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Abstract 

 

The role of autotrophic production in different coastal habitats in the production of fish in 

estuaries is an important consideration in coastal management and conservation.  In the 

estuarine waters of the Australian east coast, many economically important fish species occur 

over mudflats lacking conspicuous vegetation.  I used stable isotope analysis to examine 

where such fish ultimately derived their nutrition, in the subtropical waters of southern 

Moreton Bay, Queensland, Australia. 

 

I first tested traditional processing methodologies of autotroph samples, in this case of 

mangrove leaves, and examined variability in mangrove isotope values at different spatial 

scales.  Mangrove leaves processed using time-consuming grinding showed no significant 

difference in isotope values than coarsely broken leaf fragments.  Isotope values of green 

leaves were not meaningfully different from yellow or brown leaves that would normally be 

the leaves that actually dropped on to the sediment.  Future analyses therefore can use green 

leaves, since they are more abundant and therefore more easily collected, and can simply be 

processed as whole leaf fragments rather than being ground to a powder.  Carbon and nitrogen 

isotope values varied at several spatial scales.  The proportion of variability partitioned at 

different scales varied depending on the species of mangrove and element (C or N) analysed.  

To properly represent a geographic area, isotope analysis should be done on leaves collected 

at different locations and, especially, from different trees within locations. 

 

The autotrophic source(s) supporting food webs leading to fish production on mudflats might 

be either in situ microphytobenthos or material transported from adjacent habitats dominated 

by macrophytes.  I tested the importance of these sources by measuring δ13C values of 22 fish 

species and six autotroph taxa (microphytobenthos on mudflats, and seagrass, seagrass 

epiphytic algae, mangroves, saltmarsh succulents and saltmarsh grass in adjacent habitats) in 

Moreton Bay.  I calculated the distribution of feasible contributions of each autotroph to 

fishes.  All fish δ13C values lay in the enriched half of the range for autotrophs.  For over 90% 

of fishes, the top three contributing autotrophs were seagrass, epiphytes and saltmarsh grass, 

with median estimates of approximately 60-90% from these sources combined.  Seagrass was 

typically ranked as the main contributor based on medians, while epiphytic algae stood out 

based on 75th percentile contributions.  The other three sources, including MPB, were ranked 
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in the top three contributors for only a single fish.  Organic matter from seagrass meadows is 

clearly important at the base of food webs for fish on adjacent unvegetated mudflats, either 

through outwelling of particular organic matter or via a series of predator-prey interactions 

(trophic relay).  Modelling results indicate that saltmarsh grass (Sporobolus) also had high 

contributions for many fish species, but this is probably a spurious result, reflecting the 

similarity in isotope values of this autotroph to seagrass.  Carbon from adjacent habitats and 

not in situ microphytobenthos dominates the nutrition for this suite of 22 fishes caught over 

mudflats. 

 

The ultimate autotrophic sources supporting production of three commercially important fish 

species from Moreton Bay were re-examined by further analysing carbon and nitrogen stable 

isotope data.  Mean isotope values over the whole estuary for fish and autotroph sources were 

again modelled to indicate feasible combinations of sources.  Variability in isotope values 

among nine locations (separated by 3-10 km) was then used as a further test of the likelihood 

that sources were involved in fish nutrition.  A positive spatial correlation between isotope 

values of a fish species and an autotroph indicates a substantial contribution from the 

autotroph.  Spatial correlations were tested with a newly developed randomisation procedure 

using differences between fish and autotroph values at each location, based on carbon and 

nitrogen isotopes combined in two-dimensional space.  Both whole estuary modelling and 

spatial analysis showed that seagrass, epiphytic algae and particulate organic matter in the 

water column, potentially including phytoplankton, are likely contributors to bream 

(Acanthopagrus australis) nutrition.  However, spatial analysis also showed that mangroves 

were involved (up to 33% contribution), despite a very low contribution based on whole 

estuary modelling.  Spatial analysis for sand whiting (Sillago ciliata) demonstrated the 

importance of two sources, mangroves and microalgae on the mudflats, considered 

unimportant based on whole estuary modelling.  No spatial correlations were found between 

winter whiting (Sillago maculata) and autotrophs, either because fish moved among locations 

or relied on different autotrophs at different locations.  Spatial correlations between consumer 

and source isotope values provide a useful analytical tool for identifying the role of autotrophs 

in foodwebs, and were used here to demonstrate that organic matter from adjacent habitats, 

and in some cases also in situ production of microalgae, were important to fish over mudflats. 

 

Whilst recognising that production from several habitats is implicated in the nutrition of fishes 

over mudflats in Moreton Bay, clearly the major source is from seagrass meadows.  Organic 
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matter deriving from seagrass itself and/or algae epiphytic on seagrass is the most important 

source at the base of fisheries food webs in Moreton Bay.  The importance of seagrass and its 

epiphytic algae to production of fisheries species in Moreton Bay reinforces the need to 

conserve and protect seagrass meadows from adverse anthropogenic influences. 
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Chapter 1:  Introduction 
 

Food webs in nature have multiple, reticulate connections between a diversity of consumers 

and resources (Polis & Strong 1996).  Despite years of research on the habitat use and feeding 

ecology of many abundant estuarine animals, we still do not know which autotrophs form the 

base of food webs that support high levels of secondary productivity in estuaries (Deegan & 

Garritt 1997).  Terrestrially derived organic matter carried by rivers, in situ phytoplankton or 

benthic microalgal production, seagrass epiphytes, seagrass detrital matter, and material 

derived from saltmarsh and mangrove vegetation have all been proposed to explain 

production of estuarine consumers (Peterson & Fry 1987, Currin et al. 1995, Edgar & Shaw 

1995a, Deegan & Garritt 1997, Chong et al. 2001, Moncreiff & Sullivan 2001, Bouillon et al. 

2002). 

 

The spatial complexity of estuaries, variations in water and organic matter exchange, and 

multiple potential organic matter sources all complicate determination of the relative 

importance of autotrophs that support estuarine consumers (Deegan & Garritt 1997).  

Traditional approaches to food web analysis include gut content analysis, direct observation in 

the field and the laboratory, and radio-tracer techniques (Rounick & Winterbourn 1986, 

Michener & Schell 1994).  Results of gut content analysis indicate feeding behaviour and can 

indicate potential food sources, but they do not provide information about assimilation of food 

or necessarily identify the primary producers supporting consumers (Thomas & Cahoon 

1993).  Some ingested animals, such as nematodes, are assimilated very quickly and are 

therefore rarely found in the stomach (Gee 1989).  Studies of feeding relationships in artificial 

systems in the laboratory may introduce artefacts into the results (Michener & Schell 1994).  

Radio-tracer techniques are effective for resolving short-term responses, but they are 

complicated to manage and are not well suited for long-term and time-integrated studies 

(Bachtiar et al. 1996). 

 

The stable isotope ratios of carbon (13C/12C) and nitrogen (15N/14N) have proven useful as 

tracers of organic matter sources and food web structure in a variety of aquatic systems 

(Owens 1987, Peterson 1999, Moncreiff & Sullivan 2001, Bouillon et al. 2002), because 

unlike gut content analyses, they are directly related to assimilation (Thomas & Cahoon 
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1993).  This ratio, the stable isotope signature, is taken on by consumers and reflected in their 

tissues (De Niro & Epstein 1978, 1981) at whatever trophic level they occur (Peterson 1999). 

 

The use of stable isotopes to determine food web structure involves the comparison of stable 

isotope ratios between autotrophs and consumers, and requires distinct differences in the 

isotopic signatures among autotrophs (Deegan & Garritt 1997).  There can, however, be 

seasonal and biochemical variations in the isotope signature of autotroph and consumer 

tissues (De Niro & Epstein 1978, 1981, Fry & Wainright 1991, Boon et al. 1997), and 

uncertainty in the isotopic fractionation between trophic levels (Fry & Sherr 1984, Vander 

Zanden & Rasmussen 2001). 

 

Environmental variation in carbon isotope signatures of autotrophs is primarily affected by 

ratios of demand versus supply of carbon, differences in the photosynthetic modes of 

autotrophs, and the source of inorganic carbon.  If supply of carbon in the form of CO2 is high 

compared with demand, RUBISCO, the carbon fixing enzyme in photosynthesis, will 

discriminate against 13C.  Plants with C3 photosynthesis (e.g. mangroves) discriminate 

strongly against 13C resulting in a relatively low δ13C value of approximately -27‰ (Farquhar 

et al. 1989, Loneragan et al. 1997, Bouillon et al. 2000).  Plants with the C4 pathway sequester 

carbon at high concentrations in the bundle sheath cells and little of this CO2 leaks out.  Thus 

RUBISCO, which processes CO2 in the bundle sheath cells, has little opportunity to 

discriminate against 13C.  As a result, C4 plants (e.g. saltmarsh grass) do not discriminate as 

strongly against 13C and have a relatively high δ13C value of approximately -13‰ (Farquhar 

et al. 1989, Deegan & Garritt 1997). 

 

Photosynthesis in the aquatic environment occurs via the C3 pathway, however, δ13C values of 

aquatic plants do not always resemble those of terrestrial C3 plants (Boutton 1991); seagrass 

typically has δ13C values within the range of –14 to –11‰, similar to that of C4 plants (Fry 

1984, Harrigan et al. 1989, Boon et al. 1997, Boyce et al. 2001, Davenport & Bax 2002).  

Differences between terrestrial and aquatic δ13C signatures have two main causes, lower 

diffusion rates in water compared to that in air and the source of dissolved inorganic carbon 

(DIC).  As DIC is taken up by an aquatic autotroph, the concentration decreases in the 

boundary layer surrounding leaves (Fry 1996).  Diffusion of dissolved carbon from the 

surrounding water column into the boundary layer is 7,500 times slower than in air (Dejours 
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1988).  This results in supply of carbon to the leaf being much lower than demand, causing 

RUBISCO to discriminate less against δ13C.  In aquatic systems, dissolved inorganic carbon 

exists as an equilibrium between CO2 and HCO3
-.  As CO2 is taken up, HCO3

-
 converts to 

CO2, maintaining the equilibrium.  However the rate of this reaction is slow and this results in 

low concentrations of dissolved CO2 within the boundary layer, further restricting supply and 

reducing discrimination against 13C by RUBISCO (Mook et al. 1974). 

 

Stable isotopes of nitrogen are also used to elucidate foodwebs, but their use is further 

complicated by trophic fractionation.  Trophic fractionation of nitrogen occurs when 

physiological processes discriminate against one isotope.  When a heterotroph consumes an 

autotroph or another heterotroph, 14N is preferentially excreted (Peterson & Fry 1987).  This 

results in consumers at higher trophic levels having enriched δ15N signatures.  Early literature 

(Peterson & Fry 1987) described fractionation of δ15N of 3‰ for each trophic level.  This has 

been used to assign trophic levels to consumers when the autotrophs supplying them were 

known.  However, fractionation of 3‰ is a mean about which there is considerable variation 

(Vander Zanden & Rasmussen 2001).  Fractionation of nitrogen, like that of carbon, is 

affected by supply.  Consumers with limited nitrogen fractionate less.  Levels of fractionation 

in consumers have been shown to be affected by starvation (Hesslein et al. 1993), age 

(Overman & Parrish 2001) and food quality (Adams & Sterner 2000). 

 

Field collections for this study were done in southern Moreton Bay, southeast Queensland, 

Australia.  Moreton Bay is a large, shallow bay, protected from the open ocean by three sand 

islands, South Stradbroke Island, North Stradbroke Island and Moreton Island.  The southern 

section of the bay is fed by the Logan River and has many islands covered with vegetation 

including mangrove forests and saltmarshes.  These islands are interspersed with channels and 

sand and mud banks (see Figures in subsequent chapters). 

 

Analysis of stable isotope data to elucidate foodwebs is rarely scientific (sensu Popper).  Early 

stable isotope studies used only one element (generally carbon) and data were analysed by 

visually estimating the proximity of the consumer of interest to potential sources on a line 

(Nichols et al. 1985).  Later, to overcome the lack of separation of the carbon isotope 

signatures of some autotrophs, biplots were constructed using two elements (Peterson et al. 

1986, Fry 1988).  More recently, mixing models have been used to assign percent 
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contributions of different autotrophs to the diet of the consumer of interest (Szepanski et al. 

1999).  More recent models use variances about autotroph and consumer mean isotope values 

to calculate variances about mean contributions by autotrophs (Phillips & Gregg 2001). 

 

Until recently, mixing models (Phillips & Gregg 2001, Phillips & Koch 2001) have been 

restricted to analysing one more autotroph than elements used.  For example, a study using 

isotopes of carbon and nitrogen could only analyse the contribution of three autotrophs to a 

mixture (consumer).  In the current study, as in all estuarine studies, there are far more 

potential sources than elements available to be analysed isotopically.  I was able to take 

advantage of a newly developed procedure (Isosource; Phillips & Gregg 2003) that examines 

the entire distribution of feasible solutions in such cases were no unique solution exists. 

 

In this thesis, I first test which methods should be used to collect and process mangrove leaves 

and then obtain estimates of variability of mangrove stable isotope signatures across a range 

of spatial scales (Chapter 2).  I then present the results of a survey of carbon stable isotope 

ratios in a broadly representative suite of 22 fish species, using the feasibility modelling of 

Phillips and Gregg (2003) (Chapter 3).  In the final chapter (Chapter 4), I present another new 

analytical technique, one that I developed during the course of this study. This spatial analysis 

uses location to location variability in fish and autotroph stable isotope signatures to assess 

autotroph contributions to fish nutrition.  This hypothesis-testing technique represents a 

growing move from a largely subjective style of stable isotope investigation of food webs to a 

more logically rigorous Popperian style. 

 

The following chapters have been conceived as stand-alone works for publication in 

international journals.  This means that each of the chapters contains a comprehensive 

discussion of the analytical, theoretical and practical issues arising from the work.  It also 

means that there was no reason to include an additional concluding chapter towards the end of 

the thesis.  Taken together, the chapters provide an integrated report into the determination of 

autotrophic sources for fisheries food webs over mudflats in southern Moreton Bay. 
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The publication status of the chapters is: 
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Chapter 2:  Mangrove sample processing and spatial variability 
 

Introduction 

Recent years have seen worldwide interest in determining energy flows in estuarine 

foodwebs.  Pioneering work by Odum (1984) on the contribution of saltmarsh plants to 

estuaries on the east coast of North America led to the “outwelling hypothesis”.  This 

paradigm postulates that movement of carbon from intertidal areas drives much of the 

secondary production in nearby subtidal creeks and bays.  Whilst saltmarshes are present in 

estuaries along the subtropical east coast of Australia, the intertidal plant biomass is 

dominated by mangrove forests.   

 

Stable isotopes of carbon and nitrogen are often used to determine which primary producers 

drive food webs in aquatic systems (e.g. Peterson & Fry 1987).  However, as stable isotope 

signatures of some primary producers can exhibit spatial variation, it is necessary to obtain 

replicate samples from primary producers that represent the range of values from the area that 

may be supplying consumers of interest (Boon & Bunn 1994, France 1996, Peterson 1999).  

Several studies have attempted to determine the contribution of mangroves to food webs, both 

in coastal (Rodelli et al. 1984, Zieman et al. 1984, Newell et al. 1995, Loneragan et al. 1997, 

France 1998, Lee 2000, Bouillon et al. 2004) and offshore waters (Harrigan et al. 1989, 

Newell et al. 1995).  Whilst some studies have been done using replicate samples of 

mangrove leaves (Newell et al. 1995, Loneragan et al. 1997, France 1998), others have been 

less rigorous (Zieman et al. 1984, Harrigan et al. 1989).  If stable isotope signatures of 

mangroves vary from place to place, sufficient spatially segregated samples need to be taken 

to accurately determine the range of isotopic values of mangroves that may be contributing 

carbon to the consumer species being studied. 

 

Preparation of samples before analysis in a mass spectrometer has received some attention in 

the literature (Bunn et al. 1995, Bosley & Wainwright 1999, Kaehler & Pakhomov 2001).  

Samples of mangrove leaves are traditionally ground to a fine powder before being analysed 

for stable isotope signatures of carbon and nitrogen (Rodelli et al. 1984, Peterson & Howarth 

1987, Newell et al. 1995, Loneragan et al. 1997, France 1998, Lee 2000).  Grinding of 

samples substantially increases processing time, and should therefore only be done if it 

increases the accuracy or precision of isotope analysis. 
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Mangroves, like many plants, routinely shed leaves.  Chlorophyll and other compounds are 

broken down and removed from the leaf prior to shedding (Ochieng & Erftemeijer 2002).  

This causes the leaf to change from green to yellow and, as the leaf dies and dries, it turns 

brown.  If the removed compounds have different δ15N and δ13C signatures to those remaining 

in the leaf, the δ15N and δ13C signatures of green mangrove leaves will not accurately 

represent the stable isotope signatures of nitrogen and carbon entering the food web as 

deposited mangrove leaves. 

 

I therefore tested the following three hypotheses: 

1) grinding affects the reported stable isotope signatures of mangrove leaves, 

2) the stable isotope signatures of green, yellow and brown leaves differ, and 

3) mangrove stable isotopic signatures differ over a range of spatial scales. 
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Methods 

All samples used in this study were collected from southern Moreton Bay, southeast 

Queensland, Australia.  For all isotopic determinations, mangrove leaves were frozen 

immediately upon collection, and later dried at 60°C to constant weight.  Leaves were 

processed in several different ways as part of methodological tests (see below), before being 

placed in tin capsules and analysed on an Isoprime isotope ratio mass spectrometer.  The 

ratios of 15N/14N and 13C/12C were expressed as the relative per mil (‰) difference between 

the sample and conventional standards (air for nitrogen; Pee Dee belemnite limestone 

carbonate for carbon). 

 

To test the effect of grinding on the reported stable isotope signatures of mangrove leaves, 

one dried Avicennia marina leaf was divided into five sections by cutting perpendicular to the 

long axis of the leaf.  Each section was divided in two along a line parallel with the long axis 

of the leaf.  One half of each pair, selected at random, was ground to a fine powder, and 

weighed into a tin capsule for isotopic analysis. The other half was simply broken off as a 

fragment of about the weight required for analysis, before being placed into the tin capsule.  

Differences in δ13C and δ15N between ground and unground samples were compared using a 

paired sample t-test. 

 

In the field, leaves of Avicennia marina were classified into three colour groups: green, 

yellow and brown.  Measurements of δ15N and δ13C were taken from five leaves of each 

colour from one tree and a one-way ANOVA was used to test for differences in isotopic 

signatures among the colours. 

 

The test for variation over different spatial scales was done in two parts.  First, to test for 

isotopic differences among leaves within one tree, stable isotope signatures were measured for 

five samples from each of five haphazardly selected leaves of one Avicennia marina.  Data 

were analysed with a one-way ANOVA. 

 

To test for isotopic differences of mangrove leaves over larger spatial scales, green leaves of 

the mangroves Avicennia marina and Rhizophora stylosa were collected from four locations 

in southern Moreton Bay (Fig. 2.1).  Locations were separated by 1000’s of metres.  Within 

each location there were four A. marina sites and three R. stylosa sites separated by 100’s of 
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metres and within each site three trees separated by metres.  Five leaves were measured from 

each tree.  Data were analysed with a nested ANOVA, tree nested within site, site nested 

within location. 

 

 

 

Figure 2.1:  Map showing the four study locations used in the survey of variation over spatial scales  
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Results 

There was no significant difference between the δ15N and δ13C signatures of ground and 

unground Avicennia marina leaves (paired sample t-test: p = 0.212 and p = 0.215, 

respectively; Table 2.1).  Unground leaves gave slightly less precise estimates of δ13C but 

more precise estimates of δ15N (Table 2.1).  Unground leaves were therefore used for all 

further tests. 
 

Table 2.1:  Differences between ground and unground treatments of a leaf of Avicennia marina.  Isotope 

values shown are means, with SE and precision (SE / mean).  n = 5 in all cases. 

 

 δ13C       SE     Precision δ15N        SE    Precision 

Unground -27.56    0.11     0.004 3.45     0.10    0.029 

Ground -27.35    0.09     0.003 3.69     0.15    0.040 

 

 

There was no significant difference between the δ15N and δ13C signatures of green, yellow 

and brown leaves of Avicennia marina (one-way ANOVA: p = 0.525 and p = 0.412, 

respectively; Fig. 2.2).  As green leaves are more abundant and therefore more efficiently 

obtained, they were used for all further tests. 

 

The different leaves from the one Avicennia marina tree had significantly different δ15N and 

δ13C signatures (p < 0.001 for both; Fig. 2.3).  The range of means for individual leaves was 

2.07 ‰ for nitrogen and 3.5 ‰ for carbon. 

 

Avicennia marina trees had significantly different δ15N and δ13C signatures among trees 

(p < 0.001 for both) and between sites for δ15N (p <0.001) but not for δ13C (p = 0.663).  While 

there was no significant difference in δ15N signatures among the four locations (p = 0.614), 

there was a significant difference in δ13C signatures among the different locations (p = 0.038).  

Rhizophora stylosa had significantly different δ15N and δ13C signatures among trees 

(p < 0.001 and p = 0.003, respectively) and among sites (p <0.001 and p = 0.013, 

respectively).  δ15N and δ13C signatures were not significantly different at the four locations 
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tested (p = 0.459 and p = 0.090, respectively).  Percent variance explained at each level is 

given in Table 2.2. 

 
Table 2.2:  Variation in isotope signatures explained at different levels, calculated from the nested 

ANOVA, as % of variance explained. 

 

 Avicennia marina Rhizophora stylosa 

 δ13C  δ15N  δ13C  δ15N  

Location 14 0 18 0 

Site 0 50 18 90 

Tree 56 14 15 5 

Residual 30 37 49 5 
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Figure 2.2:  Isotopic ratios of green, yellow and brown leaves of Avicennia marina, a) δ15N, b) δ13C.  

Columns represent means (± 1 SE). 
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Figure 2.3:  Isotopic differences among individual leaves from one Avicennia marina tree,  a) δ15N, b) δ13C.  

Columns represent means (± 1 SE). 
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Discussion 

Since grinding mangrove leaves has no effect on the accuracy of stable isotope signatures, the 

decision to grind or not should be made on an outcomes basis.  Leaf flecks should be 

completely combusted in a mass spectrometer, provided combustion occurs for sufficient time 

at a sufficient temperature.  Unground samples are more quickly and therefore more cheaply 

processed. However, grinding allows aggregation of samples.  Aggregating samples allows a 

mean to be calculated for trees from a specified area using one sample, at the cost of losing an 

estimate of variability, which itself may be useful in some tests (Peterson 1999). 

 

I found no difference in the stable isotope signatures of green, yellow and brown leaves of 

Avicennia marina.  Although I used leaves from a single tree, the processes that could cause 

isotope signatures to differ among different coloured leaves are probably similar at different 

sites, and my results can probably be generalised for Avicennia leaves in Moreton Bay. 

Harrigan et al. (1989) and Lee (2000) found differences between the carbon and nitrogen 

stable isotope signatures of green and yellow leaves of mangroves.  These authors, however, 

used unreplicated samples, so no statistical tests of any potential differences were possible.  

Currin et al. (1995) found no differences between the δ13C signatures of standing dead 

(brown) and live (green) leaves of Spartina, but found that δ15N signatures differed by nearly 

1 ‰.  The lack of difference in my study indicates that the carbon and nitrogen stable isotope 

signatures of the compounds recovered from leaves as they senesce are not different from 

those that remain.  Although mangrove leaves seen on the forest floor were mostly yellow or 

brown, these coloured leaves were not often found on the trees in the study area.  As green 

leaves are more abundant, easily collected and still accurately represent the stable isotopic 

signature of brown and yellow leaves entering the food chain, they were used for the rest of 

the study.  I recommend that future workers either collect replicate green leaves from each 

tree or grind and aggregate replicate leaves from each tree. 

 

The differences in δ13C and δ15N signatures found in the leaves within one mangrove tree may 

be caused by differences in shading and hence CO2 demand.  Shading reduces the demand for 

CO2 within the boundary layer around the leaf, causing the main enzyme in the Calvin cycle, 

RUBISCO, to discriminate in favour of 12C (Fry 1996).  Demand for nitrogen within a leaf is 

affected by growth rate (Larcher 1995), which may be affected by rates of photosynthesis.  

This may in turn affect the rate of discrimination of δ15N by enzymes within the leaf. 
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Causes of differences in δ15N and δ13C among sites and among trees are less obvious.  

Differences that may exist in soil salinity between sites can affect productivity (Larcher 1995) 

and hence CO2 demand (Ball & Farquhar 1984), which, in turn, affects carbon stable isotope 

discrimination by RUBISCO (McKee et al. 2002).  Boundary layers around leaves are 

affected by wind speed.  If wind speed differs among sites or trees, the thickness of the 

boundary layer around leaves at those sites and trees will differ, reducing supply of CO2.  This 

reduces the ability of RUBISCO to discriminate in favour of 12C (Fry 1996).  Differences in 

δ15N may be caused by different amounts of mycorrhizae among sites and trees, a factor 

known to affect the isotope signature of nitrogen that a tree takes up from the soil (Schulze et 

al. 1994).  Differences in the availability of nitrogen over small spatial scales also cause 

fractionation of nitrogen (McKee et al. 2002).  Carbon isotope signatures of mangroves did 

not vary greatly among locations, suggesting that any environmental factors causing 

differences in carbon isotopic discrimination act over spatial scales smaller than 1000’s of 

metres. 

 

The carbon and nitrogen isotopic signatures of Avicennia marina leaves were found to vary at 

several spatial scales.  Within species variation in isotopic signatures has been found in other 

aquatic primary producers (Boon & Bunn 1994, Hemminga & Mateo 1996, Boyce et al. 

2001).  Marked local variation in isotope signatures of autotrophs potentially reduces the 

likelihood of being able to make useful generalisations about trophic pathways and the role of 

autotrophs within foodwebs on the basis of localised studies (Polis & Strong 1996).  

However, variation in autotroph signatures among locations also raises the possibility of using 

spatial variation to test the importance of different sources to consumers (see Chapter 4). 

 

In general, it remains essential in the use of classic, whole estuary mixing models that 

sufficiently spatially segregated samples are obtained to accurately represent each autotroph 

isotope signature.  My results indicate that samples should be taken over a wide range of 

spatial scales (up to at least 100's of metres) to accurately estimate the values and variance of 

δ15N and δ13C of mangroves that may be contributing to the food web under investigation. 

 



 16

  

Chapter 3:  Whole estuary analysis of carbon sources for fish over 

subtropical mudflats 

 

Introduction 

Fish that occupy mudflats in estuarine systems must ultimately obtain their energy and 

nutrients from one of two potential sources, 1) in situ production, or 2) material transported 

from nearby autotrophs to the mudflats.  In situ production occurs on the surface of the 

mudflats via microalgae and cyanobacteria, collectively known as microphytobenthos (MPB).  

Organic matter from macrophytes can be transported to mudflats either by direct movement of 

plant material from external sites of production, or in the bodies of animals as a series of 

predator-prey interactions (Kneib 2000).  I examined the contributions that the various 

sources make to the production of fish over mudflats in the subtropical waters of Moreton 

Bay, Australia, where several important fisheries species occur over mudflats (Tibbetts & 

Connolly 1998). 

 

Theories of organic matter transport in coastal waters have been dominated by the outwelling 

hypothesis, which was developed to explain high secondary productivity near the extensive 

areas of the saltmarsh plant Spartina alterniflora on the east coast of the USA (Odum 1984).  

While there are substantial saltmarshes on the subtropical east coast of Australia, mangroves 

dominate the mid-intertidal fringes of estuaries there.  Forests of mangroves fix approximately 

600 g C m-2 y-1 in Moreton Bay (Dennison & Abal 1999).  As yet, however, there is little 

evidence that carbon fixed by mangroves moves far out of these forests (Lee 1995).  

Seagrasses represent another potential source of carbon in subtropical estuarine systems.  

Seagrasses form large beds in the coastal embayments of subtropical Australia and fix 

approximately 200 g C m-2 y-1 in Moreton Bay (Dennison & Abal 1999).  While some fishes 

that are common over mudflats directly consume seagrass (Clements & Choat 1997), most 

seagrass is consumed directly by invertebrate grazers or enters the detrital food web (Duarte 

& Cebrian 1996).  Seagrass epiphytes, a mixture of diatoms and fine filamentous algae, may 

fix as much carbon as the seagrass they grow on (Keough & Jenkins 1995).  Seagrass 

epiphytes have been shown to contribute carbon to many invertebrates that feed in seagrass 

beds (Moncreiff & Sullivan 2001) and represent a potential source of carbon for fish that 

occur over mudflats.  In situ production by microphytobenthos has been demonstrated to be 
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an important source of carbon for grazing invertebrates on mudflats (Herman et al. 2000, 

Middelburg et al. 2000), and may also be important to fish.  Microphytobenthos is the most 

productive autotroph in Moreton Bay, fixing about 1 700 g C m-2 y-1 (Dennison & Abal 

1999).  Phytoplankton production presumably occurs in the water column over all habitats in 

Moreton Bay, and could therefore be considered partly in situ. 

 

High rates of anthropogenic development in the coastal zone mean managers are often faced 

with choosing which habitats to preserve.  Seagrass beds, saltmarshes and mangrove forests 

are considered to be of high conservation value (Edgar & Shaw 1995b) and, as such, are 

preserved at the cost of mudflats.  Some fish species occur more often over mudflats than 

other areas in estuaries (Gray et al. 1998), indicating that mudflats contribute to biodiversity.  

If in situ production supplies a substantial proportion of the nutrition to fish that occur over 

mudflats, managers should also be preserving this habitat for its trophic contribution to 

fisheries production. 

 

Stable isotopes, particularly of carbon, are increasingly being used to determine which 

autotrophs supply energy to food webs.  Mixing models have been used to assign percent 

contributions of different autotrophs to the diet of the consumer of interest (Szepanski et al. 

1999).  Typically, however, these models have been restricted to analysing one more 

autotroph than elements used.  Only recently was a model developed for situations such as the 

current study where there are far more potential sources than useful elements that can be 

employed (Phillips & Gregg 2003).  This model calculates all possible feasible combinations 

of sources that could explain the consumer isotope value. 

 

Many studies have attempted to determine which autotrophs fix carbon used by consumers 

found in vegetated habitats such as seagrass meadows (Fry et al. 1986, Moncreiff & Sullivan 

2001), saltmarshes (Currin et al. 1995, Kwak & Zedler 1997) and mangroves (Bouillon et al. 

2002).  While several studies have examined gut contents of fish caught over mudflats 

(Moriarty 1976, Robertson 1977, Connolly 1995, Edgar & Shaw 1995c), there has been less 

attention to tracing ultimate autotrophic sources.  My own recent work on sillaginid fishes 

from mudflats in Moreton Bay (Melville & Connolly 2003) and southern Australia (Connolly 

et al. 2005) has tended to point to a greater role for macrophytes than for microalgae.  Here, I 

use carbon stable isotope analysis on a suite of 22 fish species to determine whether carbon 
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transported to mudflats, or in situ MPB production, contributes most nutrition to fishes 

occurring over mudflats in Moreton Bay. 



 19

  

Methods 

Sample collection and processing 

Moreton Bay in southeast Queensland is characterised by intertidal and shallow subtidal 

seagrass beds interspersed with extensive mudflats.  The coastline comprises islands and the 

mainland, fringed with mangroves and usually backed by saltmarsh.  The bay is of greater 

importance to commercial fishing than would be expected based on area alone, supplying for 

some species up to one-third of the commercial catch for the state of Queensland (Tibbetts & 

Connolly 1998).  Samples were collected in March 2000 at up to nine locations in southern 

Moreton Bay (Fig. 3.1).  All samples were frozen immediately upon collection. 

 

Fish were collected from mudflats using seine nets.  Samples of white muscle were taken for 

processing.  Three species of fish (Acanthopagrus australis, Sillago ciliata and S. maculata) 

were collected at enough locations to permit a newly developed spatial analysis of isotope 

data.  Results for those species are reported in Chapter 4 (Melville & Connolly 2003), but are 

also included here for completeness.  The other 19 species could be collected from only a 

small number of sites (mostly 1 or 2), preventing conclusive analysis of spatial variability.  

Data from different locations were therefore pooled.  The suite of 22 species is broadly 

representative of fishes occurring on mudflats in Moreton Bay, with particular emphasis on 

species of economic importance.  The suite includes piscivores (e.g. Pomatomus saltatrix), 

benthic carnivores (Sillago ciliata), pelagic carnivores (Herklotsichthys castelnaui), 

omnivores with a strongly herbivorous bent (Hyporhamphus australis), and detritivores 

(Mugil cephalus). 

 

Autotrophs were collected from as many of the locations as possible (Fig. 3.1).  Mangrove 

leaves were collected from three species (Aegiceras corniculatum, Avicennia marina and 

Rhizophora stylosa).  Isotope values of these three species were pooled because they were 

similar (as found in Chapter 2).  Three species of seagrass (Zostera capricorni, Halophila 

ovalis and H. spinulosa) were also collected, and again the isotope values were pooled 

because they were similar.  Seagrass epiphytes were separated from seagrass in the laboratory 

by scraping them off with a scalpel (Guest et al. 2004a).  Saltmarsh plants were collected, and 

values were pooled into two groups: saltmarsh succulents (Sarcocornia quinqueflora and 

Suaeda australis) and saltmarsh grass (Sporobolus virginicus). 
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Figure 3.1:  Map of southern Moreton Bay indicating sampling sites.  No site-specific work is reported in 

this chapter. 

 

 

MPB was collected by scraping the surface 1 cm of sediment from mudflats near where 

collections of fish were made.  Sediment was washed through 53 µm mesh to remove infauna.  

Material passing through the mesh was then washed through 5 µm mesh.  Material retained on 

this mesh was added to a centrifuge tube containing colloidal silica (density = 1.21) and 

centrifuged at 10,000 g for 10 minutes.  A band of diatoms, some organic matter and silica 

particles formed at the top of the centrifuge tube.  This band was removed and again washed 
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through a 5 µm mesh to remove the silica and any remaining microbes.  Inspection of samples 

showed that they consisted predominantly of microalgae (mainly diatoms) with occasional 

contamination by very fine detrital fragments. 

 

Phytoplankton densities were very low relative to the high load of sediment and particulate 

detrital material in the water at our locations.  I was therefore unable to process samples of 

suspended particulate matter to obtain a phytoplankton sample pure enough to represent this 

autotroph.  Instead I filtered seawater to obtain a measure of the isotope signature of 

suspended particulate matter (seston), although this was not considered further as a potential 

source in itself. 

 

All samples were dried to constant weight at 60°C, placed in tin capsules, and analysed on an 

Isoprime isotope ratio mass spectrometer.  Ratios of 13C/12C were expressed as the relative per 

mil (‰) difference between the sample and the conventional standard, Pee Dee belemnite 

limestone carbonate.  Precision of the mass spectrometer, calculated using values from 

duplicate samples, was 0.2 ‰. 

 

 

Modelling feasible source mixtures to explain fish nutrition 

Autotrophs were pooled into six taxa: mangroves (MAN), MPB, seagrass (SG), seagrass 

epiphytes (EPI), the C3 saltmarsh succulents (SMS) and the C4 saltmarsh grass (SMG).  Mean 

δ13C values were calculated for each fish species and each autotroph taxon across all 

locations.  These mean values were used in the Isosource model of Phillips and Gregg (2003) 

to calculate feasible combinations of autotrophs that could explain the consumer signatures.  

This method examines all possible combinations of each autotroph potential contribution (0 - 

100%) in small increments (here 1%).  Combinations that added to within 0.1‰ of the 

consumer signature were considered feasible solutions.  Isosource reports results as the 

distribution of feasible solutions for each autotroph.  To compare the contributions of each 

autotroph, for each fish species I ranked the autotrophs based on their median contribution.  

Since many distributions were positively skewed, I considered that the median might not fully 

capture the importance of an autotroph, so I also ranked autotrophs based on their 75th 

percentile contribution. 
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Samples were also analysed for nitrogen stable isotopes, and I attempted to use this element in 

the modelling.  Previous studies have shown that trophic fractionation is much larger for δ15N 

than δ13C (e.g. Peterson & Fry 1987), hence nitrogen isotopes can provide useful information 

about the trophic level of animals and food web structure.  For modelling of feasible mixtures, 

however, δ15N values of consumers must be corrected for fractionation.  I initially included 

δ15N in our modelling using a fractionation correction based on the most recently reported 

average fractionation increase of 2.2‰ per trophic level (McCutchan et al. 2003).  However, I 

could not be confident that this fractionation rate applied to all of the fishes analysed.  The 

fractionation rate per trophic level is known to vary with animal age, growth rates and food 

quality (Vander Zanden & Rasmussen 2001), and I had no information about how these 

factors affected fractionation in the species analysed here.  When I ran the model using C and 

N data, I found that results varied if I changed our corrected δ15N value.  I decided that using 

N was unhelpful in feasibility modelling and therefore in tracing autotrophic sources, when 

applied to this broad suite of species.  

 

Fractionation in δ13C is relatively minor, typically < 1‰ per trophic level (McCutchan et al. 

2003).  Previous Isosource modelling has shown that variations in consumer δ13C values of 

1‰ have little effect on the reported distributions and do not affect the rank order of 

autotroph contributions (Connolly et al. 2005).  I therefore used no correction for fractionation 

for δ13C in the current study. 
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Results 

Autotroph and fish isotope values 

Carbon isotope values of the six autotroph taxa were generally well separated (Fig. 3.2).  

Mangroves and saltmarsh succulents had the most depleted δ13C values while seagrass, 

seagrass epiphytes and saltmarsh grass had the most enriched values.  MPB values were 

intermediate.  The mean δ13C value for seston was -19.8 ‰ (SE = 0.4). 

 

Isotope values of fish varied (Table 3.1), but less so than for autotrophs (Fig. 3.2).  All fish 

species had δ13C values lying within the enriched half of the range of autotroph values, 

between approximately –12 and –21‰. 

 

 

Modelling results 

Three autotrophs appear much more frequently than others among the top ranked potential 

contributors to the nutrition of the 22 fish species: seagrass, seagrass epiphytes and saltmarsh 

grass (Table 3.2).  Based on the distribution of feasible contributions, the median contribution 

of each of these three autotrophs is typically between 15 and 50% per autotroph, with 

combined contributions (median values for the three autotrophs combined) generally between 

60 and 90%.  Out of these three top autotrophs, seagrass most frequently ranked as top 

contributor.  Two fish species that had different δ13C values to the rest of the species stood out 

in terms of Isosource results.  Hyporhamphus australis, an omnivore with a major 

herbivorous component to its diet, had a very enriched δ13C value, slightly more enriched 

even than the value of seagrass itself.  Isosource modelling could not be used for this species 

since it lay just outside the range of autotroph values.  I therefore ascribed this species a value 

of 100% seagrass contribution.  At the other end of the range of δ13C values for fish lay 

Ambassis jacksoniensis, a small, schooling species feeding on crustaceans in the water 

column and the sea floor.  The δ13C value of A. jacksoniensis was > 1‰ more depleted than 

any other species.  This was the only species for which mangroves and saltmarsh succulents 

were ranked among the top three contributors.  MPB was also ranked in the top three 

contributors for A. jacksoniensis, as well as for another species.  Apart from these occasional  
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Figure 3.2:  Mean δ13C values of fish overlaid on autotroph values.  Values are mean ± SE for fish and autotrophs (SE represented by width of column). 
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Table 3.1:  List of fish species analysed, including feeding groups, sample sizes and size ranges.  Feeding groups listed as: benthic carnivores, detritivores, 

omnivores with a strongly herbivorous tendency (labelled “Omnivores”), pelagic carnivores, and piscivores.  Feeding group is correct for ontogenetic stage used. 

Species    Common name Family Feeding group n Size range (mm) 
Acanthopagrus australis Yellowfin bream Sparidae Benthic carnivore 30 45-263 
Ambassis jacksoniensis Yellow perchlet Ambassidae Pelagic carnivore   

   
    

   
   
   

   
   
   

   
   

     

    
   

   
   

13 26-30
Arrhamphus sclerolepis Snub-nosed garfish 

 
Hemiramphidae Omnivore 4 32-124

Girella tricuspidata Luderick Girellidae Omnivore 6 263-342
Herklotsichthys castelnaui Southern herring Clupeidae Pelagic carnivore 35 59-115 
Hyporhamphus australis Sea garfish Hemiramphidae Omnivore 6 192-235
Hyporhamphus quoyi Short-nosed garfish Hemiramphidae Omnivore 18 44-130
Liza argentea Tiger mullet Mugilidae Detritivore 8 73-250
Lutjanus russelli Moses perch Lutjanidae Piscivore 2 56-62
Mugil cephalus Sea mullet Mugilidae Detritivore 13 246-303
Myxus elongatus Silver mullet Mugilidae Detritivore 12 99-124
Platycephalus arenarius Sand flathead Platycephalidae Piscivore 2 66-112
Platycephalus fuscus Dusky flathead Platycephalidae Piscivore 9 289-532
Pomatomus saltatrix Tailor Pomatomidae Piscivore 8 290-373
Pseudorhombus arsius Large-toothed flounder Bothidae Benthic carnivore 18 31-110 
Pseudorhombus jenynsii Small-toothed flounder 

 
Bothidae Benthic carnivore 4 34-54 

Rhabdosargus sarba Tarwhine Sparidae Omnivore 8 108-288
Scomberoides lysan Double-spotted queenfish Carangidae Piscivore 13 50-115
Sillago ciliata Sand whiting Sillaginidae Benthic carnivore 136 15-337 
Sillago maculata Winter whiting Sillaginidae Benthic carnivore 26 19-103 
Tylosurus gavialoides Stout longtom Belonidae Piscivore 6 248-630
Valamugil georgii Fantail mullet Mugilidae Detritivore 8 123-280
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higher median contributions, mangroves, saltmarsh succulents and MPB typically had median 

contributions < 10%. 

 
Table 3.2:  Results of Isosource modelling.  For each fish species, autotrophs are ranked by median 

contribution (1, 2 and 3).  Where more than one autotroph is shown for a rank, this indicates a tied 

ranking. EPI – seagrass epiphytes, MAN – mangroves, MPB – microphytobenthos, SG – seagrass, SMG – 

Saltmarsh grass, SMS – saltmarsh succulents. 

 

Putative contribution – rank Species 
1 2 3 

Putative contribution 
(%) 

Acanthopagrus australis SG SMG EPI 25 21 20 
Ambassis jacksoniensis MAN, MPB, SMS   16   
Arrhamphus sclerolepis SG, EPI, SMG   18   
Girella tricuspidata EPI, SMG  SG, MPB 16  15 
Herklotsichthys castelnaui SG, EPI, SMG   17   
Hyporhamphus australis SG   100   
Hyporhamphus quoyi SG SMG EPI 23 21 20 
Liza argentea SG, EPI, SMG   17   
Lutjanus russelli SG SMG EPI 27 22 21 
Mugil cephalus SG SMG EPI 25 21 20 
Myxus elongatus  SG SMG EPI 45 21 17 
Platycephalus arenarius SMG SMG EPI 45 21 17 
Platycephalus fuscus SG SMG EPI 25 21 20 
Pomatomus saltatrix SG, EPI, SMG   18   
Pseudorhombus arsius SG SMG EPI 30 22 20 
Pseudorhombus jenynsii SG SMG EPI 24 21 20 
Rhabdosargus sarba SG SMG EPI 28 22 21 
Scomberoides lysan SG SMG EPI 33 22 20 
Sillago ciliata SG SMG EPI 30 22 21 
Sillago maculata SG SMG EPI 25 21 20 
Tylosurus gavialoides SG SMG EPI 29 22 21 
Valamugil georgii SG SMG EPI 68 13 10 

 

 

Relative importance of in situ production versus transported carbon 

Based on rankings of median contributions, a large proportion of species had high putative contributions 

to their diets from seagrass (91% of fishes), epiphytes (91%) and saltmarsh grass (86%; Table 3.3).  These 

same three autotrophs were clearly more important when based on 75th percentile contributions (Table 

3.4), with 91, 95 and 95% of fish species showing high likelihood of relying on seagrass, epiphytes and 

saltmarsh grass, respectively.  These three sources are all macrophytes growing adjacent to the mudflats 

where fish were caught.  The in situ source, MPB, was a likely contributor to only two fish species 

(A. jacksoniensis, Girella tricuspidata).
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Table 3.3:  Summary of Isosource modelling results for each autotroph based on median contributions.  

Values represent the number of fish species out of 22 in total for which the contribution of a particular 

autotroph is important, ranked by median contribution (1, 2 or 3). 

 

Autotroph Source Rank 1 Rank 2 Rank 3 Total %* 

Seagrass transported 19 0 1 20 91 

Epiphytes transported 5 0 15 20 91 

Saltmarsh grass transported 6 15 0 19 86 

MPB in situ 1 0 1 2 9 

Mangroves transported 1 0 0 1 5 

Saltmarsh succulents transported 1 0 0 1 5 

* % values are representative of the total combined rankings 
 
Table 3.4:  Summary of Isosource modelling results for each autotroph based on 75th percentile 

contributions.  Values represent the number of fish species out of 22 in total for which the contribution of 

a particular autotroph is important, ranked by 75th percentile contribution (1, 2 or 3). 

 

Autotroph Source Rank 1 Rank 2 Rank 3 Total %* 

Epiphytes transported 13 2 6 21 95 

Saltmarsh grass transported 8 12 1 21 95 

Seagrass transported 9 0 11 20 91 

MPB in situ 2 0 0 2 9 

Mangroves transported 0 1 0 1 5 

Saltmarsh succulents transported 0 1 0 1 5 

* % values are representative of the total combined rankings  
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Discussion 

Autotroph and fish isotope values 

Autotroph δ13C values were very similar to those reported and discussed previously (Melville 

& Connolly 2003).  Given the current focus on mudflats, it is important to substantiate the 

δ13C determination for MPB.  The mean δ13C value of MPB was at the limit of values 

reported from mudflats, being similar to the most depleted values (Currin et al. 1995, France 

1995, Deegan & Garritt 1997, Lee 2000, Middelburg et al. 2000, Wainright et al. 2000), and 

was similar to values determined for MPB on the sediments of mangrove forests (Guest et al. 

2004b), where the entire carbon pool is thought to be depleted via photosynthesis of the 

mangroves (Bouillon et al. 2002).  There has been enormous variation in the methods 

employed to collect and extract algal cells from sediment for stable isotope analysis, and for 

this reason it is difficult to ascertain the reliability of some of the literature values.  

Examination of our own MPB samples proved that I had a reasonably pure algal sample, but 

there remains the possibility that I failed to extract still other algal cells from the sediment 

matrix.  Therefore, while I am confident that the MPB value is close to the true value, any 

error in determining the isotope value of MPB would of course affect the estimated 

contribution of this source. 

 

Carbon isotope values of fish were similar to those expected based on my own previously 

published analyses (Melville & Connolly 2003) and studies in other habitats in estuaries 

elsewhere (e.g. Kwak & Zedler 1997).  The strikingly narrow range of δ13C values for the 

majority of fish, with 17 of the 22 species lying between approximately –16 and –19‰, is 

another feature of isotope data reported by other workers (e.g. Kwak & Zedler 1997), albeit 

usually with fewer species. 

 

Modelling results 

Isosource modelling successfully highlighted autotrophs likely to make major contributions to 

the nutrition of fish.  Nevertheless, results from any mixing model used to analyse many more 

sources than elements should be interpreted carefully (Phillips & Gregg 2003).  If material 

from one source contributes nothing to the food web, contribution values for other sources 

will be higher than the median and possibly even the 75th percentile values reported here.  
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The main issue with the current modelling results is whether all three of the autotrophs having 

enriched δ13C values actually contribute to the nutrition of fish.  Any autotroph with an 

isotope value similar to that of another autotroph making a major contribution to fish nutrition 

will necessarily appear to be making a contribution, whether or not it actually is.  There is a 

distinct possibility, in particular, that saltmarsh grass merely appears to be an important 

contributor because it has a similar δ13C value to seagrass and its epiphytes.  Although 

saltmarsh grass is a C4 plant and is likely to be highly productive, the total areal cover of 

saltmarsh (7 km2) is only 17 % of that of seagrass in the study area (Sinclair Knight Mertz 

2000).  Saltmarsh consists of patches of both succulents and grass, therefore the actual areal 

cover of saltmarsh grass will be less than this.  Also, it is situated on higher ground than 

mangroves and is only inundated on the highest tides.  It has been shown that infrequent 

inundation leads to little material produced by upper intertidal autotrophs entering the main 

waterways of an estuary (Lee 1995).  This query over the relevance of saltmarsh grass does 

not reduce the effectiveness of our test of in situ versus transported carbon.  For future studies 

attempting to separate the contributions of organic material from seagrass meadows and 

saltmarshes, however, I recommend the use of alternative chemical biomarkers such as lipids 

to distinguish their respective roles. 

 

A more minor issue with the feasibility modelling is that the δ13C value of one species, 

Hyporhamphus australis, was slightly more enriched than the value of even the most enriched 

autotroph.  Confamilial hemirhamphids are known to ingest seagrass directly (Connolly 

2003), and H. australis individuals caught over mudflats may have visited seagrass habitat 

and directly ingested seagrass.  Hemirhamphids, however, are also known to eat planktonic 

crustaceans (Robertson & Klumpp 1983).  The slight enrichment of the δ13C value of H. 

australis relative to even the most enriched autotroph is probably due to either selective 

assimilation of seagrass cellular components (Tibbetts 1997), or enrichment by fractionation 

between source and consumer.  In any case, this species shows no reliance on in situ MPB 

production. 

 

 

Relative importance of in situ production versus transported carbon 

The majority of carbon in fish caught over mudflats is clearly derived from adjacent habitats.  

Not all adjacent habitats play an important role, however.  Foremost among the transported 
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carbon was organic material from seagrass meadows.  Seagrass meadows cover a substantial 

amount of the study area  (estimated at 41 km2, Sinclair Knight Mertz 2000).  Some of the 

species caught over mudflats are also caught over seagrass meadows (e.g. the hemirhamphids; 

Gray et al. 1996).  These species might have obtained some of their carbon directly from 

seagrass meadows.  All but the piscivorous species might obtain seagrass carbon by 

consuming invertebrates that feed in seagrass beds but move to mudflats.  Piscivorous fish 

might then consume seagrass carbon via the fish that feed on invertebrates.  As such, the suite 

of fish may be part of a trophic relay from seagrass beds to mudflats (Kneib 2000).  Algae 

epiphytic on seagrass made a consistently large contribution to fish nutrition.  Combining the 

likely contributions of seagrass and seagrass epiphytes, primary production from seagrass 

meadows appears to be the major carbon source for the suite of fish caught over mudflats. 

 

Several studies have shown that animals living within seagrass meadows rely on organic 

matter produced there (Lepoint et al. 2000, Moncreiff & Sullivan 2001, Vizzini et al. 2002), 

but fewer have detected a role for seagrass material in adjacent habitats.  More organic 

material is produced in seagrass meadows than can be consumed there (Duarte & Cebrian 

1996), and occasionally this material has been shown to underpin food webs in adjacent 

habitats, either offshore (Thresher et al. 1992) or on sandy beaches (Robertson & Lenanton 

1984).  Organic material from seagrass meadows was shown recently to play an important 

role in food webs on mudflats in the shallow waters of southern Australian embayments 

(Connolly et al. 2005).  I take my results to provide further evidence of an “inwelling” 

phenomenon, since organic material from subtidal habitats appears to provide trophic subsidy 

of zones higher on the shore. 

 

Isosource modelling showed consistently that mangroves made little if any contribution to the 

carbon supply of most of the fish species caught over mudflats.  I have previously been able 

to gain additional insight into carbon flows to fish by performing detailed spatial analysis on 

the isotope values of three of the fish species presented here (Melville & Connolly 2003).  

Some contribution of mangroves was detected using this analysis (Melville & Connolly 

2003), but the contribution remained relatively minor (Melville & Connolly 2003).   Although 

the extent of mangroves in the study area is large (70 km2, Sinclair Knight Mertz 2000), their 

minor contribution is not unexpected.  While early studies used the high productivity of 

mangrove forests to argue that they must be important contributors to food webs (Odum & 

Heald 1972, Rodelli et al. 1984), evidence is accumulating that they contribute little (Newell 
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et al. 1995, Lee 2000, Bouillon et al. 2002).  Even for animals occurring in mangrove forests 

there is emerging evidence that microalgae rather than mangroves are the important carbon 

source (Bouillon et al. 2002, Bouillon et al. 2004). 

 

The lack of assimilation of carbon from MPB by the animals occurring on mudflats is 

unexpected.  After many years without being seriously considered in food web studies, the 

importance of MPB in estuarine food webs has emerged as a recurrent theme recently.  MPB 

on mudflats is assimilated by meiofauna (Middelburg et al. 2000), and macroinvertebrates in 

mangrove forests (Bouillon et al. 2002) and saltmarsh (Wainright et al. 2000) also assimilate 

carbon from MPB in intertidal sediments.  I have previously argued that the importance of 

MPB in food webs may depend on algal productivity (Connolly et al. 2005), but in Moreton 

Bay, productivity is high (Dennison & Abal 1999), yet their role is minor.  Perhaps the strong 

tides in the study area move particulate organic matter so effectively that material from 

adjacent habitats is freely available on mudflats. 

 

The isotope survey of detritivorous fishes is particularly helpful in determining their dietary 

sources.  Traditional methods such as stomach contents analysis cannot separate the roles of 

the many different components of the sediment ingested during feeding (Morton et al. 1987).  

Isotope analysis of these species has proven effective and useful.  Prior to this study I 

considered that detritivores were particularly likely to be relying on MPB, yet instead I found 

that they obtain their carbon from transported macrophyte and/or epiphytic algae material.  

They possibly also ingest interstitial microfauna but, if these are important, then they too are 

relying on transported material.  The heavy reliance on organic material from seagrass 

meadows has previously been shown for detritivorous invertebrates on mudflats in southern 

Australia (Connolly et al. 2005). 
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Conclusion 

The modelling of feasible mixing solutions provided a platform to assess the relative 

importance of outwelling and in situ carbon production to fish over mudflats.  Outwelled 

carbon from seagrass meadows is the major contributor, either from seagrass or seagrass 

epiphytes.  Mangroves and saltmarsh succulents do not make substantial contributions to the 

species studied, and saltmarsh grass has a high putative contribution but needs to be 

considered cautiously because its contribution is unable to be separated from that of seagrass.  

Analysis of this suite of species showed that in situ MPB production makes surprisingly little 

contribution to the nutrition of the fish occurring over mudflats. 

 

 



 33

  

Chapter 4:  Spatial analysis to determine primary sources of 

nutrition for fish over subtropical mudflats 
 

Introduction 

Understanding the role of autotrophs in estuarine foodwebs has important implications for 

management and conservation.  The relative conservation value of habitats has been 

determined largely by estimating the diversity and abundance of species present (Beck et al. 

2001).  Evidence demonstrating which autotrophs constitute the ultimate source of nutrition 

for estuarine animals provides additional data for an objective determination of the relative 

value of different habitats.  Given the potential for extensive movement of energy (carbon) 

and nutrients in estuarine systems (Odum 1984), consumers may be segregated from the 

autotrophs upon which they rely (Kneib 2000). 

 

Early foodweb studies attempted to use gut content analysis of organisms at higher trophic 

levels to clarify trophic dynamics.  This method has difficulties, however, as not all ingested 

material is assimilated (Michener & Schell 1994), and some ingested animals such as 

nematodes are assimilated very quickly and are therefore rarely found in the stomach (Gee 

1989).  All animals ultimately rely on autotrophic sources, but for carnivorous fish, gut 

content analysis of their prey and all intermediate levels would be required to determine 

which autotroph(s) are at the base of the trophic pathway.  Stable isotope analysis allows 

measurement of assimilated, and therefore nutritionally important, materials.  The stable 

isotope ratios of carbon (13C/12C) and nitrogen (15N/14N) differ among autotrophs (Fry 1984, 

Boon et al. 1997, Bouillon et al. 2002).  This ratio, the stable isotope signature, is taken on by 

consumers and reflected in their tissues at whatever trophic level they occur (Peterson 1999). 

 

Large spatial or temporal variations in the isotopic signatures of primary producers can 

potentially confound attempts to establish the major dietary sources of consumers (Boon & 

Bunn 1994).  Hence, it is essential to quantify these variations before conclusions can be 

drawn regarding the relative importance of various allochthonous and autochthonous sources 

of carbon and nutrients (Stephenson et al. 1984).  Considerable variation (> 10 ‰) has been 

found in both the carbon and nitrogen isotopic signatures between individuals of the same 

species of aquatic plant collected from different sites at the same time of year (Boon & Bunn 
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1994).  Instead of treating this variation in autotroph values as a difficulty to be overcome, 

variation among locations can be used to determine their importance to consumers.  If an 

autotroph is of high nutritional importance to a consumer, then the isotopic signature of that 

consumer will shift in the same direction as the autotroph.  For example, in a situation where 

δ13C signatures of seagrass were the same in two bays but those of algal epiphytes differed, it 

was shown that δ13C signatures of shrimp matched those of epiphytes and not seagrass (Fry 

1984).  Similarly, Kitting et al. (1984) showed that δ13C signatures of shrimp matched those 

of epiphytic algae more closely than those of seagrass as the autotroph signatures varied 

among several sites.  This spatial tracking of the isotopic signature of autotrophs by shrimp 

was used as evidence that the shrimp were assimilating mainly algae.  Temporal variation in 

animal and source isotope values has also been used to indicate assimilation of certain sources 

(McCutchan & Lewis 2002). 

 

Even the most recently developed isotope mixing models leading to a unique solution 

(Phillips & Gregg 2001) are restricted to analysing only one more autotroph than elements 

used.  These models are of little use in systems such as estuaries where the number of 

potential autotroph sources (seven in the current study) is much greater than the number of 

elements potentially able to be used (in estuaries, three: C, N, S).  This weakness led Phillips 

and Gregg (2003) to develop a model calculating feasible combinations of sources that can 

potentially explain consumer isotope signatures where sources are numerous.  Even this latest 

model, however, cannot reliably distinguish sources making a major contribution to 

foodwebs.  I present a spatial analysis technique that can potentially identify autotrophs 

involved in the nutrition of consumers in such systems.  I take a significant positive 

relationship between the isotope signatures of a consumer and an autotroph from location to 

location as indicating very strongly that the autotroph is contributing substantially to the 

nutrition of the consumer.  Previous spatial analyses have determined autotroph importance 

qualitatively.  I not only test for spatial relationships probabilistically, but have also developed 

a statistical procedure that can operate on data from multiple elements simultaneously.  

Results of the spatial technique are compared with feasible combinations from the model of 

Phillips and Gregg (2003). 

 

Whilst there have been many isotope studies attempting to determine which autotrophs are 

involved in the nutrition of animals found over seagrass meadows (Fry et al. 1986), fewer 
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have assessed this for animals found over unvegetated habitats (Herman et al. 2000, 

Middelburg et al. 2000), and none have done so for fish.  Past research in seagrass ecosystems 

indicates that algal epiphytes may be more important than seagrass in the nutrition of animals 

(Fry 1984, Kitting et al. 1984, Nichols et al. 1985, Moncreiff & Sullivan 2001).  Benthic 

microalgal production has been found to be an important component of food webs on 

saltmarshes (Sullivan & Moncrieff 1990) and in intertidal mangrove forests (Bouillon et al. 

2002).  Given the high productivity of microphytobenthos (Dennison & Abal 1999), it is 

possible that algal production is important to fish caught over unvegetated mudflats.  My own 

previous work (Chapter 3) on a suite of species from Moreton Bay found that, taken overall, 

the contribution of in situ benthic microalgae was small.  Here I use spatial analysis of stable 

isotope signatures to attempt to determine which autotrophs provide nutrition to three species 

of fish found over unvegetated habitats in southeast Queensland, Australia. 

 

 

Methods 

Sample collection and processing 

This chapter utilises the same samples collected in Chapter 3.  Autotrophs and fish were 

collected in March 2000 at nine locations in southern Moreton Bay, southeast Queensland 

(Fig. 4.1).  All samples were frozen immediately upon collection.  Three species of fish, 

Acanthopagrus australis (Sparidae, yellowfin bream, 45-263 mm, 7 locations), Sillago ciliata 

(Sillaginidae, sand whiting, 15-337 mm, 6 locations) and S. maculata (Sillaginidae, winter 

whiting, 19-103 mm, 7 locations), were collected from unvegetated mudflats using seine nets.  

These three species were the most common of the economically important fishes in the suite 

of 22 species analysed in Chapter 3, and were caught across enough locations to permit spatial 

analysis.  Samples of white muscle were taken for processing. 

 

Mangrove leaves (MAN) were collected from three species (Aegiceras corniculatum, 

Avicennia marina and Rhizophora stylosa), where present, at each of the nine locations.  

Isotope signatures of these three species were pooled because they were similar.  Three 

species of seagrass (SG; Zostera capricorni, Halophila ovalis and H. spinulosa) were also 

collected, and again the isotope signatures were pooled because they were similar.  Seagrass 

epiphytes (EPI) were separated from seagrass in the laboratory by scraping them off with a 
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scalpel.  Saltmarsh plants were collected, where present, and pooled into two groups, 

saltmarsh succulents (SMU; Sarcocornia quinqueflora and Suaeda australis) and saltmarsh 

grass (SMG; Sporobolus virginicus).  Particulate organic matter (POM) was collected by 

filtering 100-800 L of water through 37 µm mesh. 

 

 

 
Figure 4.1:  Location of the 9 study sites in southern Moreton Bay 

 

 

Microphytobenthos (MPB) was collected by scraping the surface 1 cm of sediment from 

mudflats near where collections of fish were made.  Sediment was washed through 53 µm 
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mesh to remove infauna.  Material passing through the mesh was then washed through 5 µm 

mesh.  Material retained on this mesh was added to a centrifuge tube containing colloidal 

silica (density = 1.21) and centrifuged at 10,000 g for 10 minutes.  A band of diatoms, some 

organic matter and silica particles formed at the top of the centrifuge tube.  This band was 

removed and again washed through 5 µm mesh to remove the silica and any remaining 

microbes. 

 

All samples were dried to constant weight at 60°C.  After processing, samples were placed in 

tin capsules and analysed on an Isoprime isotope ratio mass spectrometer.  The ratios of 
15N/14N and 13C/12C were expressed as the relative per mil (‰) difference between the sample 

and conventional standards (air for nitrogen; Pee Dee belemnite limestone carbonate for 

carbon). 

 

 

Whole estuary analysis 

Data were first analysed using the isotope values of fish and autotrophs averaged across all 

locations.  With many more potential sources than elements analysed, mixing models cannot 

provide a unique solution.  Instead I used the Isosource model to calculate feasible 

combinations of autotrophs that could explain the consumer signature (Phillips & Gregg 

2003).  This method examines all possible combinations of each autotroph potential 

contribution (0 – 100%) in small increments (here 1%).  Combinations that summed to within 

0.01 ‰ of the consumer signature were considered feasible solutions.  As recommended by 

Phillips and Gregg (2003), results are reported as the distribution of feasible solutions for each 

autotroph.  The 1%ile and 99%ile range is also given, rather than the full range which is 

sensitive to small numbers of observations on the tails of the distribution.  

 

Previous studies have shown that nitrogen isotopes in organisms are enriched relative to their 

diet (Peterson et al. 1986).  This fractionation is much larger for 15N than 13C, and nitrogen 

isotopes have been used to gather information about the trophic level of animals and foodweb 

structure.  Whereas in Chapter 3 it was considered difficult to determine accurate trophic level 

assignations for the whole suite of 22 fishes, there is good information about trophic level for 

the three species used here.  I was therefore able to account for fractionation of nitrogen, by 

subtracting the assumed 3 ‰ per trophic level increase from the nitrogen isotope signature of 
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the fish (De Niro & Epstein 1981, Minagawa & Wada 1984).  The number of trophic levels 

above autotrophs for each fish species was assigned using published dietary information for 

each species.  In this case, all of the three species are 2 levels above their autotroph source 

(Morton et al. 1987, Burchmore et al. 1988).  Carbon isotope fractionation is close to zero 

(Peterson & Fry 1987) so, as in Chapter 3, no adjustment was made for this element.  The 

sensitivity of IsoSource modeling to different degrees of fractionation adjustment has recently 

been reported (Connolly et al. 2005).  

 

 

Spatial analysis 

To determine if spatial tracking was occurring, mean isotope values were calculated for each 

fish species and autotroph taxon at each location.  Using δ13C and δ15N signatures as 

Cartesian coordinates, Euclidean distances were calculated for any one fish species between 

the value for fish and an autotroph taxon at all locations at which they both occurred.  These 

distances were averaged (D) to produce a measure of correlation in two-dimensional space 

(tracking).  To obtain a distribution of potential fish/autotroph distances, location labels of 

autotrophs were changed and Euclidean distances were recalculated.  The observed D of the 

fish/autotroph combination was then compared to this distribution of possible D values, 

giving a probabilistic significance test.  If the D value was small relative to the distribution of 

possible values, then the fish species was said to be tracking that particular autotroph.  This 

was done for all possible combinations of autotrophs against the observed fish data.  Each fish 

species was tested against each autotroph.   

 

 

Size-dependent isotopic signatures 

The relationship between fish length and isotope values was tested for each fish species using 

regression analysis, on carbon and nitrogen separately.  Where a significant relationship 

existed, raw stable isotope values were adjusted for length using the following formula: 

δX’ = δX – (a.FL) 

where δX’ = adjusted isotope signature, δX = raw isotope value, a = regression coefficient 

and FL = fork length of fish (mm). 
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Results 

Autotroph isotope signatures 

Stable isotope signatures of the seven taxa of autotrophs were generally well separated using 

both carbon and nitrogen (Fig. 4.2).  Mangroves and saltmarsh succulents had the most 

depleted δ13C signatures while seagrass, seagrass epiphytes and saltmarsh grass had the most 

enriched signatures.  Saltmarsh grass had the most depleted δ15N signature and seagrass 

epiphytes and POM had the most enriched signatures.  There is a greater range in values for 

δ13C (-28.9 to -12.5 ‰) than δ15N (0.7 to 5.5 ‰; Fig. 4.2). 

 

 

 
Figure 4.2:  Mean (± SE) carbon and nitrogen isotope values of Acanthopagrus australis, Sillago ciliata and 

S.  maculata and 7 autotrophs (seagrass – SG; seagrass epiphytes – EPI; mangroves – MAN; 

microphytobenthos – MPB; particulate organic matter – POM; saltmarsh grass – SMG; saltmarsh 

succulents – SMU).   

n.b. In Chapter 3, saltmarsh succulents were labelled SMS, but the SMU label is retained here to be consistent 

with the published version of this chapter. Likewise, the label POM is used here to be consistent with the 

published version, whereas in Chapter 3 the term seston is used. 

 

  

 

Fish isotope signatures 

The three species of fish had very similar δ13C and δ15N signatures (Fig. 4.2): Acanthopagrus 

australis (-17.0 ± 0.3 ‰ and 10.1 ± 0.4 ‰, respectively), Sillago ciliata (-16.1 ± 0.2 ‰ and 

9.4 ± 0.3 ‰, respectively) and S. maculata (-16.9 ± 0.4 ‰ and 9.9 ± 0.6 ‰, respectively). 
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.  

eagrass and epiphytic algae ranked highly for each species, as did saltmarsh grass for both 

 ranking slightly lower.  Feasible contributions of mangroves and 

δ15N for Acanthopagrus australis.  δ15N signatures of 

therefore adjusted using the correction equation above (a = 0.02) prior to the 

the 

le values, and fish can be said to be tracking the autotroph (e.g. 

canthopagrus australis and mangroves; Fig. 4.6a).  Note that the test is independent of the 

phs 

he significance 

vel was determined post hoc as there was a clear separation among autotrophs at this level.  

ere 

 

Whole estuary analysis 

Modelling of isotope values averaged over all locations gave similar results for the three fish

species, although the distributions of feasible contributions varied slightly (Figures 4.3-4.5)

S

Sillago species, with POM

saltmarsh succulents were very small, and those of MPB were intermediate (Figures 4.3-4.5). 

 

Spatial analysis 

There was no correlation between length and δ13C for any fish species (p > 0.05), nor was 

there for length and δ15N for Sillago ciliata or S. maculata.  However, there was a positive 

relationship between length and 

A. australis were 

spatial analysis. 

 

If there is a consistent pattern in the magnitude and direction of the difference between 

isotope signature of an autotroph and fish from location to location, observed D will be small 

relative to possib

A

average distance between autotroph and consumer values.  Where the pattern in the 

magnitude and direction of the differences is inconsistent (e.g. A. australis and POM; Fig. 

4.6b), no spatial correlation of autotroph and fish isotope signatures exists. 

 

Results of the spatial analysis differed markedly for the three species.  Those autotro

which were more closely tracked by Acanthopagrus australis and Sillago ciliata (p < 0.10) 

were well separated from those less closely tracked (p > 0.13; Table 4.1).  T

le

A fish was considered to be tracking an autotroph if < 10% of the possible distances (D) w

shorter than the observed distance.  A. australis most closely tracked mangroves, seagrass, 

POM and saltmarsh grass.  S. ciliata tracked mangroves, POM and MPB while S. maculata 

did not track the isotope signature of any autotroph (Table 4.1). 
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Figure 4.3:  Histograms of the distribution of feasible contributions of the 7 autotrophs for Acanthopagrus 

australis, after correcting fish values for 15N trophic level fractionation.  Values in boxes are 1%ile and 

99%ile ranges for these distributions. 
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Figure 4.4:  Histograms of the distribution of feasible contributions of the 7 autotrophs for Sillago ciliata, 

after correcting fish values for 15N trophic level fractionation.  Values in boxes are 1%ile and 99%ile 

ranges for these distributions. 
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Figure 4.5:  Histograms of the distribution of feasible contributions of the 7 autotrophs for Sillago 

maculata, after correcting fish v 15alues for N trophic level fractionation.  Values in boxes are 1%ile and 

9%ile ranges for these distributions. 

  

9
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Figure 4.6:  δ13C and δ15N values at seven joint locations for a) Acanthopagrus australis and mangroves, 

and b) A. australis and POM.  Lines join A. australis and the autotroph from the same location.  □ = 

A. australis, ■ = mangroves or POM.  A. australis values adjusted for fractionation. 
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able 4.1:  Results of spatial analysis for Acanthopagrus australis, Sillago ciliata and S. maculata.  

Numbers are the percentage of possible D values smaller than observed D; low numbers indicate 

locational tracking of autotroph isotope signatures by that fish species.  Values in bold are significant 

(p < 0.1).  na = fish occurred at insufficient locations (n < 4) where autotroph was present. 

 

 A. australis S. ciliata S. maculata 

T

MAN 7.6 4.5 13.3 
SG 6.7 28.3 20.8 
EPI 18.3 75.9 66.1 
POM 5.1 6.3 55.5 
MPB 14.4 7.7 69.9 
SMG 4.2 na 66.7 
SMU 62.3 na 79.2 

 

 
Table 4.2:  Summary of results of a two-source mixing model using a single element (carbon) for 

Acanthopagrus australis and Sillago ciliata. The two sources are mangroves and seagrass. CL = confidence 

limit. 

 

 Mangroves  Seagrass 

 Lower 

95% CL 

Mean Upper 

95% CL 

 Lower 

95% CL 

Mean Upper 

95% CL 

A. australis 0.24 0.28 0.33  0.67 0.72 0.76 

S. ciliata 0.19 0.22 0.25  0.75 0.78 0.81 
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arbon and nitrogen isotope values for mangroves, seagrass, seagrass epiphytes, saltmarsh 

grass and saltmarsh succulents in the present study were similar to those reported previously 

(Fry 1984, Harrigan et al. 1989, Lee 1995, Boon et al. 1997, Bouillon et al. 2002).  The δ13C 

values of MPB were similar to the most depleted values reported in th ature (Deegan & 

Garritt 1997).  Carbon isotope values of POM were within the range of previously reported 

values (Og Ogura 1997), rep ting either a ure of detritus particles of several 

autotrophs and/or phytoplankton values. 

 

lis.  Three of these, seagrass, saltmarsh grass and POM, also had a high likelihood of 

ontribution based on whole estuary modelling.  However, the fourth autotroph showing 

angroves, would be considered un ikely to contri ntially based on 

hole estuary m .  Th l an s in this vid rtan nal 

information una n whole estuar g.  A.

mud pparen y on autotroph s rces  adjacent habitats.  Stomach 

alysis o

feeding mainly upon benthic crustaceans and other invertebrates (Morton et al. 1987).  The 

n of organic matter from adjacent habitats might occur through transport of 

ital particulate matter to mudflats (Odum 1984) or through a series of predator-prey 

relay (Kneib 2000).  The contribution from in situ 

MPB production appears relatively minor, but the involvement of POM might include a 

contribution from phytoplankton, which occurs ubiquitously in estuaries and could there be 

considered a partially in situ source.  

 

For Sillago ciliata, spatial analysis indicated a contribution from three autotrophs, of which 

only POM had even a medium likelihood of contribution based on whole estuary modelling.  

The other two autotrophs, mangroves and MPB, would have been considered unlikely to 

contribute based on whole estuary modelling (consistent with results from Chapter 3).  In situ 

Discussion 

Autotroph isotope signatures 
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Autotroph sources for fish 

Spatial analysis highlighted the role of four autotrophs in the nutrition of Acanthopagrus 
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on, and possibly phytoplankton as part of the POM, do contribute to the 

nutrition of S. ciliata.  Although it has been shown that MPB on mudflats is assimilated by 

Middelburg et al. 2000), its importance to animals at higher 

n 

ic 

 

C value for S. ciliata is more enriched than any of 

e autotrophs with which it had a spatial relationship.  One or more of the δ13C enriched 

utotrophs must be involved in S. ciliata nutrition, despite the lack of spatial relationships.  It 

might be that, of the autotrophs with enriched δ13C signatures, different ones are important to 

 at different locations, so that no relationship is discernible across all locations. 

 as 

 

 the 

cies, 

ility fully. 

MPB producti

meiofauna (Herman et al. 2000, 

trophic levels has been little studied.  The only previous demonstration of the role of MPB i

the nutrition of such animals is for macroinvertebrates in mangroves forests, which were 

shown to assimilate MPB from the mangrove sediments (Bouillon et al. 2002).  For S. ciliata, 

autotroph sources from adjacent habitats also make a contribution.  This species is a benthic 

carnivore (Burchmore et al. 1988) and, as for Acanthopagrus australis, the transfer of organ

matter from adjacent habitats to mudflats might occur through transport of detrital particulate

matter or via trophic relay.  The mean δ13

th

a

S. ciliata

 

Sillago maculata was the only species not to track the isotope signature of any autotroph.  

This could be a result of differences among sites in factors other than isotope values, such

food availability or trophic structure.  I consider the most likely explanations for this result are 

site-specific diet selection or movement of individuals among sites.  This species is a benthic 

carnivore, feeding mainly on crustaceans and polychaetes (Burchmore et al. 1988).  It has 

been shown in southern Australian waters that the diet of this species can vary with location 

(Burchmore et al. 1988), and it is possible that site-specific diet selection in Moreton Bay 

could mean that different autotrophs are important from location to location.  Such a pattern

of dependence upon different autotrophs at different locations within an estuary has 

previously been shown for prawns (Loneragan et al. 1997).  There is little information on

movement of S. maculata, although small-scale spawning migrations have been recorded 

(Kerby & Brown 1994).  Whilst movement among sites remains a possibility for this spe

more detailed studies of movements among locations separated by several kilometres would 

be needed to fully evaluate this possib
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e 

 

 

r fish 

 unvegetated habitats. 

 

 

.  It 

 

), 

here a fish species shows a positive spatial relationship with more than one autotroph, it is 

ossible that not all of the autotrophs are actually contributing.  One autotroph may be 

contributing to the fish species, while other autotrophs may simply happen to show the same 

pattern of variability across locations as this first autotroph.  This possibility can be excluded 

Importance of mangroves 

In assessing the contribution of estuarine autotrophs from a whole estuary perspective 

(Figures 4.3 – 4.5), mangroves appeared unlikely to be a substantial contributor for any of the

fish species.  However, two out of the three species show locational tracking of the mangrove 

isotope signature.  Hence, mangroves appear to have some importance as a nutrition sourc

for fish found over unvegetated habitats.  In addition to the feasibility modelling, to determine 

the potential of mangroves as a source for these two fish species, a single element (carbon) 

mixing model was run, using just two sources, mangroves and seagrass.  Seagrass was chosen 

because it has the most enriched carbon isotopic signature.  These isotopically distinct 

autotrophs therefore represent the maximum contribution mangroves could have made to the

diet of the two fish species.  Mangroves could comprise up to 33% (upper 95% confidence

limit) of the carbon used by Acanthopagrus australis and up to 25% used by Sillago ciliata 

(Table 4.2).  Although the whole estuary approach indicated mangroves to be an unlikely 

autotroph source for fish species, spatial analysis has revealed its potential importance fo

in

 

Whilst mangrove detritus can be important to invertebrates in mangrove forests (e.g. 

providing up to 84% of the carbon assimilated by prawns; Chong et al. 2001), mangrove 

contributions decrease downstream from the vegetated areas as tidal influence increased 

production and the contribution of phytoplankton (Chong et al. 2001).  Even then, the 

contribution of mangrove detritus amounted to between 16% and 24% for prawns.  Rodelli et

al. (1984) found that consumers in mangrove creeks assimilated on average 65% mangrove

carbon, but again this dependency decreased with distance offshore.  My results provide 

further evidence of minor use of mangrove carbon by animals adjacent to mangroves

should be noted that isotope values of other autotrophs (e.g. microalgae) in mangrove systems

are potentially depleted by the generally depleted isotope carbon pool (Bouillon et al. 2002

so showing a gradient of depleted to enriched isotope values with distance from mangroves 

does not necessarily prove that mangrove carbon is being utilised. 

 

W

p
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 amongst the autotrophs involved show that they vary in different 

 

verman & Parrish 2001).  However, other studies have found no 

orrelation between length and isotope values (Rau et al. 2001, Vander Zanden & Rasmussen 

ore 

15N 

 

opes, particularly if 

inate different locations.  For example, congregation at particular 

if tests of spatial correlations

ways across the locations.  I made multiple pairwise comparisons amongst each of the 

autotrophs showing a spatial relationship with a fish species, using the spatial analysis 

described above to compare fish with autotrophs.  Where two autotroph taxa had enough joint 

locations to make an effective test, the patterns of variability among locations differed for all

relevant taxa for both A. australis and S. ciliata.  For example, for S. ciliata, this shows that 

fish isotope values tracked those of POM, MPB and mangroves even though these three 

autotrophs themselves had a different pattern. 

 

 

Size-dependent isotopic signatures 

There was a positive relationship between length and δ15N of Acanthopagrus australis.  

Similar results have been found for other fish species and are often attributed to either 

ontogenetic change in diet or differential metabolic fractionation of nitrogen with age 

(Beaudoin et al. 1999, O

c

2001).  Since there was no correlation between length and δ13C of A. australis it seems m

likely that there is differential metabolic fractionation of nitrogen with age and not an 

ontogenetic shift in diet.  Given the absence of a correlation between length and δ13C or δ

values of Sillago ciliata and S. maculata, it is clear that any adjustment factor required to 

avoid invalidating dietary reconstruction based on stable isotopes will be species-specific.  If 

possible, isotope-based interpretations of diet should be limited to individuals of the same size 

to avoid any potential confounding effects (Branstrator et al. 2000, Overman & Parrish 2001).  

However, in this study, although A. australis individuals could potentially be separated into 

two size classes, neither class was caught at enough sites to analyse on its own. 

 

The differential metabolic fractionation of nitrogen with size (age) in Acanthopagrus australis

could lead to incorrect dietary reconstruction when using stable isot

different size classes dom

sites of larger (older) fish, with greater fractionation over their autotroph source, would 

obscure the relative contribution of autotrophs overall.  The use of corrected values in the 

spatial analysis removed this effect of organism size. 

 



 50

  

using a mean value of 3 ‰ per trophic level 

for nitrogen.  However, levels of 15N fractionation have been shown to vary considerably 

smussen 2001), being affected by starvation (Hesslein 

aving 

 a 

 is that 

d the 

ce it is shown 

at consumer isotope values are correlated spatially with one or more autotrophs, these 

 in the 

 On the other hand, basing likely 

ontributions simply on proximity of a consumer to autotroph value is unable to resolve any 

 

Spatial analysis versus mixing models 

There have been previous attempts at using locational tracking to evaluate the importance of 

autotrophs.  (Kitting et al. 1984) noted that consumer isotopic signatures responded to shifts 

in algal epiphyte values rather than seagrass values.  However, this trend was only examined 

graphically; the two-dimensional significance test used in this study provides a more rigorous, 

quantifiable measure of locational tracking. 

 

Isotope analyses often correct for fractionation 

about this mean (Vander Zanden & Ra

et al. 1993), age (Overman & Parrish 2001) and food quality (Adams & Sterner 2000); h

to correct for fractionation based on an assumption of 3 ‰ per trophic level is therefore

weakness of mixing models.  One advantage of the spatial analysis technique used here

correction for fractionation based on trophic level assignation is unnecessary.  Although 

values can be corrected for size-isotope relationships (as above), the actual distance between 

fish and autotroph values is irrelevant and there is no need to attempt to adjust fish values for 

trophic level.  Only the pattern of differences from location to location between fish an

autotroph being tested is of interest. 

 

Selection of sampling sites is an important factor in the success of using the spatial analysis 

presented here.  Sites should be far enough apart to avoid substantive movement of individual 

consumers or of organic matter among sites.  Furthermore, the analytical position is improved 

if ecological information is available about any potential differences among sites in food 

availability, diet selection or other aspects of trophic structure.  Nevertheless, on

th

concerns are minimal. 

 

I argue that when spatial analysis finds a consistent offset between consumer and autotroph 

values there is a strong logical link indicating a contribution substantial enough to result

spatial correlation.  Furthermore, the strength of this relationship can be tested 

probabilistically, and the test can be repeated in time. 

c
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tuation where the combination of two or more sources gives the same result as another 

st always a possibility in estuarine work where 

sources are numerous.  The spatial test clearly has some advantages, but is best used in 

xplicit spatial analysis helped determine the importance of autotrophic sources.  Several 

e 

hilst recognising that production from several habitats is implicated in the nutrition of fishes 

 southern Australia (Connolly et al. 2005).  My work demonstrates that 

r food webs sustaining fisheries production in Moreton Bay, seagrass meadows are critical.  

si

single source.  Unfortunately this is almo

conjunction with the whole estuary feasibility modelling. 

 

 

Conclusion 

E

different autotroph taxa were shown to be important sources of nutrition for fish found in 

unvegetated habitats.  Both in situ and outwelled organic matter was important for fish 

species.  Spatial analysis showed that mangroves, seagrass, POM and saltmarsh contribute to 

the nutrition of Acanthopagrus australis.  For Sillago ciliata, mangroves, MPB and POM 

contribute.  The contribution of mangroves to these two species is particularly surprising 

given the low likelihood of substantial contribution based on whole estuary analysis.  Spatial 

analysis did not further our understanding of S. maculata sources, either because fish mov

among locations or because they utilise different sources at different locations.  The 

combination of spatial analysis and modelling of feasible sources can be used together to help 

resolve situations in which numerous potential sources are available to consumers. 

 

W

over mudflats in Moreton Bay, clearly the major source is from seagrass meadows.  Organic 

matter deriving from seagrass itself and/or algae epiphytic on seagrass is the most important 

source at the base of fisheries food webs in Moreton Bay.  Importantly, I was able to 

demonstrate the role of organic matter from seagrass meadows even for fish caught over 

adjacent unvegetated habitats.  This predominance of seagrass and its epiphytic algae as the 

ultimate source of support in fisheries food webs outside of seagrass meadows has also 

recently been shown in

fo

The importance of seagrass and its epiphytic algae to production of fisheries species in 

Moreton Bay reinforces the need to conserve and protect seagrass meadows from adverse 

anthropogenic influences. 
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