somewhat surprising given that most of the 

species making up this group (from the Hemiramphidae) have previously been 

described as feeding on algae, small fish and zooplankton (Robertson and Blaber 

1992; Blaber 1997; Froese and Pauly 2003). Despite a thorough analysis of stomach 

content, accuracy in estimating the proportion of items in fish diets can be affected 

by the difference in digestion times. In this case, the hard parts of insects would most 

likely be digested more slowly than algae and small fish. Diet composition is 

typically the least accurate of all inputs, due in some part to different digestion times 

and also to the difficulty of estimating the abundance of rare prey in the diets of 

predators (Christensen and Walters 2000). Accordingly, initial adjustments were 

made to the diet matrix. 

These changes were not enough, though, to balance production and loss of insects. 

The biomass input for insects was estimated from a study in Brazil (Wolff et al. 

2000), where mangrove communities are less diverse (at least in terms of vegetation 

assemblages) than those of the Indo-West Pacific (Duke 1992). The mangrove forest 

of Darwin Harbour may support a more diverse and perhaps larger pool of terrestrial 
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invertebrates (Coupland 2002) and for this reason, alterations were also made to 

insect biomass to better reflect the diet of the fish. 

Three functional groups showed very low ecotrophic efficiencies (EE). A low EE 

indicates that very little of the production from that group is consumed within the 

system. Typically, large, long-lived, higher level consumers have low EE values. In 

this model, the low EE values of birds, terrestrial mammals and wood borers may be 

explained by the low predation levels in the forest. Birds and mammals are not 

confined to the mangrove forest and often use the surrounding hinterland. Indeed, 

many sea birds range widely over large areas of coastal land. Wood borers, on the 

other hand, are perhaps protected from predation by their highly restricted, and 

concealed, habitat. Research is needed to establish the predators, predation rates and 

net migration of these groups to determine whether these values are realistic. 

A summary of trophic levels and flows among the functional groups in Darwin 

Harbour is presented in Figure 8.1. The food web of Darwin Harbour is complex 

with a wide range of trophic levels. Most functional groups came out at expected 

trophic levels, although crocodiles would normally be considered the top predator in 

this system. Because the crocodile population in Darwin Harbour does not comprise 

the whole size range of a natural population and excludes large adults, prey consists 

of many of the lower trophic levels. This results in crocodiles being at a lower 

trophic level than would be the case in an unmanaged population. 
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Figure 8.1. Box diagram illustrating the trophic levels and flows in Darwin Harbour. Biomass (B) is tlkm2 and flows (P, Q) are t/km2/year. P- Production, Q
Consumption. 
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Mangroves, with a biomass of 36,476 tlkm2
, made up 99.7% of the total biomass of 

the Darwin Harbour ecosystem. Darwin Harbour is typical of many Indo-Pacific 

estuarine systems in that there is a high proportion of forest to open water and 

conditions are turbid. In these systems the greatest source of carbon is thought to 

come from mangroves rather than phytoplankton or benthic producers (Robertson et 

al. 1992). The model reflects this view. The flow to detritus from the three primary 

producer groups was 1040.91 t/kni and mangroves (at 757.24 tlkm2
) made up 72.8% 

of that flow (Figure 8.1). 

In mangrove forests much of the contribution to detritus is in the form of fallen 

mangrove leaves, propagules and other debris. Microbial decay within the forest is 

slow, whereas export through tidal flow and consumption by some sesarmid crabs 

accounts for a much larger percentage of litter turnover (Robertson 1986). 

Depending on the mangrove habitat and frequency of tidal inundation, consumption 

of leaf litter by crabs can range from 25 to 80 percent of total litter-fall and, apart 

from some very high intertidal regions, microbial decay accounts for only about 5 

. 
percent. Tidal flushing accounts for the remainder of litter-fall (Robertson et al. 

1992). 

The export of detritus shown in this model, 413.63 t/km2/year, is low and appears to 

suggest a high level of recycling within the forest. In the Caete Estuary, despite 

higher levels of detritus export ( 1904.5 t!km2/year), Wolff et al. (2000) also 

suggested that much of the mangrove productivity is retained and recycled within the 

forest and that the leaf-eating mangrove crab, Ucides cordatus, is an important 

component in a mutually beneficial "feedback loop" involving fiddler crabs and 

mangrove productivity. Although sesannid crabs appear to have a similar role, that 
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of consuming mangrove litter and contributing to overall recycling within the forest, 

the importance of mangrove litter in the diet of some sesarmid crabs has recently 

been questioned (Bouillon et al. 2002). It may be premature, therefore, to make 

definitive conclusions about the role of sesarmid crabs in the trophic flows in the 

mangrove forests of Darwin Harbour. 

This model has several limitations which, at present, restrict its use as a means of 

management. Most of these limitations are due to the preliminary nature of the model 

and the lack of data. Although this project, as a whole, has contributed to a better 

understanding of the species composition, relative abundance and trophic groups of 

the fish in Darwin Harbour, information gaps still exist. Further development of the 

model requires absolute estimates of fish biomass, rather than relative estimates, to 

make quantitative calculations of change over time. This can only be obtained by 

sampling fish from a known area, which is theoretically possible but logistically 

difficult given the constraints outlined in Chapter 2. 

Local biomass estimates and diet information are also required for several other 

functional groups as well as better information on the groups yet to be incorporated 

into the model. In addition, a certain amount of model restructuring is required to 

include these groups and refine those already incorporated. These changes could 

cause substantial changes to the patterns, and magnitudes, of flow determined by this 

preliminary model. 

One modification which might better reflect the different ways in which mangrove 

litter contributes to the food chain would be to include information on habitat use 

within the mangrove forest. Research has shown that most fauna are not distributed 

uniformly throughout the forest and that some species are habitat specific (eg. this 
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thesis, Metcalfe, unpub. Kenny and Smith 1987; Salgado-Kent 2002). While this 

may appear too detailed for inclusion in such modelling exercises, it is of some 

importance. Some of the main leaf eating sesarmid crabs are more common in the 

higher intertidal mangrove habitats and these habitats are also the most likely forest 

areas to be converted to other uses (Lee 1998). Fish forage widely throughout the 

forest and diet analysis cc;:hapter 7) indicated that much of the predation on sesarmid 

crabs occurred in the higher intertidal habitats. Future modification of the model 

should, ideally, include more information on spatial distribution of functional groups 

within the mangrove habitats. 

Another modification might be to split some groups into juvenile and adult 

components to account for ontogenetic changes in diet. In the present study (Chapter 

7) four species were split into "small" and "large" groups to examine shifts in diet 

with size. Only one species changed trophic groups with size. Scomberoides 

commersonianus moved from the "planktivore" group to the "pelagic" group. For the 

purposes of the model this species was divided into trophic groups based on size 

rather than taxonomy. 

Despite its limitations, the value of the model lies in its development. This has 

provided an opportunity to synthesise information about Darwin Harbour from a 

wide variety of sources, examine the quality of the available data, determine 

information gaps, identify the areas in which future research should be focussed and 

propose modifications that may improve the present model. 

The model was developed as an initial step in the investigation of the potential 

effects of habitat alteration on ecosystem functioning in Darwin Harbour. What it has 

provided is some of the basic information needed to describe the "average" 
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ecosystem state in terms of trophic flows among the various components. Future 

work could include the use of the dynamic spatial application, Ecospace, an 

extension of EwE developed by Walters et al. ( 1999) as a policy evaluation tool to 

explore effects of marine protected areas. Using Ecospace, various management 

options, such as a reduction of mangrove biomass (by 20%, 30% for instance), can 

be simulated to examine their impacts on the food web and trophodynamics of the 

Darwin Harbour ecosystem. It is fortunate that this work can be developed with an 

ecosystem that is not yet over-exploited and so far has suffered few environmental 

impacts. 

EwE provides a tool that can be used to examine the resources and trophic 

interactions in an ecosystem. Although this is a preliminary analysis, it has been 

possible to produce a balanced model that can be used as a basic framework which 

can added to and refined as more information becomes available. 
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9. GENERAL DISCUSSION AND CONCLUSIONS 

Tropical mangrove forests have been the subject of much research and debate over 

the last few decades. The aim of many these studies has been to determine the role of 

mangroves in the survival and recruitment of fish to adult populations and hence 

their importance to coastal fishery production. Results have been almost as varied as 

the number of studies. Early research showed that mangrove leaf litter formed the 

source of a detritus-based food chain (Heald and Odum 1970; Odum and Heald 

1975), but more recent studies using stable isotope analysis have shown that the 

contribution of mangrove detritus to fish diets varies at local and regional scales and 

also among species (Kieckbusch et al. 2004; Nagelkerken and van der Velde 2004a; 

Nagelkerken and van der Velde 2004b). Some studies suggest that mangroves are 

used as nurseries by some species of fish (eg. Robertson and Duke 1987; Mumby et 

al. 2004 ), but others conclude that sea grasses and other intertidal habitats are equally 

important, or important at to fish at different life history stages (Nagelkerken et al. 

2000; Laegdsgaard and Johnson 1995; Sheridan and Hays 2003). 

Clearly, the relationships between mangroves and fish are diverse and, although there 

may be some universal principles, local environmental differences must play a role in 

the importance of mangroves to fish fauna. For example, in Darwin Harbour 

mangrove forests are the dominant structural intertidal feature; there are few coral 

reefs and no seagrass beds. At high spring tides some 200 km2 of mangrove forest is 

inundated but at low tide the forest is exposed for several hours. In contrast, some 

mangrove forests in Caribbean are permanently inundated and provide comparatively 

stable habitats for fish (N agelkerken and van der V elde 2004b ). 
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The mangrove forests of Darwin Harbour are also made up of several different 

habitats, some of which are more vulnerable to conversion to other uses. The higher 

intertidal habitats, for instance, are closer to the landward edge of the mangrove 

forest and are less frequent! y inundated. These characteristics make them more 

favourable as sites for filling and development (Lee 1998). 

As noted in Chapter 1, some have suggested that these different habitats may vary in 

their functional value and that the habitats with "lower" functional value could be 

sacrificed without a great loss to ecosystem function (Kapetsky 1985; Davie and 

Sumardja 1997). It is important, then, to understand the role of different parts of the 

forest in the ecology of coastal ecosystems. Such an understanding would permit 

more informed judgements when it comes to balancing the conflicting needs of 

development and conservation. 

This study has been the first to document the relative abundance, distribution and 

trophic ecology of the fish inhabiting different mangrove habitats in Darwin 

Harbour. In this chapter I summarise the information discussed in the preceding 

chapters in relation to the original objectives presented in Chapter 1, discuss the 

implications of the results and provide recommendations for future research and 

management. 

9.1. Temporal patterns among fish assemblages 

Several species captured in this study showed peaks of abundance which can be 

attributed to spawning or recruitment to the mangrove environment. Beyond some 

broad taxonomic similarities, the abundant species captured as larvae and juveniles 

in light trap samples were rarely captured in the trammel nets as larger individuals. 
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This suggests that some species captured in the light traps may enter estuaries and 

mangrove habitats as larvae and small juveniles, but leave the estuarine environment 

at larger sizes. For example, Sardinella brachysoma was commonly captured in light 

traps in November of both years but only one individual was captured in the trammel 

nets over the 2 years of the study. S. brachysoma is a coastal and pelagic schooling 

species (Munroe et al. 1999) which suggests that as the fish grow they may migrate 

away from estuaries into coastal and offshore waters. 

Atherinomorus endrachtensis, was also captured in light traps in November, but not 

captured in the trammel nets. This species schools in shallow coastal waters but 

nothing is known of its spawning patterns (Ivantsoff and Crowley 1999). It is slim 

bodied and only attains a maximum length of 8.5cm which may account for its 

absence in the nets (Ivantsoff and Crowley 1991). Stolephorus brachycephalus was 

another species captured in reasonably large numbers in the light traps in November 

but not captured in the trammel nets. Again, nothing is known of the biology of this 

species, in fact, only juveniles have been collected, but it is also presumed to be a 

coastal schooling species (Wongratana et al. 1999). The adults of this species may be 

estuarine and also small enough to avoid capture in the trammel nets, or they may 

perhaps move into deeper coastal waters as adults. 

The seasonal pattern shown by Thryssa hamiltonii may also bave been due to 

recruitment of juveniles to the mangroves. The larger catches of this species in the 

trammel nets in January (2000) and March (1999 and 2000) comprised high 

proportions of fish less than 100 nun SL. This is consistent with results from 

Robertson and Duke ( 1990b) which showed a main recruitment period in October. 

Growth rate of T. hamiltonii in that study is consistent with the capture of fish up to 
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100 mm three to five months later. No identifiable T. hamiltonii were captured in 

light traps, but the unidentified Engraulidae larvae may have included this species. 

Anodontostoma chacunda, also captured in the trammel nets, showed a pattern of 

abundance very similar to that found by Beumer (1978). All fish were juveniles and 

most abundant in March, with numbers declining until September when very few 

were captured. Although this species spawns in estuaries (Munroe et al. 1999), only 

two individuals were captured in the light traps. This species may spawn at a 

different time of year- spawning occurs in the cool dry season in the Godavari 

Estuary in eastern India (Munroe et al. 1999)- but results discussed in Chapter 5 

suggest that this species might move into the upper reaches of the harbour at the 

approach of the dry season. If so, spawning may have occurred upstream of the light 

trap sampling sites. This migration upstream is known to occur in other species of 

Clupeidae. For example, another tropical shad, Tenualosa toli, spawns in the middle 

reaches of estuaries after which the post-larvae move to the upper reaches then 

spread throughout the estuary as they grow (Blaber 1997). 

As discussed in Chapter 5, the breeding pattern of ariid catfish is unusual amongst 

estuarine fish in that breeding occurs inshore and males mouth brood eggs and 

juveniles. Juveniles are released offshore and return to estuaries at larger sizes 

(Blaber 1997). The main breeding period is the wet season which may explain the 

larger numbers of at least two species of catfish during that time. 

Results from light traps and trammel net sampling indicate that species captured in 

this study exhibit a range of spawning and breeding strategies. There were some fine 

scale peaks in abundance of larvae and juveniles over the three wet season sampling 
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months and some temporal patterns in abundance in larger juvenile and adult fish 

which could be linked to wet season breeding and recruitment. 

9.2. Spatial patterns among fish assemblages 

9.2. 1. Abundance and distribution 

At high spring tides, a wide range of fish - from larvae to sharks - was found in all 

habitats and all locations in the mangroves. At low tide, only resident species 

appeared to remain in pools. Small fish, including juveniles and larvae, made up a 

greater proportion of captures in the S. alba and R. stylosa (seaward) habitats 

whereas larger fish, including predatory species, were captured throughout the 

mangrove forest. More fish were captured in trammel nets in the Park (in all 

habitats), but more larval and juvenile fish were captured in the light traps in the 

upstream locations, Elizabeth River and Jones Creek. 

9.2.2. Species composition 

The main families captured with all sampling methods are common to tropical 

estuarine systems throughout the Indo-West Pacific (Robertson and Blaber 1992). 

Trammel net captures were dominated by Ariidae, Mugilidae, Clupeidae and 

Engralulidae. Fish assemblages captured in the light traps were dominated by 

Engraulidae, Clupeidae, Atherinidae and Gobiidae. Pit trap samples comprised the 

Gobiidae and Pseudomugilidae. The Ariidae were not expected to be captured in the 

light traps due to their egg and larval brooding behaviour. The Gobiidae, on the other 

hand, were not expected in trammel nets due to their (generally) small size and 

sedentary behaviour. A. endrachtensis, as discussed above, may also have avoided 

capture in the trammel nets because of its size. 
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Mullets were rarely captured in light traps, despite their ubiquitous status in tropical 

estuaries throughout most parts of the world (Blaber 1997). The reproduction of 

several species has been studied in India (1987; Wijeyaratne and Costa 1988) and 

although reproductively mature individuals were often found in estuaries, spawning 

was never observed. Wijeyaratne and Costa (1987; 1988) concluded that mullets 

spawn in deeper coastal waters. 

The dominance of the Engraulidae in light trap samples resulted in very little 

difference in species composition across locations. A minor difference was observed 

among habitats with the Gobiidae (Gobiopterus sp.) more common in the C. tagal 

habitat. A small number of Gobiopterus sp. was also only captured in the C. tagal 

habitat in the pit traps. 

Conversely, there were differences in species composition among locations and 

habitats in trammel net captures. The main difference was between habitats, but 

locations differed as well. Species composition in the S. alba habitats was similar 

across locations, whereas the C. tagal habitats differed from the S. alba habitats but 

were also different among locations. 

9.3. Patterns among fish assemblages in relation to forest 

structure, aquatic environmental variables and 

mangrove productivity. 

9.3.1. Forest area and structural complexity 

Small scale forest structure was expected to vary among the different habitats due to 

the different growth forms of the dominant mangrove species, but there was also 

some variation within these habitats despite selecting representative habitats in each 

location. At Elizabeth River, where sampling sites were situated in habitats 
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comprising pure stands of the dominant species, the C. tagal habitat was less 

structurally complex than the R. stylosa habitat. In the Park and Jones Creek, 

however, the C. tagal and R. stylosa habitats had similar levels of complexity. 

Mangrove habitat in the Park were less structural! y complex overall than two other 

locations. 

Despite differences in small scale forest structure of the C. tagal and R. stylosa 

habitats, the major difference in forest structure was between these habitats and the 

S. alba habitat. The S. alba forests in all locations were open with widely spaced 

trees, in contrast to the closed forest of the two other habitats. If small scale forest 

structure was to influence fish behaviour, one would perhaps expect smaller fish in 

habitats with a more complex structure and larger fish in more open areas (Gotceitas 

and Colgan 1987; Vance et al. 1996; Chick and Mcivor 1997; Ronnback et al. 1998; 

Laegdsgaard and Johnson 2001). In this study, both small and large fish were found 

in several different forest habitats with differing structural complexity. In fact, most 

of the smaller fish and larvae were found in the more open S. alba habitat. 

With this in mind, it is doubtful that patterns in fish abundance were related to the 

small scale complexity in forest structure. Although more fish were captured in the 

trammel nets in the less structurally complex forest of the Park, there were other 

forest characteristics that almost certainly had a greater influence on the relative 

abundance of fish among locations. The C. tagal habitats sampled in the Park were 

not situated at the landward edge of the forest (as at the two other locations) but 

surrounded by areas of lower lying land and this would have provided greater access 

to these sampling sites. Further, the previously existing survey vehicle tracks (in 

some places more than 5 metres wide) could also have provided access routes to this 
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habitat for fish. As discussed in Chapter 5, the Park is also adjacent to the open 

harbour, whereas the two other locations are adjacent to smaller tributaries. The open 

water of the harbour most likely contributed a larger pool of fish to exploit the 

adjacent mangroves at high tide. 

In contrast to the trammel net catches, fewer larvae and small juveniles were trapped 

in the light traps in the Park. Different processes may have been acting on the groups 

of fish sampled with each method. Whereas forest characteristics and physical 

location influenced the patterns of abundance and distribution of fish captured in the 

trammel nets, aquatic environmental variables were probably responsible for the 

difference in captures in the light traps (discussed in the following section). 

9.3.2. Aquatic environmental variables 

The major influences on aquatic environmental variables were season and, related to 

this, location within the harbour. All locations experienced seasonal changes in 

temperature and salinity, but the upstream sites at Elizabeth River experienced the 

greatest effect of season, including wide variability in salinity as well as lower levels 

of dissolved oxygen and pH throughout the year. Most species captured in the light 

traps are estuarine, at least during their larval and juvenile life history stages (Blaber 

1997). The brackish conditions most likely contributed to the higher numbers of 

larvae and small juveniles captured in light traps at the upstream locations over the 

wet season months (discussed in detail in Section 9.1.). 

As discussed in Chapter 5, the brackish conditions probably also contributed to some 

of the difference in species composition of fish captured in the trammel nets in each 

location. Toxotes chatareus, which was one of the species to characterise the C. tagal 

habitat at Elizabeth River, is tolerant of brackish conditions (Allen and Swainston 
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1988). Other less common species, Arrhamphus sclerolepis and Leiognathus equulus 

are also considered tolerant of brackish condition (Froese and Pauly 2003) and were 

found more often at this location. 

Processes acting on species composition among habitats could be a combination of 

both forest structure and environmental variables interacting with biological 

processes such as feeding behaviour or presence of preferred prey. Evidence for this 

comes again from the distribution ofT. chatareus. The brackish, calm waters and 

overhanging vegetation of the C. tagal habitat at Elizabeth River may provide the 

physical conditions required for one of the common feeding behaviours of this 

species (see Chapter 7). In contrast, the distribution of the ariid catfish, A. mastersi 

and A. pectoralis, suggests that they are less tolerant of the brackish conditions at 

Elizabeth River, but their generalist diet is consistent with their distribution 

throughout all habitats in the Park and to a lesser extent at Jones Creek. 

9.3.3. Mangrove productivity 

Although not measured in this study, mangrove productivity has been estimated in 

two other studies in similar locations in Darwin Harbour (Metcalfe 1999; Comley 

2002). Despite some variation, Metcalfe ( 1999) found that the S. alba and R. sty los a 

habitats were more productive (measured as litterfall) than the C. tagal habitat. 

Biomass accumulation data (measured as above and below ground biomass) were 

less consistent (Comley 2002). Within locations, the R. stylosa habitat generally had 

a greater biomass accumulation than the C. tagal habitat (S. alba was not measured 

in this study), but locations differed. At the Jones Creek location, for instance, 

biomass accumulation in both the C. tagal and R. stylosa habitats were greater than 
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the R. stylosa habitat at the Park. There were no biomass estimates made for 

Elizabeth River (Comley 2002). 

In this study, higher levels of mangrove productivity did not appear to translate into 

larger numbers of fish or species among habitats. In fact, when the C. tagal habitat 

was inundated enough to float the boat, trammel net catch rates were greater in that 

habitat than in the S. alba and R. stylosa habitats, which suggests that density of fish 

may have been greater in the C. tagal habitat. This is similar to the result of 

Ronnback et al. (1998) who measured the highest fish density at an inland site. 

On the other hand, densities of larval and juvenile fish were greater in the seaward 

habitats. This result, however, may not necessarily be related to !Y!angrove 

productivity, but to feeding behaviour. As discussed in Chapter 6, many larval and 

juvenile fish are zooplanktivores (Robertson et al. 1988). The light traps in the 

seaward habitats appeared to capture larger numbers of crustacean larvae and some 

fish had consumed this prey while in the traps (pers. obs.). 

On a large (inter-estuary) scale, productivity may have an influence on abundances 

of fish. For example, Robertson and Duke ( 1987) proposed that the low numbers of 

fish captured in two estuaries on the eastern coast of north Queensland might reflect 

the low mangrove productivity of those estuaries. There is no evidence, though, that 

variation in productivity at the scale of habitats within the mangroves of Darwin 

Harbour has had an effect on the patterns of use by associated fish fauna. 

9.4. Diets and trophic ecology of fish assemblages 

Only fish captured in the trammel nets were examined for stomach contents. Results 

indicated that fish actively feed in the mangroves of Darwin Harbour at high tide. A 
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wide range of mangrove associated prey items were taken including the characteristic 

crab fauna as well as fish, shrimps, molluscs and polychaetes. Other items included 

terrestrial invertebrates, mud lobsters and mangrove snakes. 

Seven distinct trophic groups were identified, defined by the main prey items in the 

diets of fish. These were classified in to three larger groups defined by the main 

feeding mode: surface, nektonic and benthic/demersal feeders. Only two species 

groups comprised the surface feeders, but the remainder of the fish assemblage was 

equally divided between the nektonic and benthic/demersal feeders. The groups did 

not reflect habitat or location differences (and temporal variations were not 

examined), therefore these groups could be considered to comprise an average 

trophic structure for the mangrove ecosystem. These trophic groups were used as a 

basis for defining species and diet composition of the functional groups among fish 

species in the trophic model. 

Despite some variation, the diets of many species were reasonably consistent with 

other published studies. These included the piscivores and many groups that had 

consumed a high proportion of shrimps (Robertson 1988; Robertson and Duke 

1990b; Salini et al. 1990; Salini et al. 1998). Several other fish species exhibited 

opportunistic feeding behaviour and had diets that reflected local prey availability. 

Ocypodid and grapsid crabs, for instance, made up a large proportion of the prey 

items of the benthic feeders and the surface feeders consumed a large number of ants 

and other terrestrial invertebrates, which were presumably only available in large 

numbers in the mangrove forests. 

Piscivores comprised the two shark species and the larger S. commersonianus. 

Identified fish prey reflected the abundant fish species captured in this study with the 
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three sampling methods (Section 9.2.2). One piscivore, S. commersonianus, changed 

trophic groups- from the nektonic/shrimp group to the nektonic/fish group- with 

size. Ontogenetic changes in diet were also observed in three other predator groups 

but none of these changed trophic groups. 

Within the broad trophic groups, there was some evidence of fine scale niche 

partitioning shown by habitat preference among species within the groups. The two 

surface feeders, for instance, were separated by habitat. T. chatareus was captured 

more often in the C. tagal habitat, whereas the Hemiramphidae were captured more 

often in the S. alba habitat. Two ariid catfish, A. mastersi and A. pectoralis, were also 

more widely distributed among habitats than the other catfish and this was reflected 

in their diets; these species had consumed larger numbers of sesarmid crabs (found 

most often in the C. tagal habitat, \Metcalfe, unpub.). 

Several species of fish had fed on sesarmid crabs, but the two Ariid catfish were the 

main predators. As two of the most abundant species in the harbour (the recreational 

catch rate of "catfish" is second only to "snappers", Coleman 1998), predation on 

sesarmid crabs could be high. Perisesanna darwinensis, the most commonly eaten 

sesarmid crab, is known to be one of the major consumers of mangrove leaves in 

Darwin Harbour (Salgado-Kent 2002). 

Although the importance of mangrove litter in the diet of some sesarmid crabs has 

recently been questioned (Bouillon et al. 2002), predation on this species may be an 

important link between mangroves and fish assemblages in Darwin Harbour 

(Salgado-Kent 2002). Despite the potential significance of this link, the preliminary 

nature of the trophic model precludes a definitive analysis of the effect of predation 

on sesarmid crabs. An important aspect is the differential distribution of some 
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species of sesarmid crabs among the different habitats within the forest and, in tum, 

rates of predation on the crabs. At present, the model suggests that there is a high 

level of recycling within the mangroves which is consistent with studies showing that 

consumption of mangrove litter by sesarmid crabs contributes to recycling within the 

forest. However, as noted in Chapter 8, consumption of leaf litter can range from 25 

- 80% and varies depending on habitat. 

The trophic model is still very much at a preliminary stage. Although some data are 

based on comprehensive local studies, much information is lacking. Developing the 

model has provided an opportunity to assess the current data and determine future 

research directions. 

9.5. Habitats within mangroves 

Sampling a wide range of fish in different mangrove habitats has provided insight 

into the functional value of each of these habitats. The C. tagal habitat, although 

generally less productive, comprises the largest proportion of mangrove forest in the 

harbour. Conversely, the S. alba habitat is one of the most productive habitats but 

comprises a small proportion of the mangrove forest area. As a result, it only 

represents about 4% of the total productivity of the harbour. This might suggest that 

it is less functionally valuable and one of the habitats that could be sacrificed without 

great loss to overall functional value of the forest. However, this habitats was, 

surprisingly, one of the most important for larval and small juvenile fish. In addition, 

juveniles of recreation ally important fish species were also found more often in this 

habitat. So, despite its small area and low contribution to overall productivity of the 

forest, it clearly has a high value to some species in the early stages of their life 

histories. 
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The C. tagal habitat, although less productive and infrequently inundated, had a fish 

capture rate at least as high and for several months, higher than that of the two 

seaward habitats. As noted above (Section 9.4) this habitat may be an important 

temporal feeding habitat for several species and is also, potentially, a significant 

habitat linking mangroves to fish assemblages in Darwin Harbour. 

9.6. Conclusion and recommendations 

The research presented here has added substantially to existing information about 

fish assemblages in Darwin Harbour and has highlighted several implications 

regarding management and conservation of the mangroves of Darwin Harbour. 

In Darwin Harbour (as defined for this project) there are no seagrass beds and few 

structurally complex habitats such as rocky or coral reefs. With an area of over 200 

km2
, the inundated forest at high tide almost doubles the available habitat for fish, 

making the mangroves an integral part of the Darwin Harbour ecosystem. 

Sampling within three habitats of the forest has shown that they are used extensively 

by a wide range of fish species. No one habitat appeared to be have a greater 

functional value than any other, but the use of different habitats in different locations 

varied depending on the species and life history of the fish. In addition, large scale 

forest characteristics, the physical nature of the locations, aquatic environmental 

variables and feeding behaviour all played a role in the distribution and abundance of 

fish amongst the forest habitats and locations. 

At high tide all habitats in all locations appeared to be important feeding areas for 

fish. Some species, such as Toxotes chatareus and two Ariid catfish, were more 

strongly associated with the higher intertidal habitats. This association may be 
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important ecologically, due to the high levels of predation on the leaf-eating sesarmid 

crab, Perisesarma darwinensis. Large fish, including predatory species were 

captured in all habitats, but smaller fish and juveniles made up a larger proportion of 

the fish assemblage in the S. alba habitat. This suggests that smaller fish do not seek 

refuge from predation in the shallower, more complex habitats. 

Over all sampling months, more fish were captured at the Park, in the trammel nets, 

than at the two upstream locations. However during the wet season, larval and small 

juvenile fish were more strongly associated with the upstream locations and the 

seaward habitats. 

The most abundant species are not considered economically important in themselves, 

although a small percentage of catfish and mullet are harvested. All abundant species 

are, however, important prey species for recreationally harvested species. 

The distribution, abundance and trophic ecology of fish in the mangrove forests of 

Darwin Harbour is complex and influenced by several physical and biological 

factors, which presents implications for management of development in the harbour. 

Large scale projects such damming upstream tributaries, for instance, would clearly 

have detrimental effects on larval fish habitat. Depending on their location in the 

harbour, different habitats appear to be important for different species and groups of 

fish. 

9.6.1. Recommendations 

As with many ecological studies, this project has raised numerous questions. An 

important habitat not sampled in this study was the intertidal mud flat. Mud flats are 

extensive in Darwin Harbour and have a high diversity of benthic infauna. Sampling 

fish (including larval fish) on mud flats at high tide may provide added context for 
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determining the significance of adjacent inundated mangrove habitats. A related 

question concerns the importance of mangrove creeks and shallow subtidal mud flats 

to fish at low tide. Casual observation of mangrove creeks during low tide suggests 

that even the sinuous narrow gutters are important feeding habitats for fish. 

All sampling was done, necessarily, on spring tides, but there are likely to be 

differences in fish assemblages during neap tides (eg. Davis 1988; Laroche et al. 

1997; Wilson and Sheaves 2001). Future research could include comparisons of 

spring and neap tides. 

Finally, much information is still required to effectively model the Darwin Harbour 

ecosystem. With regard to fish, estimates of biomass are essential. Additionally, local 

biomass estimates and diet information are also required for many other functional 

groups as well as information on the groups yet to be incorporated into the model. 

The preliminary model has provided a much needed framework within which future 

research can be designed to provide effective information for more considered 

balancing of development and conservation needs in Darwin Harbour. 
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APPENDIX 1- ANOVA RESULTS 

APPENDIX 1 AN OVA RESULTS 

Chapter 3- Forest structure 

Summary of all effects: Number of stems 

Effect df effect MS effect df error MS error F p level 

Location 2 12.167 6 12.750 0.954 0.437 

Habitat 600.000 2 175.500 3.419 0.206 

Net 6 12.750 12 41.667 0.306 0.922 

Loc*Hab** 2 175.500 6 12.750 13.765 0.006 

Loc*Net 

Hab*Net 

Loc*Hab*Net 

Summary of all effects: Size of stems 

Effect df effect MS effect df error MS error F p level 

Location** 2 479.686 6 19.815 24.208 0.001 

Habitat 7.038 2 62.693 0.112 0.769 

Net 6 19.815 12 12.268 1.615 0.226 

Loc*Hab 2 62.693 6 19.815 3.164 0.115 

Loc*Net 

Hab*Net 

Loc*Hab*Net 

Summary of all effects: Variation in stem size 

Effect df effect MS effect df error MS error F p level 

Location 2 5973.377 6 17196.543 0.347 0.720 

Habitat 32242.449 2 15725.958 2.050 0.289 

Net 6 17196.543 12 6782.739 2.535 0.080 

Loc*Hab 2 15725.958 6 17196.543 0.914 0.450 

Loc*Net 

Hab*Net 

Loc*Hab*Net 
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Effect 

Location* 

Habitat 

Net 

Loc*Hab 

Loc*Net 

Hab*Net 

Loc*Hab*Net 

APPENDIX 1- ANOVA RESULTS 

Summary of all effects: Stem density 

df effect MS effect df error MS error 

2 8.349 6 0.907 

5.970 2 1.107 

6 0.907 12 0.543 

2 1.107 6 0.907 

Chapter 3 - Aquatic environmental variables 

F 

9.204 

5.394 

1.669 

1.220 

Summary of all effects: Depth (all locations and habitats included) 

Effect df effect MS effect df error MS error F p 

Location*** 2 5.689 9 0.317 17.965 

Habitat** 2 152.066 4 7.048 21.576 

Year* 1.347 2 0.050 27.034 

Month*** 5 3.261 10 0.160 20.337 

Loc*Hab*** 4 7.048 9 0.317 22.258 

Loc*Year 2 0.050 9 0.223 0.223 

Hab*Year 2 0.002 4 0.012 0.142 

Loc*Month* 10 0.160 45 0.074 2.172 

Hab*Month 10 0.024 20 0.014 1.718 

Year* Month** 5 0.402 10 0.045 8.944 

Loc*Hab*Year 4 0.012 9 0.223 0.054 

Loc*Hab*Mo 20 0.014 45 0.074 0.190 

Loc*Year*Mo 10 0.045 45 0.153 0.293 

Hab*Year*Mo 10 0.010 20 0.006 1.600 

L*H*Y*M 20 0.006 45 0.153 0.042 
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p level 

0.015 

0.146 

0.212 

0.359 

0.001 

0.007 

0.035 

0.000 

0.000 

0.804 

0.872 

0.038 

0.145 

0.002 

0.993 

1.000 

0.979 

0.178 

1.000 
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Summary of all effects: Temperature (C. tagal and R. stylosa habitats only) 

Effect df effect MS effect df error MS error F p 

Location 2 1.018 2 0.123 8.256 0.108 

Habitat** 0.140 2 0.001 249.689 0.004 

Year 6.516 2 0.469 13.907 0.065 

Month*** 4 86.939 8 0.634 137.135 0.000 

Loc*Hab 2 0.001 2 0.123 0.005 0.995 

Loc*Year 2 0.469 2 0.126 3.711 0.212 

Hab*Year** 0.061 2 0.000 980.000 0.001 

Loc*Month 8 0.634 8 0.726 0.874 0.573 

Hab*Month 4 0.022 8 0.022 0.985 0.467 

Year*Month* 4 2.399 8 0.373 6.425 0.013 

Loc*Hab*Year 2 0.000 2 0.126 0.001 1.000 

Loc*Hab*Mo 8 0.022 8 0.726 0.031 1.000 

Loc*Year*Mo 8 0.373 8 1.610 0.232 0.973 

Hab*Year*Mo 4 0.019 8 0.040 0.486 0.746 

L*H*Y*M 8 0.040 8 1.610 0.025 1.000 

Summary of all effects: Salinity (C. tagal and R. stylosa habitats only) 

Effect df effect MS effect df error MS error F p 

Location*** 2 0.731 2 0.000 4297.103 0.000 

Habitat 0.000 2 0.000 0.474 0.562 

Year 0.025 2 0.010 2.482 0.256 

Month* 4 2.432 8 0.464 5.242 0.023 

Loc*Hab 2 0.000 2 0.000 0.397 0.716 

Loc*Year 2 0.010 2 0.057 0.176 0.850 

Hab*Year 0.000 2 0.000 0.800 0.465 

Loc*Month*** 8 0.464 8 0.030 15.570 0.000 

Hab*Month* 4 0.001 8 0.000 5.422 0.021 

Year* Month*** 4 0.175 8 0.006 31.641 0.000 

Loc*Hab*Year 2 0.000 2 0.057 0.001 0.999 

Loc*Hab*Mo 8 0.000 8 0.030 0.005 1.000 

Loc*Year*Mo 8 0.006 8 0.022 0.254 0.965 

Hab*Year*Mo 4 0.000 8 0.000 0.539 0.712 

L*H*Y*M 8 0.000 8 0.022 0.002 1.000 
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Summary of all effects: pH (C. tagal and R. stylosa habitats only) 

Effect df effect MS effect df error MS error F p 

Location** 2 1.046 2 0.003 362.932 0.003 

Habitat 0.011 2 0.003 3.645 0.196 

Year 0.288 2 0.016 18.046 0.051 

Month*** 4 0.371 8 0.020 18.959 0.000 

Loc*Hab 2 0.003 2 0.003 1.000 0.500 

Loc*Year 2 0.016 2 0.026 0.607 0.622 

Hab*Year* 0.002 2 0.000 55.126 0.018 

Loc*Month 8 0.020 8 0.011 1.792 0.214 

Hab*Month 4 0.001 8 0.000 2.180 0.162 

Year*Month*** 4 0.259 8 0.006 40.024 0.000 

Loc*Hab*Year 2 0.000 2 0.026 0.001 0.999 

Loc*Hab*Mo 8 0.000 8 0.011 0.034 1.000 

Loc*Year*Mo 8 0.006 8 0.012 0.539 0.800 

Hab*Year*Mo 4 0.000 8 0.000 1.117 0.413 

L*H*Y*M 8 0.000 8 0.012 0.028 1.000 

Summaiy of all effects: Turbidity (C. tagal and R. stylosa habitats only) 

Effect df effect MS effect df error MS error F p 

Location* 2 0.341 2 0.003 98.833 0.010 

Habitat 0.037 2 0.002 17.714 0.052 

Year 0.566 2 0.078 7.274 0.114 

Month 4 0.230 8 0.101 2.262 0.151 

Loc*Hab 2 0.002 2 0.003 0.603 0.624 

Loc*Year 2 0.078 2 0.034 2.320 0.301 

Hab*Year 0.009 2 0.002 4.343 0.173 

Loc*Month* 8 0.101 8 0.022 4.697 0.021 

Hab*Month 4 0.014 8 0.014 0.983 0.469 

Year*Month*** 4 0.492 8 0.029 16.937 0.001 

Loc*Hab*Year 2 0.002 2 0.034 0.060 0.943 

Loc*Hab*Mo 8 0.014 8 0.022 0.662 0.714 

Loc*Year*Mo 8 0.029 8 0.040 0.736 0.663 

Hab*Year*Mo 4 0.008 8 0.011 0.717 0.604 

L*H*Y*M 8 0.011 8 0.040 0.272 0.958 
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Summary of all effects: Dissolved oxygen (C. tagal and R. stylosa habitats only) 

Effect df effect MS effect df error MS error F p 

Location*** 2 12.436 6 0.205 60.615 0.000 

Habitat 0.074 2 0.024 3.100 0.220 

Month*** 5 3.507 10 0.220 15.905 0.000 

Loc*Hab 2 0.024 6 0.205 0.116 0.892 

Loc*Month 10 0.220 30 0.110 2.012 0.068 

Hab*Month 5 0.008 10 0.009 0.971 0.480 

Loc*Hab*Mo 10 0.009 30 0.110 0.079 1.000 

Summary of all effects: Temperature (all habitats) 

Effect df effect MS effect df error MS error F p 

Location 2 0.092 7 0.328 0.279 0.765 

Habitat* 2 0.516 4 0.062 8.281 0.038 

Month*** 5 35.962 10 0.517 69.496 0.000 

Loc*Hab 4 0.062 7 0.328 0.190 0.936 

Loc*Month 10 0.517 35 1.350 0.383 0.946 

Hab*Month 10 0.018 20 0.335 0.053 1.000 

Loc*Hab*Mo 20 0.335 35 1.350 0.249 0.999 

Summary of all effects: Salinity (all habitats) 

Effect df effect MS effect df error MS error F p 

Location*** 2 2.774 7 0.009 310.729 0.000 

Habitat 2 0.000 4 0.002 0.127 0.884 

Month** 5 3.048 10 0.390 7.814 0.003 

Loc*Hab 4 0.002 7 0.009 0.223 0.917 

Loc*Month*** 10 0.390 35 0.022 17.629 0.000 

Hab*Month 10 0.001 20 0.002 0.351 0.954 

Loc*Hab*Mo 20 0.002 35 0.022 0.070 1.000 
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Summary of all effects: pH (all habitats) 

Effect df effect MS effect df error MS error F p 

Location*** 2 1.523 7 0.005 291.105 0.000 

Habitat* 2 0.029 4 0.002 12.085 0.020 

Month*** 5 0.825 10 0.010 79.266 0.000 

Loc*Hab 4 0.002 7 0.005 0.459 0.764 

Loc*Month*** 10 0.010 35 0.001 8.720 0.000 

Hab*Month 10 0.000 20 0.001 0.600 0.795 

Loc*Hab*Mo 20 0.001 35 0.001 0.696 0.803 

Summary of all effects: Turbidity (all habitats) 

Effect df effect MS effect df error MS error F p 

Location* 2 0.394 7 0.049 8.087 0.015 

Habitat 2 0.020 4 0.033 0.603 0.590 

Month* 5 0.694 10 0.145 4.780 0.017 

Loc*Hab 4 0.033 7 0.049 0.673 0.632 

Loc*Month*** 10 0.145 35 0.026 5.679 0.000 

Hab*Month 10 0.027 20 0.020 1.343 0.275 

Loc*Hab*Mo 20 0.020 35 0.026 0.794 0.703 

Summary of all effects: Dissolved oxygen (all habitats) 

Effect df effect MS effect df error MS error F p 

Location*** 2 19.510 7 0.273 71.333 0.000 

Habitat 2 0.445 4 0.082 5.446 0.072 

Month** 5 2.787 10 0.301 9.272 0.002 

Loc*Hab 4 0.082 7 0.273 0.299 0.870 

Loc*Month* 10 0.301 35 0.114 2.641 0.016 

Hab*Month 10 0.022 20 0.023 0.945 0.516 

Loc*Hab*Mo 20 0.023 35 0.114 0.201 1.000 
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Chapter 4- Dawn/dusk study 

Summary of all effects: Number of fish/m2/hr 

Effect df effect MS effect df error MS error F p 

Loc 2 0.255 9 0.087 2.925 0.105 

Hab 2 0.156 4 0.134 1.167 0.399 

Month* 0.561 2 0.025 22.630 0.041 

ampm 0.110 2 0.007 15.287 0.060 

Loc*Hab 4 0.134 9 0.087 1.532 0.273 

Loc*Month 2 0.025 9 0.055 0.452 0.650 

Hab*Month 2 0.102 4 0.051 2.012 0.249 

Loc*ampm 2 0.007 9 0.044 0.163 0.852 

Hab*ampm 2 0.108 4 0.026 4.081 0.108 

Month*ampm 0.000 2 0.106 0.004 0.954 

Loc*hab*month 4 0.051 9 0.055 0.925 0.491 

L*H*ampm 4 0.026 9 0.044 0.598 0.673 

L*Mo*ampm 2 0.106 9 0.047 2.239 0.162 

H*Mo*ampm 2 0.068 4 0.108 0.629 0.579 

L *H*Mo*ampm 4 0.108 9 0.047 2.281 0.140 

Summary of all effects: Number of species/m2/hr 

Effect df effect MS effect df error MS error F p 

Loc 2 0.195 9 0.047 4.117 0.054 

Hab 2 0.074 4 0.077 0.957 0.457 

Month* 0.486 2 0.013 37.410 0.026 

ampm* 0.075 2 0.002 41.053 0.024 

Loc*Hab 4 0.077 9 0.047 1.629 0.249 

Loc*Month 2 0.013 9 0.032 0.409 0.676 

Hab*Month 2 0.091 4 0.052 1.727 0.288 

Loc*ampm 2 0.002 9 0.032 0.058 0.944 

Hab*ampm 2 0.060 4 0.014 4.205 0.104 

Month*ampm 1 0.000 2 0.021 0.004 0.955 

Loc*hab*month 4 0.052 9 0.032 1.651 0.244 

L*H*ampm 4 0.014 9 0.032 0.447 0.773 

L*Mo*ampm 2 0.021 9 0.026 0.841 0.463 

H*Mo*ampm 2 0.028 4 0.062 0.450 0.666 

L *H*Mo*ampm 4 0.062 9 0.026 2.417 0.125 
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Chapter 5- Abundance of fish and species in trammel nets 

Summary of all effects: Number of fish/m2/hr (Analysis A. not including January) 

Effect df effect MS effect df error MS error F p 

Location** 2 0.264 6 0.013 19.884 0.002 

Habitat 2 0.009 4 0.039 0.225 0.808 

Year 0.029 2 0.018 1.631 0.330 

Month* 4 0.080 8 0.018 4.459 0.035 

Loc*Hab 4 0.039 6 0.013 2.936 0.115 

Loc*Year 2 0.018 6 0.006 2.928 0.130 

Hab*Year 2 0.007 4 0.007 1.000 0.444 

Loc*Month 8 0.018 24 0.016 1.130 0.380 

Hab*Month** 8 0.082 16 0.017 4.726 0.004 

Year* Month 4 0.013 8 0.015 0.851 0.531 

Loc*Hab*Year 4 0.007 6 0.006 1.226 0.391 

Loc*Hab*Mo 16 0.017 24 0.016 1.092 0.412 

Loc*Year*Mo 8 0.015 24 0.021 0.748 0.650 

Hab*Year*Mo 8 0.017 16 0.014 1.250 0.334 

L*H*Y*M 16 0.014 24 0.021 0.678 0.788 

Summary of all effects: Number of fish/m2/hr (Analysis B. including all months) 

Effect df effect MS effect df error MS error F p 

Location*** 2 0.327 9 0.015 21.453 0.000 

Habitat 2 0.016 4 0.033 0.481 0.650 

Month 5 0.042 10 0.013 3.156 0.058 

Loc*Hab 4 0.033 9 0.015 2.185 0.152 

Loc*Month 10 0.013 45 0.008 1.686 0.114 

Hab*Month* 10 0.030 20 0.011 2.793 0.024 

Loc*Hab*Mo 20 0.011 45 0.008 1.379 0.183 
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Summary of all effects: Number of species/m2/hr (Analysis A. not including January) 

Effect df effect MS effect df error MS error F p 

Location** 2 0.125 6 0.010 12.899 0.007 

Habitat 2 0.015 4 0.020 0.746 0.531 

Year 0.009 2 0.001 11.882 0.075 

Month* 4 0.065 8 0.009 6.887 0.011 

Loc*Hab 4 0.020 6 0.010 2.018 0.211 

Loc*Year 2 0.001 6 0.002 0.460 0.652 

Hab*Year 2 0.004 4 0.003 1.541 0.319 

Loc*Month 8 0.009 24 0.009 1.089 0.404 

Hab*Month** 8 0.051 16 0.009 5.792 0.001 

Year*Month 4 0.006 8 0.009 0.680 0.625 

Loc*Hab*Year 4 0.003 6 0.002 1.809 0.246 

Loc*Hab*Mo 16 0.009 24 0.009 1.006 0.483 

Loc*Year*Mo 8 0.009 24 0.009 0.978 0.477 

Hab*Year*Mo 8 0.009 16 0.007 1.355 0.287 

L*H*Y*M 16 0.007 24 0.009 0.738 0.732 

Summary of all effects: Number of species/m2/hr (Analysis B. including all months) 

Effect df effect MS effect df error MS error F p 

Location*** 2 0.137 9 0.005 28.600 0.000 

Habitat 2 0.014 4 0.015 0.903 0.475 

Month* 5 0.027 10 0.005 5.232 0.013 

Loc*Hab 4 0.015 9 0.005 3.217 0.067 

Loc*Month 10 0.005 45 0.005 1.158 0.343 

Hab*Month** 10 0.021 20 0.005 4.487 0.002 

Loc*Hab*Mo 20 0.005 45 0.005 1.019 0.461 

Chapter 5 - Mean fish lengths 

Summary of all effects: Mean fish length 

Effect df effect MS effect df error MS error F p 

Location 2 24.852 9 2.381 10.440 0.005 

Habitat 2 1.233 4 2.224 0.554 0.613 

Loc*Hab 4 2.224 9 2.381 0.934 0.486 
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Chapter 6- Abundance of fish and taxa in light traps 

Summary of all effects: Number of fish/1Om3 

Effect df effect MS effect df error MS error F p 

Location* 2 0.396 8 0.074 5.355 0.033 

Habitat** 2 1.939 4 0.065 29.814 0.004 

Month 2 0.541 4 0.291 1.860 0.268 

Loc*Hab 4 0.065 8 0.074 0.879 0.517 

Loc*Month 4 0.291 16 0.106 2.734 0.066 

Hab*Month* 4 0.479 8 0.082 5.807 0.017 

Loc*Hab*Mo 8 0.082 16 0.106 0.775 0.630 

Summary of all effects: Number of taxa/1Om3 

Effect df effect MS effect df error MS error F p 

Location* 2 0.062 8 0.013 4.666 0.045 

Habitat 2 0.024 4 0.011 2.201 0.227 

Month 2 0.038 4 0.007 5.228 0.077 

Loc*Hab 4 0.011 8 0.013 0.817 0.549 

Loc*Month 4 0.007 16 0.010 0.697 0.605 

Hab*Month* 4 0.031 8 0.006 5.152 0.024 

Loc*Hab*Mo 8 0.006 16 0.010 0.591 0.772 

Chapter 6 - Abundance of fish and taxa in pit traps 

Summary of all effects: Number of fish 

Effect df effect MS effect df error MS error F p 

Location 1.340 6 0.560 2.391 0.173 

Habitat 2 0.640 2 0.642 0.996 0.501 

Month 2 0.251 2 2.186 0.115 0.897 

Site* 6 0.560 72 0.231 2.425 0.034 

Loc*Hab 2 0.642 6 0.560 1.147 0.379 

Loc*Month* 2 2.186 12 0.526 4.153 0.043 

Hab*Month* 4 0.526 4 0.041 12.704 0.015 

Month*Site* 12 0.526 72 0.231 2.278 0.016 

Loc*Hab*Mo 4 0.041 12 0.526 0.079 0.987 
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Summary of all effects: Number of taxa 

Effect df effect MS effect df error MS error F p 

Location 1.022 6 0.342 2.984 0.135 

Habitat 2 0.739 2 0.720 1.026 0.494 

Month 2 0.366 2 1.522 0.241 0.806 

Site 6 0.342 72 0.183 1.874 0.097 

Loc*Hab 2 0.720 6 0.342 2.104 0.203 

Loc*Month 2 1.522 12 0.431 3.531 0.062 

Hab*Month* 4 0.385 4 0.057 6.800 0.045 

Month*Site* 12 0.431 72 0.183 2.359 0.013 

Loc*Hab*Mo 4 0.057 12 0.431 0.132 0.968 
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APPENDIX 2 CHAPTER 7- PREY ITEMS 
PREY ITEM 
Annelida 

Mollusca 

Arthropoda 

Arthropoda 
(Crustacea) 

Polychaeta 

Bivalvia 

Gastropoda 

Cirratulidae 
Glyceridae 
Lumbrineridae 
Nereididae 
Opheliidae 
Orbiniidae 
Terebellidae 
Unidentified polychaete 

Unidentified bivalve 
Tellinidae 
Unidentified gastropod 
Nassariidae 

Tel/ina sp. 

Naticidae Sinum ha/iotoideum 
Onchidiidae 

Cephalopoda Unidentified cephalopod 
Octopodidae Cistopus sp. 
Unidentified octopus 

Unidentified (shelled) mollusc 

Arachnida 

Ostracoda 
Copepoda 
Malacostraca 

Unidentified spider 

Unidentified crustacean 

Stomatopoda 
Tanaidacea 
Isopod a 
Amphipoda 
Decapoda 
Penaeidae 
Sergestidae 
Caridea 
Alpheidae 
Unidentified shrimp 
Thalassinidae 
Diogenidae 
Porcellanidae 
Unidentified Brachyura 
Calappidae 
Cam ptandriidae 
Grapsidae 
Sesarminae 

Hymenosomatidae 
Mictryridae 
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Flabellifera sp. 

Thalassina sp. 

Perisesarma sp. 
Perisesarma 
darwinensis 
Perisesarma semperi 
Sarmatium sp. 



APPENDIX 2- PREY ITEMS 

PREY ITEM 
Ocypodidae Macrophthalmus sp. 

Uca polita 
Uca sp. 

Pin notheridae 
Portunidae Charybdis sp. 

Portunis sp. 

Arthropoda 
(Uniramia) Insecta Unidentified insect 

Orthoptera grasshopper 
Hymenoptera unidentified ant 

Oecophylla 
smaragdina 

Coleoptera 

Echiura 

Supuncula 

Echinodermata Stelleroidea Ophiurida 

Chordata 
(Urochordata) Ascidiacea 
Chordata 
(Vertebrata) Elasmobranchiomorphi Dasyatidae 

Teleostomi · Unidentified teleost 
Ambassidae 

Unidentified 
Clupeidae Clupeidae 

Anodontostoma 
chacunda 

Eleotridae Bostrychus sp. 
Engraulidae 
Gobiidae Unidentified goby 

Amaya sp. 
Acryptodon sp. 
Amblygobius 
bynoensis 
Cryptocentrus sp. 
Mugilogobius sp. 

Labridae Choerodon sp. 
Leiognathidae Leiognathus sp. 

Mugilidae Unidentified mullet 
Liza sp. 
Valamugi/ sp. 

Ophichthidae 
Sillaginidae Si/Jago sp. 
Sparidae 
Tetraodontidae Lagocephalus sp. 

Fish scales 

Reptilia Squamata Unidentified snake 
Fordonia /eucobalia 

Mammalia Unid mammal (fur) 

280 



PREY ITEM 

Plant 

Other 

Mixed benthos 
Unknown 

APPENDIX 2 - PREY ITEMS 

Unidentified plant 

catfish eggs 
aluminium foil 
rice 
chicken bones 
sponge spicule 
sediment 
rock 
Nematoda 

Mangrove 
Unidentified 
mangrove 
Avicennia. marina 
(flowers) 

mixed plant matter, crushed crustacean, mollusc shells 
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Prey item Carcharhinus cautus Negaprion acutidens Herklotsichthys koningsbergeri 
0/o No 0/o Dr Wt 0/o Freq IRI 0/o No 0/o Dr Wt 0/o Freq IRI %No 0/o Dr Wt 0/o Freq IRI 

Benthic invertebrate 

Mixed benthos 

Crab 2.00 0.04 10.00 20.44 0.88 1.13 2.63 5.28 

Sesarmid crab 5.00 2.55 10.00 75.51 

Crustacean 10.00 10.00 10.00 200.00 9.37 7.84 18.42 316.92 

Benthic crustacean 7.14 2.46 10.00 95.99 6.30 6.60 10.53 135.77 

Fish 28.33 23.16 40.00 2059.78 37.00 37.31 60.00 4458.44 

Benthic fish 1.43 7.15 10.00 85.78 17.00 20.52 30.00 1125.75 1.32 2.56 2.63 10.20 

Benthopelagic fish 20.00 20.00 20.00 800.00 25.00 29.57 30.00 1637.07 

Pelagic fish 

Mangrove 1.25 0.05 10.00 12.98 

Benthic mollusc 

Cephalopod mollusc 1.25 0.03 10.00 12.80 

Other 6.25 0.07 10.00 63.23 

Plant 

Polychete 51.98 53.23 65.79 6921.86 

Prawn/shrimp 23.10 27.23 40.00 2013.15 2.54 4.06 7.89 52.15 

Snake 1.25 9.85 10.00 110.99 

Terrestrial invertebrate 2.00 0.00 10.00 20.01 8.79 6.94 15.79 248.34 

Unknown 12.00 10.00 20.00 440.04 10.23 12.28 15.79 355.37 

Zooplankton 8.60 5.36 10.53 146.98 
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Prey item Stofephorus indicus Thryssa spp. Arius argyropfeuron 
0/o No o/o Dr Wt 0/o Freq IRI o/o No o/o Dr Wt o/o Freq IRI 0/o No 0/o Dr Wt 0/o Freq IRI 

Benthic invertebrate 3.22 2.24 12.73 69.45 

Mixed benthos 0.78 0.03 1.59 1.29 3.30 6.99 10.91 112.25 

Crab 19.46 19.53 47.27 1843.16 

Sesarmid crab 

Crustacean 8.33 16.36 18.18 449.04 9.04 8.57 11.11 195.68 3.09 4.99 14.55 117.53 

Benthic crustacean 2.27 0.64 9.09 26.45 4.30 3.77 6.35 51.21 4.45 4.12 12.73 109.14 

Fish 4.55 4.55 9.09 82.64 10.23 13.75 15.87 380.63 

Benthic fish 0.14 0.04 1.82 0.32 

Benthopelagic fish 0.52 1.18 1.59 2.70 

Pelagic fish 3.65 4.64 4.76 39.47 

Mangrove 0.16 0.03 1.59 0.29 4.65 1.77 23.64 151.60 

Benthic mollusc 11.50 11.06 29.09 656.39 

Cephalopod mollusc 

Other 

Plant 5.09 2.29 25.45 187.69 

Polychete 11.07 10.91 17.46 383.79 24.28 22.19 52.73 2450.32 

Prawn/shrimp 78.31 72.55 90.91 13714.08 43.02 43.21 55.56 4790.86 7.80 3.04 23.64 256.33 

Snake 

Terrestrial invertebrate 

Unknown 0.48 4.55 9.09 45.67 2.47 2.60 4.76 24.18 13.03 21.73 43.64 1516.95 

Zooplankton 6.06 1.36 18.18 134.99 14.76 11.30. 17.46 455.07 
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Prey item Arius hainesi Arius mastersi Arius pectoralis 

0/o No %DrWt 0/o Freq IRI 0/o No %DrWt 0/o Freq IRI 0/o No 0/o Dr Wt 0/o Freq IRI 

Benthic invertebrate 1.14 0.90 9.52 19.43 0.97 1.51 7.45 18.43 

Mixed benthos 0.87 24.35 42.86 1081.07 4.44 4.34 21.90 192.36 7.97 18.05 54.26 1411.85 

Crab 18.68 14.59 71.43 2376.11 35.16 53.72 88.57 7872.40 30.74 38.38 81.91 5661.87 

Sesarmid crab 5.29 4.16 20.95 197.93 1.95 5.48 13.83 102.81 

Crustacean 9.10 13.67 57.14 1301.12 2.77 3.27 18.10 109.33 3.01 7.77 20.21 217.90 

Benthic crustacean 23.22 3.33 42.86 1138.06 8.26 9.75 34.29 617.69 5.68 3.16 37.23 329.09 

Fish 4.74 4.63 26.67 249.92 4.53 3.52 41.49 334.26 

Benthic fish 0.12 0.23 1.90 0.67 0.05 0.00 1.06 0.06 

Benthopelagic fish 0.67 0.71 1.90 2.62 

Pelagic fish 

Mangrove 1.05 0.38 28.57 40.82 4.36 0.43 28.57 136.96 7.88 2.60 63.83 669.02 

Benthic mollusc 24.61 17.73 85.71 3628.57 5.35 2.71 26.67 214.88 6.44 1.30 35.11 271.93 

Cephalopod mollusc 0.34 0.02 2.86 1.01 0.77 0.10 5.32 4.62 

Other 5.11 3.34 14.29 120.69 0.39 1.22 3.19 5.15 

Plant 1.97 0.81 57.14 158.90 0.90 0.06 9.52 9.11 3.07 0.19 15.96 52.08 

Polychete 0.18 0.67 14.29 12.10 4.06 2.93 23.81 166.39 16.01 8.69 57.45 1419.32 

Prawn/shrimp 0.57 1.28 28.57 52.63 11.27 4.21 39.05 604.46 5.16 2.56 28.72 221.58 

Snake 0.64 2.30 5.71 16.80 0.12 0.09 1.06 0.22 

Terrestrial invertebrate 2.08 0.50 13.33 34.37 1.87 0.12 8.51 16.98 

Unknown 15.38 22.12 28.57 1071.56 3.27 1.79 20.00 101.26 3.06 5.23 19.15 158.69 

Zooplankton 4.38 1.07 28.57 155.68 0.03 0.00 0.95 0.03 0.32 0.01 3.19 1.07 
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APPENDIX 2- PREY ITEMS 

Prey item Arius proximus Hemiramphidae Belonidae 

0/o No 0/o Dr Wt 0/o Freq IRI 0/o No 0/o Dr Wt 0/o Freq IRI o/o No o/o Dr Wt o/o Freq IRI 

Benthic invertebrate 2.65 1.80 12.20 54.29 

Mixed benthos 2.16 6.62 19.51 171.25 7.84 9.70 11.76 206.41 

Crab 33.21 35.38 82.93 5687.84 0.49 0.96 5.88 8.53 8.33 8.33 8.33 138.89 

Sesarmid crab 3.79 6.37 9.76 99.08 

Crustacean 3.81 6.50 26.83 276.71 6.86 6.12 11.76 152.71 2.08 0.68 8.33 23.00 

Benthic crustacean 11.73 11.51 51.22 1190.06 8.33 8.33 8.33 138.89 

Fish 5.20 6.01 31.71 355.29 2.94 0.59 5.88 20.76 15.97 26.48 33.33 1415.20 

Benthic fish 0.49 0.74 2.44 2.99 

Benthopelagic fish 4.17 2.16 8.33 52.70 

Pelagic fish 8.33 8.33 8.33 138.89 

Mangrove 4.60 0.40 34.15 170.96 1.96 4.90 5.88 40.37 

Benthic mollusc 2.93 0.62 17.07 60.67 2.94 1.44 11.76 51.56 

Cephalopod mollusc 2.80 4.54 12.20 89.57 

Other 5.16 6.10 14.63 164.81 

Plant 0.92 0.26 9.76 11.47 

Polychete 1.50 0.59 9.76 20.36 

Prawn/shrimp 12.68 5.50 41.46 753.73 36.11 29.02 41.67 2713.60 

Snake 1.22 2.43 2.44 8.90 

Terrestrial invertebrate 0.17 0.31 2.44 1.18 57.35 53.27 70.59 7808.75 

Unknown 4.98 4.33 19.51 181.63 19.6"1 23.02 29.41 1253.69 16.67 16.67 16.67 555.56 

Zooplankton 
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APPENDIX 2- PREY ITEMS 

Prey item Ambassis spp. Lates ca/carifer Caranx ignobilis 

o/o No o/o Dr Wt o/o Freq IRI 0/o No 0/o Dr Wt 0/o Freq IRI 0/o No 0/o Dr Wt 0/o Freq IRI 

Benthic invertebrate 

Mixed benthos 

Crab 1.85 0.67 5.56 13.99 16.67 14.53 33.33 1039.89 0.33 1.15 10.00 14.87 

Sesarmid crab 

Crustacean 10.61 10.58 22.22 470.92 14.17 16.67 30.00 925.18 

Benthic crustacean 3.70 5.21 5.56 49.51 2.50 0.42 10.00 29.17 

Fish 4.63 1.67 11.11 69.96 21.60 31.36 66.67 3531.25 5.33 4.33 30.00 289.90 

Benthic fish 7.50 16.40 20.00 477.93 

Benthopelagic fish 

Pelagic fish 1.18 0.14 10.00 13.19 

Mangrove 5.33 0.38 30.00 171.42 

Benthic mollusc 1.00 0.26 10.00 12.56 

Cephalopod mollusc 

Other 

Plant 2.78 0.39 5.56 17.59 1.67 0.40 10.00 20.67 

Polychete 6.41 8.33 11.11 163.82 

Prawn/shrimp 20.94 19.21 22.22 892.29 61.73 54.11 66.67 7722.31 59.32 59.45 80.00 9501.94 

Snake 

Terrestrial invertebrate 5.56 5.56 5.56 61.73 

Unknown 37.96 42.83 44.44 3590.95 1.67 0.40 10.00 20.67 

Zooplankton 5.56 5.56 5.56 61.73 
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APPENDIX 2- PREY ITEMS 

Prey item Scomberoides commersonnianus Leiognathus spp. Pomadasys kaakan 
0/o No 0/o Dr Wt 0/o Freq IRI o/o No 0k Dr Wt o/o Freq IRI 0/o No o/o Dr Wt 0/o Freq IRI 

Benthic invertebrate 

Mixed benthos 9.46 8.01 40.00 698.99 3.13 4.17 12.50 91.15 

Crab 3.70 4.22 11.11 88.07 34.38 35.73 50.00 3505.21 

Sesarmid crab 

Crustacean 1.43 2.01 10.00 34.40 5.56 2.33 22.22 175.31 25.00 21.10 37.50 1728.64 

Benthic crustacean 0.65 0.31 10.00 9.60 10.71 19.33 11.11 333.78 

Fish 42.91 45.82 80.00 7098.55 12.50 12.50 12.50 312.50 

Benthic fish 

Benthopelagic fish 

Pelagic fish 

Mangrove 

Benthic mollusc 4.46 3.55 30.00 240.27 

Cephalopod mollusc 2.60 0.04 10.00 26.37 

Other 3.70 0.11 11.11 42.39 6.25 8.33 12.50 182.29 

Plant 1.02 0.42 10.00 14.38 5.90 2.78 44.44 385.85 3.13 0.09 12.50 40.17 

Polychete 25.93 30.56 33.33 1882.72 

Prawn/shrimp 36.82 39.73 70.00 5358.40 11.31 12.67 22.22 532.88 12.50 10.11 25.00 565.16 

Snake 

Terrestrial invertebrate 

Unknown 0.65 0.11 10.00 7.61 18.52 28.00 33.33 1550.62 3.13 7.98 12.50 138.80 

Zooplankton 14.67 18.00 33.33 1088.95 
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APPENDIX 2- PREY ITEMS 

Prey item Toxotes chatareus Polynemidae Plotosus lineatus 

o/o No %DrWt % Freq IAI 0/o No 0/o Dr Wt 0/o Freq IRI 0/o No 0/o Dr Wt 0/o Freq IRI 

Benthic invertebrate 

Mixed benthos 

Crab 5.12 10.74 28.13 446.05 0.62 0.23 16.67 14.18 27.42 37.53 87.50 5682.87 

Sesarmid crab 1.94 6.76 12.50 108.75 

Crustacean 0.31 0.17 3.13 1.51 14.58 13.83 25.00 710.23 

Benthic crustacean 0.44 1.26 9.38 15.96 0.62 0.45 16.67 17.79 

Fish 0.78 1.27 3.13 6.41 1.85 4.08 16.67 98.92 3.04 5.14 25.00 204.49 

Benthic fish 0.32 2.87 6.25 19.97 2.08 11.12 16.67 220.12 

Benthopelagic fish 0.62 6.37 16.67 116.40 

Pelagic fish 

Mangrove 19.51 20.38 50.00 1994.47 2.08 0.00 16.67 34.80 1.39 0.03 12.50 17.70 

Benthic mollusc 5.32 0.91 9.38 58.41 0.62 0.15 16.67 12.79 1.25 0.13 12.50 17.19 

Cephalopod mollusc 

Other 

Plant 0.78 0.15 3.13 2.92 

Polychete 

Prawn/shrimp 1.26 2.89 6.25 25.90 91.51 77.59 100.00 16910.05 51.07 41.23 87.50 8076.09 

Snake 

Terrestrial invertebrate 62.48 51.88 93.75 10721.63 

Unknown 1.75 0.70 6.25 15.31 1.25 2.13 12.50 42.19 

Zooplankton 
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APPENDIX 2- PREY ITEMS 

prey item Tetraodontidae 

0/o No 0/o Dr Wt 0/o Freq IRI 

Benthic invertebrate 

Mixed benthos 

Crab 13.04 13.56 33.33 886.78 

Sesarmid crab 1.59 3.04 11.11 51.41 

Crustacean 0.51 0.28 11.11 8.76 

Benthic crustacean 2.78 0.14 1 1.11 32.38 

Fish 

Benthic fish 

Benthopelagic fish 

Pelagic fish 

Mangrove 3.97 1.89 55.56 325.56 

Benthic mollusc 69.71 73.57 88.89 12735.69 

Cephalopod mollusc 

Other 

Plant 0.51 0.07 11.11 6.40 

Polychete 

Prawn/shrimp 2.00 1.39 22.22 75.28 

Snake 

Terrestrial invertebrate 0.35 0.00 11.11 3.90 

Unknown 5.56 6.06 11.11 129.07 

Zooplankton 
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