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Abstract 

 

Urbanisation often exerts large-scale adverse effects on coastal areas and estuaries, 

which are ecologically diverse and highly productive habitats. Understanding the 

ecological resilience of these habitats is a prerequisite for their management. Direct 

quantification of ecosystem functioning using conventional approaches, however, is 

difficult and time-consuming. This difficulty has greatly restricted ecosystem-level research 

and thus, the ability to predict an ecosystem’s responses to urbanisation.  

The main aim of this thesis was to assess the impact of urbanisation on estuarine 

sandflats. I developed a novel food web analytical approach, by combining stable isotope 

(13C) enrichment, compartmental modelling, and ecological network analysis techniques to 

quantify food web dynamics. This approach was tested with estuarine sandflats, which is 

one of the most important coastal habitats worldwide. The novel approach allows 

quantitative testing of specific hypotheses about food web dynamics through manipulative 

experiments, by comparing system indices that reflect ecosystem condition. Further, I 

conducted manipulative experiments using this approach to investigate the structural and 

functional response of a multi-level estuarine sandflat food web to two common 

anthropogenic stressors from urbanisation, namely, organic enrichment and physical 

disturbance.  

Organic enrichment is a common outcome of urbanisation, yet its impact on 

sandflat trophodynamics is unknown. I conducted a manipulative experiment by adding 

algal powder to increase the sediment organic content to 3, 5 and 10%. The abundance and 

diversity of meiofauna, and feeding behaviour of soldier crab changed significantly with 

increasing organic enrichment. In the 5 and 10% sediment organic content treatments, there 

were marked mortality of some meiofaunal taxa and soldier crabs, causing a decrease in the 

number of compartments in the food web model. Further, carbon flow among 

compartments and the degree of carbon cycling, as indicated by the system indices, 
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decreased significantly when organic content increased from 3 to 5%, suggesting that 

sandflats had a low ecological threshold for organic enrichment.  

Bait collection is a prominent activity on estuarine sandflats worldwide. 

Unregulated harvesting of target species, such as thalassinidean shrimps in Australia, may 

have adverse effects on the sustainability of the target species and ecological processes. 

The short-term impacts of bait collection on sandflats functioning were investigated. 

Sediments were disturbed with a suction pump (‘yabby pump’) to imitate bait collection 

(‘yabby pumping’) at two intensities. Areas subjected to high intensity yabby pumping 

(three burrows, with four pumps per burrow, i.e. a total of 12 pumps per 0.09 m2) resulted 

in reduced carbon flow rates among compartments and less carbon cycling in the food web. 

System indices also showed the degree of organisation and resilience decreased at high 

disturbance intensity. Interestingly, low disturbance intensity (one burrow per 0.09 m2 and 

four pumps in total) facilitated carbon flow between organisms, and increased carbon 

cycling in the system. This response may be considered as a first support in terms of 

ecosystem function for the Intermediate Disturbance Hypothesis.  

A set of system indices have been used to measure the ecosystem-level properties of 

complexity and maturity based on Odum’s (Odum 1969, 1985) attributes. I conducted a 

meta-analysis of 69 food web models, with the aim to assess the concordance of system 

indices and ecological indicators in identifying stressed ecosystems. Ascendency and 

system overhead increased exponentially with increasing Chl a concentration and but 

decreased exponentially with increasing productivity / biomass ratio. Average mutual 

information was maximum when Chl a concentration was at ~2 µg L-1, and then decreased 

even though ascendency and total system throughput increased. This Chl a level may 

provide a guide when identifying eutrophication. Both organisation and resilience of 

ecosystems decreased at increasing level of stress. This meta-analysis of food web models 
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is the first comparison that provides quantitative inference on the ecological relevance of 

system indices using comprehensive ecological data. 

The approach developed in this thesis has great utility in determining the ecological 

resilience of ecosystems, thus improving predictions on ecosystem responses to 

anthropogenic stressors. This research also shows that ecological indicators and system 

indices are complementary tools for ecosystem assessment, providing the basis for 

successful ecosystem-based management. 
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Chapter 1 General introduction 

   

The demands that a burgeoning human population are placing on natural 

resources worldwide have led to significant environmental perturbation of coastal areas 

detrimental to local water sources (Fabricius 2005). Effort to assess the impacts of 

urbanisation on ecosystems has focused mainly on monitoring changes in abiotic factors 

and community structure in the past few decades (MacArthur 1955, Barrett et al. 1976, 

Greenwood et al. 2009). Our knowledge of ecosystem functionality in response to 

urbanisation is restricted by the complexity of ecosystems and the difficulty of directly 

measuring species interactions (Haskell et al. 1992). In addition to monitoring 

ecosystem structure and abiotic factors, ecosystem theory and ecological modelling 

could improve our understanding of the dynamics of exploited ecosystems and the 

complexity of species interactions (Pauly et al. 1998, Andersen et al. 2008).  

Ecological modelling is the combined use of mathematical models and system 

analysis to improve our understanding of ecosystems, in particular, material flows 

between organisms (Jørgensen & Bendoricchio 2001). Ecological models can be used to 

assess ecosystem functioning and to predict the behaviour of ecosystems in response to 

disturbance (Loreau & Holt 2004). However, previous studies mainly focused on single 

trophic level systems (Loreau 1998, Tilman et al. 2001, van Ruijven & Berendse 2005) 

and relatively few studies, e.g. Mulder et al. (1999) and Duffy et al. (2005), investigated 

structural and functional responses of multi-trophic level systems to human impact. This 

may be due to the requirement of large amounts of data for ecosystem-level studies, 

such as constructing food web models with multi-trophic levels (Larkin 1996). 

Although the quality of data used for constructing models remains variable and often 

less than desirable, ecological modelling represents an essential tool for understanding 
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ecosystem function, which is important in ecosystem-based management (Jørgensen et 

al. 2007).  

Urbanisation is known to affect ecological processes and sustainability of 

ecosystems (Alberti 2010). Responses of ecosystem structure and function to 

urbanisation should therefore be taken into account in ecosystem assessment (see 

review by Su et al. (2010)). Ecosystem structure is indicated by ecological attributes, 

such as assemblage composition (O'Gorman & Emmerson 2009), species diversity 

(Thébault & Loreau 2006) and abundance (Ives & Carpenter 2007). Conversely, 

ecosystem functioning includes material transfer and processing (Loreau & Holt 2004, 

Meier & Bowman 2008), cycling of materials and energy (Levin et al. 2001), and 

maintaining productivity (Tilman 1999, Worm & Duffy 2003). Ecosystem structure and 

functioning are central to food web dynamics and stability of ecosystems and, therefore, 

the quality of ecosystem services provided to humans (Petchey et al. 1999, Eiswerth & 

Haney 2001, Bukovinszky et al. 2008).  

 

1.1 Importance of food web analysis in ecology 

 

Ecology is the study of the relations among organisms and interaction with their 

ambient environment (Odum 1971). One of the primary goals in ecology is to 

understand patterns of energy flow and material cycling in ecosystems (Rounick & 

Winterbourn 1986) and how these influence population dynamics and the evolution of 

species (Pimm 2002). Food web analysis accounts for the roles and interactions among 

species and, therefore, plays an important role in ecology (Norkko et al. 2007). It 

describes ‘what eats what’ (Valiela 1995), and illustrates energy flow relationships 

(Paine 1988, Winemiller & Polis 1996) and material fluxes (Asmus & Asmus 2000, 

Meyer & Poepperl 2004, Degré et al. 2006).  
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Food web analysis provides a framework for integrating population dynamics, 

community structure, species interactions, community stability, biodiversity and 

ecosystem productivity (Link et al. 2005). Any stressors, either anthropogenic or 

environmental, could profoundly impact communities and rearrange their internal 

structure (Ciannelli et al. 2005). The structural properties of food webs, such as the 

length of food chains, have important implications for ecosystem stability, energy flow 

patterns and ecological processes, such as nutrient cycling and decomposition (Cohen et 

al. 1993, Post et al. 2000). 

Quantifying food web dynamics is therefore an important step in sustainable 

development of natural resources and is the key to understanding the functional 

integrity of ecosystems (Pimm 2002). However, it is difficult to measure flows among 

organisms in a food web (Månsson & McGlade 1993). Constraints in understanding the 

trophic linkages in a food web, such as through direct measurements of material flux 

(Cohen et al. 1993), represent major challenges. There are several common ways to 

estimate the amount of food consumed by marine organisms: gut content analysis 

(Rudnick & Resh 2005); inferring feeding and metabolic rates of captive or free-range 

organisms (Gerlach 1978, Innes et al. 1987, Coupland et al. 2007); deriving 

consumption from estimates of biomass loss  from lower trophic levels (Reinsel 2004); 

use of trophic tracers such as stable isotopes and fatty acids (Bouillon et al. 2008) from 

lower trophic levels and modelling (Fiscus 2009). Among all the above approaches, 

stable isotope analysis (SIA) and modelling techniques are powerful tools that provide 

complementary information on the food source and allow quantification of the amount 

of energy or material flow among organisms (Fath 2007, Pasquaud et al. 2007). 
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1.2 Stable isotope enrichment for food web analysis 

 

Stable isotope analysis (SIA) can be used to clarify food web structure and 

improve our understanding of biogeochemical processes in ecosystems (Peterson & Fry 

1987). SIA records relatively long-term nutritional dependence on nutrient sources and 

provide a natural approach to tracking element cycling in the environment (Fry 2006). 

Organic materials bear a stable isotope ‘signature’ owing to the differences in tendency 

of the lighter and heavier isotopes to participate in reactions that create the organic 

material (Galimov 1985). Fractionation occurs because biological transformations most 

often leave behind the heavier isotope, and the resulting differences in relative 

abundance create signatures that are incorporated into consumers assimilating the 

organic matter (Michener & Scheel 1994).  

Differences in isotopic signatures may occur not only because of fractionation 

but also because of the differences in sources and processes (Peterson & Fry 1987) or 

short-term and seasonal changes in isotopic composition of organisms and the 

environment (Valiela 1995). 13C is a conservative tracer across trophic levels due to the 

small fractionation change from one trophic level to another (by ~ 1‰) (McCutchan et 

al. 2003). It also offers clues to ontogenetic dietary shifts. If juvenile and adult nutrient 

sources have distinguishable isotopic ratios, diet change will be reflected by an age-

dependent shift in the isotopic values (Hentschel 1998). 

The key requirement for isotope tracing is that the food sources must have 

strong difference in isotopic signatures. If difference in isotopic signatures of the 

sources is not strong, specific isotopes may be added to the system to enlarge the 

difference (Winning et al. 1999). Stable isotope enrichment has been applied in food 

web analysis since the 1990s, e.g. Hall (1995). Isotopic enrichment alters the signature 

of a producer through the addition of a substrate with the heavier isotope, such as 13C 



 

5 
 

for carbon and 15N for nitrogen, which can be effectively utilised by the targeted 

producer and thus create a unique isotopic signature (Fry 2006). This distinct isotopic 

signature acts as a ‘label’, which can be traced into higher trophic levels (Maddi et al. 

2006, Galván et al. 2008). The stable isotope enrichment technique has a variety of 

applications, such as distinguishing the food sources of organisms (Carman & Fry 2002, 

Guest & Connolly 2006), identifying their trophic levels (Herman et al. 2000), 

investigating nutrient cycling in food webs (Hamilton et al. 2001) and the fate of 

detritus in food webs (Rossi 2007).  

 

1.3 Modelling techniques used in this study for quantifying food web dynamics 

 

1.3.1 Compartmental modelling 

 Compartmental modelling has been widely used in biomedicine and ecological 

modelling (Godfrey 1983). The use of compartmental modelling in biological systems, 

including drug kinetics and pharmacology, began in 1924, when Widmark & Tandberg 

first published equations to describe a one-compartment open model of bolus 

intravenous injection with constant and multiple doses administered at uniform time 

intervals (Widmark & Tandberg 1924). Since then, compartmental modelling has been 

widely applied to analysing physio-chemical processes (e.g. Kronfeld et al. 1971). This 

technique was later adopted for use in food web analysis (Jacquez 1972).  

Compartmental modelling is now one of the main approaches to studying ecosystems in 

a holistic way and to explain the complex interactions between organisms in the 

ecosystem (Jørgensen & Bendoricchio 2001). Systems ecologists use compartments and 

flows to describe components and connections among components in food webs, 

respectively (Platt et al. 1981, Krause et al. 2003).  
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The structure of compartmental models refers to the number of compartments 

and to the existence of fluxes among them (Cobelli et al. 1979). The flow of material, 

energy or nutrients through an ecosystem can be quantified with the use of 

compartmental modelling. Each arrow in a compartmental model (direction shows 

where flow of energy / material originates) comes with a fractional transfer coefficient, 

i.e. tracer transferred per unit time (Jacquez 1972). Compartmental models have dual 

aspects: structural and dynamic (Ulanowicz 2009). The structural aspect of 

compartmental models is related to the trophic level. The dynamic aspect refers to 

material fluxes in the ecosystem (Walter 1979). 

The development of compartmental modelling is closely linked to that of tracer 

theory, the discovery of isotopic composition of the natural elements and the 

development of advanced computers (Robertson & Colombetti 1983). The choice of the 

compartments and the level of aggregation needed to model an ecosystem depend on the 

goal of the modelling exercise and the information available about the system (Olff et al. 

2009).  

Compartmental modelling of chemical tracer data is an important tool for 

providing an in vivo measure of non-accessible parameters and variables, such as 

material flow rates within and among organisms (Robertson & Colombetti 1983). In 

particular, the availability of radioactive tracers has made non-invasive study of 

biological systems possible, and has opened for investigation areas that previously had 

been considered inaccessible (Robertson 1957). The stable isotope tracing approach is 

also possible for most biomedical studies in compartmental modelling, since almost all 

essential nutrients have more than one stable isotope. To date, stable-isotope tracer 

experiments have already provided the basis of compartmental models for a number of 

pharmacokinetic and pharmacodynamic (Cobelli et al. 1992, Markantonatos et al. 2008) 

and ecological studies (Hamilton et al. 2004).  



 

7 
 

1.3.2 Ecological network analysis (ENA) 

Numerical food web models have been developed to study patterns of food web 

structure and elucidate species interactions. Early comparative food web research with 

the use of numerical approach was inspired by R. May in the early 1970s when he 

formalised the relation between stability and complexity of ecosystems and proposed 

that ecological communities near equilibrium would tend to be stable if   , 

where S is the number of species, C is the connectance (defined as links per species 

squared, ) and i is the average interaction strength increase beyond critical values 

(May 1972, 1973). This supported the view of many ecologists who hypothesised that 

greater numbers of species and links between them in ecosystems increase stability (e.g. 

MacArthur 1955, Hutchinson 1959). Later,  J. Cohen in 1977, published the earliest 

comparative study of food web structure that investigated the ratio of predators to prey 

in food webs (Cohen 1977a) and whether food webs or niche overlaps were drawn by 

chance, using Monte-Carlo estimation (Cohen 1977b).  These studies form the basis of 

the later niche (Williams & Martinez 2000), nested-hierarchy (Cattin et al. 2004) and 

generalized cascade models (Stouffer et al. 2005).  

Other approaches have also been introduced into ecology to describe the trophic 

relations by integrating ecological dynamics in simplified food web structure. For 

examples, the Lotka-Volterra (L-V) cascade model runs classic L-V dynamics on sets of 

species interactions structured according to the cascade model (Cohen & Newman 

1985). Kolmogorov-type model, which incorporates the principle that the growth rate of 

a species is proportional to the number of interacting species, has been used to study 

complex ecosystem by breaking it into simpler predator-prey Kolmogorov systems 

(Cropp & Norbury 2009a). The model suggests that ecosystems have either a stable 

equilibrium point or a stable limit cycle (Holling 1973).  
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These modelling techniques not only elucidate species interactions but also help 

to answer fundamental ecological questions, including the relations between stability 

and biodiversity of ecosystems. However, models may oversimplify the trophic 

relations and hence, may fail to describe the complex trophic relations among large 

number of species in real-world situations (Cattin et al. 2004). Multispecies approaches 

were developed to integrate quantitative estimates of material flows with comprehensive 

decriptions of complex food-web network structure. 

Multispecies approaches, such as multispecies production models (MSP), 

multispecies virtual population analysis (MSVPA), multispecies bioenergetics model 

(MSBE) and ENA, attempt to quantify the linkage among organisms by calcuating the 

amount of biomass or material (e.g. carbon) flow. MSP, MSVPA and MSBE all attempt 

to integrate quantitative estimates with comprehensive decriptions of complex food web 

network structure and have the potential for adoption in ecosystem-based management 

(see reviews by Whipple et al. 2000, Latour et al. 2003). The former three types of 

models are based on the assumption that the trophic linkages in the system can be 

realistically represented by Lotka-Volterra algorithms. The main advantage of the MSP 

is that relatively fewer data are required as only data on the abundance and biomass of 

species are needed (Latour et al. 2003). The MSVPA approach has the advantage of 

using data inputs that are similar to those used in single species stock assessment 

models, and the model outputs are directly comparable with those of single-species 

approaches. This feature simplifies the incorporation of data outputs from MSVPA into 

natural resource management plans (Garrison et al. 2010). In addition, the amount of 

energy allocated to growth, reproduction, and maintenance of the species determined by 

MSBE models is useful information to resources management plans (Claessen et al. 

2009). 
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However, MSVPA and MSP are mainly restricted to fisheries management and 

do not account for indirect interactions between fish and other taxa. The most common 

concern about MSVPA is the type of functional response, which is defined as the 

change in the number of prey in relation to the prey abundance and expressed in three 

mathematical equations, and the measure of suitability of prey as food for predators 

(Garrison et al. 2010). Detailed experimental data for consumption and respiration rates 

of species are required for MSBE. Furthermore, both MSP and MSBE are limited by the 

number of species that can be included in the models, due to the number of coefficients 

that need to be estimated in the equations (Latour et al. 2003). In any case, all three 

approaches focus on the structural changes of ecosystems without assessing system 

behaviour, e.g. material cycling and the indirect interactions among species. In contrast, 

ENA has been increasingly used by food web modellers for studies in trophic status, 

material flows and species relations (e.g. Wulff et al. 1989, Christensen & Pauly 1993, 

Jørgensen & Müller 2000, Jørgensen et al. 2007). ENA overcomes the issues with the 

other three multispecies approaches by its capability to construct food web networks 

with a large number of species and its ability to quantify both direct and indirect 

interactions between species in the network (Dame & Christian 2006). Furthermore, 

network analysis can take into consideration species interactions that are not strictly 

trophic. For example, in contrast to a classic predator-prey relation, mutualism confers a 

positive benefit upon both organisms in the interaction. ENA has been used to 

investigate plant-animal mutualistic networks such as pollination-dispersal networks 

(Bascompte et al. 2003).  

The theory of ENA was first developed in the field of economics (‘input-output 

analysis’, Leontief (1966)) and then introduced into ecology by Hannon (1973). ENA is 

a system-oriented modelling approach that primarily aims to quantify trophic 

interactions among organisms (Fath et al. 2007). It measures indirect connections and 
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system-wide behavior, such as amount of material cycling in the ecosystem. ENA has 

been applied in system-based management of different types of ecosystems (e.g. Gasalla 

et al. 2004, Patrício et al. 2006, Lobry et al. 2008).  

There are two major assumptions of ENA: 1) food webs can be represented by a 

set of simultaneous linear equations; and 2) the system would reach steady-state 

condition in the simulation (Morissette 2005, Dame & Christian 2006). These 

assumptions are not easy to achieve as ecosystems are dynamic and ecological processes 

are not necessarily linear in nature. One assumption of ENA has been satisfied by 

simulating the input parameters until the system reaches steady-state. Indices describing 

system condition (‘system indices’) from ENA can be used to quantify the contribution 

of each compartment in maintaining an ecosystem’s overall flow-storage configuration 

(Fath 2004a). The major drawback of the above assumptions is that there may be more 

than one ‘correct’ model (Morissette et al. 2003). The assumptions, applications and 

validation of ENA outputs were assessed by Dame & Christian (2006, 2007, 2008), who 

suggested that caution is needed when interpreting ENA output for ecosystem 

management, and warned not to overstate the implications of ENA in resource 

management. Some concerns with the use of ENA include the amount of data required 

to construct the food web networks and the level of completeness of food web networks 

being constructed. As with all modelling approaches, the quality of input data also 

affects the ENA modelling output. A priori knowledge of the trophic interactions is 

needed before performing ENA and sensitivity analysis of the model should be used to 

assess the effect of variability of data input on model output (Dame & Christian 2006). 

Furthermore, as for other multispecies modelling techniques, ENA gives only snapshot 

information on ecological conditions unless data are collected at different times of the 

year. 

Food webs are expressed in ‘networks’ in ENA. A network flow model consists 
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of a collection of nodes, which are joined to one another through a chain (Ulanowicz 

1996) - a sequence of links that starts at low trophic levels and ends with a consumer 

species (Navarrete et al. 2000). A series in a chain, which in combination passes 

material from one compartment to one or more other compartments, and returns 

material to the original one, is called a cycle (Finn 1976). The chain within a cycle that 

has the smallest flow is the weak arc, and a group of cycles sharing the same weak arc is 

a nexus (Baird & Ulanowicz 1993). Cycling generally involves assimilation efficiency 

(the ratio of food absorbed by the organism to the amount ingested (Crisp 1971)) and 

mineralisation (the conversion of an element from organic to inorganic form (DeAngelis 

1992, Christian et al. 1996). Cycling is an important mechanism for feedback and self-

regulation (Fath 2004a) because mature ecosystems are expected to show a higher 

degree of recycling than immature systems (Odum 1969).  

ENA was initially used for stock assessment of fisheries in the North Sea 

(Andersen & Ursin 1977, Gulland 1977). It was later applied as a tool in the 

management of coastal and lagoon environments (Brando et al. 2004, Christian et al. 

2005). A number of ENA software packages have been developed, including Ecopath, 

NETWRK, EcoNet and WAND. Comparisons among ecosystems or between different 

periods for the same ecosystem can help policy makers determine the trophic status or 

the developmental needs of the system (Christian et al. 1996). Further, trophic network 

analysis can be used to evaluate system health with the use of system indices (Christian 

et al. 2009), which quantify the interactions and flows in a system (Platt et al. 1981). 

ENA results in a matrix of flows and compartmental throughflow necessary for a unit of 

each outflow (Finn 1976, Ulanowicz & Puccia 1990). Two important components are 

needed in ENA: (1) the structure of the system, i.e. the targeted compartments; and (2) a 

common medium or currency for all systems, such as carbon flow or nutrient transfer 

(Baird & Ulanowicz 1993, Baird et al. 1995). 
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In general, ENA incorporates:  

1. Input-Output analysis, which provides information on the magnitude of direct and 

indirect effects that an interaction between two compartments might have on other 

compartments in the food web (Hannon 1973);  

2. Lindeman trophic analysis routine, which reduces the food web to integer trophic 

levels and provides information on the amount of energy or material transferred 

between integer trophic levels, and the efficiency by which energy is transformed and 

transferred in the system (Lindeman 1942, Pimm 2002);  

3. Biogeochemical cycle analysis, which investigates the cycling of matter within the 

ecosystem with the use of indices such as Finn Cycling Index (FCI) and Average Path 

Length (APL) (Finn 1976, 1980); and 

4. Global information or system-level indices that describe the developmental state and 

organisation of the ecosystem (Ulanowicz 1986a). These are expressed as development 

capacity, ascendency, and overheads calculated from imports, exports, dissipation and 

redundancy (Ulanowicz & Kemp 1979, Paine 1980, Fath et al. 2007). A description of 

system indices used in this research is provided in Appendix A.  

 

1.4 Urbanisation of estuaries 

 

The ever-increasing demand for natural resources caused by a rapidly growing 

human population has compromised the natural buffering capacity of ecosystems in 

response to disturbance (Karr 1991). This impact is particularly strong on the coasts 

where human settlement is concentrated worldwide (Apte et al. 1998). Coastal areas are 

amongst the most productive zones on earth despite occupying only 1% of the earth’s 

surface (Costanza et al. 1997). However, much of the world’s population depends on 

the coasts for transportation, trading, food, and recreational activities (Baird et al. 2004). 
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For example, > 80% of Australia’s population live within 50 km of the coast (Australian 

Bureau of Statistics 2009).  

Estuaries are productive habitats that are globally responsible for US$4.11 

trillion worth of ecosystem service every year (Costanza et al. 1997). Further, Brander 

et al. (2006) computed the average annual value of wetlands as US$ 2800 / ha; 

Blackwell (2006) estimated the annual monetary value of the ecosystem services 

provided by estuaries in Australia was A$68.1 billion, based on the methods of 

Costanza et al. (1997). Nevertheless, intensive study of the effects of human interference 

on estuarine ecosystems has gained momentum only in the last two decades (Dennison 

& Abal 1999, Moreno 2001). Urbanisation tends to cause multiple disturbances and the 

increasingly degraded environmental conditions along the coast threaten the biological 

and ecological integrity of estuarine ecosystems on a global scale (Paine et al. 1998). 

However, it is difficult to detect the location of human-impacted areas in estuaries 

unless the anthropogenic stressor is obvious, such as a sewage outfall or an oil spill 

(Elliott & Quintino 2007). Human impacts on estuaries include permanent alterations of 

the shoreline by structures, construction of jetties and launching ramps, human 

disturbance of wildlife, diffuse and point-source pollution (Morant & Quinn 1999).  

The impact of human activities on the normal functioning of estuaries can be 

considerable. Estuarine functionality could be significantly changed by developments 

throughout the river catchment and the estuary itself (Lee et al. 2006). The upper 

reaches of estuarine floodplains are recognised as rich agricultural lands (Brown 2006). 

Dissolved nutrient and pesticide loads can enter the groundwater then penetrate into 

estuaries as diffuse sources (Schumann et al. 1999). This will ultimately lead to an 

increase in the ambient level of heavy metals (Santos et al. 2000, Cox & Preda 2005) 

and nutrient loads (Snow & Adams 2007) in the aquatic environment, (see Lee et al. 

(2006) for a review), resulting in the loss of biodiversity (Newton et al. 2008) and 
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regime shift, i.e. as rapid reorganisations of ecosystems from one relatively stable state 

to another (Andersen et al. 2008, deYoung et al. 2008). 

 

1.4.1 Estuarine sandflats 

Urban areas are arguably the most modified of natural environments, usually to 

the detriment of local water resources (Taylor et al. 2004). Estuarine intertidal sandflats 

are a major type of intertidal habitat worldwide (Bascom 1980), used for recreation 

(Schlacher et al. 2007) and often bordered by coastal urban areas and associated 

industries (Klein et al. 2004).  

In soft-bottom sediments, meiofauna, which is represented by almost all 

invertebrate phyla, occur in great abundance worldwide (Coull 1999, Dittmann 2000). 

Nematodes regularly dominate the meiofauna (60-90% of the total fauna) in marine and 

estuarine soft sediments, and are regarded as grazers of microalgae and bacteria, and 

predators on proto- and metazoan heterotrophs (Moens & Vincx 1997). Harpacticoid 

copepods are usually second in abundance (10-40% of the total fauna) but may 

dominate in some coarse-grained sediment (Higgins & Thiel 1988). The size boundaries 

of the meiobenthos are based on the standardised mesh width of sieves, with 500 µm as 

the upper and 63 µm as the lower limits, respectively: all fauna within these limits are 

considered meiofauna (Giere 1993).  

 Despite the relatively lower biomass of meiofauna compared to macrofauna, 

meiofauna have higher diversity (Gerlach 1971). Meiofauna have an important role in 

ecosystems:  they support significant trophic pathways (Austen & Warwick 1995, 

Leguerrier et al. 2003), facilitate biomineralisation of organic matter, enhance nutrient 

regeneration (Chardy & Dauvin 1992) and exhibit high sensitivity to anthropogenic 

inputs (Coull 1999, Atilla et al. 2003), making them excellent sentinels of estuarine 

pollution.  
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One of the most abundant macrofaunal species found on tropical estuarine 

sandflats is the soldier crab (Mictyris longicarpus). Large numbers of soldier crabs form 

droves during surface feeding (Cameron 1966). Soldier crabs feed by ‘floatation 

feeding’, i.e. lighter food items are sorted in water while suspended in the buccal cavity 

and heavier materials that sink to the bottom of the cavity are discarded as pseudofaecal 

feeding pellets (Cameron 1966, Quinn 1980). As such the crabs remove significant 

amounts of organic material and meiofauna during feeding (Warwick et al. 1990). 

Further, the burrowing activity of soldier crabs may also affect the benthic 

mineralisation and nutrient dynamics of sandflats (Webb & Eyre 2004). Previous 

studies have focused on the disturbance effects of soldier crabs on meiofaunal 

abundance and species richness (Dittmann 1993), and quantification of assimilated 

organic material indirectly, by measuring the difference in organic content of sediment 

before and after surface feeding by crabs (Quinn 1986). However, trophic linkages and 

carbon flow rates from lower trophic levels to M. longicarpus are yet to be quantified. 

 

1.4.1.1 Organic enrichment 

Organic enrichment is a major threat to the ecological integrity of estuarine 

communities (Painting et al. 2007). Estuaries can receive comparatively high external 

organic loadings without deleterious effects and allow considerable dilution of organic 

effluents (Allanson & Winter 1999). Organic matter derived either from land as organic 

detritus or from oceanic surface productivity (Paropkari 2007) promotes high levels of 

local primary and secondary production in estuarine areas, such as intertidal mud and 

sandflats and saltmarsh (Austen & Warwick 1995). Excessive organic enrichment, 

however, promotes the development of hypoxic and anoxic conditions (Raffaelli 1999). 

Hypoxia will then enhance diversion of energy flow into microbial pathways and cause 

mass mortality of benthic invertebrates (Dagg et al. 2008). Nutrient inputs are highly 
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variable because of the seasonal fluctuations of river runoff, and groundwater discharge 

(Darnell & Soniat 1981). In organically rich estuaries, nutrient enrichment does not 

necessarily result in large increases in biological production, especially when the 

nutrients concentration exceeds the threshold values that could be assimilated by the 

ecosystem (Devlin et al. 2007, Painting et al. 2007). Organic enrichment ultimately 

drives modification of the producer community, alteration in trophic structure (Vizzini 

& Mazzola 2006), and functioning of estuarine food webs (White et al. 2004). 

 

1.4.1.2 Physical disturbance 

Physical disturbance, both natural and anthropogenic, is a key factor controlling 

the spatial and temporal composition of marine soft sediment communities (Reise 1984, 

Hall 1994). Physical disturbance changes sediment topography (Thistle 1981, Dernie et 

al. 2003). High concentrations of suspended sediment can smother benthic communities 

and prevent recruitment of the fauna (Thrush et al. 1992) and may ultimately lead to 

‘regime shift’ (Thrush et al. 2009). However, some organisms have adaptive 

mechanisms to cope with or take advantage of physical disturbances. For example, the 

sabellid worm, Phragmatoponia lapidosa californica, releases gametes during severe 

storms (Barry 1989).  

In many developed countries, a recent trend involves the widespread collection 

of marine biota for recreational purposes, such as bait for recreational fishing (McLusky 

et al. 1983). Anthropogenic physical disturbance caused by bait collection not only 

removes the target organisms but also diminishes the abundance of other animals (van 

den Heiligenberg 1987). However, recreational harvesting of some abundant species, 

such as the thalassinidean shrimp or yabby Trypea australiensis on the east coast of 

Australia, is unrestricted in terms of size limits or the number of reproductive females. 

Furthermore, data on the life-history characteristics and population dynamics of the 
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harvested species fundamental for stock assessment and sustainable management are 

often lacking. Hence, sustainability of the harvested species and resilience of the 

sandflats, in relation to recreational harvesting, remain unknown.  

 

1.5 Ecological resilience 

 

Ecological resilience is an important concepts in ecology that acknowledge the 

inherent variability of ecosystems (May 1977) and have significant implications for 

understanding ecosystem dynamics (Leslie & McLeod 2007). The concept of ecosystem 

health has quantifiable components of organisation (structure of ecosystems and 

interaction between organisms), vigor (ecosystem function) and resilience (Mageau et al. 

1995). In the human metaphor of ‘ecosystem health’, resilience represents the amount of 

disturbance that a system can absorb and still remain within the same state or general 

condition, and the degree to which the system is capable of self-organising (see reviews 

by Gunderson (2000) and Elliott et al. (2007)). There are mainly four different ways to 

define resilience (Table 1.1). In this thesis, I have adopted Holling’s (Holling 1973) 

definition of ecological resilience as ‘the capacity of an ecosystem to absorb disturbance 

and still maintain the same relationships between populations or state variables’. It is 

because this definition is generally recognised by both ecologists (Hughes et al. 2005) 

and modellers (Ulanowicz 1986b, Mageau et al. 1995) and also applicable to and widely 

accepted in other areas, such as socioeconomic systems (Berkes & Folke 1998, Levin et 

al. 1998).  

The concept of ecological resilience provides a theoretical framework for 

understanding how ecosystems respond to disturbance, which has been used to guide 

the management of ecosystems affected by anthropogenic activities (Walker et al. 2002, 

Gibbs 2009). Ecological resilience is closely related to the structural and functional 
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aspects of ecosystems, such as the length of food chains, abundance and biomass of 

organisms, and the amount of energy flow among them (Pimm 1991). Previous studies 

also suggested that ecological resilience has strong linkages with the stability of 

ecosystems (Slocum & Mendelssohn 2008, Holling 2010). Therefore, measuring 

ecological processes and understanding the mechanisms that generate changes of 

ecosystems and affect ecological resilience will provide the foundation for successful 

ecosystem-based management (Hughes et al. 2005) and enable sustainable use of 

natural resources (Brand 2009). 

 

Table 1.1 Four main definitions of resilience used by ecologists. 

Definition Examples of published work 

adopting this definition 

Remarks 

Capacity of an ecosystem to 
absorb disturbance and still 
maintain the same 
relationships between 
populations or state variables 
 

Holling (1973), Folke et al. 
(2004), Walker et al. (2004), 
Adger et al. (2005), Fischer et 
al. (2009) 
 

This definition is mostly 
adopted in ecological and 
socio-ecological studies 

Ability of an ecosystem to 
return to the reference 
(equilibrium) state after a 
temporary disturbance 
 

Westman (1978),Wernberg et 
al. (2010) 

This definition is mostly 
used in ecology. It is 
technically difficult to 
identify the equilibrium 
point of ecosystems 
 

Time required for an 
ecosystem to return to a 
steady-state (equilibrium) 
after a temporary disturbance 

DeAngelis (1980), Pimm 
(1984), Steinman et al. 
(1991), Tilman & Downing 
(1994), Slocum & 
Mendelssohn (2008) 
 

Mainly focused on the 
speed of recovery. It is 
difficult to identify when 
the ecosystem returns to 
steady-state 
 

Ability of an ecosystem to 
learn, renew and to adapt to 
external forces 

Carpenter et al. (2001), Klein 
et al. (2003) 

This definition is applied in 
socio-ecological systems. 
Involves subjective 
judgement as to whether 
and how  ecosystems learn 
or renew 
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1.6 Overall rationale of this thesis 

 

Urbanisation of coastal areas is an ongoing phenomenon in many parts of the 

world. Knowledge of food web structure improves our understanding of ecosystem 

functioning (Martinez 1994) and hence, facilitates management and policy making 

concerning use of coastal resources (Costanza & Mageau 1999). Thus, it is important to 

investigate the ecological threshold and resilience of ecosystems in response to stressors 

and assess the structural and functional variability of estuaries, preferably before 

adverse effects occur.  

Estuarine sandflats often serve as a connection between the mouth of estuaries 

and other important intertidal habitats, such as mangroves and saltmarshes (Reise 1985). 

Despite the wide occurrence and expanse of estuarine sandflats, their ecology has been 

given less attention than other coastal habitats such as mangroves and saltmarshes 

(Dittmann 2007), and most research has been undertaken in the northern hemisphere 

(Constable 1999). A literature search on the proportion of ecological estuarine studies 

using the keywords ‘estuaries’, ‘estuarine’ or ‘estuary’ showed that 30% of the studies 

(3 573 out of  a total of 11 808 peer-reviewed articles) published in the last 20 years 

focussed on particular types of habitats. The breakdown of the habitat types among 

those ecological studies is: 2% studies on swamps; 5% on sandflats; 13% on mudflats; 

17% on mangroves; 24% on seagrasses; and 39% on saltmarshes. The paucity of 

ecological studies on sandflats worldwide may be because of the tedious task in 

collecting and handling meiofauna (Higgins & Thiel 1988). This lack of knowledge 

greatly impedes our ability to assess the resilience, ecological threshold and health of 

sandflats, hindering the development of ecosystem-based management strategies for 

these systems. 
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1.7 Aims, objectives and structure of the thesis 

 

The primary aim of this thesis was to assess the impacts of on the structure and 

function of estuarine sandflats using an innovative approach that integrates the use of 

chemical tracers, field manipulative experiments and simple modelling techniques. This 

thesis has three objectives. Despite the importance of understanding ecosystem 

functional variability in response to urbanisation, relatively few ecological studies 

integrate trophodynamics in ecosystem health assessment. The first objective of this 

thesis was therefore to develop a quantitative approach to measure ecosystem structure 

and function concurrently. The second objective was to apply that approach to assess 

the impact of two common anthropogenic stressors on estuarine sandflat 

trophodynamics. The third objective was to identify the ecological relevance of a 

common numerical approach, ENA, to assessing ecosystem health. This aim was 

achieved through a meta-analysis of 69 food web models to examine the differences 

between the perspectives of ecologists and modellers in assessing ecosystem response to 

stress. 

In this research, I used an established compartmental modelling technique, 

namely, Windows version of Simulation Analysis and Modelling (WinSAAM 3.0.7) to 

determine C transfer rates between organisms, and an ENA software package, EcoNet, 

to quantify the interactions and C cycling in an experimental food web. Details of 

compartmental modelling and ENA software packages used in this study are described 

in Chapter 2. The integrated use of the stable isotope enrichment technique, 

compartmental modelling and ENA is demonstrated in Chapters 2 and 3. I then applied 

this novel approach to investigate the response of sandflat trophodynamics to two 

common disturbances associated with urbanisation, namely, organic enrichment and 

anthropogenic physical disturbance, in Chapters 4 and 5, respectively. In Chapter 6, I 
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constructed a database from published aquatic food webs for investigating the 

divergence between the use of ecological attributes and system indices in assessing 

ecosystem health. I summarise the findings and discuss their significance, limitation and 

implications for future studies in Chapter 7. Chapters 3 to 6 have been conceived as 

stand-alone works for publication. As a result, some aspects of the methodology are 

repeated in each chapter. This research provides important information on the structural 

and functional responses of sandflats to common threats associated with urbanisation. It 

is hoped that this work can increase our awareness of the importance of estuarine 

sandflats, improve our capacity for predicting response of ecosystems to urbanisation, 

and hence, contribute to future sustainable management of sandflats and other estuarine 

habitats.  

 

Publications: 

Chapter 3 has been published as: Lee K-M, Lee SY, Connolly RM (2011) Combining 

stable isotope enrichment, compartmental modelling and ecological network analysis 

for quantitative measurement of food web dynamics. Methods in Ecology and Evolution 

2:56-65 

Chapter 5 has been published as: Lee K-M, Lee SY, Connolly RM (2011) Short-term 

response of estuarine sandflat trophodynamics to pulse anthropogenic physical 

disturbance: support for the Intermediate Disturbance Hypothesis. Estuarine, Coastal 

and Shelf Science 92:639-648 
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Chapter 2 General methods 

 

2.1 Introduction 

 

Ecosystem functioning is characterised by energy and material fluxes (Odum 

1971). The fundamental questions in ecology include the role of species, interactions 

among species and the ecological processes that govern complex food webs 

(Hutchinson 1959). The food web is a formal expression of the exchanges of energy or 

matter among living and non-living compartments in an ecosystem (Link et al. 2005). 

The structural properties of food webs affect the dynamic properties of ecosystems and 

have important implications for ecosystem services provided to humans (Costanza et al. 

1997).  

 Ecologists are increasingly challenged to understand and predict the impacts of 

human activities on biodiversity and ecosystem functioning (Allesina et al. 2008). In 

recent decades, ecologists have tried to simplify food web studies by considering 

organisms in food webs as a set of compartments (Kremer & Nixon 1978), while 

material transfer in many biological systems can be modelled by viewing them as series 

of compartments with interconnecting pathways (May 1973). When data are available 

for all organisms under investigation, material transfer rates can then be uniquely 

determined (Foster & Boston 1983). A number of software packages are available for 

compartmental modelling (see reviews by Boston et al. (1986), van Milgen et al. (1996) 

and Alves et al. (2006)).  

 Food web models, illustrated using compartmental modelling and analysed with 

ecological network analysis (ENA), are used to quantify ecosystem functioning and 

provide indications of how species interactions may change in response to disturbances 

(DeAngelis 1980, Ulanowicz 1986b, Jørgensen et al. 2007). This approach can greatly 
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improve our knowledge of how ecosystems are influenced by anthropogenic activities. 

Several ecological modelling software packages are available (Fath & Borrett 2006), 

such as NETWRK (Ulanowicz & Kay 1991), Ecopath with Ecosim (Christensen & 

Walters 2004), WAND (Allesina & Bondavalli 2004) and EcoNet (Kazanci 2007).  

It is practically difficult and tedious to measure all ecological processes relating 

to all organisms in a food web (Jørgensen 1997). Ecosystem functioning, therefore, is 

rarely assessed and quantified from empirical food web analyses. Previous aquatic 

ecosystem models were mainly constructed by retrieving data from various sources, 

with exhaustive use of conversion factors. However, data are scarce for many important 

habitats, such as estuarine sandflats. This may be a result of the tedious process for 

handling small organisms in soft sediments, such as microalgae and meiofauna. 

Chemical tracer techniques, however, allow tracking of material flows in food webs. 

For example, stable isotope enrichment experiments (e.g. using enriched sodium 

bicarbonate, NaH13CO3) have demonstrated that the microphytobenthos (MPB) is a 

major C source for nematodes in estuarine intertidal sediments (Middelburg et al. 2000, 

Moens et al. 2002). The distinctive isotopic signature of the enriched food sources acts 

as a label which can be traced and thus quantify linkages among compartments 

(Winning et al. 1999).  

Different modelling software packages that can incorporate stable isotope 

enrichment data to quantify food web dynamics in estuarine sandflats were explored. 

Among the compartmental modelling software packages available for biological 

systems, including KINI (Franck & Branto 1994), KMZ (Burger & Bucker 1997) and 

COMPAK (Muzic & Cornelius 2001). Windows version of Simulation and Modelling 

(WinSAAM 3.0.7) is a freeware that has the functionality to incorporate dynamic stable 

isotope enrichment data, allows the users to build their own models, and can handle 

multi-compartments not in stable isotopic equilibrium. The newly developed EcoNet is 
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an ENA package that has built-in algorithms to calculate system indices. This is 

beneficial to researchers who do not want to write their own computer codes. EcoNet 

can avoid the constraints of data collection for constructing food webs, as it mainly 

requires biomass and flow rates among compartments as data input. Therefore, EcoNet 

can integrate material flow rates among compartments determined by WinSAAM into a 

food web model.  These two software packages are used in this research because of their 

compatibility of data format.  

In this chapter, I (1) summarise the history and development; (2) examine the 

strengths and limitations of WinSAAM and EcoNet; and (3) demonstrate how to 

implement tracer data into WinSAAM to quantify the C flow among compartments and 

use EcoNet to construct an estuarine sandflat food web model. This approach is 

demonstrated using a microcosm experiment involving a simple estuarine sandflat food 

web comprising two trophic levels: the microphytobenthos (MPB) as food source and 

major meiofaunal groups as consumers. 

 

2.1.1 History and development of WinSAAM 

2.1.1.1 SAAM 

The original version of WinSAAM is the Simulation, Analysis, and Modelling 

(SAAM) software. SAAM was suggested as the most suitable software for a 

mechanistic dynamic approach to modelling compartmental systems (see review by van 

Milgen et al. (1996)). SAAM was created in the 1950s to deal with models described by: 

(1) linear and non-linear differential-difference (algebraic) equations; and (2) regression 

equations, with various experimental procedures involved in data collection and data 

fitting (Berman 1979). SAAM computations are described in details in Berman et al. 

(1979). Over the decades, SAAM has been continually developed, enhanced and applied 

in a wide range of nutrition and pharmacokinetic tracer studies (Table 2.1a). 
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2.1.1.2 CONSAM 

The Conversational program of SAAM (CONSAM) is an interactive version of 

SAAM introduced in 1980, designed for compartmental analysis of biological systems, 

empirical modelling and enzyme kinetics (Green & Green 1990). CONSAM has the 

model processing capability of SAAM and contains a directory style, line-oriented 

editor for creating and modifying models (Foster & Boston 1983). It is written in 

standard FORTRAN and includes > 350 subroutines and runs to about 40,000 lines of 

code (Boston et al. 1981). CONSAM is an efficient and comprehensive software 

package that allows simulation and data fitting of linear and non-linear models, capable 

of fitting data collected following multiple dosing and analysing complex dosing 

regimens (Jackson & Zech 1991). Details of CONSAM computation are described in 

Berman et al. (1983). Examples of CONSAM applications in pharmacokinetic studies 

are summarised in Table 2.1b. 

 

2.1.1.3 WinSAAM 

Windows version of SAAM, WinSAAM (available free at 

http://www.winsam.org) incorporated both the functionality of SAAM and the 

operational control of CONSAM, with the added feature of being a fully Windows-

integrated system (Stefanovski et al. 2003). This non-linear mathematical computer 

modelling program was developed for biomedical research by the US National Institute 

of Health, Bethesda, Maryland in 1986. WinSAAM is an integrated package of 

mathematical, simulation, and graphical tools for analysis of biokinetic data (Foster & 

Boston 1983). WinSAAM has been reviewed critically and proven as an elegant and 

powerful tool for mathematical and compartmental modelling (Green & Green 1990, 

Wastney et al. 2003). It has been widely used to simulate and fit data, and to establish 
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models for determining the transfer rate of tracers among compartments in a system 

(Pawlosky et al. 2001, Marsh et al. 2002).  

 

2.1.2    WinSAAM computation 

WinSAAM needs at least two time-points, i.e. the initial and final amount of 

materials or tracer in the compartments, to estimate flow rates. Material backflow to the 

source compartment is identified when the semi-log plot of the amount of material in 

the source compartment against time results in an exponential curve instead of a straight 

line (R. Boston, pers. comm.). WinSAAM uses the Marquardt method as a data-fitting 

scheme, which is a blend of two algorithms: steepest descent and Gauss-Newton. In 

each iteration sequence, the nonlinear parameters are refined linearly. ‘Steepest descent’ 

is emphasised in the initial iteration step whereas the Gauss-Newton algorithm is used 

in later iterations. Steepest descent is used repeatedly until the sum of squares is no 

longer decreasing. The Marquardt method then moves to the Gauss Newton procedure 

when convergence appears (Motulsky & Ransnas 1987, Green & Green 1990). Use of 

WinSAAM commands is described in detail in Wastney et al. (1999) and Stefanovski et 

al. (2003). A demonstration of how to implement ecological tracer-tracee data into 

WinSAAM and determine C transfer rates between the microphytobenthos and three 

dominant meiofaunal groups in a sandflat food web is given in section 2.3.  

 

2.1.3 Strengths and limitations of WinSAAM 

2.1.3.1 Strengths 

WinSAAM can perform least-squares fitting of model solutions to data for 

parameter estimation (Wastney et al. 1999). It is capable of exporting graphic and text 

outputs with Microsoft OfficeTM to create presentation material and supports a highly 

refined graphics editor (Novotny et al. 2003). Further, data on material flows in the 
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compartment model can be easily entered directly in lexical style, or incorporated in the 

same style from the clipboard, paste buffer, or from external files.  

Processing of WinSAAM is advanced by the use of ‘commands’, i.e. simply 

listing the rate constants or equations defining transfer of material between 

compartments, that allows WinSAAM to identify model compartments, compartmental 

connectivity and estimation of the best-fit adjusted parameters (Boston et al. 2003). 

Further, WinSAAM has an efficient set of procedures that enables modellers to progress 

according to their preferred statistical settings (Wastney et al. 2003).  

WinSAAM supports an array of facilities to enable critical evaluation of 

modelling activities (Volpe et al. 2005). There are spreadsheet displays and batch style 

output provisions, which allow encapsulation of a total overview of a model within a 

single output structure. Further, it has a range of tables including a data and solutions 

table, a parameters table, a covariance table, a correlation table and a partial matrix table. 

The content of each of these tables can then be freely manipulated within WinSAAM 

using regular spreadsheet style instructions or exported to other software for further 

processing. In addition, model results can also be easily tracked in WinSAAM using the 

history facility or the event-logging window (Stefanovski et al. 2003).  

In conclusion, WinSAAM is applied in this research because of its unique 

combination of features: (1) data exchange with other software packages and post-

fitting analysis; (2) capable of determining transfer rates using temporal changes in the 

amount of tracer in organisms, without the need for isotopic equilibrium; and (3) ease in 

handling more complex models and models that are not governed by first-order kinetics 

(Green & Green 1990, Greif et al. 1998, Boston et al. 2003). 
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2.1.3.2 Limitations 

It is important for the modeller to have a priori knowledge about the system 

under study and to ensure the amount of tracer added lasts long enough to capture the 

temporal profile of the isotopic signatures of compartments (Hamilton et al. 2004). 

Further, the use of more than one type of tracer is difficult to tackle (Cobelli & Foster 

1998). This is because the number of parameters in a set of simultaneous equations 

increases with the number of pathways in a model. Thus additional information for 

uniquely solving the parameters is required and thus, extra time and effort to collect 

data for additional pathways, parameters and rate constants (P. Moate, pers. comm.). In 

addition, accuracy of parameter estimation increases with sampling frequency 

throughout an experiment, i.e. data have to be collected more frequently during the 

experiment, resulting in an increase in sampling effort (R. Boston, pers. comm.).  

 

2.1.4 WinSAAM applications 

WinSAAM is able to dictate processing flow in multi-compartment systems. 

Examples of WinSAAM applications in nutritional and clinical research are 

summarised in Table 2.1c. WinSAAM has recently been applied to investigating 

nutrient flow between three compartments in a freshwater stream (Hamilton et al. 2004).  

 

2.1.5 Data sensitivity 

Data are iterated in order to assess whether a compartmental model is adequate 

for its purpose (Cobelli & Foster 1998). Following iteration, available output includes 

(1) the percent reduction in the sum of squares; (2) identification of the parameter most 

altered by the fitting process; and (3) the percent change in the parameter mostly 

affected by the iteration. Comparison of the model solution to experimental data can be 

achieved by the command prin. The observed values and their ratios are listed with their 
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time values in the terminal window. Identification of parameters is readily achievable 

by issuing the command fsd (i) which returns fractional standard deviation values (FSD) 

for adjustable parameters (Greif et al. 1998, Wastney et al. 1999).  

In addition to adjusting parameters by least-squares minimisation to fit observed 

data, the program provides statistical measures of the fit and parameter estimates. FSD 

is calculated by WinSAAM as an estimate of how well the model fits the observed 

values (Wastney et al. 1999, Novotny et al. 2003, Stefanovski et al. 2003). The data 

are well explained by the model if the following criteria are met: (1) the estimated 

values should be close to the observed values, i.e. no systematic deviations of 

estimated from observed values; (2) all adjusted parameters should have FSD values < 

0.5; (3) no adjustable parameter has an estimated value equal to either the lowest or 

highest input boundary values; and (4) the sums of squares of errors are at a “global”, 

not just a local minimum. This last criterion can be tested by running the command fit 

twice in succession. The command fit has a much wider search in parameter space, and 

sometimes comes up with parameter estimates that are best estimates in terms of a 

global minimum of the sum of squares (P. Moate & R. Boston, pers. comm.).   

Robustness of the WinSAAM model is evaluated by changing the input values 

to the source compartment by ±10%. The model is considered as robust if the same 

pattern of semi-log plots of the WinSAAM iteration in calculating the best-fit rates 

among compartments were achieved. Further, the order of flow rates among 

compartments should be the same under slight changes in the input value of the source 

compartment (R. Boston, pers. comm.). 
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Table 2.1 Examples of applications of (a) SAAM; (b) CONSAM; and (c) WinSAAM in 

pharmacokinetic and clinical research.  

Area of 

application 
Specific applications 

No. of 

compartments 
Reference 

(a) SAAM    
Pharmacokinetic 
studies 

Differences in glucose kinetics between 
normal and hypoglycaemic (i.e. 
abnormally low blood sugar) cows with 
the use of glucose-U-14C as tracer 
 

3 Kronfeld et 
al. (1971) 

 Extracellular free fatty acid kinetics in 
mice with the use of [1-14C] palmitate as 
tracer 
 

10 Ookhtens et 
al. (1987) 
 

Clinical research  Iodine kinetics in men to monitor thyroid 
activity with the use of radioiodine 
 

13 Berman et 
al. (1968) 
 

 Human iodine metabolism thyroid trap 
kinetics using 131I-iodide 
 

20 Degroot et 
al. (1971) 
 

 Effects on the thyroidal pertechnetate trap 
of iodide, thyrotropin (TSH), and pro 
pylthiouracil (PTU) using i.v. [Tc99m] 
pertechnetate 
 

3 Hays (1979) 
 

 Assessment of kidney burdens from 
uranium intakes using inhaled particulate 
compounds of uranium 
 

17 Chen et al. 
(2004) 
 

 Anticancer drug action for tumours in rats 3 Gallo et al. 
(2004) 
 

(b) CONSAM    

Pharmacokinetic 
studies 

Zinc metabolism in humans with oral 
administration of 69mZn  
 

6 Foster et al. 
(1979) 
 

 Selenium metabolism in ewes by 75Se - 
sodium selenite as tracer 
 

29 Krishnamurt
i et al. 
(1997) 
 

 Bioassay of anticancer drug to detect the 
DNA sequence specificity of drug 
binding sites, and the kinetics of 
dissociation of drug from those sites by 
monitoring changes in drug DNA 
sequence 
 

1 Philips & 
Crothers 
(1986) 
 

 Turnover rate of muscle protein 
breakdown in cattle using Nτ-
methylhistidine (NMH) as tracer 

3 Rathmacher 
et al. (1992) 

Clinical research Investigation of thiopental dosage-
response relationship. Thiopental effect, 
i.e. induction of relaxed state when 
general anaesthetic is injected  

4 Shanks et al. 
(1993) 
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 Intravenous glucose tolerance test to 

investigate the relationship between 
insulin and glucose  
 

8 Martin et al. 
(1990) 
 

(c) WinSAAM    
Pharmacokinetic 
studies 

Cefotaxime (an antibiotic) kinetics in 
plasma and synovial fluid 
 

1 Orsini et al. 
(2004) 
 

 Ketamine (a general anaesthetic and 
tranquilizer) metabolism in horses 
 

2 Lankveld et 
al. (2006) 
 

 Vitamin A kinetics in rats using [11,12-
3H(N)] retinol 

3 Gieng et al. 
(2007) 
 

    
 Ruminal metabolism in cattle  

 
11 Volpe et al. 

(2005) 
 

Physiological and 
clinical research  

Leakage of exogenous paramagnetic 
contrast agent gadopentetate-
dimeglumine and quantitative emulation 
of blood-spinal cord barrier permeability 
  

3 Bilgen & 
Narayana 
(2001) 
 

 Investigation of n-3 fatty acid kinetics in 
humans with isotope tracer (α-linolenate).  
 

9 Pawlosky et 
al. (2001) 
 

 To quantify the dynamics of non-
esterified fatty acid (NEFA) metabolism 
and to predict dynamic changes occurring 
in plasma NEFA concentrations in 
humans 
 

4 Boston & 
Moate 
(2008a, b) 
 

 Differences in bone turnover rates 
between black and white girls 
 

3 Byrant et al. 
(2003) 
 

 Zinc metabolism during lactation in 
humans using 67Zn and 70Zn 
 

2 Sian et al. 
(2002) 
 

 Continuous infusion of stable isotopic 
labelled [1-13C] galactose with a steady-
state analysis and a single-injection 
kinetic approach to calculate the apparent 
galactose appearance rate (GAR) in 
patients with galactose-1-phosphate 
uridyltransferase deficiency  

2 Berry et al. 
(2004) 
 

 

2.1.6 EcoNet 

Most of the existing models constructed by various ecological modelling 

software packages compile data from the literature and construct their data sets with 
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exhaustive use of conversion factors, which may result in significant errors in the final 

estimation and thus unreliable assessments of ecosystem functioning. The necessity to 

acquire input data on respiration, material turnover and consumption rates, and 

productivity of organisms makes assessment at the lower trophic levels of food webs 

difficult. For example, the basal levels of aquatic food webs of sandflats mainly consist 

of small organisms, including microalgae and meiofauna. The handling process for their 

enumeration and identification is tedious and complicated compared to the organisms at 

higher trophic levels. A recently developed ENA software package, EcoNet 2.1, 

however, only requires the biomass of compartments, environmental material inputs, 

outputs and flow rates among compartments as parameters input for calculating system 

indices, used to quantify flows and interactions among organisms in food webs. This 

capability removes some of the main constraints in collecting data for constructing 

models of estuarine sandflat food webs.  

 

2.1.7 History and development of EcoNet 

EcoNet was first available online in June 2006. The numerical engine of EcoNet 

was initially developed in 2001 for the analysis of statistical properties of large 

biochemical networks (Kazanci 2009). EcoNet is a simulation and network analysis 

software, which can help analyse the food web structure of an ecosystem (available at 

http://eco.engr.uga.edu/index.html). It uses ENA to quantify the relation between 

compartments, environmental material inputs and outputs, and determines changes in 

temporal biomass transfer between organisms in ecosystems. Flow currency can be 

energy, biomass, or a specific element, such as C, N or P (Kazanci 2007, Tollner & 

Kazanci 2007).  
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2.1.8 EcoNet computation 

EcoNet is an online program written in C++ language, which runs on a powerful 

multi-processor Linux workstation-server. The modeller enters Model, with the stock 

value of targeted compartments and flow rates among compartments, chooses the Select 

method, adjusts the Sensitivity and clicks on the Run Model on the EcoNet webpage to 

submit the model to the server. A sequence of C++ codes and a Unix shell then script 

work together to generate the simulation and analysis results (Kazanci 2009).  

EcoNet uses the same mathematical formulae to calculate system indices, such 

as ascendency and development capacity, as other ENA software packages, including 

NETWRK and Ecopath (Heymans & Baird 2000b). Kazanci (2007, 2009) provide 

excellent references for EcoNet computation; therefore, details are not repeated here. 

My focus will be on interpretation of results generated by EcoNet, in an ecological 

sense. Terminology of the EcoNet system indices used throughout this thesis is 

described in Appendix A.  

 

2.1.9 Strengths and limitations of EcoNet 

2.1.9.1 Strengths 

The numerical engine in EcoNet can handle non-linear models containing up to 

105 compartments and 105 flows. EcoNet is one of the few software packages that 

include both deterministic and stochastic algorithms. The fast stochastic simulation 

algorithms is based on Langevin Equation (Gillespie 2000) and Gillespie's Stochastic 

Algorithm (Gillespie 1977) in addition to deterministic methods, such as Runge-Kutta 

Fehlberg and 4th order Runge-Kutta (Kazanci 2009). The deterministic method is based 

on the construction of a set of rate equations to describe reactions in the biochemical 

pathway (Butcher 2005), whereas stochastic simulation produces counts of molecules 
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drawn from probability. Users can choose the most appropriate numerical method based 

on the nature of the targeted system.   

EcoNet integrates dynamic simulation capability with steady-state network 

analysis and is capable of analysing Lotka-Volterra dynamics of ecosystems. It requires 

the input of initial stock values of compartments and material flow rates among those 

compartments rather than parameters related to species biological conditions, such as 

productivity, respiration and consumption rates of organisms. Further, its capability in 

modelling large systems, stochastic simulation options and a user-friendly web interface 

is relatively easier to use than other ENA software packages, such as Ecopath and 

NETWRK. These facilitate first-time modellers to build sophicated model without the 

need of sophicated mathermatical and computer science background. 

 

2.1.9.2 Limitations 

EcoNet is a relatively young ENA software package compared to other existing 

ENA software packages, such as Ecopath and NETWRK. Therefore, relatively few 

ecological networks have been built using EcoNet, which makes comparison between 

different types of ecosystems difficult. Further, iteration of EcoNet analysis is based on 

the final state reached by the simulation run, i.e. regardless of whether the model is 

close to steady-state. Therefore, modellers need to judge how close the system is to 

steady-state using time-course figures generated and adjust the Total time if needed.  

EcoNet does not accommodate systems that never reach steady-state. This 

happens when compartments have self-loops, such as the case in cannibalism, and 

compartments with no output, in which energy or materials accumulate in that 

compartment and no flow will then leave the compartment boundary. However, if the 

individuals that are consumed have a common property, such as being young, weak or 
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old, modellers can represent them as a separate compartment and have flows both ways, 

i.e. like a very simple age-structured model (C. Kazanci, pers. comm.). 

 

2.1.10 Applications of EcoNet 

Although EcoNet is a relatively young ENA software package, it has been 

applied to construct ecosystem structure and quantify energy flow in a few ecosystems, 

including an intertidal oyster reef system using the data from Dame et al. (1981), Patten 

(1985) and Fath & Borrett (2004b); a Georgia saltmarsh based on the data from Teal 

(1962); and C flow in Cone Springs, a shallow-spring at Iowa and intertidal oyster reefs 

at South Carolina, USA (Tollner & Kazanci 2007).  

 

2.1.11 Sensitivity analysis of EcoNet 

Sensitivity analysis is conducted by calculating new solutions of the model after 

changing the input value of the primary producer by ± 10%. The model is defined as 

stable when time-course figures of each simulation, with changes of primary producer 

stocks by ± 10%, result in overlapping solutions for each compartment (C Kazanci, pers. 

comm.). 

 

2.1.12 Practical recommendations on running WinSAAM and EcoNet  

The fact that EcoNet is able to reconcile the flow rates determined by 

WinSAAM as data input is essential to the foundation of the novel food web analytical 

approach adopted by this thesis. However, the following recommendations on the use of 

WinSAAM and EcoNet, respectively, may assist in ecosystem modelling (R. Boston 

and C. Kazanci, pers. comm.) using these packages: A priori study is important for 

proper experimental design so that optimal estimation of the parameters is possible. The 

amount of tracer added has to be large enough if tracer is added once to cover the 
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duration of the experiment, or one could re-spike the tracer, in order to counter any 

dilution effect. In order to shorten the WinSAAM processing time, it is suggested that 

Stata, a data management and analysis software package, should be used to run the data-

fitting prior to model building in WinSAAM (R. Boston, pers. comm.). Stata is 

compatible with Microsoft Excel and WinSAAM, i.e. users can use the data input from 

Excel to run data fitting in Stata, and then WinSAAM for modelling. Furthermore, 

information on pool size or stock value of the compartments is important for 

WinSAAM to estimate C flow rates and essential for EcoNet to calculate the system 

indices. 

EcoNet does not have an unlimited version, i.e. one without model size 

constraints. However, modellers can adjust the parameters so that the system reaches 

steady-state before the two-minute deadline, i.e. the default time limit for EcoNet to 

construct a network diagram and to analyse the data. Modellers should run EcoNet with 

Adaptive time-step first and use the Fixed-time step as back-up. If the model comprises 

> 30 compartments, the modeller should switch to Fixed time-step method and 

experiment with various step-size values in order to shorten the modelling time (C. 

Kazanci, pers. comm.).  

 

2.2 Materials and methods 

 
2.2.1 Demonstration of analysing food web dynamics using combined stable isotopes 

enrichment, WinSAAM and EcoNet 

2.2.1.1 Field site and sample collection 

Sediment samples for the stable isotope enrichment experiment were collected 

from Marine Stadium, Broadwater, SE Queensland (27o26’37” S, 153o25’19” E) 
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(Figure 2.1). ‘Marine Stadium’ (MS) is a protected bay and is widely used for boat 

mooring and recreational activities, including fishing and swimming. 

 

 

Figure 2.1 Sample collection site (‘Marine Stadium’) at The Spit, SE Queensland, 

Australia. 

 

2.2.1.2 Microcosms - experimental design  

As it is practically difficult to include all components in the study, I only 

focused on a major food source and three consumers in this preliminary experiment. 

Thirty containers of sediment (15-cm diameter, 5-cm depth) were collected from the 

low intertidal at MS at low tide. The microcosms were maintained on a manually 
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simulated semi-diurnal tidal cycle with fresh filtered (2 µm pore) seawater in a constant 

temperature room at 25 ± 0.5˚C. The microcosms were maintained under a 11:13 light: 

dark cycle to imitate the conditions occurring in the field. Enriched sodium bicarbonate 

(NaH13CO3) (Novachem) was used to track C flow between the compartments. 

Sediment was enriched with 1g L-1 NaH13CO3 solution at an application rate of 1 g m-2 

surface area during the low tide. Five microcosms were randomly allocated to each 

destructive sampling occasion before, and 0.5, 1, 2, 5 and 7 d after enrichment and 

stored at -20oC until processing. The microphytobenthos (MPB) and meiofauna were 

extracted and treated according to the procedure in Appendix B. All samples (MPB and 

meiofauna) were dried to constant weight at 60ºC for stable isotope analysis. δ13C 

values are measured using a continuous flow isotope-ratio mass-spectrometer (IRMS) 

(GV Isoprime, Manchester UK) together with the usual standards. The analytical 

variability for samples was generally < 0.5‰ (1 SD).   

 

2.2.2 Modelling 

2.2.2.1 WinSAAM computation 

The dominant meiofauna groups present in the sediment at MS were: nematodes 

(55 235 ± 6 750 ind. m-2); harpacticoid copepods (8 354 ± 2 890 ind. m-2) and juvenile 

polychaetes (7 142 ± 1 013 ind. m-2). Compartments within the experimental food web 

model were, therefore: 1. MPB (C source); 2. juvenile polychaetes; 3. harpacticoid 

copepods; and 4. nematodes. Compartment 1 is the primary producer while 

compartments 2-4 are the consumers. The amount of 13C uptake of each compartment 

was back-calculated using the stable isotope signature standard formula:  
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were given by IRMS. Transfer of 13C to each compartment was described in terms of a 

differential equation:  

∫ (13C label in compartment) dt = ∫ (13C inputs - 13C outputs) dt 

i.e. the net change in 13C label in a compartment is equal to the time-weighted sum of 

the 13C label flow rates in and out of the same compartment. 

The fractional transfer rate, Li,j, describes the fraction of material in 

compartment j that moves to compartment i in unit time. Li,j is estimated from the initial 

fractional slope of the amount of tracer in each compartment, derived from the temporal 

changes of the amount of 13C label in each compartment. C return or backflow rates 

from consumers to producer were estimated from the turnover rate of the consumers and 

the downward fractional slope of the amount of 13C in the consumers. C backflow 

between compartments in the above model was observed when the level of 13C in MPB 

was maintained at a higher level than its initial value, i.e. before the application of 13C 

label. Temporal changes in the amount of 13C of an individual sample in each 

compartment were used as the parameters in the file input and compared throughout the 

experiment (P. Moate & M. Wastney, pers. comm.). Sensitivity analysis was conducted 

to assess the robustness of the WinSAAM model by changing the initial MPB C uptake 

rate by ±10%.  
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2.2.2.2 EcoNet computation 

The C transfer rates between compartments as determined by WinSAAM were 

entered into EcoNet. The selected numerical method was fixed time-step (4th order 

Runge-Kutta). Although the adaptive step size, Runge-Kutta-Fehlberg, works faster as it 

adjusts the time-step-size with the complexity of the model, fixed-time step provides the 

optimal balance between efficiency and complexity of the model (Kazanci 2007). 

However, both adaptive and fixed-time (4th-order Runge-Kutta) steps return models 

with the same outputs, given that both numerical methods are iterated at high enough 

accuracy, i.e. low sensitivity value for adaptive, and low step-size for fixed time-step 

method (C. Kanzanci, pers. comm.). Further, EcoNet treats the targeted food web as a 

whole system and examines the properties of the system with a series of algebraic 

operations (Kazanci 2007, 2009).  

The model was iterated until it reached steady-state, which was shown on the 

time-course figure. The network diagram and time-course plot of C dynamics of the 

food web are shown in Figure 2.6. System indices, including throughflow (N), storage 

(S) and utility (U) analysis matrices of the microcosm enrichment experiment were 

determined and summarised in Table 2.3. Stability analysis of the food web model was 

performed by calculating new solutions of the model after changing the input value of 

the MPB by ± 10% (C. Kazanci, pers. comm.). Details of the definition of the matrices 

and terminology of system indices are given in Appendix A. 
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2.3 Derivation and testing of the proposed food web analytical approach  

 

2.3.1 Stable isotope enrichment experiment results 

The extent of 13C uptake varied between taxonomic groups, however, MPB and 

all consumers were successfully labelled during the experimental period in the 

experiment. It showed that the experimental period was sufficiently long to cover the 

critical temporal variations in δ13C signatures of the targeted compartments. The 

temporal variation of δ13C signature of the consumers followed that of MPB. The 

natural unenriched δ13C signature of MPB was -21.6 ± 0.7‰. The maximum enrichment 

of MPB (237.5 ± 178.4‰) in the enrichment experiment was reached 12 hr after 

enrichment (Figure 2.2).  

 

Figure 2.2 Changes in δ13C of MPB and individual meiofaunal groups during the seven-

day enrichment period.  

 



 

43 
 

2.3.2 WinSAAM modelling results 

A final best-fit combination of model parameters, i.e. 13C transfer rates among 

compartments, determined by WinSAAM is achieved when the program responds that it 

is not possible to further improve the fit after further iterations. All adjusted parameters 

had FSD values < 0.3 and no adjustable parameter had an estimated value equal to a 

boundary condition value, suggesting that the data pattern collected from the 

microcosms was well defined by the model (Table 2.2). An example on how data in 

MPB compartment fitted in WinSAAM is illustrated in Figures 2.3 & 2.4. The output 

scheme of WinSAAM including the parameter most altered by the fitting process, sum 

of squares of the compartments, FSD values of C flow rate among compartments, and 

the percent change in the parameter mostly affected by the iteration from WinSAAM, 

are shown in Figure 2.5. The 13C transfer rate among compartments shown beside the 

arrows and the C return rates were determined and shown beside the dashed arrows in 

Figure 2.5.  

 

Table 2.2 FSD of adjusted 13C transfer rates (Li,j) from compartment j to i. Poly – 

juvenile polychaetes; Harpact – harpacticoid copepods; Nemat – nematodes. 

Insignificant transfer rates (≤ 9.00×10-8) are not included. All FSD values are < 0.3. 

Condition Original MPB C uptake rate -10% MPB C uptake rate +10% MPB C uptake rate 
Parameter Transfer rate FSD Transfer rate FSD Transfer rate FSD 
LPoly,MPB 2.803E-01      8.530E-02 2.310E-01 9.441E-02 3.179E-01     8.318E-02 
LHarpact,MPB 5.380E-02 9.962E-02 4.450E-02 1.098E-01 6.228E-02 9.537E-02 
LNemat,MPB 1.082E+00 5.419E-02 8.927E-01      6.020E-02 1.214E+00 5.318E-02 
Loutside,MPB 2.577E-01 1.678E-01 2.754E-01 1.563E-01 2.438E-01 1.781E-01 
LMPB,Poly 1.275E+00 1.008E-01 1.164E+00 1.020E-01 1.311E+00 1.071E-01 
LMPB,Harpact 4.521E-01 1.842E-01 4.053E-01 1.883E-01 4.815E-01 1.908E-01 
LMPB,Nemat 2.322E+00 5.560E-02 2.073E+00 5.845E-02 2.422E+00 5.730E-02 
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Figure 2.3 Illustration of how data in form of the amount of 13C label in compartment 

was fitted in WinSAAM: (a) WinSAAM input scheme describing changes in 13C label 

in the MPB compartment; (b) WinSAAM output scheme for data fitting of the MPB 

compartment;(c) semi-log plot of the assimilation of 13C of the MPB compartment. The 

triangles are observed data and the solid line is pattern predicted by model. 
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Figure 2.4 An example of a part of the WinSAAM output scheme, including percent 

reduction in the sum of squares, identification of the parameters most affected by the 

fitting process, the percent change of the parameters most affected by the iteration and 

the FSD values of the fractional transfer rates (Li,j) from compartment j to i in unit time. 
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Figure 2.5 A schematic diagram elucidating the C flow rates among compartments in 

the model. Solid lines represent the direction of C flow from lower to higher trophic 

levels, whereas dash lines represent the return pathway. Line thickness is scaled to the 

magnitude of C flow. Numbers alongside arrows represents the amount of 13C label (in 

µg) assimilated by MPB. Insignificant transfer rates (≤ 9.00×10-8 µg d-1) are not 

included. 

 

WinSAAM simulation showed that MPB was a major C source in the sandflat 

food web, which is in line with results of previous empirical ecological studies 

(MacIntyre et al. 1996, Middelburg et al. 2000, Aberle-Malzahn 2004). Other possible 

C sources in the system may include detritus or bacteria. Assimilation of MPB C was 

greatest by the nematodes among the dominant meiofaunal groups, probably reflecting 

the relatively high turnover rate of nematodes (Figure 2.5). Sensitivity analysis showed 

that the WinSAAM-generated 13C transfer rates among compartments were from 
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models fitting the observed data well (all FSDs among compartments < 0.5). Further, 

the order of 13C transfer rates among compartments remained the same in the 

microcosms, for ±10% changes of MPB C uptake rates (Table 2.2). Therefore, 

WinSAAM was sufficiently robust to indicate the 13C flow rates among compartments 

under slight changes in MPB 13C uptake rate. 

 

The subsystem used in this study is representative. The proportion of nematodes, 

juvenile polychaetes and harpacticoid copepods represented 79, 11 and 6 %, 

respectively, of all meiofauna collected from the local sandflats. Furthermore, soldier 

crabs were the most abundant macrofauna, contributing 38% to the abundance of 

macroinvertebrates on the local sandflats. C transfer rate determined by WinSAAM also 

makes ecological sense: the MPB C uptake rate of nematodes was higher than those of 

the other two taxa in the microcosm, probably due to the higher turnover rate of 

nematodes compared to other meiofaunal groups. The amount of C backflow, mainly 

via death, excretion, and respiration, from nematodes to MPB was larger than those 

from the other two groups. This may be because of the relatively high turnover rate of 

nematodes compared to the other two taxa (Vranken & Heip 1986, Warwick et al. 1988). 

The capability of WinSAAM to determine 13C flow rates between MPB and meiofauna 

increases the scope for measuring C assimilation of different organisms in food webs. 

 

2.3.3 EcoNet analysis 

A network diagram depicting food web structure was generated by EcoNet 

(Figure 2.6a). A robust steady-state value of the experiment was reached after 80 

iterations by EcoNet (Figure 2.6b). The food web model was stable and robust, as the 

time-course figures of all compartments overlapped when MPB was varied by 10% 

(Figure 2.7). Indirect effect index was 10.8 and and T of the microcosm was 0.018 g C 
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m-2 d-1. FCI of the microcosm was 0.78, which means 78% of the C was cycled among 

compartments in the microcosm food web.  

 

Figure 2.6 (a) Food web network diagram of the microcosm; (b) iteration time-course 

plot of compartment storage values until the system reached steady-state. MPB, juvenile 

polychaetes, harpacticoid copepod, and nematodes are represented by the red, green, 

blue, and purple lines, respectively, in this graph generated by EcoNet.  
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Figure 2.7 Sensitivity analysis for EcoNet: time-course figures of each simulation with 

changes of MPB stocks by ± 10% resulting in overlapping of the solutions for (a) MPB; 

(b) juvenile polychaetes; (c) harpacticoid copepods; and (d) nematodes. 

 

Throughflow, storage and utility analyses of the microcosms are shown in Table 

2.3. The N matrix traces the energy generated by inputs into various compartments. n1,1 

was > 1, which means that a unit of environmental input of carbon to MPB was more 

likely to cycle through the microcosm food web and re-enter other compartments before 

being dissipated from the system. Furthermore, more environmental input of C to MPB 

was assimilated by nematodes, followed by polychaetes and harpacticoids as n4,1 >  n2,1 

>  n3,1. C released by nematodes was assimilated more by juvenile polychaetes and 

harpacticoid copepods as n4,2 and n4,3 > n2,4 and n3,4. s3,3  is the greatest, indicating that 
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harpacticoid copepods store more C from the environmental input and MPB C pool than 

the other two groups, resulting in lower n3,3. The increase in abundance of the three 

meiofaunal groups would cause a decrease in abundance of MPB as u1,2, u1,3, u1,4 are all 

negative. This means an increase in abundance of nematodes would decrease the 

abundance of MPB biomass to a greater extent than the other two meiofaunal groups 

(u1,4 > u1,2 and u1,3). Further, the increase in juvenile polychaetes number is more 

detrimental to harpacticoid copepods, followed by nematodes (u3,2  > u4,2 ).  

 

Table 2.3 Full throughflow (N), storage (S) and utility (U) analysis matrices of MPB, 

juvenile polychaetes, harpacticoid copepods, nematodes. Poly – juvenile polychaetes; 

Cope – harpacticoid copepods; Nemat – nematodes.  

 
Analysis matrix Compartments 

 MPB Poly Cope Nemat 
Throughflow analysis (N)     
MPB 6.26 6.23 6.20 6.21 
Poly 1.05 2.04 1.04 1.04 
Cope 0.20 0.20 1.20 0.20 
Nemat 4.04 4.03 4.01 5.01 
     
Storage analysis (S)     
MPB 3.74 3.72 3.70 3.71 
Poly 0.82 1.60 0.81 0.81 
Cope 0.44 0.44 2.63 0.44 
Nemat 1.73 1.72 1.71 2.14 
     
Utility analysis (U)     
MPB 1.00 -0.0006 -0.0003 -0.005 
Poly 0.004 1.00 -1E-06 -2E-05 
Cope 0.009 -6E-06 1.00 -5E-05 
Nemat 0.008 -5E-06 -2E-06 1.00 
 

EcoNet simplifies the building of ecological network models and untangles the 

direct (as indicated, for example, throughflow analysis, N) and indirect flows (indicated 

by, for example, utility analysis, U) among compartments but retains the power of other 

ENA software packages. In general, Finn cycling index (FCI), when considered with 

other structural properties of a food web, such as a larger number of cycles of the food 
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chain, indicates that the system is mature (Odum 1969). Such a system is expected to 

have higher resilience in response to disturbance. Quantifiable system indices provided 

by EcoNet indicated how changes in C flow rates between compartments would change 

system functioning, such as C cycling. EcoNet provides an alternative way for 

determining how fragile an ecosystem is to external forces, by comparing the system 

indices characteristic of different system scenarios with respect to disturbance.  

 

MPB is an assemblage of unicellular and colonial microalgae and represents an 

important trophic base of estuarine food webs (Moens et al. 2005, Kromkamp et al. 

2006). Previous studies of utilisation of this C source mainly focused on nematode and 

copepod grazing rates on MPB (Blanchard 1991, Montagna 1995, Montagna et al. 1995, 

Pinckney et al. 2003), with some quantitative results on MPB C flow to nematodes and 

bacteria (Middelburg et al. 2000). However, simultaneous measurements of MPB C 

assimilation and backflow rates of meiofauna have not yet been reported. In this chapter, 

I demonstrated the potential use of WinSAAM and EcoNet, to quantify both direct and 

indirect C flow between MPB and meiofauna and to advance our understanding of food 

web structure and ecosystem functioning. This chapter illustrates a novel approach 

using the above two modelling tools with stable isotopic enrichment data to quantify C 

flows among organisms and assess food web dynamics. The capability of this novel 

food web analytical tool in quantifying C flow among MPB, meiofauna and macrofauna 

was further assessed in a series of microcosm and field experiments, in Chapter 3.  
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Chapter 3 Combining stable isotope enrichment, compartmental modelling and 

ecological network analysis for quantitative measurement of food web dynamics 

 

3.1 Abstract 

 

Quantitative food web analysis is made difficult by the need for simultaneous 

measurement of multiple carbon (C) flows. C flow rates can potentially be quantified 

indirectly by conventional methods such as gut contents analysis, but the involvement 

of many conversion factors and assumptions results in significant errors in the final 

estimation. Such difficulties have limited quantitative data on food web dynamics, 

restricting community-level hypothesis testing. I conducted laboratory microcosm and 

field experiments, using combined enriched stable isotope (13C), compartmental 

modelling and ecological network analysis (ENA) as a novel approach to quantifying 

food web dynamics. Feasibility of this approach was demonstrated via the 

quantification of C flow, backflow and cycling in a subtropical estuarine sandflat food 

web comprising three trophic levels: microphytobenthos (MPB), three dominant 

meiofaunal groups (juvenile polychaetes, harpacticoid copepods and nematodes) and 

soldier crabs (Mictyris longicarpus). Enriched sodium bicarbonate (NaH13CO3) was 

used to trace C flow. The compartmental modelling software WinSAAM quantified C 

flow by comparing the temporal patterns of producer and consumer 13C enrichment. 

Network analysis software EcoNet was used to assess food web dynamics by providing 

system indices that quantified the flows and food web interactions. This approach 

allows concurrent quantitative assessment of food web structure and ecosystem 

functioning. WinSAAM results showed that C return rate from nematodes to MPB was 

greater than the other two meiofaunal groups and soldier crabs assimilated more C from 

nematodes than from the other two meiofaunal groups. System indices from EcoNet 
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suggested that indirect flow contributed more than direct flow in this system. Unique 

capabilities of this approach in food web studies and assumptions underlying the 

proposed and conventional food web analytical approaches are discussed. 

Another significant advance of this approach is that it allows sensitive quantification of 

trophic linkages in a food web without requiring equilibrium to be achieved, thus 

enabling instantaneous assessment of the relative importance of various C flow 

pathways. Specific hypotheses about food web dynamics, such as the impact of 

eutrophication and urbanisation, can then be tested quantitatively through manipulative 

experiments by comparing indices reflecting system behaviour.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

55 
 

3.2 Introduction 

 

   Food webs have high heuristic value for ecological theory and have been the 

subject of considerable interest in ecology (Berlow et al. 2004). External drivers, 

whether anthropogenic or environmental, can profoundly impact communities, causing 

a re-arrangement of their structure and a deviation from the original successional pattern, 

ultimately resulting in a breakdown in homeostasis of the ecosystem (Pimm 2002), and 

may lead to retrogressive succession (Müller et al. 2006) and shuffling of the 

destruction and reorganisation phases in the adaptive cycle (Holling & Gunderson 2002). 

It is important to understand food web structure because this knowledge improves our 

understanding of the fundamental processes responsible for the structure of all 

ecological systems (Martinez 1994). Although a challenging task often compromised by 

errors inherent in the methods used, the characterisation of food webs represents an 

essential step in understanding ecosystem function (Pasquaud et al. 2007).  

The quantification of food webs encounters many practical problems, and 

methodological and logistical limitations often impede simultaneous measurement of all 

flows necessary for quantifying carbon (C) flow (van Oevelen et al. 2006). Further, 

empirical food web analytical tools, such as gut content analysis, are biased and time-

consuming, and can only provide snap-shot quantifications of dietary composition 

(Hyslop 1980, Créach et al. 1997). Assemblage-level hypothesis testing is still not 

possible unless overall trophic linkages are all quantified. Some tools, such as stable 

isotopic tracers (Peterson & Fry 1987) and modelling programs (Ulanowicz 1983) have 

been developed in recent decades as alternatives for improving our understanding of 

food web linkages, but their use remains limited in providing quantitative data for 

hypothesis-testing. 



 

56 
 

Stable isotope analysis can identify the relative contributions of potential food 

sources since animals are on average only slightly δ13C-enriched (by ~ 1‰) relative to 

their diet (McCutchan et al. 2003). In the enrichment approach, the abundance of the 

rare isotope is greatly increased so that the movement of differentially labelled organic 

matter can be traced in the food web of interest, e.g. Winning et al. (1999). This allows 

more precise and sensitive identification of the diet and the transfer of organic matter in 

the food web than using isotopes at natural abundance levels (Rossi 2007). Enriched 

stable isotope experiments have been used for identifying feeding relationships, e.g. 

Galván et al. (2008) and analysing C and nitrogen pathways, e.g. Mulholland et al. 

(2000).  

Compartmental modelling allows dynamic assessment of trophodynamics and 

description of the interaction and energy flow between organisms (Pimm 2002). 

Determination of C transfer rates in metabolism at the organismal level is made possible 

by the Windows version of Simulation Analysis and Modelling (WinSAAM 3.0.7). 

WinSAAM is a non-linear mathematical computer modelling program that incorporates 

model compilation, model solution and model fitting functions designed for analysing 

experimental data in compartmental modelling (Stefanovski et al. 2003). WinSAAM 

has been reviewed extensively for studying non-ecological systems (Boston et al. 2003). 

It has been widely used to simulate and fit data, and to model the transfer rate of tracers 

in a system, without requiring the system to have reached steady state (Hamilton et al. 

2004).  

At the whole-system level, ecological network analysis (ENA) describes and 

assesses ecosystem function in terms of its biological productivity, interaction between 

species, interaction between the system and its surroundings, and other functional 

processes (Ings et al. 2009). In particular, ENA incorporates a number of indices to 

quantify the flows and interactions between compartments. These indices can be used to 
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compare functional variability among ecosystems (Scharler & Baird 2005). However, 

most ENA studies have used data collected from empirical studies, e.g. Lobry et al. 

(2008). The lack of purposely collected data for quantitative determination of food web 

dynamics and linkages is a major obstacle in assessing and comparing the functional 

responses of biotic assemblages to disturbances (Berlow et al. 2004). This deficiency is 

in stark contrast to the large range of metrics available for comparing assemblage 

structure, such as species diversity indices. It is therefore not surprising that previous 

assessments were almost exclusively conducted on the structure rather than function of 

biotic assemblages.   

I demonstrated an alternative and more efficient approach to empirical food web 

analysis, through combined application of in situ pulse-chase 13C labelling, 

compartmental modelling techniques, and ENA. I quantified C flow among 

compartments and C cycling in an estuarine sandflat food web with this approach. C 

transfer rates among compartments determined by WinSAAM were entered to EcoNet. 

EcoNet then iterates the model and calculate system indices that provide an assessment 

of ecosystem functioning. Both WinSAAM and EcoNet are freely available to 

researchers. 

 

3.3 Materials and methods 

 

3.3.1 Constructing the experimental food web 

All organisms for the microcosm experiment were collected from the intertidal 

sandflat at The Spit, southeast Queensland, Australia (27o26’37” S, 153o25’19” E). A 

preliminary survey conducted to ascertain the major components of the food web for 

experimentation showed that the most abundant meiofaunal groups of the estuarine 

sandflat were nematodes, harpacticoid copepods and juvenile polychaetes (abundance of 
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nematodes: 9895 ± 1803 ind. m-2; harpacticoid copepods: 1138 ± 228 ind. m-2; juvenile 

polychaetes: 126 ± 27 ind. m-2). In order to provide background information on the 

trophic linkages, level of enrichment and the timing required to detect significant 

changes in 13C label of the organisms, a laboratory microcosm experiment was 

conducted before application of this approach to the field. 

 

3.3.2 Quantifying C flow between microphytobenthos, meiofauna and soldier crabs in 

microcosms 

3.3.2.1 Experimental design 

Twelve sediment samples (0.3 x 0.4 x 0.1 m) were collected from The Spit 

during low tide and washed in situ through a 1-mm sieve to remove any macrofauna, 

before being transported to a constant-temperature room (25.5 ± 0.5˚C). Each 

microcosm container was connected to a recycling automatic semi-diurnal tidal system, 

subjected to a 11:13 light: dark cycle. Light was provided using eight fluorescent light 

tubes (Crompton lighting 36 W 4000 K tri-phosphor cool-white) 25 cm above the 

sediment surface. Field density of soldier crabs was measured by counting the number 

of burrows in 20 quadrats (0.25 x 0.25 m2). Four soldier crabs were kept in each 

container to simulate field density at The Spit, estimated to be 5.9 ± 0.9 individuals per 

0.0625 m2. Density of crabs in the microcosms should not affect their feeding ability 

since the density of soldier crabs in the microcosms was less than that in the field. Crabs 

were allowed to acclimatise in the microcosms for two weeks prior to the 

commencement of the experiment. Observations of the crabs’ behaviour were made for 

about six hours per day throughout the experiment. Chl a concentration and organic 

content of the microcosm samples at the commencement of the experiment were 

measured and compared to those collected from the field site (see below for details). A 

1 g L-1 NaH13CO3 (Novachem) enrichment solution was sprayed evenly over the 
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sediment surface at the beginning of the experiment at low tide (as per Middelburg et al. 

2000), and again at days 7 and 14 in order to maintain 13C enrichment of the MPB. 

MPB, meiofauna and one crab in each container were harvested 0, 7, 14 and 21 days 

after the first enrichment. MPB was scraped from the sand surface (0-5 mm) and 

meiofauna was collected from the top 5 cm of sand using two 10-cm diameter corers. 

Samples were stored at -20oC until processing. Photographs illustrating the 

experimental setup are shown in Figure C1 (Appendix C).  

 

3.3.3 Quantifying in situ C flow from MPB to meiofauna and soldier crabs in a field 

experiment 

A manipulative experiment was conducted on an intertidal estuarine sandflat 

located 2 km upstream from the mouth of Tallebudgera Creek, SE Queensland, 

Australia (28º06’29”S, 153 º26’57”E). The sandflat is about 220 m wide at ~ 1 m above 

mean low water.  

 

3.3.3.1 Experimental design 

The C transfer rates between MPB, the meiofauna and soldier crabs were studied 

by enclosing crabs in cages made with polyethylene mesh. Each cage was 0.2 m in 

diameter and 0.4 m high, and had bottom and lid covers made of the same material, the 

latter protecting the crab from seabirds and other predators (Figure C2a-c, Appendix C). 

It had minimal disturbance on the crabs, since the crabs were observed to behave 

normally and feed inside the cages (Figure C2d, Appendix C).  

Within the aggregation zone of soldier crabs on the sandflat, 25 cages were 

randomly placed 3-5 m apart at around 2 m from extreme low tide, two weeks prior to 

the commencement of the experiment. Soldier crabs generally burrow down to 15-20 

cm of sand (Warwick et al. 1990); the cages were therefore buried 30 cm into the sand, 
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i.e. the top of the cage stood 10 cm above the sand surface. Prior to the experiment, the 

enclosed sand was sieved through 1 mm mesh to remove macrofauna and then returned 

into the cage. After a week to allow settlement of the sand and its meiofaunal 

inhabitants, adult soldier crabs with similar carapace lengths and widths were collected 

locally. One individual was put into each cage at natural density at Tallebudgera Creek 

(1.5 ± 0.2 individuals per 0.0625 m2). Crabs were allowed to acclimatise for one week 

before the commencement of the enrichment experiment. Chl a concentration and 

organic content of the sediment inside and outside cages were measured and compared 

as described below.  

A 1 g L-1 NaH13CO3 enrichment solution was sprayed evenly over the sediment 

surface in the cage, at the application rate of 2 g m-2 surface area on day 0 of the 

experiment. The application rate of enriched NaH13CO3 was higher and the sampling 

time shorter than those in the laboratory microcosm experiment to compensate for tidal 

dilution of the 13C label. Each cage was randomly allocated for destructive sampling 0 

(before), 1, 2, 4 and 6 d after enrichment, with five independent replicates in each 

treatment. On each sampling date, the soldier crab was collected and put in ice-slurry 

while sediment samples were collected from the top 10 cm of sand using a 10-cm 

diameter corer and stored at -20 ˚C. MPB and the dominant meiofaunal groups were 

extracted from the sediment and soldier crab hepatopancreas tissues dissected for stable 

isotopic analysis, from both microcosms and field experiment, as described below 

(further details refer to Appendix B). 

 

3.3.4 Specimen processing and isotopic analysis 

Chl a concentration was analysed according to Lorenzen (1967) and organic 

content was measured using the loss-on-ignition technique after acid treatment to 

remove carbonates. MPB was extracted based on density-gradient centrifugation in 
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silica-gel (de Jonge 1979). The green band formed upon centrifugation consisted 

predominantly of microalgae, mainly diatoms (Amphora robusta, Cymbella affinis, 

Entomoneis sp. and Pleurosigma sp.), with rare occasional contamination (< 5% by 

abundance) by fine detritus. Meiofauna were handpicked from the sediment, identified 

to the lowest practical taxonomic level, and counted. Meiofaunal species with carbonate 

shells were acid-washed using 5% HCl prior to stable isotope analysis. All samples 

(MPB, meiofauna, crab hepatopancreas tissues) were dried to constant weight at 60ºC. 

The C stable isotope ratio is presented using the standard notation: 

δ
13C = ‰ 10001

Standard

Sample
×













−

R

R
 

 
where R represents the ratio 13C: 12C. The standard for C was Pee-Dee 

Belemnite equivalent (Rstandard is 0.0112372). δ13C was measured using a continuous 

flow isotope-ratio mass-spectrometer (GV Isoprime, Manchester UK), with precision 

among subsamples being 0.5‰ (1 SD).  

 

3.3.5 Gut content analysis 

I conducted gut content analysis on the soldier crabs to confirm that the 

appropriate meiofaunal groups were included in the model. Thawed crabs collected 

from the field were measured to the nearest mm carapace length (CL) using vernier 

callipers and dissected. The stomach contents were homogenised in 1-mL of Milli-Q 

water, food items identified and scored using a 1-mL Sedgwick rafter counting chamber 

(S50) under a light microscope (Olympus CX31) at 100x magnification. Relative 

abundance of each food item was calculated as:  
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Food items were placed into the following categories: MPB, seagrass fragments, 

harpacticoid copepods, polychaetes, nematodes and amphipods.  

 

3.3.6 Model construction 

Assumptions of the proposed compartmental modelling approach were (1) a 

significant food source is included and labelled successfully (assured through a priori 

examination of dietary composition of consumers and the temporal profile of isotopic 

signatures of the food source and consumers); and (2) each compartment is a single 

well-mixed pool. In reality, organisms are composed of tissues with different C 

assimilation rates but those included in this study were small enough for this assumption 

to broadly hold true. The proposed approach does not require a closed system 

assumption. The ability of the proposed approach to quantify food web dynamics is 

achieved through: (1) a known amount of tracer administrated to the food source; (2) 

temporal profiles of tracer in the compartments were obtained; and (3) biomass of the 

compartments was measured. 

 

3.3.6.1 WinSAAM 

The modelling software WinSAAM (available free at http://www.winsaam.org) 

has been used to examine physiology-based nutrient transport problems using stable 

isotope data (Sian et al. 2002). WinSAAM was developed to analyse experimental data 

in the context of biological systems and can adjust the input parameters iteratively to 

find the best-fit flow rates among all compartments in the model (Wastney et al. 1999). 

Although WinSAAM is capable of dealing with dynamic data at higher levels of 

organisation, such as communities, its application has to date been confined to 

organismal-level studies. I used WinSAAM to determine the C transfer rate among 

compartments using temporal changes in the amount of tracer in the compartments in 
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this experiment, taking advantage of the program’s ability to iterate the input parameters 

to find the best-fit transfer rates among all compartments in the model without the need 

for the levels to reach equilibrium (Stefanovski et al. 2003).  

C flow among compartments was estimated by comparing the temporal patterns 

of producer and consumer 13C enrichment. Compartments within the model were: 

1. MPB C source; 2. juvenile polychaetes; 3. harpacticoid copepods; 4. nematodes; and 

5. soldier crabs. The calculated flow rates were constrained by (1) the temporal 

variation in the amount of 13C in the compartments: there must be at least two time 

point of changes in the amount of 13C in the compartments for WinSAAM to estimate 

the flow rates; and (2) the extent of 13C enrichment between food source and consumers: 

the food source has a higher level of enrichment than those of the consumers.  

The amount of 13C uptake of each compartment was back-calculated according 

to the method in section 2.2.2.1. The fractional transfer rate, Li,j, is a non-linear 

parameter representing the fractional rate of flow of C from compartment j to i in unit 

time. Li,j  was estimated from the initial fractional slope of each compartment through 

time, derived from the temporal changes of the δ13C signature of each compartment. 

Backflow of 13C from one compartment to another was estimated from the fractional 

slope of the decreasing amount of 13C in the consumers after reaching the peak value. C 

backflow to MPB C pool occurs when the semi-log plot of the amount of 13C in MPB 

against time resulted in an exponential curve instead of a straight line (R. Boston, pers. 

comm.). In ecological sense, C backflow is interpreted as the amount of C released from 

consumer, mainly mediated by respiration, excretion and mortality, to the C pool, which 

is then assimilated by its food source again. Temporal data on the amount of 13C of an 

individual sample in each compartment provide the input for the calculation of transfer 

rates. The upper and lower input boundaries of the amount of 13C flow are 5.00E+02 

and 9.00E-08 µg d-1, respectively.  
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Model results can also be easily tracked in WinSAAM using the event-logging 

window. WinSAAM provides the adjustment details of the parameters altered during 

the iteration process. The final best-fit combination of model parameters is achieved 

when there is no further improvement of fit (Stefanovski, Moate & Boston 2003). In 

addition to adjusting parameters by least-squares minimisation to fit observed data, the 

program provides statistical measures of fit and parameter estimates. Data were 

weighted using fractional standard deviation (FSD = standard deviation / mean) of 

estimated parameters generated by WinSAAM. FSD is one of the data sensitivity 

parameters in WinSAAM for estimating how well the model fits the observed values 

(Wastney et al. 1999). The data are considered well described by the model if FSD is < 

0.5 (Stefanovski et al. 2003). Further, sensitivity analysis was conducted to assess the 

robustness of 13C transfer rates determined by WinSAAM. The sensitivity of calculated 

flows to variation in C input was determined by calculating new flow rates resulting 

from varying MPB C input by ±10% while keeping the other input values constant 

(Niquil et al. 1998, Donali et al. 1999).  

 

3.3.7 Model analysis 

3.3.7.1 EcoNet 

The food web in focus was expressed as a set of compartments, and flows 

among and between these compartments (Pimm 2002). C transfer rates determined by 

WinSAAM were entered into EcoNet (available free at 

http://eco.engr.uga.edu/index.html) to determine the energy cycling pattern and to 

quantify the relative contribution of direct and indirect flows to the system. EcoNet is a 

simulation and network analysis software that helps assess the food web structure of an 

ecosystem (Kazanci 2007). I used this software because it integrates dynamic 

simulation with ecological network analysis. EcoNet is one of the few software 
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programmes that include both deterministic and stochastic algorithms. Stochastic 

solvers such as the Langevin equation (Gillespie 2000), provide information on how the 

system evolves from the given initial condition. The time-course plot resulted from 

stochastic solvers is different at each simulation run. Alternatively, deterministic solvers 

(4th order Runge-Kutta and Runge-Kutta-Fehlberg) are distinct from stochastic solvers 

by fitting data in a set of fixed rate equations and produce smooth time-course plots. 

The user can choose the most appropriate numerical method based on the nature of the 

targeted system. EcoNet uses network environ analysis to quantify the actual relation 

between compartments, environmental inputs and outputs (Tollner & Kazanci 2007). 

Computation of EcoNet and definition of matrices are described in Kazanci (2007). Its 

capability in effectively analysing complex ecological systems has been demonstrated 

(Tollner & Kazanci 2007). The selected method in the present study was the 

deterministic approach (4th order Runge-Kutta), with sensitivity set at 0.01 and iterated 

until the system reached steady-state. The 4th order Runge-Kutta solver was chosen 

because it provides the optimal balance between complexity of the model and duration 

of the iteration process (C. Kazanci, pers. comm.). 

Five quantitative indices on system function: Finn cycling index (FCI), indirect 

effect index, total system throughput (T), throughflow (N) and storage (S) analyses were 

used in this study. The amount of energy cycling in the system or FCI reflects the 

degree of maturity and resilience of a system (Odum 1969). FCI is derived from the 

fraction of total flow that is devoted to cycling, and is defined as the ratio of the amount 

recycled to the sum of all flows in the ecosystem (Finn 1976), i.e. 
ii
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, where Nii 

is the ith coefficient along the diagonal of the Leontief matrix, and Ti is the inflow to 

compartment i. When FCI is high and there are many cycles of long length, the high 

FCI is indicative of maturity according to the definition given by Odum (1969). 

However, a high FCI with most cycled flow along a few, short cycles, is indicative of 
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stressed systems (R. Ulanowicz, pers. comm.). Indirect effect index measures the 

amount of flow that occurs through indirect connections instead of direct connections, 

i.e. 

∑∑

∑∑

= =

= =

−−

n

i

n

j

n

i

n

j

ij

ijijij

g

giN

1 1

1 1

)( where 
j

ij

ij

T

f
g = , iij is the initial input from component i to component 

j. Total system throughput (T) reflects the size of the system in terms of the sum of 

flows through all the individual compartments. Throughflow (N) represents how much 

environmental input to one compartment is received by another. Njj > 1 represents a unit 

of C cycling through the food web and re-entering the compartment j, whereas Njj = 1 

represents a unit of C input to compartment j from an environmental source all retained 

in compartment j. Storage represents the relationship between input flow rates and 

compartment storage values. Storage S = c-1 where cij = 
j

ij

x

f
;  fij represents the actual 

flow rate from compartment j to i at steady state; xj represents the input received in the 

originating component j at a discrete time interval (Patten 1978, Fath & Patten 1999). 

The above indices were calculated for the microcosm and field experiments. Stability 

analysis was performed by calculating new solutions of the model after changing the 

input value of the MPB by ± 10%.  

 

3.3.8    Statistical analysis 

Differences in the Chl a and organic content of sediment, and CL of soldier 

crabs  in microcosms and those at The Spit were tested separately using one-way 

ANOVA, with location of samples collection as a fixed factor. CL and dietary 

composition of the crabs collected from Tallebudgera Creek were tested separately 

using one-way ANOVA with level of enrichment as a fixed factor, to ensure that the 

crabs tested had similar body size and thus could be expected to show similar dietary 

composition unless affected by treatment and there was a consistent response to 13C 
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labelling. All statistical analyses were performed using SPSS version 17, including tests 

on the data satisfying assumptions of parametric analyses (e.g. homogeneity and 

normality of variance). Statistical comparison of meiofaunal assemblage composition 

between treatments and controls was performed using one-way analysis of similarities 

(ANOSIM) (Primer v.6), with enrichment level as the treatment factor. 

 

3.4 Results 

 

3.4.1 The experimental food web 

The starting conditions in the microcosm resembled that at The Spit (Chl a: field: 

907.0 ± 39.5 mg m-3, microcosm: 786.3 ± 76.4 mg m-3; one-way ANOVA, n = 24, p = 

0.245; organic content: field: 1.57 ± 0.09%, microcosm: 1.65 ± 0.08%; one-way 

ANOVA, df = 23, p = 0.452). No significant caging effect was observed in the field 

experiment (Chl a: inside cage: 460.7 ± 30.8 mg m-3, outside cage: 391.4 ± 31.4 mg m-3, 

one-way ANOVA, df = 49, p = 0.221; organic content: inside cage: 0.85 ± 0.03%, 

outside cage: 0.87 ± 0.08%, one-way ANOVA, df = 49, p = 0.833). Soldier crabs 

collected from the microcosms were of similar sizes (non-enriched sediment: CL = 14.0 

± 0.4 mm; enriched sediment: CL = 14.5 ± 0.2 mm; one-way ANOVA, df = 47, p = 

0.690). No mortality of crabs was observed throughout the experiment and all crabs 

were moving constantly and feeding in the microcosms during ‘day’ time. Crabs 

collected from Tallebudgera Creek were also of a similar size (CL, non-enriched 

sediment: 21.2 ± 0.8 mm; CL, enriched sediment: 20.6 ± 0.40 mm; one-way ANOVA, 

df = 24, p = 0.476) and had the same dietary composition between enriched and non-

enriched sediments (ANOSIM R = 0.066, p = 0.213; Figure 3.1). Further, gut content 

analysis confirmed that I had included the dominant meiofaunal groups in the model.  
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Figure 3.1 Gut content analysis of soldier crab collected from Tallebudgera Creek 

before (day 0) and 1, 2, 4 and 6 d after the application of 13C tracer. MPB – 

microphytobenthos; Seagrass – seagrass fragment; Poly – polychaetes; Harpact – 

harpacticoid copepods; Nemat – nematodes; Amph – amphipods. Data are mean +1 SE. 

 

The meiofaunal assemblage was dominated by nematodes in abundance 

(microcosm: 49.5 ± 6%; field experiment: 67.8 ± 8%) followed by juvenile polychaetes 

(microcosm: 34.8 ± 5%; field experiment: 7.1 ± 2%) and harpacticoid copepods 

(microcosm: 10.3 ± 3%; field experiment: 15.9 ± 3%) at the commencement of the 

experiments. There was a clear difference in 13C labelling between MPB, meiofauna and 

soldier crabs (Figure 3.2). The δ13C signatures and enrichment levels of MPB and the 

meiofaunal groups were more depleted in the field samples, which may be due to 

dilution of the label in the field (Figure 3.2b). The enrichment levels of the three 

meiofaunal groups were greater in the microcosms (Figure 3.2a), probably due to 

accumulation of the 13C label in the organisms from the multiple 13C spikes. 
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Figure 3.2 Degree of enrichment over the course of the 13C addition experiments, with 

δ
13C values corrected for non-enriched MPB, juvenile polychaetes, harpacticoid 

copepods, nematodes and soldier crabs, in (a) microcosm; (b) Tallebudgera Creek. Data 

are mean ± 1 SE. 

 
3.4.2 WinSAAM compartmental modelling 

The best-fit 13C transfer rates among all compartments in both microcosm and 

field experiments were determined by WinSAAM (Figure 3.3). All adjusted parameters 
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had FSD values < 0.5 (Table 3.1) and no adjustable parameter had an estimated value 

equal to a boundary condition value. This suggested that the data pattern was well 

defined by the model. When the 13C input rate was varied by +10%, WinSAAM was 

sufficiently robust to indicate similar 13C flow rates among compartments under the 

changed MPB 13C uptake rates and, again, all FSDs were < 0.5, indicating very good 

fitting of models (Table 3.2). The order of 13C transfer rates among the compartments 

remained the same in the microcosms and field experiments, regardless of the ±10% 

changes of MPB 13C uptake rates (Tables 3.1 & 3.2). In general, the higher the MPB 13C 

uptake rate, the more C was available to the meiofauna and hence, more meiofaunal C 

uptake by the crabs. Therefore, the resulting models were robust with respect to 

variation of the MPB C input data.  

 

Table 3.1 FSD of adjusted 13C transfer rates (Lij) from compartment j to i. Poly – 

juvenile polychaetes; Harpact – harpacticoid copepods; Nemat – nematodes; Crab – 

soldier crabs. Insignificant transfer rates (≤ 9.00×10-8) are not included. All FSD values 

are < 0.5. 

Experiment Microcosm   Field   
Parameter Transfer rate FSD Transfer rate FSD 

LPoly,MPB 3.634E-02 1.21E-01 5.581E-02 4.61E-01 
LHarpact,MPB 2.715E-02 1.54E-01 8.480E-02 1.62E-01 
LNemat,MPB 2.351E-02 2.73E-01 1.199E+00 6.10E-02 
LMPB,Poly 2.533E-01 9.18E-02 1.566E-03 2.80E-01 
LMPB,Harpact 1.956E-01 9.55E-02 3.017E-01 9.34E-02 
LMPB,Nemat 3.662E-02 2.94E-01 3.542E-04 1.13E-01 
LMPB,Crab   4.745E-01 8.44E-02 
LCrab,Poly 3.856E-05 9.16E-02 1.052E+00 6.35E-02 
LCrab,Nemat 1.225E-01 5.00E-02 2.027E+00 4.17E-02 
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Table 3.2 FSD of adjusted 13C transfer rates (Lij) from compartment j to i of the 

sensitivity analysis of WinSAAM. Poly – juvenile polychaetes; Harpact – harpacticoid 

copepods; Nemat – nematodes; Crab – soldier crabs, in (a) microcosms; and (b) field 

experiment. Insignificant transfer rates (≤ 9.00×10-8) are not included.  

(a) Microcosms       -10% MPB uptake rate             +10% MPB uptake rate 

Parameter Transfer rate FSD Transfer rate FSD 

LPoly,MPB 2.31E-02 8.16E-02 7.99E-02 9.74E-02 
LHarpact,MPB 1.98E-02 2.11E-01 6.61E-02 7.43E-02 
LNemat,MPB 1.28E-02 1.74E-01 5.96E-02 1.21E-01 
LMPB,Poly 2.34E-01 3.68E-02 2.85E-01 2.92E-02 
LMPB,Harpact 1.13E-01 3.09E-02 2.42E-01 2.35E-02 
LMPB,Nemat 3.10E-02 6.67E-02 7.67E-02 3.91E-02 
LCrab,Poly 8.52E-07 5.44E-02 1.43E-03 3.83E-02 
LCrab,Nemat 6.37E-02 2.29E-02 2.64E-01 1.99E-02 

 

(a) Field                -10% MPB uptake rate             +10% MPB uptake rate 

Parameter Transfer rate FSD Transfer rate FSD 

LPoly,MPB 5.29E-02 9.27E-02 8.64E-02   1.38E-01 
LHarpact,MPB 8.39E-02 5.63E-02 1.34E-01   9.21E-02 
LNemat,MPB 6.29E-01 1.10E-01 1.50E+00   2.26E-01 
LMPB,Poly 9.31E-04 7.74E-02 6.10E-03   1.80E-01 
LMPB,Harpact 2.08E-01 3.03E-02 6.65E-01   4.66E-02 
LMPB,Nemat 2.15E-04 1.08E-02 1.30E-03   2.49E-02 
LMPB,Crab 4.34E-01 1.34E-02 5.42E-01   2.17E-02 
LCrab,Poly 7.08E-01 8.69E-02 2.44E+00   9.95E-02 
LCrab,Nemat 1.63E+00 5.22E-02 2.84E+00   5.07E-02 

 

The transfer rates between compartments and the C return rates determined are 

shown beside the solid and dashed arrows, respectively, in Figure 3.3. Assimilation of 

MPB C was greatest by the nematodes among the dominant meiofaunal groups (Figure 

3.3). The MPB C assimilation rates (total C calculated from the 13C transfer rate) of the 

three meiofaunal groups in the microcosm and field experiments were 0.15 and 2.27 µg 

C cm-2 d-1, respectively. Soldier crabs in the field experiment assimilated 25 times more 

C from the meiofauna than those in the microcosm (microcosm: 0.21 µg C cm-2 d-1; 

field: 5.22 µg C cm-2 d-1). The amount of nematode C assimilated by soldier crab was 

0.21 and 3.44 µg C cm-2 d-1 in microcosm and field experiment, respectively.  
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Figure 3.3 The carbon transfer rates (µg 13C d-1) as estimated by WinSAAM modelling 

between MPB, juvenile polychaetes, harpacticoid copepods, nematodes and soldier 

crabs, in (a) microcosm; (b) Tallebudgera Creek. Solid lines represent the direction of C 

flow from lower to higher trophic levels, whereas dash lines represent the return 

pathway. Line thickness is scaled to the magnitude of C flow. Number in the arrow 

represents the amount of 13C label (in µg) assimilated by MPB. Insignificant transfer 

rates (≤ 9.00×10-8 µg d-1) are not included. 

 



 

73 
 

3.4.3 EcoNet analysis 

The system indices FCI, indirect effect index and T were higher in the field than 

in the microcosm (FCI: microcosm = 0.07, field = 0.61; indirect effect index: 

microcosm = 0.21, field = 5.9; T: microcosm = 53.4 µg C cm-2 d-1, field = 81.3 µg C 

cm-2 d-1). The high FCI and indirect effect index reflected strong connection strength 

between compartments and indicated that indirect flow was more important in the field. 

The same total amount of 13C was applied to the sediment in both microcosm and field 

experiments. Full N, S and U matrices are summarised in Table 3.3. The N matrix traces 

the C generated by inputs into various compartments. n4,4 is > 1, which means that a unit 

of C in MPB was more likely to cycle through the sandflat food web and re-enter the 

nematode compartment before being dissipated from the system. In contrast, a unit of C 

derived from MPB indirectly would be stored in the crab compartment (n5,5 = 1). The 

non-zero entries in the N matrix indicated that a unit of C input into MPB generated 

subsequent flow through every compartment. There was more MPB C assimilated by 

juvenile polychaetes, followed by harpacticoid copepods, nematodes and soldier crabs 

in the microcosm (n2,1 > n3,1 > n4,1 > n5,1). The pattern was the reverse in the field. 

Furthermore, there was no direct environmental input to soldier crabs in microcosms 

since n1,5 = n2,5 = n3,5 = n4,5 = 0; therefore an environmental input to soldier crabs would 

never affect the storage value of other compartments in microcosm (s5,5 = 364). The 

absence of C backflow from the soldier crabs to MPB or other compartments and the 

high storage value in the crab compartment suggest that bottom-up control was more 

important than top-down effect in the microcosm. Because of recycling in the food web, 

even more energy from the environmental input was stored in the crab compartment 

(s5,1 = 7 in microcosm and s5,1 = 3 in the field). Smaller amounts of energy were stored 

in all of the other compartments available from MPB. Further, the increase in 

abundance of the nematodes would cause a decrease in abundance of MPB to a greater 
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extent than the other two meiofaunal groups as u1,4 > u1,3 and u1,2  in both experiments. A 

robust steady-state value of both experiments was reached after 10,000 iterations of 

EcoNet. Time-course figures of each simulation with changes of MPB stocks by ± 10% 

resulted in overlapping of the solutions for each compartment. Hence the models were 

considered to be stable in the present study.  
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Table 3.3 Full throughflow (N), storage (S) and utility (U) analysis matrices of MPB, juvenile polychaetes, harpacticoid copepods, 

nematodes. Poly – juvenile polychaetes; Cope – harpacticoid copepods; Nemat – nematodes; Crab – soldier crabs of (a) microcosms and (b) 

field experiment.  

 
                              Microcosms                              Field   

Analysis matrix Compartments  Compartments 
 MPB Poly Cope Nemat Crab  MPB Poly Cope Nemat Crab 
Throughflow analysis (N)            
MPB 1.09 1.05 0.93 0.19 0.00  2.75 2.71 2.48 2.67 2.74 
Poly 0.05 1.05 0.04 0.009 0.00  0.08 1.07 0.07 0.07 0.08 
Cope 0.04 0.04 1.03 0.007 0.00  0.11 0.11 1.10 0.11 0.11 
Nemat 0.03 0.03 0.03 1.01 0.00  1.62 1.60 1.46 2.57 1.61 
Crab 0.02 0.02 0.02 0.59 1.00  1.66 2.62 1.49 2.58 2.65 
            
Storage analysis (S)            
MPB 1.39 1.34 1.19     0.24     0.00  1.35 1.33 1.22 1.31 1.35 
Poly 0.19 3.98 0.16     0.03     0.00  0.07 1.01 0.06 0.07 0.07 
Cope 0.17 0.16 4.52     0.03     0.00  0.34 0.33 3.29 0.33 0.34 
Nemat 0.16 0.15 0.14     4.81     0.00  0.78 0.77 0.70 1.24 0.78 
Crab 6.99 6.78 5.98 215.01 364.96  3.47 5.49 3.13 5.41 5.54 
            
Utility analysis (U)            
MPB 0.99 -0.002 -0.005 -0.02 0.009  0.62 -9E-06 -0.003 -0.006 0.38 
Poly 0.04 1.00 -0.0002 -0.0007 0.0003  0.62 0.98 -0.003 -0.484 -0.13 
Cope 0.14 -0.0002 1.00 -0.002 0.001  0.06 -9E-07 1.00 -0.001 0.04 
Nemat 0.51 -0.001 -0.003 0.63 -0.36  0.62 -0.02 -0.003 0.523 -0.12 
Crab 0.51 -0.0007 -0.003 0.62 0.64  0.002 0.02 -7E-06 0.483 0.51 
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3.5 Discussion 

 

The proposed approach combines the capabilities of stable isotope enrichment 

technique, compartmental modelling and ecological network analysis (ENA) to allow 

concurrent assessment of sandflat food web structure and functioning. Hamilton et al. (2004) 

demonstrated the application of compartment modelling to assess the contribution of a 
15

N-

enriched producer to consumers in a three-compartment freshwater stream food web. I 

extended this technique to a five-compartment food web of an estuarine sandflat system 

and applied the data of C transfer rates obtained from WinSAAM into EcoNet to provide 

further functional assessment at system level. 

 

3.5.1 Unique theoretical capability of the proposed approach 

C flow among compartments was quantified using 13C labelling: real-time C 

transfer and backflow rates among compartments can be estimated using compartmental 

modelling (WinSAAM). The utility of compartmental modelling with 13C isotopic tracer 

offers important insights in C uptake and release among organisms. By quantifying C flow 

in the system, other system indices can be evaluated by EcoNet which enhance our 

understanding on food web dynamics.    

  The proposed approach can also be applied to testing of hypotheses on changes in 

ecosystem functioning driven by external forces. This can be done by designing 

manipulative experiments that compare amount and pattern of material flow as well as 

system indices across treatments. This approach would thus allow monitoring of changes in 

ecosystems function more efficiently and at lower analytical costs, with fewer conversions 

and assumptions, compared to conventional approaches (e.g. gut contents analysis) in 
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collecting data for network analysis. Similarly, long-term monitoring of functional 

variability of ecosystems can be conducted using the proposed approach. Changes in the 

amount of material flow among compartments and system indices can be compared within 

the same system through time, e.g. seasonal or inter-annual, as indicators of trends in 

ecosystem health (Table 3.4).  

 

Table 3.4 Theoretical advantages and disadvantages of conventional and the proposed 

approaches for food web analysis.  

Method Advantages Disadvantages 

Gut content 
analysis 

Qualitative and quantitative 
descriptions of diet 

Favors identification of relatively 
large food items with hard parts and 
long residence in stomach 

 Suitable for macro-organisms, 
such as fish and crabs 

Only provides a snapshot of feeding 
activity and results in a bias in prey 
analysis 

 Low analytical cost  Conversion to C transfer rates is 
error prone 

  No indication on time-integrated 
assimilation by organisms 

  No indication of ecosystem 
functioning 

  Time consuming 
 
Stable isotopes 
(natural 
abundance and 
enrichment) and 
mixing models 

 
Suitable for micro- and macro-
organisms  

 
Assumption on system at 
equilibrium state can be violated 
because of the difficulty to 
determine whether isotopic 
equilibrium has been reached in 
enrichment experiments, especially 
when the degree of enrichment 
varies over time   
 

 Qualitative and quantitative 
descriptions of trophic 
relationships 

No indication of material release / 
backflow rate among organisms 

 Medium analytical cost No indication of ecosystem 
functioning 
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Biochemical 
markers, e.g. 
fatty acids  

Qualitative information on food 
source utilisation by consumers  

No indication of material release 
rate among organisms, non-
quantitative 

 Suitable for micro- and macro-
organisms 

No indication of ecosystem 
functioning 
 

  High analytical cost 
   
This study Quantitative assessment of food 

web structure and ecosystem 
functioning 

More sampling effort: requires at 
least two time-points samples, i.e. 
the initial and final amount of tracer 
in the compartments for WinSAAM 
to estimate flow rates. 

 High flexibility and accuracy to 
estimate flow rates because it 
does not require system to reach 
equilibrium state 
 

Knowledge of ENA is required  

 Suitable for micro- and macro-
organisms 
 

 

 Can estimate time-integrated 
material assimilation flow rates 
among compartments 
 

 

 Allows hypothesis testing to 
compare functional variability, 
by comparison of flow rates and 
system indices in manipulative 
experiments 
 

 

 Medium analytical costs  
 

3.5.2 Ecological realism of the WinSAAM results 

  The modelled transfer rates should reflect changes in availability of C associated 

with particular compartments. Although the physical conditions of microcosms were well 

controlled and resembled those in the field, the abundance of meiofauna in microcosms 

decreased throughout the experiment (total meiofauna abundance decreased by 53%). The 

increased mortality of meiofauna, especially juvenile polychaetes and nematodes 

(nematode abundance decreased by 18% and polychaetes by 77%), as expected, caused an 
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increase in C backflow from these meiofaunal groups to MPB in microcosms. MPB C 

uptake rate of nematodes was higher than those of harpacticoid copepods and juvenile 

polychaetes in the field. This was probably because of the large abundance of nematodes 

compared to the other two meiofaunal groups. The high abundance of nematodes has also 

been found in empirical ecological studies (Coull & Chandler 1992). 

 

3.5.3 Comparison of assumptions between the proposed and conventional approaches 

Conventionally, quantification of C flow in ecosystems is conducted mainly by (1) 

measuring the productivity and consumption rates of the majority of individual species 

(Gerlach 1971) and / or using conversion factors based on the data retrieved from previous 

studies (Chardy & Dauvin 1992, Kennedy 1994); (2) isotopic analysis followed by 

application of numerical mixing models; and/or (3) utility of trophic biomarker analysis. 

However, time-integrated C assimilation rates among organisms are not quantified and no 

indication of ecosystem functioning is achievable using the conventional approaches (Table 

3.4).  

The first conventional approach, i.e. measurements of the productivity and 

consumption rates of organisms, suffers from the use of many conversion factors and the 

inability to measure instantaneous flow rates between compartments due to the laborious 

data collection process. Webb & Eyre (2004) estimated 12.12 g m-2 day-1 of organic carbon 

was removed by soldier crabs, based on the population of soldier crabs on that sandflats and 

the amount of organic carbon of sediment under the presence and absence of soldier crabs. 

Furthermore, Quinn (1986) estimated 0.03 mg of organic carbon was removed by soldier 

crabs during surface feeding. However, in the above literature, there was no information on 
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the meiofaunal composition of the sediment; and the differences in organic carbon between 

disturbed and undisturbed sediments might not be solely attributable to crab diets.  

The amount of meiofaunal C assimilated by fiddler crabs, another common crab 

species on intertidal sandflats (Reinsel 2004), based on empirical data available in the 

literature was used as an example to illustrate how people estimate the C flows in soft-

sediment. It is because there is no published empirical data on meiofaunal C assimilation by 

soldier crabs. C assimilation by fiddler crabs could be estimated from its dietary 

composition (e.g. through gut content analysis) and the C content of each food item in its 

diet. Since gut content analysis of fiddler crabs often showed no trace of meiofauna, the 

difference in abundance of meiofauna between feeding pellets and un-disturbed sediment is 

assumed to represent all meiofauna assimilated by the fiddler crabs (Dye & Lasiak 1986). 

Estimates of nematode C assimilated by fiddler crabs could then be calculated by using the 

following pieces of information gathered from, usually, prior other studies: (1) the 

abundance of meiofauna on the surface sediment (e.g. 41 ind. cm-2) (Dye & Lasiak 1986), 

(2)  the proportion of nematodes in the surface sediment (e.g. 98%) (Dye & Lasiak 1986), 

(3) wet weight of nematodes (~0.93 µg ind.-1), e.g. retrieved from Gerlach (1971) and Heip 

et al. (1985) and (4) C content of nematodes retrieved from the literature (12.4%) (Jensen 

1984). This would yield, by multiplying the above numbers, ~ 4.6 µg C cm-2 d-1 of 

nematode C being assimilated by fiddler crabs. 

The use of these ‘static’ conversion factors means that the estimates are only 

applicable to particular defined situations that are similar to those generating the conversion 

factors in the first place. Further, differences in meiofaunal abundance between disturbed 

and undisturbed sediments might not be solely attributable to crab diets. Any difference 

may be due to other confounding factors, e.g. the burrowing behaviour of crabs could lower 
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the amount of food (i.e. MPB) available to the meiofauna (Reinsel 2004) and indirectly 

cause a decline in meiofaunal abundance.  

 Mixing models assume that the consumer must be close to isotopic steady-state or 

equilibrium with respect to its food sources before the isotopic signatures (with or without 

enrichment) of a consumer can be compared with its potential food sources at a particular 

point in time. Isotopic equilibrium between consumers and their food sources generally is 

assumed to exist in studies of natural abundances of stable isotopes. However, changes in 

ecological conditions may result in temporal fluctuations in isotopic composition of the 

consumers (O'Reilly et al. 2002). Thus, it is difficult to determine whether isotopic 

equilibrium has been reached in isotope addition experiments involving macrofauna, 

especially when the degree of isotopic enrichment varies over time.  

Biochemical trophic markers, such as fatty-acids (FA) analysis, could effectively 

discriminate food sources (Hall et al. 2006) and show temporal diet shifts in consumers 

(Wai et al. 2008). However, this method relies on the use of unique biomarkers that are 

found in a producer for tracing a food source. This may lead to confounding results if food 

sources share the same FA markers - see review by Dalsgaard et al. (2003). Further, high 

analytical cost of FA may limit the sample size and this could be problematic in 

manipulative experiments for hypothesis testing. Similarly, biochemical markers provide 

only qualitative information and do not measure flow rates from consumers to food sources 

or give indication on ecosystem functioning.  

Combining stable isotope enrichment and compartmental modelling techniques 

provides an alternative approach to analysing food webs both qualitatively and 

quantitatively. Our proposed approach gives almost instantaneous measurement of C flow 

among compartments and provides sensitive indication on ecosystem functioning, e.g. C 

cycling and relative contribution of direct and indirect flows in the food web. The unique 
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capability of this approach offers a great advantage in using this method for quantitative 

hypothesis-testing of food web responses to manipulative experimentation. 
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Chapter 4 Response of estuarine sandflat trophodynamics to pulse organic 

enrichment: application of isotopic enrichment, compartmental modelling and 

network analysis 

 

4.1 Abstract 

 

Organic enrichment resulting from urbanisation is known to affect the abundance 

and diversity of meio- and macrofauna. Yet its impact on food web dynamics is poorly 

known, despite this being an important indication of ecosystem resilience. I conducted a 

manipulative field experiment combining stable isotope enrichment with compartmental 

modeling (WinSAAM) and ecological network analysis (EcoNet) to investigate the impacts 

of organic enrichment on the food web structure and dynamics of an estuarine sandflat. 

Organic enrichment was achieved by the addition of powdered algae to give 3, 5 and 10% 

organic content (OC). Six dominant compartments in the food web were investigated: 

microphytobenthos (MPB), nematodes, juvenile polychaetes, harpacticoid copepods, 

amphipods, and soldier crabs. Carbon flow was traced with 13C labelling; carbon transfer 

rates were determined using WinSAAM; trophic relationships, temporal pattern of biomass 

and energy cycling between organisms were assessed using EcoNet. With increasing 

organic content of the sediment: (1) the total abundance of meiofauna decreased 

significantly; (2) significant changes occurred in composition of the meiofaunal assemblage; 

(3) mortality of soldier crabs increased (45-65%); and (4) carbon flow rates between the 

compartments decreased. Finn cycling index (FCI) was highest in the non-enriched 

sediment, followed by 10%, 3% and 5% OC. The food web structure shrank at 10% OC, 

with a reduced number of compartments, and more carbon was retained in the system. The 
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high FCI in the control, coupled with more cycles of the food web, indicated that the 

system was relatively stable. Conversely, high FCI at 10% OC compared to other 

treatments, with additional characteristics of fewer and shorter cycles, indicated that the 

system was stressed. Carbon flow rates and many of the system indices changed markedly 

between 3% and 5% OC, suggesting that the sandflat has a low threshold and is thus 

sensitive to organic enrichment. Resilience of the sandflat decreased in response to organic 

enrichment, with important implications for the management of estuarine habitats on 

urbanised coasts. 
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4.2 Introduction 

 

Water quality in coastal areas is deteriorating globally as a result of rapidly 

increasing fertiliser use and land clearing (Smith et al. 2000). In many inshore areas, 

anthropogenic organic enrichment from sewage effluent (de Oliveira & Soares-Gomes 

2003), oil spillage (Boucher 1985) and aquaculture (Sutherland et al. 2007) is a major 

concern. Even treated wastewater contains a significant amount of organic matter (Gray 

2005). Sediments in such systems are an important sink for organic contaminants (Nilsson 

et al. 1991). Organic enrichment, either natural (Rossi & Underwood 2002) or 

anthropogenic (Schratzberger & Warwick 1998), induces changes in species abundance and 

diversity in benthic sediments (Roberts & Connell 2008). 

Organically enriched sediment creates stressful conditions for organisms. Huston 

(1979) proposed the Dynamic Equilibrium Model by combining the Intermediate 

Disturbance Hypothesis (IDH) (Grime 1973a, Connell 1978) and Intermediate Productivity 

Hypothesis (Grime 1973b) to describe the relationship between macrofauna diversity and 

disturbance, including organic enrichment in aquatic ecosystems. The response of 

macrofauna to organic enrichment has been widely studied and a general pattern has been 

proposed (Pearson & Rosenberg 1978), as a gradual loss of benthic macrofaunal species 

along spatial/temporal gradients of organic enrichment. Macrofaunal response to organic 

pollution may also be determined by exposure duration, spatial distribution, and seasonal 

fluctuation of pollutant concentration (Méndez et al. 1997, Akoumianaki & Nicolaidou 

2007, Saunders et al. 2007).  

Meiofauna have been used as an indicator of organic enrichment in benthic 

sediments due to their high abundance, fast turnover, the lack of larval dispersion, and 
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sensitivity to changes in environmental condition (see review by Coull & Chandler (1992)). 

For instance, nematode community structure was related to sediment organic content and 

has been suggested as an indicator of organic enrichment (Sutherland et al. 2007). 

Abundance and composition of meiofauna (Gee et al. 1985) and the ratio between 

nematodes and copepods (Ne/ Co) have been proposed for monitoring benthic organic 

pollution based on their high sensitivity to organic enrichment (Raffaelli & Mason 1981). 

However, caution is needed in using the Ne/ Co ratio since other factors influencing the 

balance (such as sediment grain size) also vary because of organic pollution (Shiells & 

Anderson 1985, Jones & Kaly 1996).  

Although the response of meio- and macrofaunal assemblage structure to organic 

enrichment has been well studied, field experiments involving both meio- and macrofauna 

and the effects of organic enrichment on system function and the interactions between 

organisms are rare. Ecological network analysis (ENA), developed in recent decades, has 

been used to describe and assess whole ecosystems in terms of their biological productivity, 

interaction between species, interaction between systems and their surroundings, and 

system functional processes (Field et al. 1989, Jørgensen & Fath 2006). However, the 

effects of anthropogenic activities on ecosystem structure, carrying capacity, and system 

resilience are still poorly quantified in marine and estuarine environments (Elliott & 

Quintino 2007). Although coastal and estuarine areas are important ecotones and have high 

ecosystem value (Costanza et al. 1997), the majority of estuarine studies mainly focus on 

the structure of organism assemblages, e.g. Andersen et al. (2008). Relatively few studies 

investigate impacts of urbanisation on ecological processes or functioning (Lee et al. 2006). 

This paucity of information impedes predictions about anthropogenic impacts on the 

resilience of coastal and inshore systems.  
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I investigated the effects of organic enrichment on estuarine sandflat 

trophodynamics, an indicator of resilience and ecosystem health. Meiofaunal abundance 

and diversity, feeding ability of soldier crabs and C flow at the lower trophic levels of an 

estuarine sandflat food web were hypothesised to decrease at increasing enrichment levels. 

I hypothesised that meiofaunal abundance and diversity, and C flow at lower trophic levels 

of an estuarine sandflat food web would all decrease at high enrichment levels. I conducted 

a field manipulative experiment on the impact of pulse organic enrichment on sand flat 

trophodynamics, employing a novel approach integrating stable isotope (13C) enrichment 

technique, compartmental modeling and ENA (Chapter 3). MPB is a major C source on 

sandflats (Middelburg 2000). The use of ENA in conjunction with empirical ecological 

measurements offers a comprehensive view of the response of ecosystems to a common 

stress arising from urbanisation of estuarine ecosystems.   

 

4.3 Materials and methods 

 

4.3.1 Field site 

The experiment was conducted in late February – April 2009. The experiment was 

conducted on an intertidal sandflat 2 km upstream from the mouth of Tallebudgera Creek, 

southeast Queensland, Australia (28º06’S, 153º26’E) (Figure 4.1). The sandflat is about 

220 m long parallel to the shore at around 1 m above mean low water. The meiofaunal 

assemblage on this sandflat is dominated by harpacticoid copepods (free-living, interstitial 

bottom-dwelling copepods), amphipods (mainly Maera masteri), juvenile polychaetes and 

nematodes. This site was chosen because it receives little organic enrichment (EHMP 2007), 

providing sufficient scope for experimental manipulation of organic enrichment.   
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Figure 4.1 Location of cages at the field site, Tallebudgera Creek, SE Queensland, 

Australia. 
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4.3.2 Experimental design 

The C transfer rates between MPB, the meiofauna and soldier crabs were studied by 

enclosing crabs in cages made from polyethylene mesh (8 mm x 8 mm). Each cage was 0.2 

m in diameter and 0.4 m high, and had bottom and lid covers. The lid was attached in order 

to prevent escape of the crab and protect them from seabirds and fish, such as estuarine 

stingrays, Dasyatis fluviorum (Figures B5 & B6, Appendix B). The cage had minimal 

disturbance on the crabs, since the crabs were observed to behave normally and feed inside 

the cages.  

 The cages were buried down to 30 cm in sand, i.e. the top of the cage stood 10 cm 

above the sand surface. Within the aggregation zone of soldier crabs on the sandflat, 80 

cages were randomly placed 3 to 5 m apart at around 2 m from extreme low tide two weeks 

prior to the commencement of the experiment. The sand enclosed was sieved through a 1 

mm mesh to remove any macrofauna, and then the sediment was returned to the cage. 

Sediment was enriched with powdered dried alga Ascophyllum nodosum (Algae Products 

A/S, Norway; maximum particle diameter 120 µm) at the commencement of the 

experiment. The algal powder contained 31.5% carbon and 0.9% nitrogen. Addition of 

algal powder in the present study simulated an important aspect of eutrophication in that the 

sediment concentration of simple, non-toxic, organic matter was increased. There were 

three treatments, each with 20 replicates, dosed to nominal levels equivalent to 3, 5 and 

10% of organic content (OC) in the sediment. Desired levels of organic enrichment were 

determined from a review of previous studies on organic enrichment effects on meio- and 

macrofauna (Skibbe 1991, Schratzberger & Warwick 1998, Pinto & Bemvenuti 2004). 

Twenty cages were left un-enriched (‘background’ samples) as controls; and 20 sediment 

samples in the same experimental area (without cages and without addition of algal powder 
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- ‘in-between’ samples) were treated as procedural controls. The powder was mixed evenly 

within the top 10 cm of sediment and allowed to settle for 5 h before the tide came in.  

Chl a concentration and organic content inside and outside cages were monitored 

before (day 0), day 4, 8, 14, and 18 after addition of powder and until the sediment was 

finally harvested, to ensure that the designated organic content of the sediment was 

maintained throughout the experiment. Adult soldier crabs with similar carapace lengths 

and widths were collected locally by hand. Two weeks after cage establishment (to allow 

settlement of the sand and algal powder), one crab was put into each cage to simulate 

natural field density, estimated to be 1.5 ± 0.2 individuals per 0.0625 m2. Crabs were 

allowed to acclimatise in the cage for one week before the commencement of the isotope 

tracer experiment.  

Enriched sodium bicarbonate, NaH13CO3, was used as a tracer to track the MPB C 

flow among compartments. Only a small amount of NaH13CO3 was added in order to avoid 

additional C input to the system. A 1 g L-1 NaH13CO3 enrichment solution was sprayed 

evenly over the sediment surface in the cage, at the application rate of 2 g NaH13CO3 m
-2 (= 

0.306 g 13C m-2) surface area on day 0 of the experiment. Each cage was haphazardly 

allocated for destructive sampling 0 (before), 1, 2, 4 and 6 days after enrichment, with four 

replicates of each treatment. On each sampling date, 20 sediment samples (16 from the 

cages and four haphazard ‘in-between’ samples), crabs inside the allocated cages and four 

crabs freely wandering on the shore near the cages were collected. The crabs were put in 

ice-slurry while the top 10 cm sediment samples were collected from the cage using a 10-

cm diameter corer, transported back to the laboratory and stored at -20 ˚C. Refer to Chapter 

3 and Appendix B for details of the standard processing procedures for MPB, extraction of 

the dominant meiofaunal taxa from the sediment and dissection of soldier crab 

hepatopancreas tissues for stable isotopic analysis.  
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4.3.3 Gut content analysis 

In order to confirm that the relevant meiofaunal groups were used in the model, gut 

contents of soldier crabs at the site were analysed. Thawed crabs were measured (carapace 

length, CL) to the nearest mm using Vernier calipers and dissected. The stomach contents 

were homogenised in 1 ml of Milli-Q water, food items identified and scored using a 1-mL 

Sedgwick rafter counting chamber (S50) under a light microscope (Olympus CX31) at 

100x magnification. Relative abundance of each food item was calculated as:  

 

Food items were placed into the following categories: MPB, harpacticoid copepods, 

polychaetes and nematodes. Feeding activity of crabs at different enrichment levels was 

assessed by their stomach fullness, calculated as:  

 

 

4.3.4 Modelling 

4.3.4.1 WinSAAM 

WinSAAM modeling software is the Windows version of SAAM, the Simulation, 

Analysis, and Modeling computer program (www.winsaam.org). It is an integrated package 

of mathematical, simulation, and graphical tools for analysis of biokinetic data (Novotny et 

al. 2003). This powerful mathematical and compartmental modelling tool supports an array 

of facilities to enable critical evaluation of modeling activities (Boston et al. 2003). 

WinSAAM was used to determine the carbon transfer rate between organisms using 

temporal changes in the amount of tracer in the organisms throughout the experiment, 

without the need for the levels to reach equilibrium (Stefanovski et al. 2003). Use of the 
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program is described generally in Wastney et al. (1999) and specifically for the purposes of 

food web experiments in Chapters 2 & 3. Compartments within the model tested for this 

study were: (1) MPB (carbon source); (2) juvenile polychaetes; (3) harpacticoid copepods; 

(4) nematodes; (5) amphipods; and (6) soldier crabs. Transfer of 13C label to each 

compartment was calculated as in sections 2.2.2.1 and 3.3.6.1. The upper and lower input 

boundaries of the amount of 13C flow of the model are 5.00E+02 and 9.00E-08 µg d-1, 

respectively. Data were weighted using fractional standard deviation (FSD), one of the data 

sensitivity parameters in WinSAAM, to estimate how well the model fit the observed 

values. The errors associated with the estimated C flow rates were represented by the FSD. 

The data are considered well described by the model if FSD is < 0.5 (Wastney et al. 1999). 

 

4.3.4.2 EcoNet 

Food web structure and energy cycling were analyzed using EcoNet 

(eco.engr.uga.edu/index.html), a simulation and network analysis package for studying 

food web structure. Six quantitative indices on system function, namely, Finn Cycling 

Index (FCI), total system throughput (T), indirect effect index, throughflow analysis matrix 

(N), storage analysis matrix (S) and Utility analysis matrix (U), were calculated for each 

treatment. These are used as an indication of the differences in organisation and system 

functioning between treatments and controls. The amount of energy cycling or FCI has 

been used to determine the degree of resilience of a system (Baird et al. 1991, Christensen 

1995). FCI is derived from the fraction of total flow that is devoted to cycling, and is 

defined as the ratio of the amount recycled to the sum of all flows in the ecosystem. Total 

System Throughput (T) reflects the size of the system in terms of the sum of flows through 

all the individual compartments (Baird & Ulanowicz 1993). Indirect effect index measures 
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the amount of flow that occurs over indirect connections versus direct connections (Fath & 

Borrett 2006). Throughflow analysis matrix (N) represents how much environmental input 

to one compartment is received by another. Storage analysis matrix (S) represents the 

relationship between input flow rates and compartment storage values. Utility analysis 

matrix (U) indicates the relationship, and indirect interaction strengths between 

compartments in a food web. A negative value of U between compartments indicates that 

an increase in abundance of one compartment will decrease the C flow to the other 

compartments. Refer to Kazanci (2007) and Appendix A for further details of system 

indices.  

The C transfer rates between compartments as determined by the 13C tracer and 

WinSAAM were entered into EcoNet. The selected method was fixed time-step (4th order 

Runge-Kutta), with sensitivity set at 0.01 and iterated until the system reached steady-state. 

Sensitivity analysis of the model was performed by calculating new solutions of the model 

after changing the input C value of the MPB by ± 10% for each treatment. The time-course 

data generated by EcoNet of each compartment in each simulation were grouped and 

plotted on a new time-course figure. The model was defined as stable when the plots 

overlapped each other in this figure (C. Kazanci, pers. comm.). Details on the use of 

WinSAAM and EcoNet in this food web analytical approach are available in Chapter 3. 

 

4.3.5 Statistical analysis 

Difference in the Ne / Co ratio and total abundance of meiofauna between 

treatments was tested separately using one-way ANOVA, with enrichment level as a fixed 

factor. CL and stomach fullness of the crabs for isotopic analysis were tested separately 

using one-way ANOVA with level of enrichment as a fixed factor, to ensure that the crabs 
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tested had similar body size and thus could be expected to show similar dietary 

composition and consistent response to 13C labelling. Differences in Chl a concentration of 

sediment throughout the experiment was assessed using a two-way ANOVA, with 

Treatment and Time as fixed factors. Given that these two factors were found to interact 

significantly, I used planned contrasts separately for each time period (Quinn and Keough 

2002) to compare: 1) ‘in-between’ versus ‘background’ means, and 2) enrichment treatment 

means the pooled mean for ‘in-between’ and ‘background’. All statistical analyses were 

performed using SPSS version 17, and plots of residuals versus means and descriptive 

statistics showed that the data satisfied assumptions of parametric analyses (homogeneity 

and normality of variance). Statistical comparison of the similarity of meiofaunal 

assemblage composition between treatments and controls was performed using one-way 

analysis of similarities (ANOSIM) (Primer v.6), with enrichment level as the treatment 

factor. 

 

4.4 Results 

 

The measured organic content of sediment was close to intended values, indicating 

that organic enrichment was broadly maintained at the allocated enrichment level 

throughout the experimental period (Figure 4.2). Addition of algal powder triggered the 

growth of MPB and hence Chl a concentration increased with enrichment level (Figure 4.2a; 

df = 4, 570, ANOVA interaction Time*Treatment p < 0.001; planned contrasts between 

enriched and pooled mean for ‘in- between’ and ‘background’ significant for all time 

periods). Chl a concentration was similar between ‘in-between’ and ‘background’ sediment 

at all times (all planned contrasts non-significant), suggesting that deployment of cages did 
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not create any artefact on MPB or carbon abundance (e.g. by limiting light penetration). 

The organic content of sediment was similar between ‘background’ (cage with addition of 

NaH13CO3) and ‘in-between’ (no cage, without the addition of NaH13CO3) during the 

harvesting period (df = 1, 39, p = 0.169). This suggested that the addition of NaH13CO3 

label did not have a significant effect on the C content of sediment. 
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Figure 4.2 (a) Chlorophyll a concentration and (b) organic content of sediment across 

treatments. Error bar represents + 1 SE. Solid line arrow represents the time that cages were 

buried and algal powder was mixed with sediment inside the cages; dashed line arrow 

represents the time that crabs were placed in the cages; dotted line arrow represents the 

time that 13C label was sprayed on sediment. Spiking occurred on day 14 and samples were 

collected between day 24 and day 29 inclusive.  
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Total abundance of meiofauna decreased along the enrichment gradient (p < 0.001). 

Nematodes and harpacticoid copepods were the major taxa in the sediment in all treatments; 

however, there was a significant difference in the meiofaunal assemblage composition 

across enrichment levels (ANOSIM, p = 0.001), due to the high mortality of some 

meiofaunal groups at elevated enrichment levels. Nematodes were more tolerant than 

copepods and juvenile polychaetes to organic enrichment (Figure 4.3). There was no 

distinct pattern of Ne / Co ratio observed along the enrichment gradient (‘In-between’: 4.52 

± 1.52; ‘background’: 3.17 ± 0.29; 3% OC: 4.81 ± 0.65; 5% OC: 4.57 ± 1.24; 10% OC: 

4.58 ± 1.40; df = 4, 94, p = 0.844).  

 

 

Figure 4.3 Mean number of animals in dominant taxa of the meiofauna assemblage 

composition across the organic enrichment gradient. Nemat = nematodes; Poly = juvenile 

polychaetes; Onuphid = Onuphidae polychaetes; Harpact = harpacticoid copepods; Amph 1 

= Maera mastersi; Amph 2 = Orchestia marmorata. Error bar represents + 1 SE.  
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The crabs tested had similar body sizes across treatments (ANOVA on CL, df = 4, 

67, p = 0.801) and thus could be expected to show similar dietary composition and 

consistent response to 13C labelling. No crabs died in ‘background’ cages, so any mortality 

of crabs in the treatments was due to enrichment. Mortality of crabs was highest at 10% OC 

(65%), followed by 3% OC (45%) and 5% OC (35%). Stomach fullness of crabs decreased 

at increasing enrichment level (Figure 4.4a; df = 4, 67, p < 0.001), due to the decrease in 

meiofaunal abundance and / or inability of the crabs to feed at elevated organic contents. 

Dietary composition of crabs was consistent along the enrichment gradient, with nematodes 

being the major food item (Figure 4.4b), probably because of the high abundance of 

nematodes in the sediment.  
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Figure 4.4 (a) Stomach fullness; (b) gut content analysis of soldier crab collected from 

Tallebudgera Creek before (day 0) and 1, 2, 4 and 6 d after the application of 13C tracer. 

MPB – microphytobenthos; Poly – polychaetes; Harpact – harpacticoid copepods; Nemat – 

nematodes. Data are mean +1 SE. Different letters indicate significant difference at α = 

0.05.  
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The extent of 13C enrichment between food source and consumers is illustrated in 

Figure 4.5. There was a clear difference in 13C labelling between MPB, meiofauna and 

soldier crabs. Amount of 13C transfer among compartments was derived from the temporal 

changes in the δ13C signatures of the compartments. All adjusted parameters in WinSAAM 

had FSD values < 0.5 and no adjustable parameter had an estimated value equal to the 

boundary condition values, suggesting that the pattern was well defined by the model. The 

best fit of the compartmental model was achieved using the transfer rates between 

compartments shown beside the arrows in Figure 4.6. The high mortality of juvenile 

polychaetes and amphipods in response to organic enrichment caused the loss of these 

compartments in the corresponding food webs. Carbon flow network of each treatment was 

constructed (Figure 4.6). A decrease in carbon assimilation rates between compartments 

with increasing enrichment was observed. Most of the MPB C was assimilated by 

nematodes, followed by juvenile polychaetes, amphipods and harpacticoid copepods. In 

enriched sediment, harpacticoid copepods assimilated two times more MPB carbon at 10% 

OC than at 3% and 5% OC. (Figures 4.6b to 4.6d). Soldier crabs assimilated most of their 

carbon from amphipods in the absence of organic enrichment; whereas the reverse was 

found at 3 and 5% OC (Figure 4.6). The rapid turnover rate of abundant nematodes in non-

enriched sediment may result in large amount of C backflow from nematodes to MPB C 

pool. Carbon flow rates between amphipods and juvenile polychaetes were below the lower 

boundary condition value in WinSAAM (9.00E-08 µg 13C d-1) in 5 and 10% OC treatments, 

suggesting that MPB C assimilation by these two compartments were negligible at 5 and 

10% OC treatments. In the 10% OC treatment, MPB and / or meiofaunal C assimilation by 

soldier crabs were beyond the lower iteration boundary in WinSAAM, which indicated that 

the assimilation of MPB and / or meiofaunal C by soldier crabs, were negligible. This was 
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supported by the stomach fullness results of the crabs, since the stomachs of crabs were all 

empty at 10% OC.  

 

 

Figure 4.5 Temporal changes in the δ13C signatures of MPB, juvenile polychaetes, 

harpacticoid copepods, nematodes, amphipods and soldier crabs, in (a) background; (b) 3% 

OC; (c) 5% OC and (d) 10% OC. * denotes missing error bars due to the inability to detect 

the carbon isotopic signals of some of the samples. The missing information of juvenile 

polychaetes (5% and 10% OC), amphipods and soldier crabs (10% OC) was because of the 

high mortality of animals and hence, elimination of those compartments in the treatments. 

Data are mean ± 1 SE. 
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Figure 4.6 The carbon transfer rate (µg 13C d-1) as estimated by WinSAAM modeling 

between MPB, juvenile polychaetes, harpacticoid copepods, nematodes, amphipods and 

soldier crabs. (a) Without the addition of algal powder; (b) 3 %; (c) 5%; and (d) 10% 

organic content, respectively. Solid lines represent the direction of carbon flow from lower 

to higher trophic levels, whereas dashed lines represent the return pathway. Line thickness 

represents the relative magnitude of carbon flow. Number in the arrow represents the 

amount of 13C label (µg) assimilated by MPB. 
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The total amount of C flow through all the individual compartments was greatest in 

the ‘background’ (342 µg C cm-2 d-1), followed by 10% (184 µg C cm-2 d-1), 5% (132 µg C 

cm-2 d-1) and 3% OC (99 µg C cm-2 d-1). C cycling was the greatest in the ‘background’ 

(FCI = 0.69), followed by 10% (FCI = 0.52), 3% (FCI = 0.44) and 5% OC (FCI = 0.34). 

Further, indirect effect index among compartments at control (9.37) was the greatest, 

followed by 10% OC (3.17) was greater than that at 3 (2.70) and 5% OC (1.49). FCI was 

higher at 10% OC compared to other treatments and hence, more C retained in that system. 

Full N, S and U matrices at background, 3, 5 and 10% OC treatments are summarised in 

Table 4.1. n1,1 was > 1 in all treatments, representing that MPB C would recycle through the 

sandflat food web and re-entered the MPB compartment before this C left the system. The 

diagonal values of meiofauna in throughflow matrix analysis were > 1 in all treatments, 

suggesting that the above compartments had the potential to cycle energy within them 

(Table 4.1a). The soldier crabs received greatest amount of MPB C indirectly at 3% OC 

(n6,1 = 0.30), followed by background (n6,1 = 0.28) and 5% OC (n6,1= 0.05). However, 

harpacticoid copepods assimilated the least amount of MPB C compared to juvenile 

polychaetes and nematodes as n4,1 > n2,1 > n3,1 in the control and n2,1 > n4,1 > n3,1 in 3% OC.  

The storage analysis matrix S traces the amount of C storage in each compartment. 

More C from the enrichment was stored in the soldier crab compartment (s6,1 = 102.2, 

107.6 and 18.7 in background, 3% and 5% OC treatment respectively, Table 4.1b) whereas 

less C was stored in other compartments (S < 1). Amount of MPB C stored in the nematode 

compartment increased at high level of enrichment (s4,1), possibly because of the high 

mortality of other compartments and hence, more C retained in the remaining organisms. 

Juvenile polychaetes and harpacticoid copepods gained more C when the abundance of 

soldier crabs increased as u2,6 and u3,6 are positive. The beneficial effect for juvenile 

polychaetes and harpacticoid copepods was greatest at 3% OC. However, nematodes and 
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amphipods lost more C when the abundance of soldier crabs increased and the detrimental 

effect was greater at higher enrichment levels (Table 4.1c & 4.2). Time-course figures of 

each simulation with the changes of MPB stocks by ± 10% resulted in overlapping of the 

solutions for each compartment. Hence the models were considered to be stable in the 

present study.  
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Table 4.1 Full (a) throughflow (N), (b) storage (S) and utility (U) analysis matrices of MPB, juvenile polychaetes, harpacticoid copepods, 

nematodes. Poly – juvenile polychaetes; Cope – harpacticoid copepods; Nemat – nematodes; Amp – amphipods; Crab – soldier crabs across 

enrichment levels. N/A - this interaction is not applicable due to the absence of the compartments in the corresponding treatment. 

 (a) Throughflow analysis (N) (b) Storage analysis (S) (c) Utility analysis (U) 

Background MPB Poly Cope Nemat Amp Crab MPB Poly Cope Nemat Amp Crab MPB Poly Cope Nemat Amp Crab 
MPB 5.74 5.73 5.62 5.60 3.75 0.00 1.00 1.00 0.98 0.97 0.65 0.00 0.99 -0.0004 -0.002 -0.008 -0.03 0.01 
Poly 1.36 2.36 1.34 1.33 0.89 0.00 0.25 0.44 0.25 0.25 0.17 0.00 0.002   1.00 -4E-06 -2E-05 -0.0001 2E-05 
Cope 0.63 0.63 1.62 0.62 0.41 0.00 0.39 0.39 1.00 0.38 0.26 0.00 0.02 -9E-06 1.00 -0.0002 -0.0006 0.0002 
Nemat 2.38 2.38 2.34 3.32 1.56 0.00 0.24 0.24 0.23 0.33 0.16 0.00 0.02 -9E-06 -5E-05 1.00 -0.01 -0.02 
Amp 0.67 0.67 0.66 0.65 1.44 0.00 0.38 0.38 0.37 0.37 0.82 0.00 0.27 -0.0001 -0.0006 -0.05 0.77 -0.27 
Crab 0.28 0.28 0.27 0.29 0.53 1.00 102 102 100 107 193 365 0.22 -0.0001 -0.0005 0.13 0.64 0.78 
                   
3% OC                   
MPB 2.41 2.41 2.34 1.71 0.47 0.00 0.99 0.98 0.96 0.70 0.19 0.00 0.96 -0.0009 -0.003 -0.05 -0.035 0.04 
Poly 0.75 1.75 0.73 0.53 0.15 0.00 0.23 0.55 0.23 0.17 0.05 0.00 0.003 1.00 -8E-06 -0.0001 -0.0001 0.0001 
Cope 0.23 0.23 1.22 0.16 0.04 0.00 0.20 0.20 1.05 0.14 0.04 0.00 0.03 -3E-05 1.00 -0.001 -0.001 0.001 
Nemat 0.58 0.58 0.56 1.41 0.12 0.00 0.21 0.21 0.21 0.51 0.04 0.00 0.19 -0.0002 -0.0005 0.89 -0.09 -0.17 
Amp 0.17 0.17 0.16 0.13 1.03 0.00 0.30 0.30 0.30 0.21 1.86 0.00 0.50 -0.0005 -0.001 -0.31 0.74 -0.51 
Crab 0.30 0.29 0.29 0.48 0.86 1.00 108 107 105 176 314 365 0.33 -0.0003 -0.0009 0.34 0.29 0.67 
                   
5% OC                   
MPB 1.65 N/A 1.54 1.36 N/A 0.00 1.32 N/A 1.24 1.09 N/A 0.00 0.99 N/A -0.01 -0.031 N/A 0.005 
Poly N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 0.00 N/A N/A N/A N/A N/A N/A 
Cope 0.39 N/A 1.36 0.32 N/A 0.00 0.74 N/A 2.60 0.61 N/A 0.00 0.06 N/A 1.00 -0.002 N/A 0.0003 
Nemat 0.34 N/A 0.32 1.28 N/A 0.00 0.16 N/A 0.15 0.60 N/A 0.00 0.15 N/A -0.002 0.86 N/A -0.13 
Amp N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 0.00 N/A N/A N/A N/A N/A N/A 
Crab 0.05 N/A 0.05 0.19 N/A 1.00 18.86 N/A 17.68 70.58 N/A 365 0.15 N/A -0.002 0.86 N/A 0.87 
                   
10% OC                   
MPB 2.44 N/A 2.34 2.22 N/A N/A 1.30 N/A 0.99 1.17 N/A N/A 1.00 N/A -0.014 -0.026 N/A N/A 
Poly N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 
Cope 0.84 N/A 1.80 0.76 N/A N/A 1.30 N/A 2.21 1.17 N/A N/A 0.04 N/A 1.00 -0.001 N/A N/A 
Nemat 0.71 N/A 0.68 1.64 N/A N/A 1.30 N/A 0.99 2.99 N/A N/A 0.091 N/A -0.001 1.00 N/A N/A 
Amp N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 
Crab N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 
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Table 4.2 Utility (U) analysis with sign showing the changes from one treatment to another. 

‘+’ represents an increase whereas ‘-’ represents decrease in the magnitude of the indices; 

‘o’ represents non-applicable comparison due to the high mortality of certain compartment.  

 
 Utility analysis (U) 

Background to 3% OC       
 MPB Poly Cope Nemat Amp Crab 

MPB - + + + + + 

Poly + o + + o + 

Cope + + o + + + 

Nemat + + + - + - 

Amp + + + - - + 

Crab + + + + - - 

       
3% to 5% OC       

MPB + o + - o - 

Poly o o o o o o 

Cope + o o + o - 

Nemat + o + - o - 

Amp o o o o o o 

Crab - o + + o + 

       
5% to 10% OC       

MPB + o + - o o 

Poly o o o o o o 

Cope - o o - o o 

Nemat - o - - o o 

Amp o o o o o o 

Crab o o o o o o 
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4.5 Discussion 

 

The functioning of tidal estuaries involves complex interactions of physical, 

biogeochemical and biological processes (Jickells & Rae 1997). Energy cycling is 

considered to be an important aspect of ecosystem function and interest in the comparison 

of ecosystem attributes appears to be growing (Degré et al. 2006, Grégoire et al. 2008). 

This study demonstrated the approach of conducting a field manipulative experiment for 

quantifying changes in resilience of an estuarine sandflat in response to pulse organic 

enrichment. This was achieved by measuring the C flows among compartments. The 

efficiency with which carbon was assimilated, transferred and dissipated provides 

significant insight into the fundamental structure and function of the system. 

 

4.5.1    Impact of organic enrichment on C cycling on sandflats 

            This study was conducted in late summer (late February to early April) and the 

time-span of the experiment (duration of the actual experiment) was 26 d. Although this 

experiment was only conducted once and potential temporal effects on the results cannot be 

assessed, previous studies showed seasonal differences in the natural organic carbon pool 

on intertidal mudflats, caused by temporal variation of terrestrial input of organic carbon to 

the estuaries (Cook et al. 2004). Furthermore, temporal variability of organic carbon of 

sediment relates strongly to seasonal fluctuations in primary productivity (Eyre & Ferguson 

2005). This might be the case of the local sandflats. C flow rates among organisms may be 

lower at lower temperature (i.e. winter) as the metabolic rate of organisms is lower (Qu et 

al. 2006). Continued monitoring of C flows among compartments over a range of temporal 

scales would help to capture the long-term characteristics of C dynamics in the sandflats.  
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Sediment receiving gross organic enrichment in this experiment had high mortality 

of meiofauna and soldier crabs, causing the food web to retain more C in the system. This 

phenomenon is shown by the high FCI and indirect effect index at 10% OC, compared to 

corresponding values at background, 3% and 5% OC. The addition of algal powder caused 

an increase in nutrients in the sediment, which facilitated the growth of MPB. However, the 

indirect effect index among compartments was the greatest at the control, followed by 10% 

OC which was greater than that at 3 and 5% OC. This indicated that more C flows among 

compartments indirectly in disturbed systems, agreeing with the findings of previous 

studies, e.g. Johnson et al. (1995). Therefore, the FCI was higher at 10% OC compared to 

other treatments and hence, more C retained in that system. The amount of C assimilated by 

the compartments from the inputs was highest in non-enriched sediment, suggesting that 

system resilience was reduced in response to organic enrichment. Furthermore, the high 

FCI with additional characters including, for example, a few short-cycled flows are 

indicative of stressed systems (R. Ulanowicz, pers. comm.). This pattern has been shown in 

other studies. Ray (2008) assessed the health of the Sundarban mangrove system with 

ecological network analysis and showed that the number of recycle pathways was higher in 

undisturbed systems and FCI decreased along the disturbance gradient. Similarly, Scharler  

and Baird (2005) compared the trophic structure and energy cycling of four estuaries in 

South Africa and showed that the more impacted estuary had shorter and fewer cycles and 

high FCI.  

The functional response of estuarine sandflats did not change linearly across organic 

enrichment levels. The V-shaped pattern of throughflow and utility analytical results at 

increasing enrichment in Table 4.1 was probably because of the sensitivity of the sandflat 

toward organic enrichment. This study reflects what might happen in estuaries due to pulse 

increase in organic load. C flow rates, system indices and C cycling decreased at increasing 
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enrichment levels, i.e. from control to 3 and 5% OC, indicating that the system was 

sensitive to organic enrichment. The treatment and control food webs would have the same 

number of compartments prior to the commencement of experiment. However, number of 

compartments at 5 and 10% OC food webs decreased after the addition of algal powder. 

This was probably because of the inability of some meiofauna groups and soldier crabs to 

survive at high enrichment levels. Nevertheless, the number of individuals in the existing 

compartments in each treatment and control did not change significantly through sampling 

time. This resulted in a smaller food web and higher C flow rates among the remaining 

meiofauna. Furthermore, this may indicate that nematodes and harpacticoid copepods were 

more tolerant to organic enrichment than other meiofaunal groups. Thus the C stored in 

those two compartments was higher than other treatments, resulting in higher values in 

throughflow and utility analyses at 10% OC. The higher C backflow from meiofauna to 

MPB comparing to the MPB C uptake by the meiofauna suggested that there might be 

additional sources of C for the meiofauna. However, assessment of the contribution of other 

food source is out of the scope of our study and is a potential area of future research. 

 

4.5.2     Response of meiofauna and soldier crabs to organic enrichment 

Most previous studies investigating the impacts of urbanisation on ecosystem health 

were based on changes in faunal abundance and diversity along pollution gradients (Gambi 

et al. 2003, Morris & Keough 2003). In general, results showed that in organically polluted 

habitats, there is no consistent trend in the changes of major meiofaunal taxa but species 

diversity consistently decreases (Coull & Chandler 1992). Furthermore, increased supply of 

nutrients and organic matter may not necessarily result in increased biomass and / or 

abundance of macrofauna, e.g. Lee (1999), as low levels of enrichment often produce a 
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biostimulatory effect. Our results showed that the abundance of meiofauna and species 

diversity decreased with increased enrichment level following the same trend as 

demonstrated in previous studies. Although the abundance of harpacticoid copepods and 

nematodes decreased to similar extents at increased enrichment levels, recovery of 

harpacticoid copepods, in terms of the MPB C assimilation rates, was greater than that of 

nematodes. It is generally believed that higher diversity of species would enhance 

ecosystem functioning (Cardinale et al. 2002). Therefore, a decrease in meiofaunal 

diversity and C flow between meiofauna and other compartments in organically enriched 

sediment would change the food web structure and ultimately reduce resilience at the base 

of the sandflat food web.  

Soldier crabs were sensitive to organic enrichment. Increased mortality and 

decreased feeding activity of soldier crabs were observed in the enriched treatments. The 

macrofauna are suggested to be less capable of re-establishing as rapidly as the meiofauna 

in disturbed sediments (Bolam et al. 2004, Austen & Widdicombe 2006). This is supported 

by a previous study, which showed an increase in mortality of macrofauna at a sewage 

outfall gradient at Ems-Dollard Estuary, The Netherlands (van Es et al. 1980). For instance, 

in Chesapeake Bay, organic enrichment caused a decline in benthic macro-infauna and blue 

crabs (Callinectes sapidus) whereas copepods were relatively unaffected (Kemp et al. 

2005). 

Through the application of a novel approach incorporating the use of compartmental 

and simulation models with a field manipulative experiment, I have combined the use of 

system attributes together with empirical ecological measurements, including examination 

in the changes of the abundance and assemblage composition of fauna, to assess the 

structural and functional response of estuarine sandflat to organic enrichment. The 

proposed approach works effectively in small-scale food webs. Such field tracer 
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experiments can, nevertheless, be misinterpreted if migration in and out of the experimental 

plots is significant. In this experiment, the issue of migration of animals was minimised by 

running the tracer experiment for a relatively short (6-day) period, starting three weeks after 

initially setting up the cages. Experiments in the laboratory using closed systems can also 

be useful (e.g. Lee et al. 2011) but can suffer from a lack of realism.  

Addition of algal powder may have indirect effects on the organisms, including 

reduction of oxygen concentration in sediment (see review by Pearson & Rosenberg 

(1978)), decrease in water clarity (Cloern 2001), and changes in biogeochemistry 

composition of the sediment (Hargrave et al. 2008). The sediment was well-flushed in this 

study by natural tidal cycles. Oxygen depletion caused by the addition of algal powder may 

be one possible consequence of the treatment. Bioturbation by soldier crabs increases the 

oxygen concentration of sediment (Webb & Eyre 2004). This may lead to changes in 

abundance and composition of microbial communities along the oxic to anoxic gradient of 

the sediment. Ultimately, enrichment may result in changes of abundance of organisms and 

assemblage composition, e.g. Rossi and Underwood (2002). I am aware of the differences 

in the temporal and spatial scales over which the diversity gradient of organisms were 

studied between the cited previous studies and our experiment. However, this is the first 

study to report immediate responses of estuarine sandflat community structure and function 

to organic enrichment, so there are no similar data to compare with. Caution is needed 

when comparing our results with those from the previous ecological studies. Nevertheless, 

resilience of the sandflat, in terms of the system’s ability to maintain its structure and 

pattern of behaviour in the presence of stress (Holling 1973), decreases in response to 

organic enrichment.  

The rapid decreases in system attributes and C flow rates between compartments 

with increasing enrichment level may suggest that the present system has a low threshold to 
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organic enrichment. Meiofauna has an important role in ecosystem stability and functioning 

due to its abundance and manifold interactions with high trophic levels (Hakenkamp & 

Moriny 2000). Decreased C flow at the base of the sandflat food web therefore has 

important implication for species at higher trophic levels, such as fish and seabirds, which 

are expected to be more susceptible to urbanisation. Anthropogenic disturbances can have 

chronic impacts on ecosystem functioning and their effects cannot be neglected. Once the 

functionally important components in the ecosystem are missing, the ecosystem may shift 

to an alternative state as a result of system malfunction. Trophodynamic responses, 

assessed along the lines of the quantitative analytical approach, should be considered in 

future ecological impact assessments examining system resilience to help maintain 

sustainable development of the estuarine environment. 
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Chapter 5 Assessing short-term responses of estuarine sandflat trophodynamics to 

pulse anthropogenic physical disturbance: support for the Intermediate Disturbance 

Hypothesis  

 

5.1 Abstract 

 

Many anthropogenic activities physically disturb urbanised coastal habitats. 

Unrestricted harvesting of key species, for example, potentially threatens not only the 

sustainability of the harvested species, but also ecological processes such as food web 

dynamics. The response of ecosystems to physical disturbances remains partly unknown 

due to the lack of suitable quantitative tools for assessing short-term (i.e. temporally 

sensitive) impacts on ecosystem functioning. I conducted a 6-day manipulative field 

experiment combining stable isotope (13C) enrichment, compartmental modeling 

(WinSAAM) and ecological network analysis (ENA), in order to quantify the short-term 

response of estuarine sandflat trophodynamics to pulse anthropogenic physical disturbance. 

Pulse physical disturbance was simulated by a bait collection device (“yabby” pump), with 

two disturbance intensities applied at the commencement of the experiment, in 0.09 m2 

quadrats. Six compartments and three trophic levels in the food web were sampled: 

microphytobenthos, four meiofaunal groups and soldier crabs. Abundance and assemblage 

composition of meiofauna returned to initial levels by the conclusion of the experiment (6 

days). Results showed that at low disturbance intensity, 1) carbon flow rates between 

compartments increased; 2) carbon cycling increased; 3) more carbon was retained in the 

food web; and 4) system indices reflecting ecosystem functioning and resilience were 

higher than undisturbed controls. Low disturbance intensity thus could facilitate carbon 
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transfer between organisms and increase resilience. Conversely, high disturbance intensity 

resulted in less carbon flow among compartments and reduced carbon cycling, thus lower 

resilience. This is the first study with field data showing that both ecosystem structure and 

processes support the Intermediate Disturbance Hypothesis. I provide a novel approach to 

assess the immediate response of estuarine trophic interactions to physical disturbances, 

undetectable using conventional approaches. This approach will help identify the resilience 

of sandflats subjected to anthropogenic stressors, one of the keys to successful ecosystem-

based management.  
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5.2 Introduction 

 

Physical disturbance is one key factor controlling the spatial and temporal 

composition of communities (Schratzberger et al. 2009). Anthropogenic activities cause 

physical disturbances on coastal areas mainly through bait collection (Contessa & Bird 

2004), boating (Herbert et al. 2009), trampling (Bowles & Maun 1982) and dredging 

(Somerfield et al. 1995). Harvesting of invertebrates for bait by recreational fishers is a 

widespread phenomenon worldwide. For example, the estimated live bait shrimp produced 

in ponds in Texas, USA, is valued at US$33 880 per ha (Gandy 2007). On Australian 

estuarine sandflats, the most common harvesting activity is of infaunal shrimp on sandflats 

(McPhee & Skilleter 2002). 

Along the east coast of Australia the thalassinidean shrimp or yabby (Trypea 

australiensis) is common on intertidal sandflats and in the subtidal regions of sheltered 

estuaries (McPhee & Skilleter 2002). Previous studies have assessed the impact of the 

recreational yabby harvesting by measuring changes in the densities and assemblage 

composition of benthic infauna (Skilleter et al. 2005). Yabby pumping not only removes 

target invertebrates but also turns the sediment over, transporting the underlying 

organically-enriched sediment to the surface and changing the prevailing biogeochemical 

pathways (Jordan et al. 2009). It is also expected that yabby pumping would have 

prolonged effects on the recruitment and settlement of benthic fauna (Wynberg & Branch 

1997, Skilleter et al. 2005).  

Yabby pumping has significant immediate consequences on the structure of 

intertidal benthic communities (Skilleter et al. 2005). Since fluctuations in ecosystem 

structure could crucially influence ecosystem functioning and resilience (Yaragina & 
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Dolgov 2008), yabby pumping is expected to affect ecological processes such as 

trophodynamics. However, yabby collection is largely unregulated, and there are no 

background data on ecosystem function to support the development of appropriate 

management strategies. This deficiency impedes our understanding of sandflat resilience to 

common but moderate anthropogenic physical disturbances such as bait collection through 

yabby pumping.  

Resilience is a key component of ecosystem health (Mageau et al. 1995). It 

indicates the amount of disturbance that a system can take and still remain within the same 

state or general condition (Holling 1973) and the degree to which the system is capable of 

self-organisation in response to disturbance (Underwood 1989). Ecosystem functioning 

depends not only on species abundance and assemblage composition but also trophic 

interactions (Duffy et al. 2005, Ings et al. 2009). Healthy ecosystems have more energy 

reserve to combat disturbance, and hence greater resilience (Costanza & Mageau 1999). 

However, when an ecosystem moves from one state to another as a result of disturbance, it 

may lose resilience as well as some of the ecosystem services available in the desired state 

(Elmqvist et al. 2003). One approach to understand how the ecosystem responds to 

anthropogenic disturbance is via the study of food web dynamics, which provides crucial 

information to help disentangle the synergistic effects of human-induced disturbance on 

marine ecosystems (Folke et al. 2004). 

Food web structure and the strength of trophic interactions are important for 

identifying ecological thresholds (Thrush & Dayton 2002) and to determine ecosystem 

functioning and resilience (Neutel et al. 2002, Thrush et al. 2009). However, the empirical 

approach to measure ecosystem resilience mainly focuses on the relationship between 

diversity, magnitude of ecosystem process and variability of ecological processes (Tilman 

et al. 2001, Dimitrakopoulos & Schmid 2004, van Ruijven & Berendse 2005), while 
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relatively few studies have examined both ecosystem structure and functioning across 

multiple trophic levels (Mulder et al. 1999, Duffy et al. 2005).  

Previous studies of disturbance on ecosystem structure led to the Intermediate 

Disturbance Hypothesis (IDH) (Grime 1973b). The IDH states that diversity and abundance 

of organisms are higher when disturbance is intermediate on the scales of frequency and 

intensity. The concept of IDH first originated from vegetation studies (Grime 1973b). 

Intermediate levels of disturbances allow the coexistence of more species since these 

disturbances may mediate periodic reductions of competitive-dominant species, thus 

favouring the colonisation by opportunistic species (Huston 1979). The IDH was then used 

by marine ecologists to expalin the relationship between assemblage structure and 

ecological processes, such as competition and predation. Lubchenco (1978) discovered a 

unimodal relationship between diversity of algal species and predation intensity of a 

herbivorous snail (Littorina littorea) in intertidal pool habitats; Sousa (1979) also 

discovered that density of algal species was greatest at intermediate levels of physical 

disturbance on intertidal boulders. Furthermore, Dial & Roughgarden (1998) suggested that 

IDH applied to the recruitment patterns of marine organisms with benthic adults and 

pelagic larval stages, such as barnacles’, for which the highest level of recruitment would 

result from low levels of disturbances. However, identification of ‘intermediate’ levels of 

disturbances is difficult and IDH may not be applicable to all ecological studies (see review 

by Mackey & Currie (2000).  

The understanding of ecological threshold and ecosystem resilience in response to 

disturbance will help to develop a predictive framework that can be used to avoid changes 

associated with loss of essential ecosystem functions. This study explores the functional 

response of sandflats to yabby pumping with the use of ecological modelling, in parallel 

with empirical ecological measurements such as animal abundance and diversity. I 
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hypothesised that meiofaunal abundance and C flow rates among organisms at the lower 

trophic levels of the estuarine sandflat food web would be maximised by low intensity of 

yabby pumping. I conducted a manipulative field experiment using the quantitative food 

web analytical technique developed in Chapter 3 to assess the short-term impact of yabby 

pumping on C flow and resilience of a simple food web comprising six trophic 

compartments and three trophic levels: the microphytobenthos (MPB), four dominant 

meiofaunal groups and soldier crabs (Mictyris longicarpus). While I had strong a priori 

reasons for expecting intermediate disturbances (in our case, LD) to maximise meiofaunal 

abundances (structure), this test of effect on C flow rates (process) was exploratory; I set up 

the test to confirm or refute that the pattern in the process measures would match those on 

structure. 

 

5.3 Materials and methods 

 

5.3.1 Field site 

The experiment was conducted on an intertidal sandflat ~ 2 km upstream from the 

mouth of Tallebudgera Creek in southeast Queensland, Australia (28º06’29”S, 153 

º26’57”E). The sandflat is about 220 m long and runs parallel to the shore at ~ 1 m above 

mean low water. 

 

5.3.2 Experimental design: Short-term dynamic response of sandflat trophodynamics to 

yabby pumping 

The experiment was conducted in July − September 2009 and preliminary 

experiment was conducted for 14 days to investigate the intensity of pumping conducted by 
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the bait collectors. Three weeks prior to the commencement of the experiment, 90 cages (∅ 

= 0.2 m, H = 0.4 m) were randomly placed 3-5 m apart on the sandflat, just above the 

extreme low water mark, within the aggregation zone of soldier crabs (M. longicarpus). 

Refer to Chapter 3 for cage design and deployment. Adult soldier crabs with similar 

carapace lengths and widths were collected locally by hand. Two weeks after cage 

establishment (day 14, to allow settlement of the sand after initial disturbance), one crab 

was put into each cage to simulate natural field densities, estimated to be 1.5 ± 0.2 

individuals per 0.0625 m2. Crabs were allowed to acclimatise in the cage for one week 

before the sediment was physically disturbed.  

Sediment was disturbed in an effective area of 0.3 x 0.3 m2 centred around each 

cage, using a “yabby pump”, a manual suction device consisting of a stainless-steel pipe 

with a handle and plunger (L = 0.75 m, ∅ = 0.05 m) on day 21 (between 1 and 3 hours 

prior to high tide). This device is popular among local bait-collectors for collecting yabbies. 

There were two treatments and two controls, each with 30 replicates. Cages were assigned 

to one of the following categories: (1) low disturbance intensity (LD) with one ‘burrow’ per 

disturbance area and four pumps per ‘burrow’; (2) high disturbance intensity (HD) with 

three burrows, and four pumps per ‘burrow’, resulting in a total of 12 pumps in total; (3) 

cage controls where sediment in the cages was undisturbed (UD); and (4) controls where 

sediment was collected randomly outside the cages (but within the effective area) without 

disturbance (‘in-between’ samples) (Figure 5.1). Yabbies were collected after pumping, in 

order to simulate the actual yabby pumping activity (Figure B4, Appendix B). Disturbance 

intensity applied in the present study was generalised from previous studies (McPhee & 

Skilleter 2002, Rotherham & West 2003) and our observation that bait collectors usually 

pump three to four times from the same yabby burrow and occasionally up to 12 times in a 
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confined area similar to that in the present study. The disturbance was applied five hours 

before high tide, allowing for sediment settlement before the tide returned.  

 

 
 

Figure 5.1 Top-view of the experimental setup of this study, (a) cage controls where 

sediment in the cages was undisturbed (UD); (b) low density disturbance (LD) with one 

‘burrow’ per disturbance area and four pumps per ‘burrow’; and (c) high disturbance 

intensity (HD) with three burrows and four pumps per ‘burrow’. Sediment was disturbed 

outside the cage and the appropriate number of yabby holes was pumped ( ) to match the 

treatment. Overlapping of   represents how the actual yabby pumping was performed at 

the same visible burrow.  

 

Chl a concentration and organic content of treatments and controls were monitored 

before the experiment began (day 0), on day 7 and 14 and when the sediment was finally 

harvested (day 21-26), to monitor changes throughout the experiment. Preliminary work 

had shown that abundance and assemblage composition of meiofauna at high intensity 

disturbance returned to the pre-disturbance level within seven days. On day 21 of the 

experiment, NaH13CO3 (1 g L-1) enrichment solution was sprayed evenly over the sediment 

surface in each cage, at an application rate of 2 g NaH13CO3 m
-2 (= 0.306 g 13C m-2). Cages 
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were randomly allocated for destructive sampling 0 (before), 1, 2, 4 and 6 days after 

enrichment (i.e. day 21-26 of the experiment), with six replicates for each treatment x time 

combination. On each sampling date, 24 sediment samples (18 from the cages and six 

randomly from the sandflat between cages – the ‘in-between’ samples), were collected 

from the top 10 cm of sediment within the cages (using a 10-cm diameter corer). Solider 

crabs inside the allocated cages, where the sediment samples were collected, and six crabs 

freely wandering on the shore were collected. The crabs were put in ice-slurry and 

transported back to the laboratory and stored at -20 ˚C before analysis. Refer to Chapter 3 

and Appendix B for details of the standard processing procedures for the 

microphytobenthos (MPB), extraction of the dominant meiofaunal taxa from the sediment 

and dissection of soldier crab hepatopancreas tissues for stable isotope analysis. Crab 

hepatopancreas tissues were used for stable isotope analysis because they take up 13C label 

faster than the leg muscle (Oakes et al. 2010), which is important when measuring short-

term disturbances. 

 

5.3.3 Gut content analysis 

In order to confirm that the relevant meiofaunal groups were chosen in the model, 

gut content analysis of local soldier crabs was performed. Carapace length (CL) of thawed 

crabs was measured to the nearest mm using Vernier callipers and the crabs were then 

dissected. The stomach contents were homogenised in 1 mL of Milli-Q water, and food 

items identified and scored using a 1-mL Sedgwick rafter counting chamber (S50) under a 

light microscope (Olympus CX31) at 100x magnification. Relative abundance of each food 

item was calculated as:  
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Food items were placed into the following categories: MPB, harpacticoid copepods, 

amphipods, polychaetes and nematodes. Feeding activity of crabs at different enrichment 

levels was assessed by their relative stomach fullness, calculated as:  

 

 

5.3.4 Modeling 

5.3.4.1 WinSAAM 

The compartmental modeling software WinSAAM (available at 

http://www.winsaam.org) was used to determine the C transfer rate between organisms 

based on temporal changes in the amount of tracer in the organisms throughout the 

experiment, without the need for the levels to reach equilibrium (Stefanovski et al. 2003). 

Use of the program is described generally in Wastney et al. (1999) and specifically for the 

purposes of food web experiments in Chapter 3. Compartments within the model were: 

(1) microphytobenthos (MPB, C source); (2) juvenile polychaetes; (3) harpacticoid 

copepods; (4) nematodes; (5) amphipods; and (6) soldier crabs. Transfer of 13C label to 

each compartment was calculated as in sections 2.2.2.1 and 3.3.6.1.  

 

5.3.4.2 EcoNet 

The C transfer rates between compartments as determined using the 13C tracer and 

WinSAAM were entered into EcoNet, and food web structure and energy cycling analysed. 

EcoNet is a simulation and network analysis software package for studying food web 

structure of ecosystems (available at http://eco.engr.uga.edu/index.html).  
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The selected method was fixed time-step (4th order Runge-Kutta), with step size at 

0.001 and iterated until the system reached steady-state. Quantitative indices on ecosystem 

functioning, namely, ascendency (A), system overhead (O), Finn Cycling Index (FCI), total 

system throughput (T), throughflow analysis matrix (N), storage analysis matrix (S) and 

Utility analysis matrix (U), were compared between treatments and controls. These indices 

were chosen because of their relevance to ecosystem attributes that are sensitive to 

disturbance (Odum 1985). Ascendency is used to measure the degree of organisation of 

ecosystems. System overhead, which is the difference between capacity of ecosystem 

development and ascendency (Ulanowicz 1986b), gives a useful measure of the resilience 

of the ecosystems (Costanza & Mageau 1999). A high system overhead indicates a high 

proportion of parallel pathways in the system (Allesina et al. 2005). The amount of energy 

cycling or FCI has been used to determine the degree of maturity and resilience of a system 

(Vasconcellos et al. 1997, Ray 2008). FCI is derived from the fraction of total flow that is 

devoted to cycling, and is defined as the ratio of the amount recycled to the sum of all flows 

in the ecosystem. T reflects the size of the system in terms of the sum of flows through all 

the individual compartments (Baird & Ulanowicz 1993). N represents how much 

environmental input to one compartment is received by another. S represents the 

relationship between input flow rates and compartment storage values and U indicates the 

interaction strengths between compartments. A negative value of U between compartments 

indicates that an increase in abundance of one compartment will decrease the C flow to the 

other compartments. Refer to Appendix A for further details of system indices.  
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5.3.5 Statistical analysis 

Stomach fullness and CL of the crabs for isotopic analysis were tested separately 

using one-way ANOVA with disturbance treatment as a fixed factor, to ensure that the 

crabs tested had similar body size and thus could be expected to show similar dietary 

composition and consistent response to 13C labelling. Differences in the Chl a concentration 

and organic content of sediment, abundance of individual meiofauna taxa and total 

abundance of meiofauna in the harvesting period were assessed separately using two-way 

ANOVA, with treatment and sampling day as fixed factors and planned contrasts separately 

for each time period when the interaction between treatment and sampling day was 

significant (Quinn & Keough 2002). Similarity of meiofauna assemblage composition 

among treatments was analysed, with temporal data on abundance of each meiofaunal 

group at each treatment, using ANOSIM (Primer v.6, Clarke & Gorley 2006), using 

intensity of disturbance as the treatment factor. In order to account for natural variability in 

the system, meiofaunal assemblage composition was compared among ‘in-between’ 

sediment samples throughout the harvesting period using ANOSIM (Primer v.6); Chl a 

concentration and organic content of in-between’ sediment samples were compared 

separately throughout the harvesting period using one-way ANOVA, with sampling day as 

a fixed factor. All statistical analyses were conducted using SPSS v.17.0. 

 

5.4 Results 

 

5.4.1 Physical conditions and assemblage structure 

Natural variability of the system was low during the harvesting period (Chl a 

concentration: df = 4, 25; p = 0.414; organic content: df = 4, 25; p = 0.120; meiofaunal 
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assemblage composition: ANOSIM: R = 0.03; p = 0.259). The organic content and Chl a 

concentration of LD and HD sediments decreased after disturbance. However, these two 

variables were similar to post-disturbance level by the end of the sampling period (Table 

5.1). Chl a concentration did not differ between ‘in-between’ and UD sediments (df = 3, 

116, ANOVA interaction Time*Treatment p = 0.784; planned contrasts between enriched 

and pooled mean for ‘in- between’ and ‘background’ significant for all time periods). Chl a 

concentration was similar between ‘in-between’ and ‘background’ sediment at all times (all 

planned contrasts non-significant), suggesting that deployment of cages did not have any 

effect on MPB or C abundance, e.g. by reducing light availability. However, density of 

meiofauna and abundance of individual meiofaunal taxa at UD were lower than ‘in-

between’ sediment (Figure 5.2). This may indicate caging effect on the colonisation and 

recruitment of meiofauna.  

 

Table 5.1 Summary of two-factor ANOVA results on Chl a concentration and organic 

content of sediment, with disturbance intensity and sampling day as factors. p values in 

bold indicate significance at α = 0.05.  

Independent variable df F  p  

Dependent variable - Chl a concentration    
Disturbance intensity 3  5.88 0.001 

Sampling day 4  2.91 0.025 

Interaction (Disturbance intensity x sampling day) 12   0.66 0.784 
Residual 100   
    

 Dependent variable - Organic content     
Disturbance intensity 3  3.57 0.017 

Sampling day 4  3.23 0.015 

Interaction (Disturbance intensity x sampling day) 12  0.48 0.923 
Residual 100   

 



 

 126

Overall total abundance of meiofauna was highest at LD, followed by UD and HD 

during the course of the experiment (LD: 185 ± 10; UD: 176 ± 11; HD: 147 ± 8 ind. per 

core). Density of meiofauna at LD and HD was depressed initially after disturbance and 

then increased back to the level at the commencement of the enrichment experiment by the 

end of the harvest period (Figure 5.2). Meiofaunal taxa had different response to yabby 

pumping though the overall interaction terms between harvesting period and treatment were 

insignificant for all dominant meiofaunal taxa (Table 5.2). Nematodes were the least 

affected by the level of physical disturbance, followed by juvenile polychaetes, amphipods 

and harpacticoid copepods. Assemblage composition of meiofauna was similar across 

treatments at the conclusion of the experiment, suggesting that meiofauna had recolonised 

the sediment by the end of the harvest period (ANOSIM, p = 0.297).  
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Table 5.2 Summary of two-factor ANOVA results on the abundance of nematodes, juvenile 

polychaetes, harpacticoid copepods, amphipods, and total abundance of meiofauna with 

disturbance intensity and sampling day as factors. p values in bold indicate significance at α 

= 0.05. 

Independent variable df F  p  

Dependent variable – abundance of nematode     
Disturbance intensity 3  1.34 0.266 
Sampling day 4  0.77 0.546 
Interaction (Disturbance intensity x sampling day) 12   0.51 0.905 
Residual 100   
    
 Dependent variable – abundance of juvenile 

polychaetes  
   

Disturbance intensity 3   4.11 0.009 

Sampling day 4   2.79 0.030 

Interaction (Disturbance intensity x sampling day) 12   1.55 0.120 
Residual 100   
    

 Dependent variable – abundance of harpacticoid 

copepods  
   

Disturbance intensity 3  28.78 <0.001 

Sampling day 4    5.15 0.001 

Interaction (Disturbance intensity x sampling day) 12    1.37 0.194 
Residual 100   
    
 Dependent variable – abundance of amphipods    
Disturbance intensity 3   57.04 <0.001 

Sampling day 4    7.73 <0.001 

Interaction (Disturbance intensity x sampling day) 12    1.77 0.066 
Residual 100   
    

 Dependent variable - Total abundance of 

meiofauna 
   

Disturbance intensity 3 25.40 <0.001 

Sampling day 4   4.25 0.003 

Interaction (Disturbance intensity x sampling day) 12   1.37 0.195 
Residual 100   
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Figure 5.2 Abundance of the taxa at different disturbance intensities initially after the 

disturbance and on day 21-26 during the course of the experiment: (a) nematodes; (b) 

juvenile polychaetes; (c) harpacticoid copepods; (d) amphipods; and (e) total number of 

individuals (mean + SE). Core volume = 785 cm3. 
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107 yabbies from 120 burrows were collected (mean length of rostrum to the end of 

carapace: 11.1 ± 0.2 cm; total length: 53.5 ± 12.8 cm) (Figure B4b, Appendix B). The crabs 

added to cages had similar body sizes across treatments (One-way ANOVA on CL, df = 3, 

100, p = 0.292) and thus could be expected to show similar dietary composition and a 

consistent response to 13C labelling. Stomach fullness of crabs was the lowest at HD (One-

way ANOVA, df = 3, 100, p < 0.001, Figure 5.3a), due to the decrease in meiofaunal 

abundance and / or inability of the crabs to feed at elevated disturbance intensity. The 

composition of crab diets was consistent among the disturbance intensity levels, with 

nematodes being the major food item (Figure 5.3b), mirroring the high abundance of 

nematodes in the sediments.  
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Figure 5.3 (a) Stomach fullness and (b) stomach composition of soldier crab collected from 

Tallebudgera Creek. MPB – microphytobenthos; Poly – polychaetes; Harpact – 

harpacticoid copepods; Nemat – nematodes; and Amph – amphipods. Data are mean +1 SE. 

Different letters indicate significant difference at α = 0.05.  
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5.4.2 Modelling 

The extent of 13C enrichment between food source and consumers is illustrated in 

Figure 5.4. There was a clear difference in 13C labelling between MPB, meiofauna and 

soldier crabs. Rates of 13C transfer among compartments were derived from the temporal 

changes in the δ13C signatures of the compartments. All adjusted parameters in WinSAAM 

had FSD values < 0.5 and no adjustable parameter had an estimated value equal to the 

boundary condition values, suggesting that data were well defined by the model. The best 

fit of the compartmental model was achieved using the transfer rates between 

compartments shown beside the arrows in the C flow network of each treatment (Figure 

5.5). Meiofaunal assimilation of MPB C was highest in LD, followed by UD and then HD. 

Nematodes were the least affected, followed by harpacticoid copepods, amphipods and 

juvenile polychaetes across treatments. Juvenile polychaetes were the most sensitive and 

their ability to assimilate MPB C decreased by 92% from LD to HD. The order of 

meiofaunal assimilation of MPB C was: amphipods (87%) > nematodes (77%) > 

harpacticoid copepods (53%), all of which showed a negative response to disturbance from 

LD to HD. Soldier crabs assimilated more C from nematodes in HD, followed by UD and 

then LD; whereas their assimilation of amphipod C was highest in UD, followed by LD and 

then HD (Figure 5.5).  
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Figure 5.4 Temporal changes in the δ13C signatures of MPB, juvenile polychaetes, 

harpacticoid copepods, nematodes, amphipods and soldier crabs, for the (a) UD; (b) LD; (c) 

HD treatments. 
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Figure 5.5 The C transfer rate (µg 13C d-1) estimated by WinSAAM modeling between the 

food web compartments for the (a) UD; (b) LD; and (c) HD treatments. Solid lines 

represent the direction of C flow from lower to higher trophic levels, whereas dashed lines 

represent the return pathway. Line thickness represents the relative magnitude of the C flow 

rate. The numbers associated with the arrows represent the amount of 13C label (µg) 

assimilated by the MPB transferred via the various flow paths. 
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The total amount of energy (indicated by T), C cycling (as indicated by FCI) in the 

food webs, ascendency and system overhead were greatest in LD, followed by UD and HD 

(Figure 5.6d-e). This indicated the degree of organisation and resilience of sandflat food 

webs were greatest at intermediate level of disturbance but decreased when it exceeds 

certain threshold, i.e. at high level of disturbance. Full N, S and U matrics for each 

treatment are summarised in Table 5.3. n1,1 was > 1 in all treatments, indicating that MPB C 

was recycled through the sandflat food web and re-entering the MPB compartment before 

leaving the system. The diagonal values of meiofaunal groups in throughflow analysis 

matrix (N) were > 1 in all treatments, suggesting that the above compartments had the 

potential to cycle energy within themselves (Figure 5.6a). The largest amount of C 

generated by MPB was assimilated by amphipods at UD and LD  (n5,1 > n2,1 > n4,1 > n3,1) 

whereas at HD, harpacticoid copepods  assimilated the largest amount of C generated by 

MPB (n3,1  > n5,1 > n4,1 > n2,1). The soldier crabs received more C generated by MPB 

indirectly in HD (n6,1 = 0.73) than in LD (n6,1 = 0.58) and UD (n6,1 = 0.59) but there was no 

direct flow from MPB to soldier crabs in any treatments or the control (n1,6 = 0) (Table 

5.3a).  

 The storage analysis matrix S traces the amount of C storage in each compartment. 

The C storage value of the meiofaunal compartments was greatest at LD, followed by UD 

and HD (Figure 5.6b). The amount of MPB C stored in amphipods was the greatest at UD 

and LD whereas harpacticoid copepods stored the largest amount of MPB C at HD 

treatment (s3,1 > s4,1 > s5,1 > s2,1).  There was no direct environmental input of C into the 

soldier crab compartment. Further, the environmental input to soldier crabs will not affect 

the amount of C stored in other compartments since the s2,6 = s3,6 = s4,6 = s5,6  = 0 (Table 

5.3b). Juvenile polychaetes and harpacticoid copepods gained more C when the abundance 

of soldier crabs increased in HD followed by UD and LD. However, an increase in soldier 
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crab abundance was more detrimental for nematodes in HD followed by UD and LD. 

Amphipods gained less C in the presence of soldier crabs in UD, followed that in LD and 

HD (Table 5.3c; Figure 5.6c). Time-course figures of each simulation with MPB stocks 

changed by ± 10% resulted in overlapping solutions for each compartment. Hence the 

models were considered to be stable in the present study. 
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Table 5.3 Full (a) throughflow (N), (b) storage (S) and (c) utility (U) analysis matrices of MPB, juvenile polychaetes, harpacticoid copepods, 

nematodes. Poly – juvenile polychaetes; Cope – harpacticoid copepods; Nemat – nematodes; Amp – amphipods; Crab – soldier crabs of 

across disturbance intensities. 

 (a) Throughflow analysis (N) (b) Storage analysis (S) (c) Utility analysis (U) 

UD MPB Poly Cope Nemat Amp Crab MPB Poly Cope Nemat Amp Crab MPB Poly Cope Nemat Amp Crab 
MPB 43.88 43.82 43.53 39.80 43.61 0.00 0.43 0.43 0.43 0.39 0.43 0.00 1.00 -0.0005 -0.0007 -0.01 -0.003  0.0009 
Poly 14.33 15.31 14.22 13.00 14.25 0.00 1.97 2.10 1.95 1.78 1.95 0.00 0.001   1.00 -9E-07 -2E-05 -4E-06 1E-06 
Cope   3.76   3.76   4.73   3.41   3.74 0.00 0.91 0.91 1.14 0.82 0.90 0.00 0.008 -4E-06   1.00 -9E-05 -2E-05 8E-06 
Nemat   5.70   5.69   5.65   6.17  5.66 0.00 1.21 1.21 1.20 1.31 1.20 0.00 0.09 -4E-05 -6E-05   0.94 -0.016 -0.08 
Amp 19.79 19.76 19.63 17.95 20.67 0.00 2.57 2.57 2.55 2.33 2.68 0.00 0.006 -3E-06 -4E-06 -0.005   1.00 -0.006 
Crab   0.59   0.59   0.58   0.62   0.59 1.00 215 214 213 225 216 365 0.07 -3E-05 -5E-05   0.75   0.19   0.94 
                   
LD                   
MPB 61.25 61.13 60.87 58.22 61.17 0.00 0.28 0.28 0.28 0.26 0.28 0.00 1.00 -0.0004 -0.001 -0.01 -0.0005 0.0004 
Poly 11.68 12.66 11.61 11.10 11.67 0.00 2.31 2.50 2.30 2.20 2.31 0.00 0.002   1.00 -2E-06 -2E-05 -1E-06 8E-07 
Cope   9.87   9.86 10.81   9.39   9.86 0.00 1.86 1.86 2.04 1.77 1.86 0.00 0.006 -2E-06   1.00 -7E-05 -3E-06 3E-06 
Nemat 13.90 13.88 13.82 14.21 13.88 0.00 2.85 2.85 2.84 2.92 2.85 0.00 0.05 -2E-05 -5E-05   0.96 -0.002 -0.04 
Amp 25.60 25.55 25.44 24.33 26.57 0.00 4.03 4.02 4.01 3.83 4.18 0.00 0.001 -5E-07 -1E-06 -0.001   1.00 -0.001 
Crab   0.58   0.57   0.57   0.59   0.58 1.00 210 210 209 214 210 365 0.045 -2E-05 -5E-05   0.91   0.05   0.96 
                   
HD                   
MPB 12.85 12.81 12.78 9.91 12.84 0.00 0.29 0.29 0.29 0.22 0.29 0.00 0.99 -0.0003 -0.002 -0.048 -0.0002   0.01 
Poly   1.00   2.00   1.00 0.77 1.00 0.00 0.32 0.64 0.32 0.25 0.32 0.00 0.003   1.00 -7E-06 -0.0002 -7E-07 3E-05 
Cope   4.80   4.78   5.77 3.70 4.79 0.00 0.82 0.82 0.99 0.63 0.82 0.00 0.006 -1E-06   1.00 -0.0003 -1E-06 6E-05 
Nemat   3.35   3.33   3.33 3.58 3.34 0.00 0.80 0.80 0.80 0.86 0.80 0.00 0.19 -5E-05 -0.0004   0.81 -0.0007 -0.184 
Amp   3.51   3.50   3.49 2.70 4.50 0.00 0.77 0.77 0.77 0.60 0.99 0.00 0.0009 -2E-07 -2E-06 -0.0006 1.00 -0.0006 
Crab   0.73   0.73   0.72 0.78 0.73 1.00 266 265 264 284 266 365 0.19 -5E-05 -0.0004   0.81 0.003   0.82 
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Figure 5.6 Comparison of system indices across treatments: diagonal values of (a) 

throughflow analysis and (b) storage analysis of meiofaunal compartments; (c) magnitude of 

utility analysis matrix between meiofaunal compartments and soldier crab; (d) Finn Cycling 

Index (FCI); and (e) total system throughput (T), ascendency (A) and system overhead (O). 

The lines are only put in to demonstrate the pattern of change in the system indices. The 

negative sign of Unemat,crab and Uamph, crab is removed to improve clarity. MPB – 

microphytobenthos; poly- juvenile polychaetes; cope – harpacticoid copepods; nemat – 

nematodes; amph – amphipods; and crab – soldier crabs. 
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5.5 Discussion 

 

Anthropogenic physical disturbance is expected to exert influence on benthic 

trophodynamics, but quantitative assessment of impacts is almost non-existent. In highly 

disturbed environments, ecosystem processes are driven by the colonisation ability and 

growth rate of individual species (Loreau et al. 2001). Physical disturbance leads to unstable 

food web structure, and causes the food web to become less resilient to subsequent 

disturbances (Worm & Duffy 2003, de Ruiter et al. 2005). It is important to identify 

ecosystem thresholds in response to physical disturbances in order to sustain beneficial 

ecosystem services (Balmford & Bond 2005).  

5.5.1    Physical factors, meiofaunal abundance and behavior of soldier crabs in relation to 

bait collection 

Compared to previous studies (Wynberg & Branch 1994, 1997), organic content and 

Chl a concentration of the sediment, and the abundance of the meiofauna recovered from 

disturbance in a short time (six days) in Tallebudgera Creek. The rapid recovery of the 

meiofauna following yabby pumping in the present study was also shown in crab tiling 

(Johnson et al. 2007). The high recolonisation rate of the benthic fauna might be a result of 

the rapid turnover rate of the meiofauna (Coull & Chandler 1992). Meiofauna were able to 

re-establish their original position after brief periods of disturbance, due to the ease with 

which benthic fauna re-distribute by water movement (Gheskiere et al. 2006, Rempel & 

Church 2009).  

Bait collection inflicts a broad range of direct and indirect impacts on target species 

and other components of the ecosystem (Herbert et al. 2009). The actual yabby pumping 
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activity does not only disturb the sediment, but also involves removal of the targeted species, 

which may have implications for non-target species and may ultimately reduce the 

biodiversity of the system (Skilleter et al. 2005). Removal of these species may have 

profound effects on ecosystem function (Folke et al. 2004). However, the main scope of this 

study was to investigate the impact of pumping activity on the trophodynamics of sandflats. 

Yabby pumping has immediate severe impacts on sandflat trophodynamics: the meiofaunal 

assimilation rate of MPB C changed in response to the intensity of yabby pumping. Soldier 

crabs do not have fixed home-range, so the only way to track C flows on the sandflats is to 

confine the crabs in the sampling area. I chose the mesh size of cages carefully in order to 

minimise caging effect. Although relatively low abundance of organisms in the ‘background’ 

may suggest an artefact of caging, this effect on the abundance of meiofauna should be equal 

while comparing the C flow rates between treatments and control. The C flow rates among 

compartments might, however, be higher for the ‘in-between’ controls. Harpacticoid 

copepods assimilated the greatest amount of MPB C at higher disturbance intensity. This was 

supported by previous studies, which showed that among major meiofaunal groups, copepods 

were the most resilient to the effects of severe physical disturbance (Warwick et al. 1990). 

Furthermore, the amount of meiofaunal C available to MPB (as indicated by the backflow of 

meiofaunal C to MPB) decreased at high-intensity disturbance. Therefore, the net flow of 

MPB C by meiofauna was greatest at LD, followed by UD and HD. This resulted in the 

decrease in C cycling at HD, implying that the system at HD was under most stress.  

Survival rate and dietary composition of soldier crabs were consistent regardless of 

disturbance intensity. However, the amount of meiofaunal C assimilated was different among 

the treatments. Soldier crabs assimilated the least total amount of meiofaunal C at LD but the 

greatest amount at HD. Further, a reversed pattern in feeding activity of soldier crabs was 

apparent, i.e. fullest at UD and least full at HD. This inconsistency might be because soldier 
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crabs assimilated more meiofaunal C in a stressed and more food-limiting environment, to 

compensate for the depurated meiofauna available in the sediment and also the inability of 

the crabs to feed properly under stress. This inverse relationship between assimilation and 

feeding rates is commonly observed in some invertebrates, such as marine mussels (Pessatti 

et al. 2002) and sea urchins (Lawrence et al. 2003). This pattern also indicates that not all the 

food items present in the gut of soldier crabs were assimilated (Rudnick & Resh 2005), again 

suggesting that snapshot approaches reporting ingestion (e.g. gut contents analysis) could be 

misleading in trophic studies.  

 

5.5.2    Effects of bait collection on ecosystem function 

System indices, C flow rates between compartments and C cycling in the system 

decreased significantly more at HD compared to UD and LD, suggesting that observations of 

the differences in abundance and in the faunal assemblage composition in response to 

disturbance (the conventional approach) are not sufficient for identifying impacts on 

ecosystem health. Further, the present system has a low resilience in response to physical 

disturbance, since the system attributes and C flow rates between compartments decreased 

significantly under the HD treament. High intensity yabby pumping greatly suppressed C 

cycling in the system. The system at HD became more ‘leaky’ and less capable of sustaining 

C flow in the system, which would ultimately result in system dysfunction.  

The IDH has been used to explain the role of non-equilibrium conditions for the 

maintenance of species diversity in ecological communities (Grime 1973b). Although the 

recolonisation rate of meiofauna in the present study was fast (diversity and assemblage 

composition resumed to post-disturbance level within a week), C flow rates between 

compartments and C cycling in the sandflat food webs were greatest at the intermediate 
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intensity of yabby pumping. This may be considered as a support for the IDH from the 

ecosystem function perspective. The IDH allowed coexistence of many species at 

intermediate levels of disturbance and species richness was demonstrated to show a uni-

modal response to productivity in a ‘neutral simulation model’ (Kadmon & Benjamini 2006). 

Further, Jørgensen and Padisák (1996) demonstrated that IDH complied with thermodynamic 

predictions on ecosystems. Findings of this study showed that intermediate level of 

disturbance would facilitate the organisation and functioning of sandflat food webs.  

The findings could potentially support predictions of the IDH. Although I could not 

compare the changes in system indices statistically, consistent patterns in the changes of 

magnitude of C flow rates and system indices were observed in this study, i.e., the 

magnitudes were greatest at intermediate levels (LD in this study) of disturbance. From a 

theoretical perspective, low levels of disturbance facilitate the colonisation of opportunistic 

species and hence lead to greater species diversity and abundance. This increase in species 

abundance can lead to an increase in species biomass, which in turn causes an increase in 

system organisation, utilisation of food sources and hence C flow rates in the system. This 

increase in species diversity can lead to an increase in species interaction in the systems, 

which in turn causes an increase in utilisation of food sources and hence C flow rates in the 

system (Bukovinszky et al. 2008). Therefore, the magnitude of system indices was greatest at 

LD (brief explanation in the system indices is given in Appendix A). 

Trophic interaction plays an important role in maintaining ecosystem stability after 

disturbance (Worm & Duffy 2003, Williams & Martinez 2008). Human use of ecosystems 

results in changes to ecosystem structure and hence may have profound effects on ecosystem 

functioning (Balmford & Bond 2005). There are limitations to exploring ecological changes 

in response to disturbance over large spatial scales and long time spans. Nevertheless, this 

study successfully investigated a small system experimentally with the integrated use of ENA 
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and empirical ecological measurement tools, including changes in diversity and assemblage 

composition. Although I only disturbed the sediment once, I found that C flow among 

compartments and C cycling in the sandflat food web demonstrated significant changes in 

response to yabby pumping. Therefore it is expected that the impacts from yabby pumping on 

sandflat food web trophodynamics may be magnified when the disturbance frequency further 

increases. Findings of this study could potentially provide support for the relation between 

IDH and ecological processes and are expected to have generic implications for sustainable 

management of estuarine resources. Although meiofauna have high turnover rates and may 

colonise the disturbed area within a short period, findings of this study suggested that impacts 

of bait collection on ecosystem function could be significant. Future management plans for 

recreational harvest of estuarine invertebrates, including frequency and volume of bait 

collection, should be cognisant of the impacts of bait collection on both structural and 

functional changes of the communities. 
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Chapter 6 Bridging ecological and numerical approaches for ecosystem health 

assessment: a meta-analysis of aquatic food web models 

 

6.1 Abstract 

 

Theoretical knowledge of ecosystems and the use of modelling tools for ecosystem-

based management have increased rapidly since the 1970s. Of commonly used numerical 

approaches, ecological network analysis (ENA) has great potential in enhancing our 

understanding on how ecosystem function changes in response to stress. Conversely, 

ecological indicators, reflected in measurable characteristics such as the structure or function 

of ecosystems, have been used by ecologists in the past few decades to assess the status and 

trends of ecosystems across temporal and spatial scales. Previous empirical ecological studies 

have found that stressed systems shared some common features, including decrease in 

primary productivity; increase in system productivity/biomass (P/B) ratio; and / or 

unbalanced system productivity/respiration (P/R) ratios. Although both numerical and 

ecological approaches assessing ecosystem health are based on theoretical characteristics of 

stressed ecosystems sensu Odum, few ecological studies made use of ENA. Therefore, this 

study aimed to examine the concordance between ecological and numerical approaches in 

describing ecological processes and assessing ecosystem health. I compiled recent (~1980s to 

present) best-available empirical data to construct 69 food web models of aquatic ecosystems 

using EcoNet. The models covered a wide latitudinal range and involved different types of 

aquatic systems. A meta-analysis of these models showed that absolute system indices, 

system overhead O (indicative of ecological resilience) and ascendency A (indicative of 

degree of organisation of ecosystems) were strongly correlated. Both indices decreased 
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exponentially with P/B, suggesting that organisation of ecosystems and ecological resilience 

decreased with increasing stress level. Relative system-wide indices, relative ascendency 

(A/C), average mutual information (AMI, ≈ average amount of constraint exerted on energy 

or material flow rates among compartments) and flow diversity (FD, ≈ the number of  

interactions and evenness of flows in the food webs) initially increased with increasing Chl a 

concentration and then decreased gradually even though A and total system throughput (T) 

increased, suggesting that the ecosystems were stressed when Chl a concentration was near 

the extremes of the range. These indices may therefore provide a guideline for identifying 

unhealthy aquatic systems. Findings highlight the usefulness of relative system indices for 

comparison between systems of different sizes and organisation. The combined use of 

ecological and modelling approaches is likely to prove useful in monitoring ecosystem health. 
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6.2       Introduction 

 

The rapid increase in human population threatens the integrity of ecosystems and 

causes changes in the Earth’s climate and biogeochemical functioning (Folke et al. 2004). 

Ecosystems usually respond to external forces with only minor changes in function, due to 

the adaptability of organisms in response to adverse environmental changes (Jørgensen & 

Mejer 1981). However, ecosystems become ‘stressed’ when the physiological integrative 

capacities of organisms are strained close to, or beyond, their limits (Meier 1972). Under a 

generally stressful condition, a low level of organisation would be optimal because 

ecosystems would then be better placed to respond and to rebuild structure and functions 

following catastrophic stress (Odum 1981). Stressed ecosystems may not recover or offer the 

possibility for remediation or may enter a new and different ecological state once the system 

is disturbed (Rapport et al. 2000). 

Ecosystem functioning, such as recycling of materials, relies on mechanisms that are 

dependent on highly complex interactions among organisms in the same or across trophic 

levels (Reichle et al. 1975, Noss 1990). Identification of natural and anthropogenic stressors 

on ecosystem functioning is important in ecosystem-based management (Costanza & Mageau 

1999). Anthropogenic stressors have important implications for ecosystems, ranging from 

individual, e.g. physiological and behavioural changes of organisms (Lee & Johnston 2007), 

to community levels, e.g. restructuring of trophic levels (O'Gorman & Emmerson 2009).  

Stress usually creates instability and reduces species diversity, resulting in decrease in 

productivity (Schindler et al. 1985) and impairment of ecosystem services (Lundberg & 

Moberg 2003). Ecosystems become dysfunctional as a consequence of anthropogenic 
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pollution, introduction of exotic species, changes in prevailing temperature or other 

environmental conditions (Rapport et al. 1998, Rapport 2002).  

 

6.2.1 Defining ecosystem health 

 The concept of ecosystem health involves ecological, socio-economic, and human 

health perspectives (Muñoz-Erickson et al. 2007). Anthropogenic values are incorporated 

into what is perceived to be ‘healthy’, and the definitions are subjective (Peters 1991). Using 

a metaphor with human health, Rapport et al. (1985) defined a healthy ecosystem as one in 

which the organisms and ecological processes remain ‘well’ within specified limits of system 

integrity, i.e. when ecological thresholds are not exceeded (Schaeffer et al. 1988). Further, a 

healthy ecosystem can be dynamic, i.e. not necessarily static in species composition 

(Welcomme 2001) and can maintain its capacity for providing basic services through time 

(Costanza 1992).  

Ecosystem health can be assessed by indicators of vigor (productivity), organisation 

(ecosystem structure) and resilience (ability to recover from disturbance, see Chapter 1) 

(Mageau et al. 1998, Costanza & Mageau 1999). Health has also been portrayed as 

conditions when: (1) key ecological processes are functioning; (2) human-impacted zones are 

improving; and (3) critical habitats such as seagrass beds are stable (Turner et al. 2004). Five 

guidelines have been suggested for assessing ecosystem health (Schaeffer et al. 1988, Haskell 

et al. 1992):  

(1) health should not be dependent on criteria based on the presence, absence, or 

condition of a single species;  

(2) health should reflect our knowledge of succession that occurs naturally in 

ecosystems;  

(3) health measures should not be represented as a single number;  
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(4) health measures should have known statistical properties, if relevant; 

(5) health measures should be dimensionless and apply to all ecosystems. 

 

6.2.2 Criticism of the use of ecological indicators in ecosystem health assessment 

Assessment of ecosystem health is based on using limited field data to define 

ecological indicators for monitoring health or degradation (Rapport & Whitford 1999). 

Ecologists mainly examined changes in abiotic and biotic variables in ecosystem health 

assessment (Pantus & Dennison 2005) (Table 6.1). Indicators for assessing ecosystem health 

can be classified into the following categories:  

(1) specific species, such as keystone species and bio-indicators (Courrat et al. 2009);  

(2) richness, evenness and dominance of species (Ritz et al. 1989);  

(3) environmental indicators, such as nutrient levels and water quality (EHMP 2007); 

(4) habitat indicators, such as connectivity among habitats (Cloern 2007); 

(5) attributes on ecosystem development or maturity (Odum 1969); and  

(6) holistic indicators or ‘network orientors’, such as stability, biodiversity, resistance 

(Mumby et al. 2007), and cycling index (Müller et al. 1998).  
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Table 6.1 A summary of the common biotic and abiotic indicators used by ecologists to 

assess the health of aquatic ecosystems, classified in six categories (see section 6.2.2). 

Area Category Indicators Examples 

Biotic 1 Indicator or keystone species Noss (1990) 
 2 Assemblage composition Karr (1991), An & Choi (2003)  
 2 Species abundance or biomass 

(mainly zooplankton and fish) 
Seilheimer et al. (2007) 

 2 Species richness Sánchez-Moreno & Navas 
(2007)  

 3 Chl a concentration or 
phytoplankton biomass 

Glassom & Branch (1997)  

 3 Biochemical oxygen demand 
(BOD)  

Ajmal et al. (1980), Lorenzen et 
al. (1987) 

 3 Nutrient processes, such as 
denitrification 

Udy & Bunn (2001), Udy et al. 
(2006)  

 4 Habitat indicators, such as 
proportion of seabed area set 
aside as marine protected areas  

Christensen & Cury (1997)  

 5 Productivity/biomass (P/B) ratio Margalef (1975)  
 5 Primary production/respiration 

ratio (P/R) 
Giddings & Eddlemon (1978), 
Schindler (1990) 

 6 Species interactions Underwood (1989), Bishop et al. 
(2007)  

Abiotic  3 Electrical conductivity or 
turbidity 

McGloin (2001) 

 3 Nutrient concentration of 
sediment or water (nitrogen or 
phosphorus) 

O’Neill et al. (1977), McGloin 
(2001), EHMP (2007) 

 3 Redox potential or oxygen 
concentration  

Badran (2001), Greenwood et al. 
(2009) 

 3 Hydrodynamics  Odemis & Evrendilek (2008)  
 

The ecological approach is mainly based on limited field data for defining ecological 

indicators for monitoring health or degradation in the field (Rapport & Whitford 1999). 

Although measuring certain biotic and abiotic factors can improve our understanding of 

fundamental ecological processes and how ecosystems might respond to stress (Martinez 

1994), the current tools used by ecologists are insufficient for describing and measuring key 

ecological processes (Peters 1991). Further, there are no standardised ways to combine biotic 

and abiotic metrics into a single or multi-metric score. 
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            The use of specific ecological indicators depends on the objectives of ecosystem 

health assessment (Niemi & McDonald 2004). A high level of a priori knowledge of local 

system ecology is required to define the metric thresholds accurately (Attrill 2002). However, 

there are many discrepancies in the use of terms and indicators for measuring ecosystem 

health (Grimm & Wissel 1997). Further, most ecosystem health assessments are based on 

measurements of ecological structural changes at specific sites and times (Yoccoz et al. 

2001), such as diversity measures or assemblage composition changes to indicate the changes 

in ecosystem function (Elliott & Quintino 2007), without measuring holistic changes of 

ecosystem functioning in response to stressors. Therefore, ecosystem responses to 

anthropogenic disturbance cannot necessarily be generalised by using ecological indicators 

alone (Niemi & McDonald 2004).  

            Sets of complementary multi-metric indicators incorporating biotic and abiotic 

components in ecosystems have also been used to provide a comprehensive view of 

ecological condition, such as the multi-metric index in AQEM project (Vlek et al. 2004), 

Ecosystem Health Indicators (Muñoz-Erickson et al. 2007), Estuarine Health Index (Morant 

& Quinn 1999) and European Water Framework Directive (WFD/2000/60/CE, 

http://ec.europa.eu/environment/water/water-framework/index_en.html). However, the use of 

multi-metric scores in ecosystem health assessment does not incorporate species interactions, 

which are subjected to natural variations, including seasonal changes (Chainho et al. 2008). 

Furthermore, it is difficult to determine the sampling frequency of operational monitoring 

programs and how multi-metric indices may apply to large spatial areas (Quintino et al. 

2006). Financial resources may also limit the effective implementation of large-scale 

ecosystem monitoring programs, such as WFD (Cardoso et al. 2006). Although measuring 

certain biotic and abiotic factors can improve our understanding of fundamental ecological 

processes and how ecosystems might respond to stress (Martinez 1994), the current tools 
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used by ecologists are insufficient for describing and measuring species interactions in 

relation to conceptualising and measuring ecological processes (Ulanowicz 2001).  

            Diversity, stability and behaviour of ecosystems are governed by interactions among 

organisms and connectivity with the abiotic environment (Pimm 1991). Knowledge of food 

web structure improves our understanding of ecosystem functioning (Martinez 1994) and 

hence, facilitates management and policy making concerning natural resources (Christensen 

& Pauly 1993a, Costanza & Mageau 1999). However, quantification of species interactions is 

a notorious problem, as methodological and logistical limitations impede simultaneous 

measurement of all flows (van Oevelen et al. 2006). The division of ecosystems into trophic 

levels involves the allocation of component species into distinct trophic levels. Many 

organisms are able to switch their diets seasonally (Kitts et al. 2004, Wai et al. 2008), 

geographically (Alexander et al. 1996) or ontogenetically (Grutter 2000). Therefore, it is not 

surprising that most ecological research only focused on the structural aspect of food webs in 

response to stress (Peters 1991). Further, there are as yet no consistent rules for the 

construction of food webs in different communities and by different authors. For example, 

food webs described from studies of the open ocean tend to be longer and narrower than 

those reported for estuaries, e.g. Leguerrier et al. (2007) and Giachas et al. (2009). This may 

reflect a real difference or only the tendency of open-ocean ecologists to use a larger range of 

organism sizes but to group more species in each trophic level while building the food webs. 

 

6.2.3 Assessment of ecosystem health: the numerical approach 

 The numerical approach has been widely used in environmental research, such as 

oceanic circulation models (Mounier et al. 2005, Checkley & Barth 2009), animal 

behavioural studies (McCarthy et al. 2010), global warming (Bastidas-Arteaga et al. 2010, 
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Kolomyts et al. 2010), population dynamics (Cropp & Norbury 2009b) and climate change 

(Cropp & Norbury 2009a, Komatsu et al. 2007). Mathematical models have also been used 

widely in ecological studies to facilitate understanding of ecosystem functioning: use of 

Bayesian analysis to investigate the relations between nutrient loading and climate change 

(Law et al. 2009), to predict resilience of coral reefs to disturbance (Renken & Mumby 2009); 

the Lotka–Volterra and Rosenzweig–MacArthur models to investigate predator-prey 

relations (Lotka 1956, Rosenzweig & MacArthur 1963). 

Ecological network analysis (ENA, refer to Chapter 1 for further details on the use of 

ENA in food web studies), which is the combined use of input-output analysis, trophic status 

and cycle analysis. ENA was first developed in the field of economics (so-called ‘input-

output analysis’) and was then introduced into ecology by Hannon (1973). Nevertheless, 

Odum’s attributes on stressed ecosystems (Odum 1969, 1985) seem to be a good match with 

the ecosystem features as indicated using ENA. 

 ENA provides a means of quantifying interactions among organisms in ecosystems 

and to assess ecosystem health in response to stress (Ulanowicz 1986b, Jørgensen et al. 2007). 

ENA serves to improve understanding in ecosystem functioning and complex relationships 

(Grigg 1990) and enable predictions about management impacts (Jørgensen et al. 2007). 

ENA has been used frequently for assessing anthropogenic impacts on ecosystem functioning 

(Jørgensen & Bendoricchio 2001).  

System indices calculated using ENA have been used to quantify both direct and 

indirect interactions among organisms in ecosystems (Ulanowicz 1986b) and provide 

considerable insight on organism interactions at ecosystem level (Jørgensen et al. 2007). The 

use of system indices can quantify and enhance our understanding ecosystem behaviour in 

response to stress (Pinnegar et al. 2005). For example, Ulanowicz (1986) proposed that 

ascendency (A, see Appendix A for definition) tends to increase with the growth and 
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development of many ecosystems whereas system overhead (O) tends to increase the energy 

reserves against disturbance and is thus used as a measure of resilience of ecosystems 

(Ulanowicz 1986b, Allesina et al. 2005, Lobry et al. 2008). It has also been demonstrated that 

characteristics of eutrophic ecosystems were correlated with the magnitude of system indices, 

e.g. lower ascendency and total system throughput in eutrophic ecosystems (Christian et al. 

2009). System-wide indices have been used in spatial (Baird & Ulanowicz 1993, Christensen 

1995, Baird 2009) and temporal (Baird & Ulanowicz 1989, Baird et al. 1998, Baird et al. 

2004) comparisons among ecosystems.  

  

6.2.4     Limitations to using ENA in ecosystem health assessment 

 Although ENA can provide a holistic view of ecosystems that incorporates 

ecological processes (Jørgensen et al. 2007), trophic models are difficult to build. Further, 

modellers are often not biologists, and may lack the intricate knowledge of species 

interactions and key biological processes necessary for building realistic dynamic models 

(Christensen & Pauly 1993b). In addition, ecologists and modellers often use different 

‘languages’ even when referring to the same attribute (Table 6.2). Some of the intra- and 

interspecific interactions, such as cannibalism, cannot be fully-evaluated by ENA. These may 

be the reasons why few ecologists use ENA in their studies.  

ENA has a few challenges to its use in ecological studies: 

1.  Models are only possible representations of complex ecosystems (Jørgensen 1997). 

Structural uncertainty of the model often results from a lack of long-term ecological data and 

difficulty in collecting biological data for modelling (Rapport et al. 1998, Jordan & Smith 

2005).  
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2. Food web models are not comparable using data being analysed by different 

network analysis software packages. The values of system indices differ when using different 

network analysis software packages, because of differences in the methodology of data entry, 

resolution of the input data required and the analytical procedures in various network analysis 

software packages (Heymans & Baird 2000b).  

3. Lack of multidisciplinary breadth, and especially a lack of grounding in ecological 

theory (Jørgensen 1997). It is important to use multiple metrics developed in different fields 

and integrate them in a single study in order to obtain a comprehensive picture of how 

ecosystems change in response to natural or anthropogenic disturbances (Rice 2000).  

4. It is not possible to have a model including all the ecological processes. Various 

models have been developed dealing with specific aspects because of the complexities of 

ecosystems (Grimm et al. 1999, Garcia-Domingo & Saldaña 2007). This impedes 

comparison among ecosystems. The principal weakness of ecological modelling is the 

generalised use of mathematical equations (Jordan & Smith 2005). Approximations and 

assumptions have to be made and the outputs of such models have to be carefully evaluated 

and calibrated for each ecosystem (Schumann et al. 1999).  

 

6.2.5 Aims of this study 

In general, both ecologists and modellers agree with Odum’s (Odum 1969) attributes 

of ecosystem development and his (Odum1985) attributes of stressed ecosystems. Further, 

Rapport et al. (1985) suggested the ‘ecosystem distress syndrome’ and agreed with Odum 

(1985) on most attributes of ecosystem stress. Conversely, Ulanowicz (1986) suggested the 

use of the system indices ascendency (A) and system overhead (O) to indicate ecosystem 

organisation and resilience, respectively (Ulanowicz 1986b). Although system indices were 
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developed based on Odum’s hypothesis on how ecosystems develop and response to stressors, 

the ecological correspondence of system indices to Odum’s attributes on ecosystem response 

to stress is yet to be examined. Therefore, the main objective of this study was to investigate 

the coherence between ecological and modelling strategies for measuring ecosystem health. 

If ENA and ecological approaches are concordant, system indices, e.g. AMI and FD, would 

be correlated with changes in the amount of energy available to the system (i.e. increase in 

Chl a concentration).   
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Table 6.2 Definition, measure and ecological significance of the common terms used by ecologists and modellers in assessing ecosystem 

health (terms are listed in alphabetical order). 

 

Terms Ecologists Modellers 

Connectivity 
or 
Connectance  

• Measure of size and distribution of patches of 
habitats, and the relative ease with which typical 
species can move through the landscape between the 
patches (Mumby & Steneck 2008, Goddard et al. 
2009).  

• Species abundance and diversity declines with lower 
habitat connectivity, habitat loss and fragmentation, 
especially for migratory species (Bender et al. 1998).   

• The proportion of all possible interactions within a 
system that is realised. Interaction strength is the 
intensity rather than the quantity of interactions 
(Martinez 1991). 

 
• Indicated by the contribution of indirect flows 

(Patten 1978, Fath & Patten 1999).  
 
 

Ecological 
indicators 
or 
System 
indices 

• Usually a measurable characteristic of the structure, 
composition or function of the ecosystems and used 
for assessing status and trends in ecosystems, to 
diagnose causes of degrading conditions across 
temporal and spatial scales (Niemi & McDonald 
2004).  

• Cycling is suggested as a crucial ecological indicator 
in any assessment of ecosystem functioning (Odum 
1969). 

• Quantify interactions among compartments and as 
system-wide measures, such as Finn cycling index 
(FCI) and indirect effect index (Finn 1976, 1980). 

• Overall cycling and the number and types of routes 
involved in this function decrease with stress. Thus 
cycling may well increase under stress to 
compensate for diminished storage in the higher 
trophic levels (Ulanowicz 1986a). 

Maturity • Applied to successional stage of an undisturbed 
ecosystem gradually approaching a more or less 
stable climatic stage (Odum 1969).  

• Associated with an increase in internal effective 
links, i.e. development of homeostasis, and become 

• A mature ecosystem tends to have high adaption 
and specialisation of its species to the environment, 
with highly interconnected structure (Schneider & 
Kay 1994).  

• At the mature stage, most of the energy captured by 
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less dependent on inputs (Margalef 1975). 

 

the ecosystem goes into maintaining its structure 
and only a small amount goes into growth. The 
growth of biomass finally stops when one of the 
essential nutrients for growth becomes scarce 
(Jørgensen 1997).  

• Sum of all flows, FCI and flow diversity 
(development capacity / total system throughput) 
are higher in mature ecosystems (Wilson et al. 
2007). 

Organisation • Organisation level of ecosystems presumably 
determined by the severity and / or the frequency of 
acute stress (Odum 1981).  

• Ecosystems in fluctuating environments subjected to 
periodic severe stresses are expected to exhibit a 
lower trajectory profile that is better adapted to 
facilitate recovery and repair following destructive 
events (Rapport et al. 1985, Rapport & Whitford 
1999).  

• A measure of the number and diversity of 
interactions between the components of a system 
(Reichle et al. 1975).  

• Ascendency quantifies both the level of system 
activity and the degree of the organisation 
(Ulanowicz 1980) and indicates the growth and 
development of ecosystems (Platt et al. 1981, Baird 
& Ulanowicz 1993). 

Residence 
time 

• Duration of materials remain in ecosystems 
(Ashkenas et al. 2004). 
 

• In poorly flushed environment, increased water 
residence times may exacerbate poor water quality 
and lead to detrimental effects (Pantus & Dennison 
2005).  

 
• Contaminants may have long residence times in 

ecosystems, such as lagoon or poorly flushed 

• Estimated from the ratio of total system biomass to 
the sum of all outputs (respiratory flows and 
exports) (Herendeen 1989, Christensen 1995).  

• Residence time of flow in a system increases to 
maximum during succession as a result of 
increasing ecological organisation (DeAngelis 
1980). 
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estuaries, where sediment is trapped near the coast. 
Dissolved nutrients may be trapped in the sediment 
(Saunders et al. 2007).  

 
 

Resilience • There are main four different ways to define 
resilience (Table 1.1 in Chapter 1).  

• In general, resilience is a measure of the ability of 
systems to absorb changes and persist, to adapt and 
adjust to changing internal or external processes 
(Holling 1973).  

• Resilience is related to: (1) the amount of disturbance 
that a system can absorb and still remain within the 
same state or general condition; (2) the degree to 
which the system is capable of self-organisation; (3) 
the degree to which the system can build a capacity 
to adapt external changes (Newton & Bai 2008). 

• Resilience is also a complementary attribute to 
stability, used to assess long-term persistence and is 
time-specific (Carpenter et al. 2001). 

• System resilience is related to: (1) energy flow 
through the system; and (2) the mean number of 
cycles a unit of mater makes in the system before 
leaving it (Pimm 1991).  

• Ecosystems with larger amount of energy (the 
quantity of energy processed per unit of living 
tissue) would result in greater resilience (DeAngelis 
1980).  

• System overhead (O) is a measure of the energy in 
an ecosystem that is available to resist perturbation 
(Angelini & Petrere 2000) and reflects the system's 
'strength in reserve' from which it can meet 
unexpected perturbations (Ulanowicz & Norden 
1990, Panikkar & Khan 2008). 

• Higher O are considered to be more capable of 
absorbing stress without dramatic loss of function 
(Ulanowicz 1986b). 

Stability • There is a large discrepancy in the use of ‘stability’  
(> 20 different meanings) among ecologists (Grimm 
& Wissel 1997).  

• There has been a long debate on the importance of 
diversity to ecosystem stability. However, the 
relationship between diversity and stability is not 

• Ability of a system to return to an equilibrium or 
‘normal’ state after a temporary disturbance 
(Holling 1973).  

• Stability and recycling are directly related attributes 
during ecosystem development (Odum 1969).  
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clear-cut.  

• Diversity may affect stability in some ways in some 
places and at certain times, but the relationship is by 
no means universal (Stiling 1999). 

• In general, the structural properties of food webs 
affect the dynamic properties of ecosystems and have 
important implications for stability and 
biogeochemical cycling (Cohen et al. 1993).  

• Stability tends to decrease with increasing number of 
trophic levels and weak intraspecific interactions 
among organisms in the food webs (Yodzis 1981).  

• In deterministic conditions, stability usually refers to 
the propensity of ecosystems to return to an 
equilibrium point (May 1973, Pimm & Lawton 
1977).  

• The presence of cycles will tend to destabilize the 
flow structure by increasing their sensitivity to 
changes (Jørgensen et al. 2007). 

• Webster et al. (1995) found that an increase in the 
amount of recycling relative to input resulted in a 
lower degree of stability.  

• Stability is indicated by relative ascendency 
(ascendency/development capacity, A/C). 
Ecosystems with A/C ratio equal to 50% suggest 
that the system is stable (Lobry et al. 2008). 
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6.3      Materials and methods 

 

6.3.1 EcoNet models 

  I constructed 69 food web models using EcoNet software. As it is difficult to 

include all compartments in the food web models, only dominant groups of organisms 

present in the food webs were included in the analysis. Biomass, dietary composition 

(mainly via gut content analysis) and C transfer rates among dominant compartments in the 

food web models were collected from various sources, including peer-reviewed articles, 

government reports, theses and the Ecopath database (http://www.ecopath.org) where the 

data were compiled from the above sources. Biomass was expressed in gC m-2 and flows in 

gC m-2 y-1. Wherever C transfer rates from compartment j to i were not available from the 

data source, the rates were calculated as:  

 C content of compartment j ×proportion of compartment j in i’s diet 

 The food web models used in this study were constrained by the quality of data 

available. Most models have between 20 and 30 compartments or trophic groups. 

Organisms with missing data on either biomass or dietary information (key parameters for 

EcoNet) were excluded from the models. 

 The models covered a wide range of habitats across latitudes and composed of more 

than three trophic levels. A brief description of the food web models, including the types of 

habitat and location where data were collected, and key references are given in Table 6.3. 

The key references only contained the common groups of organisms in the food webs. The 

network models in the references were not transcribed to the meta-analysis. It is because 

some of the data were missing in the network models listed in those references. Data 

entered into EcoNet were iterated using the fixed time-step method (4th order Runge-Kutta) 
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until the transfer rates reached steady state. A list of EcoNet system indices used to describe 

stressed ecosystems and their correspondence with the expected features of stressed 

ecosystems as suggested by Odum (1985) is presented in Table 6.4 (definitions of system 

indices used are listed in Appendix A).  
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Table 6.3 Models computed by EcoNet in Chapter 6. 

Location Habitat 

type 

Latitude No. of 

compartments 

Key references 

Gulf of California, Mexico                              Bays  Tropical 27 Arreguín-Sánchez et al. (2002)  
Terminos Lagoon, Mexico                           Bays   Tropical 20 Ecopath database, Manickchand-Heileman et al. (1998) 
Tampamachoco Lagoon, 
Mexico                                  

Bays   Tropical 23 Rosado-Solózano & Guzman del Próo (1998), Ocaňa- 
Ocaňa-Luna & Sánchez-Ramírez (2003) 

Tapong Bay, Taiwan                                   Bays      Subtropical 18 Lin et al. (2006), Huang et al. (2008) 
Tongoy Bay, Chile                                       Bays      Subtropical 24 Wolff (1994), Ortiz & Wolff (2002) 
Kuosheng Bay, Taiwan                                    Bays      Subtropical 17 Lin et al. (2004) 
Great Barrier Reef, Australia                           Coral reefs Tropical 25 Ecopath database, Furnas et al. (1995), Gribble (2005) 
Boca Paila, US  Coral reefs Tropical 13 Arias-González et al. (1997), Arias-González et al. (1998), 

Arias-González et al. (2004) 
Tampalam, US  Coral reefs Tropical 13 Arias-González et al. (1997), Arias-González et al. (2004), 

Lara & Arias-González (1998) 
Mahahual, US  Coral reefs Tropical 13 Arias-González et al. (1998), Arias-González et al. (2004) 
Uvea, New Caledonia Coral reefs Tropical 25 Le Borgne et al. (1997), Bozec et al. (2004) 
Nanwan Bay, Taiwan  Coral reefs Subtropical 18 Liu et al. (2009a) 
Pearl River Delta, China                              Estuaries Subtropical 26 Su et al. (2002), Duan et al. (2009) 
Apalachee Bay, US  Estuaries Temperate 49 Christian & Luczkovich (1994), Baird et al. (1998) 
River Thames, UK                                 Estuaries  Temperate 13 Mathews (1993), Trimmer et al. (2000), Nedwell et al. 

(2002) 
N Gulf of St. Lawrence, 
Canada                    

Estuaries  Temperate 32 Lawrence et al. (2003), Morissette et al. (2003), Morissette 
(2007) 

Gulf of Paria, US                                     Estuaries  Temperate 24 Manickchand-Heileman et al. (2004) 
N Gulf of Mexico, Mexico                                 Estuaries  Tropical 29 Morales-Zárate et al. (2004) 
Seine Estuary, France                         Estuaries  Temperate 15 Rybarczyk & Elkaïm (2003) 
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Location Habitat 

type 

Latitude No. of 

compartments 

Key references  

Tamiahua Lagoon, E Mexico         Estuaries   Tropical 13 Ecopath database, Abarca-Arenas & Valero-Pacheco 
(1993) 

Huizache–Caimanero, Mexico       Estuaries   Tropical 26 Edwards (1978), Zetina-Rejón et al. (2003) 
Orbetello Lagoon, Italy              Estuaries   Temperate 12 Brando et al. (2004) 
Venice Lagoon, Italy                                    Estuaries   Temperate 16 Flindt et al. (1997), Carrer & Optiz (1999), Cappucci et al. 

(2004) 
Chiku, Taiwan               Estuaries   Subtropical 13 Lin et al. (1999), Lin et al. (2001), Lin et al. (2006) 
Maspalomas Lagoon, Spain                                       Estuaries   Subtropical 10 Moreno & Castro (1998) 
Ébrié lagoon, Ivory Coast Estuaries   Tropical 42 Mepham et al. (1992), Villanueva (2004) 
Lake Nokoué, Benin                                  Estuaries     Tropical 31 Mepham et al. (1992), Villaueva et al. (2006) 
San Miguel Bay, Philippines                             Estuaries     Tropical 16 Ecopath database, Bundy & Pauly (2001) 
Chesapeake Bay, US                            Estuaries      Temperate 34 Boynton (1988), Baird & Ulanowicz (1989), Baird et al. 

(1991), Boynton et al. (1992), Ruiz et al.(1993), Baird et al. 
(1995); Monaco & Ulanowicz (1997); Stribling & 
Cornwell (1997), Arendt et al. (2001), Clark et al.(2003), 
Bilkovic & Roggero (2008), Fiscus (2009) 

Narragansett Bay , US                                   Estuaries      Temperate 14 Monaco & Ulanowicz (1997), Rybarczyk & Elkaïm 
(2003), Nixon et al. (2008), Nixon et al. (2009) 

Delaware Bay, US                                         Estuaries      Temperate 14 Mountfort et al. (1980), Botton (1984), Monaco & 
Ulanowicz (1997), Kiddon et al. (2003), Rybarczyk & 
Elkaïm (2003), Dittel et al. (2006) 

Somme Bay, France                       Estuaries      Temperate 10 Worm et al. (2000), Rybarczyk et al. (2003), Witte et al. 
(2003), Wilson et al. (2007) 

Lake Tanganyika, Burundi                                Lakes     Tropical 10 Moreau et al. (1993c), O'Reilly et al. (2002) 
Lake Ontario, Canada                                    Lakes     Temperate 15 Schindler (1974), Halfon & Schito (1993), Halfon et al. 

(1996), Seilheimer et al. (2007) 
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Location Habitat 

type 

Latitude No. of 

compartments 

Key references 

Lake Aydat, France                                      Lakes     Temperate 10 Reyes-Marchant et al. (1993) 
Lake Kinneret, Israel                                   Lakes     Temperate 14 Walline et al. (1993), Hambright et al.(2000), Yacobi 

(2003) 
Lake Victoria, Kenya                                    Lakes     Tropical 13 Moreau et al. (1993b) 
Lake George, Uganda                                     Lakes     Tropical 14 Moreau et al. (1993a) 
Lake Awassa, Africa                           Lakes     Tropical 14 Fetahi & Mengistou (2007) 
Yucatan Peninsula, Mexico                               Mangroves Tropical 18 Vega-Cendejas & Arreguín-Sánchez (2001) 
Sundarban mangroves, India Mangroves Tropical 14 Ray (2008), Das (2009) 
Caeté mangrove, N Brazil                                       Mangroves Tropical 19 Wolff et al.(2000) 
N Benguela, Namibia                             Open ocean  Tropical 23 Baird et al.(1991), Heymans & Baird (2000a), Dunne et 

al.(2004), Heymans et al.(2004) 
S Brazil Bight                Open ocean   Tropical 25 Ecopath database, Gasalla & Rossi-Wongtschowski (2004) 
South Benguela, S Africa                    Open ocean   Subtropical 32 Ecopath database, Shannon et al. (2003) 
Weddell Sea, Antarctica                                 Open ocean    Polar 20 Ecopath database, Jarre-Teichman et al. (1997) 
Hectate Strait                             Open ocean    Temperate 25 Haggan & Beattie (1999), Ainsworth et al. (2002) 
Hong Kong                               Open ocean    Subtropical 37 Ecopath database, Newcombe (1977), Huang et al. (1996), 

Pitcher et al. (2002) 
S Bay of Biscay  Open ocean     Subtropical 28 Sánchez & Olaso (2004), Le Loc'h et al. (2007), Sánchez-

Moreno & Navas (2007) 
Prince William Sound, Alaska   Open ocean     Temperate 48 Ecopath database, Dalsgaard & Pauly (1997), Okey & 

Pauly (1999) 
West Florida Shelf, US                                  Open ocean     Subtropical 59 Ecopath database, Okey et al. (2004) 
NE Venezuela shelf, US Open ocean     Temperate 16 Ecopath database, Mendoza (1993) 
German Wadden Sea                      Open ocean     Temperate 59 Ecopath database, Baird et al. (2007, 2008) 
Bering Sea                                         Open ocean     Arctic  24 McConnaughey & McRoy (1979), Trites et al. (1999) 
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Location Habitat 

type 

Latitude No. of 

compartments 

Key references 

English Channel                                         Open ocean     Temperate 49 Chardy & Dauvin (1992), Stanford & Pitcher (2004) 
NE Pacific Ocean                                   Open ocean     Subarctic 49 Ecopath database, Preikshot (2005), Giachas et al. (2009) 
SE Alaska                              Open ocean     Arctic  40 Ecopath database, Guénette (2005) 
Bohai Sea, China                                        Open ocean     Subtropical 13 Tong et al. (2000) 
Central Chile                                           Open ocean     Tropical 21 Neira et al. (2004) 
Lake Parakrama, Sri Lanka           Reservoirs Tropical 17 Ecopath database, Moreau et al. (2000) 
John Day reservoir, US                  Reservoirs Temperate 31 Harvey & Kareiva (2005) 
Ubolratana Reservoir, 
Thailand  

Reservoirs Tropical 19 Chookajorn et al. (1994) 

Broa reservoir, Brazil            Reservoirs Tropical 10 Angelini & Petrere (1996, 2000) 
Lake Qiandahou, China                                          Reservoirs Subtropical 16 Liu et al. (2007) 
Kromme Estuary, S. Africa                               Saltmarshes  Temperate 15 Baird & Ulanowicz (1993), Heymans & Baird (1995), 

Baird & Heymans (1996), Baird (1999), Scharler & Baird 
(2005), Snow & Adams (2006) 

Ems Estuary, S. Africa                                  Saltmarshes  Temperate 15 Baird & Ulanowicz (1993), Baird (1999), Scharler & Baird 
(2005) 

Ythan Estuary, Scotland                                 Saltmarshes  Temperate 15 Raffaelli & Hall (1992), Raffaelli (1999), Baird & 
Ulanowicz (1993), Ball et al. (1995) 

Swartkops Estuary, S. Africa                            Saltmarshes  Temperate 15 Dye (1978a, b), Dye & Furstenberg (1978), Baird (1999) 
Sundays Estuary, S. Africa                              Saltmarshes  Temperate 16 Baird (1999), Scharler & Baird (2005) 

 
Note: Ecopath models database available at: http://www.ecopath.org. Type of habitats was classified based on the location of sampling sites 

where organisms were taken to construct the food web models and the abiotic factors: estuaries with salinity below 30 ‰; bays are enclosed 

body of water with more oceanic flushes and have salinity above 30 ‰; lakes refer to freshwater lakes. 
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Table 6.4 Proposed relationships between hypothesised trends in stressed ecosystems 

(Odum 1985) and system indices in EcoNet. Refer to Appendix A for the system indices 

labels. 

 

Characteristics of stressed 

ecosystems 

Key features in 

system indices  

Postulated in 

other studies 

Remarks 

Energetics    

1. Community respiration 
(R) increases 

Lower Finn Cycling 
Index (FCI) 
Higher O 

 

 Amount of 
material flow 
among 
organisms and 
diversity of 
organisms 
decreases; 
dissipation of 
material 
increases 

2. P/R becomes unbalanced, 
either < or > 1 

Lower T when P/R < 1 
Higher T when P/R > 
1 

Baird et al. 
(2004), Liu et al. 
(2007) 
 

3. P/B and R/B ratios 
increase 

Lower C  
Lower final storage 
value of compartments 

Rybarczyk & 
Elkaïm (2003), 
Villaueva et al. 
(2006), Gascuel 
et al. (2008) 

4. Importance of auxiliary 
energy increases 
 

Lower FCI   

5. Exported or unused 
primary production 
increases 

Lower T  
Higher O (higher 
dissipation rate) 

 

Nutrient cycling    
6. Nutrient turnover 
increases 

Reduced residence 
time 
Lower FCI 

Herendeen 
(1989), 
Schindler 
(1990), Baird et 
al. (2004),  
 

Abundance 
and diversity 
of organisms 
decrease, 
hence amount 
of nutrient 
flow among 
organisms and 
nutrients 
retained in the 
system 
decrease – 
system 
becomes leaky 

7. Horizontal transport 
increases and vertical 
cycling of nutrients 
decreases 
 

Lower FCI Schindler 
(1990), Baird et 
al. (1995), 
Scharler & Baird 
(2005) 
 

8. Nutrient loss increases Lower FCI 
Lower C 

Schindler 
(1990), 
Rybarczyk & 
Elkaïm (2003) 
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Community structure 

9. Proportion of r-strategists 
increases 

Lower link density 
Reduced connectance 
Lower aggradation 
index 

 Growth of 
organisms 
decreases; 
mortality rate 
of organisms 
increases; 
connectivity 
among 
organisms 
decreases; 
resulting in 
smaller food 
webs 

   
10. Size of organisms 
decreases 

Lower final storage 
value of compartments  
Lower residence time 

 

11. Lifespan of organisms or 
parts decrease 

Lower final storage 
value of compartments 
Lower residence time 

 

12. Food chains shorten 
because of reduced energy 
flow at higher trophic levels 
and/or greater sensitivity of 
predators to stress 
 

Lower FCI 
Lower aggregation 
index (shorter path 
length) 
Lower flow diversity  

Johnson et al. 
(1995), 
Manickchand-
Heileman et al. 
(1998), Baird et 
al. (2007) 

13. Species diversity 
decreases and dominance 
increases; if original 
diversity is low, the reverse 
may occur; at the ecosystem 
level, redundancy of parallel 
processes theoretically 
declines 

Lower connectance 
Lower link density 
Lower flow diversity 

Dunne et al. 
(2002), Baird et 
al. (2007), Liu et 
al. (2007) 

General system-level 

trends 

   

14. Ecosystem becomes 
more open (i.e. input and 
output environments 
become more important as 
internal cycling is reduced) 
 

Lower FCI  
Lower 
homogenisation index 
Lower A/C 

Schindler 
(1990), Scharler 
& Baird (2005) 

Structural 
properties of 
ecosystems 
change, 
followed by 
the ecosystem 
processes, in 
response to 
stress; 
ecosystems 
may ultimately 
become 
unstable and 
hence, 
ecosystem 
services 
provided 
become 
unsustainable 

15. Autogenic successional 
trends reverse (succession 
reverts to earlier stages)  
 

Lower O  

16. Efficiency of resource 
use decreases 

Lower 
homogenization index 
Higher C 

 

 

17. Parasitism and other 
negative interactions 
increase, and mutualism and 
other positive interactions 
decrease 

Mutualism index < 1 
Lower synergism 
index 

 



 

 167

18. Functional properties 
(such as community 
metabolism) are more robust 
(homeostatic-resistant) to 
stress than are species 
composition and other 
structural properties, i.e. 
stressed systems have a 
greater propensity for 
negative than positive 
interactions 

Lower A Herendeen 
(1990) 

 

6.3.2    Ecological indicators used by ecologists to describe food web models 

The ecological indicators chosen in this study (Table 6.5) are commonly used by 

ecologists in ecosystem health assessment but are independent of the variables used in 

calculating the system indices: Chl a concentration (µg L-1) of the water column or 

sediment, productivity / respiration (P/R) ratio, productivity / biomass (P/B) ratio, total 

nitrogen (TN, µM) and total phosphorus (TP, µM). The mean value of the indicators was 

used in the analysis if more than one measurement was found from the literature.  

 

6.3.3    Statistical analysis  

  The most widely accepted features observed in stressed ecosystems were: lower 

primary productivity, an unbalanced P/R (< or > 1) and an increased P/B ratio, at increasing 

levels of stress (Odum 1969, Margalef 1975, Rapport et al. 1985). In this study, therefore, 

stress level experienced by ecosystems was indicated by: (1) low Chl a concentration, 

which is commonly used as a proxy of algal biomass and primary productivity; (2) increase 

in P/B; and (3) unbalanced P/R ratio (< or > 1). Alternatively, the most common system 

indices used by modellers for system-wide measurement of ecosystem responses to stress, 

especially when assessing ecosystem health, are O, A (A = T ×  AMI) and flow diversity 

(FD = C / T), where AMI is average mutual information, C is development capacity and T is 
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total system throughput (for details refer to Appendix A, Rutledge et al. (1976) and 

Ulanowicz (1986)). Therefore correlation between (1) A and O; (2) O and Chl a 

concentration, P/B and P/R ratios; (3) A, FD and AMI versus Chl a concentration were 

explored in more details. Chl a concentration, P/B, P/R, O and A were natural log-

transformed to reduce positive skewness in regression analyses (Quinn & Keough 2002). 

 A non-parametric Spearman’s rank correlation test was conducted on untranformed 

data to identify whether system indices are correlated to any independent ecological 

indicators used by ecologists to measure ecosystem health. The Spearman rank correlation 

coefficient, rs, ranges from -1 for totally opposite rankings, 0 for no correlation, to + 1 for a 

perfect match between the rankings. A Bonferroni correction was used to retain an overall 

5% experiment-wise Type I error rate despite the multiple pair-wise comparisons (Zar 

1999).  

 

6.4 Results  

  

 The ecological indicators and system indices of the food web models computed by 

EcoNet are listed in Table 6.5 & 6.6 respectively. The number of various types of 

ecosystems used in this study differed because of the availability of data on food webs 

suitable for modelling. However, some general patterns of ecosystems response to stress 

were found by grouping different food web models. 
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Table 6.5 Reported values of abiotic variables in the models. Chl a = Chlorophyll a 

concentration (µg L-1) of water column or sediment; TN = total nitrogen (µM); TP = total 

phosphorus (µM); P/R = productivity / respiration ratio; P/B = productivity / biomass ratio. 

 

Location Chl a TN TP P/R P/B 

Gulf of California, Mexico                              4.10 50 3.43 1.04 7.08 
Kuosheng Bay, Taiwan                                    24 4.50 1.55 1.06 14 
Tampamachoco Lagoon, Mexico                                 7.50 129 21 0.20 11 
Tapong Bay, Taiwan                                      190 1.9E+04 6.4E+05 1.36 16 
Terminos Lagoon, Mexico                           17 4.4E+04 2.0E+03 0.13 77 
Tongoy Bay, Chile                                       200 0.77 0.05 1.77 14 
Boca Paila, US  50 0.25 0.30 1.29 1.26 
Fringing reefs, Nanwan Bay, 
Taiwan  75 0.13 0.06 4.40 1.41 
Great Barrier Reef, Australia                           0.40 2.8E+05 5.5E+03 1.60 693 
Mahahual, US  25 0.25 0.40 1.25 2.21 
Tampalam, US  45 0.25 0.30 1.27 1.06 
Uvea, New Caledonia 5.89 0.11 0.08 3.10 30 
Chesapeake Bay, US                            15 10 0.65 1.45 624 
Delaware Bay, US                                         21 121 645 3.09 457 
Ébrié lagoon, Ivory Coast 4.90 1.06 0.03 5.68 7.17 
Gulf of Paria, US                                     3.45 15 20 3.80 5.95 
Huizache–Caimanero, Mexico        13 0.85 0.13 3.35 9.00 
Lake Nokoué, Ivory Coast                                  20 3.57 2.30 1.13 3.05 
Maspalomas Lagoon, Spain                                       24 0.61 0.13 2.17 7.69 
Narragansett Bay , US                                   22 16 2.45 4.03 491 
N Gulf of Mexico, Mexico                                 7.98 19 2.10 1.61 1.44 
N Gulf of St. Lawrence, Canada                   2.37 10 0.38 1.38 7.76 
Orbetello Lagoon, Italy              7.55 43 0.34 3.36 42 
Pearl River Delta, China                              12 164 3.20 2.87 1.08 
River Thames, UK                                 2.07 454 0.97 1.90 32 
San Miguel Bay, Philippines                             1.76 9.89 0.48 2.80 29 
Chiku, Taiwan               46 15 3.00 1.10 6.51 
Seine Estuary, France                         18 1.4E+03 5.49 1.37 5.96 
Somme Bay, France                        17 1.6E+03 15 16 360 
Apalachee Bay, US  4.50 0.29 0.47 1.44 6.98 
Tamiahua Lagoon, E Mexico          10 53 18 0.78 15 
Venice Lagoon, Italy                                    26 31 0.71 0.34 7.96 
Lake Aydat, France                                      12 98 1.99 7.30 12 
Lake Awassa, Ethipoia, Africa                           7.56 7.14 1.45 9.84 96 
Lake George, Uganda                              3.25 1.68 0.14 1.38 3.63 
Lake Kinneret, Israel                                   1.85 0.05 0.65 1.78 165 
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Location Chl a TN TP P/R P/B 

Lake Ontario, Canada                                    0.48 0.38 0.23 12 67 
Lake Parakrama, Sri Lanka            17 43 2.38 1.05 0.90 
Lake Tanganyika, Burundi                                1.69 22 3.37 0.74 219 
Lake Victoria, Kenya                                    10 46 1.84 1.31 0.90 
Caeté mangrove, N Brazil                                      7.00 60 2.40 3.75 457 
Sundarban mangroves, India 75 14 1.23 3.62 1.0E+03 
Yucatan Peninsula, Mexico                               14 6.31 0.55 1.99 128 
Alaska                              2.35 15 0.26 0.79 7.38 
Bering Sea                                         4.37 9.9E+05 101 1.61 0.18 
Bohai Sea, China                                        2.11 5.80 0.22 1.29 57 
Brazil Bight                1.80 4.60 0.43 1.30 597 
Cantabrian Sea, eastern Atlantic 20 2.7E+03 <0.01 4.90 16 
Central Chile                                           2.50 1.5E+05 7.10 1.66 0.71 
English Channel                                         0.07 3.03 0.29 5.82 1.6E+03 
Hectate Strait                             0.55 460 5.7E+03 0.03 135 
Hong Kong                               3.00 754 64 1.18 9.09 
N Benguela, Namibia                             0.16 214 182 4.32 206 
NE Pacific Ocean                                   2.25 2.00 0.50 1.88 31 
NE Venezuela shelf, US 5.74 19 1.33 0.75 1.58 
Prince William Sound, Alaska   2.94 1.32 0.34 0.83 9.77 
South Benguela, S Africa                    5.00 25 2.50 1.62 15 
Wadden Sea                       17 126 1.33 1.29 0.90 
Weddell Sea, Antarctica                                 0.60 4.01 0.06 1.16 51 
West Florida Shelf, US                                  0.58 15 18 0.76 55 
Broa reservoir,  Brazil            4.30 23 9.4E+04 0.37 1.26 
John Day reservoir, US                   2.80 30 2.00 1.29 9.72 
Ubolratana Reservoir, Thailand  12 2.6E+03 <0.01 1.05 22 
Lake Qiandahou, China                                          19 42 0.55 3.73 456 
Ems Estuary, S. Africa                                  0.22 1.7E+03 26 0.92 18 
Kromme Estuary, S. Africa                               1.00 76 0.76 1.43 85 
Sundays Estuary, S. Africa                              39 22 1.67 0.63 17 
Swartkops Estuary, S. Africa                            0.77 11 3.40 0.87 74 
Ythan Estuary, Scotland                                 1.46 1.0E+03 1.42 0.74 34 
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Table 6.6 System indices of models computed by EcoNet. AI = aggradation index; A = ascendency (gC m-2 y-1 bits); C = development 

capacity (gC m-2 y-1 bits); AMI = average mutual information (bits); Conn = connectance; FCI = Finn Cycling Index (%); FD = flow 

diversity; HI = homogenization index; IEI = indirect effect index; LD = link density; O = overhead (gC m-2 y-1 bits); MI = mutualism index; 

RT = residence time of C in the system; S = storage value of compartments; SI = synergism index; T = total system throughput (gC m-2 y-1).  

Location AI A C A/C AMI Conn FCI FD HI IEI LD O MI RT S SI T 

Gulf of California  1.67 488 958 0.51 1.68 0.20 0.06 3.29 0.85 0.10 5.41 470 0.60 7.98 36 3.61 291 

Kuosheng Bay  4.98 3.6E+04 8.7E+04 0.41 1.02 0.22 0.35 2.49 2.11 3.66 3.71 5.1E+04 0.88 0.07 83 6.23 3.5E+04 
Tampamachoco 
Lagoon  3.04 1.5E+03 2.8E+03 0.54 1.40 0.23 0.17 2.55 1.74 2.05 5.35 1.3E+03 0.66 0.42 32 6.36 1.1E+03 

Tapong Bay  1.77 6.7E+04 3.5E+05 0.19 0.47 0.31 0.06 2.50 1.50 0.91 5.61 2.8E+05 1.06 0.11 167 4.91 1.4E+05 

Terminos Lagoon  1.07 4.6E+03 6.3E+03 0.73 1.48 0.35 <0.01 2.03 0.94 0.09 6.95 1.7E+03 0.67 0.93 8.70 5.65 3.1E+03 

Tongoy Bay  18 4.7E+05 8.7E+05 0.54 0.82 0.16 <0.02 1.53 1.13 0.31 3.92 4.1E+05 0.86 0.42 277 1.38 5.7E+05 

Boca Paila  15 3.1E+08 8.0E+08 0.41 0.15 0.20 <0.03 0.38 1.48 0.60 2.62 5.0E+08 0.92 <0.01 7.7E+03 1.92 2.1E+09 

Nanwan Bay  16 6.3E+04 1.5E+05 0.42 0.97 0.37 0.62 2.31 2.08 17 6.61 8.8E+04 0.89 0.71 1.1E+03 3.85 6.5E+04 

Great Barrier Reef  2.31 4.01 7.14 0.56 1.73 0.26 0.01 3.08 1.13 0.44 7.73 3.13 0.75 4.59 0.11 2.94 2.32 

Mahahual  4.99 1.8E+07 5.4E+07 0.32 0.42 0.25 <0.01 1.29 1.40 0.32 3.23 3.7E+07 0.94 <0.01 2.3E+03 2.10 4.2E+07 

Tampalam  1.1E+03 1.2E+08 2.0E+08 0.53 0.11 0.21 <0.01 0.18 1.49 0.83 2.69 1.0E+08 1.09 0.05 6.7E+03 1.90 1.1E+09 

Uvea 2.50 1.3E+03 2.5E+03 0.53 1.41 0.15 0.14 2.66 1.56 0.67 3.84 1.2E+03 0.95 0.80 12 3.72 940 

Chesapeake Bay  2.60 3.4E+03 6.7E+03 0.51 1.47 0.10 0.14 2.91 1.66 1.47 3.50 3.3E+03 0.94 19 0.96 4.41 2.3E+03 

Delaware Bay  8.19 9.0E+03 1.6E+04 0.57 1.19 0.33 0.61 2.11 1.86 10 4.57 6.8E+03 1.58 0.23 2.59 4.75 7.6E+03 

Ébrié lagoon 1.69 1.5E+03 3.1E+03 0.47 1.72 0.18 <0.01 3.65 0.77 0.09 7.55 1.6E+03 0.53 6.15 46 3.65 849 

Gulf of Paria                                2.18 413 849 0.49 1.58 0.26 <0.01 3.25 0.84 0.14 6.17 436 0.53 22 43 3.44 261 

Huizache–Caimanero  11 1.9E+03 4.7E+03 0.41 1.02 0.31 0.39 2.47 2.08 3.93 8.00 2.8E+03 0.61 7.13 54 4.13 1.9E+03 

Lake Nokoué 2.72 1.0E+04 2.1E+04 0.49 1.75 0.24 <0.01 3.56 0.71 0.17 7.42 1.1E+04 0.63 2.81 317 2.80 5.9E+03 

Maspalomas Lagoon  2.28 2.9E+04 8.7E+04 0.34 0.70 0.19 <0.01 2.07 1.64 0.80 3.00 5.8E+04 1.29 16 169 4.09 4.2E+04 

Narragansett Bay                                   16 1.5E+04 2.2E+04 0.69 0.93 0.29 0.84 1.38 1.34 21 4.00 6.7E+03 1.39 0.08 2.44 3.89 1.6E+04 

N Gulf of Mexico                          1.22 1.7E+03 3.0E+03 0.58 1.38 0.25 <0.01 2.31 0.78 0.16 7.17 1.3E+03 0.69 95 279 4.34 1.3E+03 

N Gulf of St. Lawrence                   3.29 124 221 0.56 1.89 0.31 0.01 3.35 0.95 0.45 9.94 97 0.94 29 27 2.48 66   
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Location AI A C A/C AMI Conn FCI FD HI IEI LD O MI RT S SI T 

Orbetello Lagoon  1.76 1.7E+03 3.2E+03 0.52 1.41 0.18 <0.01 2.67 1.73 0.34 2.17 1.5E+03 1.18 0.61 9.06 4.68 1.2E+03 

Pearl River Delta  2.27 2.9E+03 5.4E+03 0.55 1.83 0.19 <0.01 3.38 0.97 0.15 4.88 2.5E+03 0.82 19 447 3.33 1.6E+03 

River Thames  3.30 59 88 0.67 1.79 0.17 <0.01 2.67 1.75 0.78 2.15 29 1.17 2.48 6.02 2.68 33 

San Miguel Bay  3.85 33 50 0.65 1.69 0.28 0.11 2.63 2.00 1.20 4.50 18 0.67 3.63 6.13 6.33 19 

Chiku, Taiwan               94 4.0E+04 9.9E+04 0.41 0.80 0.29 0.56 1.94 2.12 7.10 3.77 5.8E+04 1.35 1.04 239 3.07 5.1E+04 

Seine Estuary  3.57 9.0E+03 1.3E+04 0.68 1.88 0.23 0.02 2.71 1.84 0.67 3.29 4.2E+03 1.02 5.95 117 4.10 4.8E+03 

Somme Bay  3.28 3.1E+03 6.1E+03 0.51 1.15 0.28 0.29 2.26 1.96 2.54 2.56 2.9E+03 1.70 0.24 1.84 6.98 2.7E+03 

Apalachee Bay  1.8E+03 1.6E+03 2.0E+03 0.78 2.03 0.10 0.04 2.62 1.77 1.22 4.20 434 1.04 1.9E+04 45 1.21 764 

Tamiahua Lagoon  3.29 1.6E+03 3.4E+03 0.48 1.28 0.34 0.21 2.62 1.68 1.88 4.46 1.7E+03 0.82 0.93 28 4.50 1.3E+03 

Venice Lagoon  2.29 3.0E+04 8.8E+04 0.34 0.70 0.19 <0.01 2.10 1.64 0.80 3.00 5.9E+04 1.29 16 169 4.10 4.2E+04 

Lake Aydat  4.66 2.0E+03 4.4E+03 0.45 1.18 0.40 0.29 2.59 1.90 3.28 4.45 2.4E+03 1.52 0.45 42 3.24 1.7E+03 

Lake Awassa  1.23 1.6E+03 2.4E+03 0.65 1.32 0.34 <0.01 2.00 1.50 0.05 4.79 858 0.80 0.63 3.99 3.95 1.2E+03 

Lake George  2.15 325 661 0.49 1.39 0.41 <0.01 2.84 1.16 0.25 5.71 336 0.85 7.25 68 3.21 233 

Lake Kinneret  2.18 33 61 0.53 1.47 0.32 0.01 2.77 1.18 0.43 3.83 28 0.69 1.01 1.14 3.19 22 

Lake Ontario  3.37 2.54 4.97 0.51 1.03 0.21 0.34 2.02 1.73 2.14 2.93 2.44 1.18 1.9E+03 1.35 4.63 2.46 

Lake Parakrama  1.19 1.8E+03 2.7E+03 0.68 1.29 0.40 0.04 1.93 1.41 0.30 7.68 857 0.69 1.46 20 2.37 1.4E+03 

Lake Tanganyika  1.49 20 29 0.71 1.29 0.41 0.15 1.81 1.74 0.93 2.86 8.28 1.23 12 0.79 2.81 16 

Lake Victoria  2.63 2.2E+03 3.9E+03 0.56 1.66 0.35 0.01 3.00 1.15 0.49 5.56 1.7E+03 0.84 6.34 468 2.95 1.3E+03 

Caeté mangrove  11 1.3E+03 2.3E+03 0.58 1.24 0.25 0.51 2.09 1.76 7.57 4.68 948 0.81 0.16 0.76 2.46 1.1E+03 

Sundarban mangroves 5.23 8.8E+04 1.6E+05 0.54 1.41 0.22 0.28 2.58 1.80 3.35 3.07 7.4E+04 1.11 <0.01 1.93 2.74 6.2E+04 

Yucatan Peninsula  1.26 4.0E+03 7.0E+03 0.57 1.99 0.27 <0.01 3.50 1.28 0.17 4.89 3.0E+03 0.60 0.35 4.56 5.69 2.0E+03 

Alaska                             2.43 94 180 0.52 1.94 0.28 <0.01 3.75 1.01 0.56 11 86 0.95 61 29 2.61 48 

Bering Sea                                         3.30 1.2E+03 2.2E+03 0.57 1.78 0.26 <0.01 3.17 1.00 0.48 6.21 920 0.97 106 1.5E+03 2.65 694 

Bohai Sea  1.69 54 102 0.53 1.60 0.29 <0.01 3.00 0.88 0.15 3.77 48 0.72 4.61 3.44 3.93 34 

Brazil Bight                1.02 28 30 0.94 1.40 0.22 <0.01 1.50 1.13 0.21 5.29 1.77 0.86 127 0.31 4.33 20 

Cantabrian Sea 18 5.9E+03 1.6E+04 0.36 0.93 0.28 0.56 2.54 1.96 15 7.75 1.1E+04 1.11 3.31 75 3.31 6.3E+03 

Central Chile                                           3.01 232 355 0.65 1.93 0.14 <0.01 2.96 1.71 1.08 2.50 124 1.05 124 310 2.89 120 

English Channel                                         1.06 0.06 0.19 0.33 1.20 0.12 <0.01 3.80 0.96 0.19 5.58 0.13 0.82 14 0.02 3.75 0.05 
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Location AI A C A/C AMI Conn FCI FD HI IEI LD O MI RT S SI T 

Hectate Strait                            1.93 5.02 10 0.49 1.54 0.15 <0.01 3.08 1.10 0.32 3.76 5.20 0.85 33 0.77 3.52 3.25 

Hong Kong                              2.09 348 7.3E+02 0.48 1.57 0.25 <0.01 3.32 0.79 0.10 9.35 377 0.65 25 27 3.45 2.2E+02 

N Benguela  3.04 0.23 0.48 0.47 0.85 0.18 0.22 1.78 1.77 2.19 4.42 0.25 0.69 8.7E+04 0.34 2.80 0.27 

NE Pacific Ocean                                   1.71 81 153 0.53 1.92 0.16 <0.01 3.56 0.92 0.21 7.20 72 0.72 21 6.36 3.33 43 

NE Venezuela shelf 2.98 1.5E+03 2.5E+03 0.59 1.69 0.25 0.18 2.84 1.67 1.67 3.94 1.0E+03 0.91 8.58 213 3.89 880 

Prince William Sound  2.46 276 535 0.52 1.89 0.19 0.05 3.66 1.19 0.73 8.14 259 0.94 18 25 3.12 146 

South Benguela  4.38 1.1E+03 1.5E+03 0.74 1.26 0.16 <0.01 1.74 0.92 0.24 5.25 380 0.97 10 22 1.80 864 

Wadden Sea                      2.56 5.7E+03 1.1E+04 0.52 1.50 0.08 0.14 2.89 1.87 1.74 4.58 5.2E+03 0.97 1.2E+05 754 3 3.8E+03 

Weddell Sea  2.50 21 39 0.54 1.69 0.16 <0.01 3.25 1.35 0.34 3.15 18 0.54 5.55 2.18 3.06 12 

West Florida Shelf  1.44 6.94 18 0.38 1.36 0.24 0.01 3.54 1.19 0.85 14 11 0.93 11 1.98 2.91 5.09 

Broa reservoir    3.13 813 1.1E+03 0.77 1.56 0.24 <0.01 2.11 1.74 0.31 2.64 248 0.95 80 209 3.05 522 

John Day reservoir  2.87 290 4.7E+02 0.61 2.03 0.13 0.01 3.29 1.72 0.74 4.03 182 0.67 9.30 23 4.14 143 

Ubolratana Reservoir  1.01 281 1.0E+03 0.28 0.09 0.26 <0.01 0.32 1.60 1.35 4.35 737 1.21 0.67 752 1.77 3.1E+03 

Lake Qiandahou  3.06 3.9E+03 7.6E+03 0.52 0.80 0.20 0.43 1.55 2.18 1.48 3.19 3.6E+03 0.75 0.53 1.60 10 4.9E+03 

Ems Estuary  2.88 1.94 3.89 0.50 1.56 0.18 0.17 3.14 1.71 2.06 2.67 1.95 1.18 220 4.27 3.60 1.24 

Kromme Estuary  1.63 17 31 0.55 1.17 0.16 0.11 2.21 1.65 0.78 2.56 14 1.49 48 1.63 3.03 14 

Sundays Estuary  2.18 3.7E+04 1.1E+05 0.35 0.78 0.18 0.14 2.34 1.69 1.56 2.81 6.9E+04 1.00 0.75 82 3.22 4.7E+04 

Swartkops Estuary  2.54 21 34 0.61 1.64 0.16 0.09 2.62 1.65 1.00 2.33 13 1.39 130 1.85 3.99 13 

Ythan Estuary  2.83 11 24 0.46 0.78 0.16 0.30 1.71 1.65 1.45 2.21 13 0.85 17 4.26 3.51 14 
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 Among the ecological indicators, TN positively correlated with TP; whereas among 

the system indices, there was strong positive correlation between A, C, O and T. Rank 

correlations between system indices and ecological indicators confirmed the intuitive 

perception of ecologists and modellers that positive correlations exist between some system 

indices, in particular A, C, O and T and ecological indications, in particular Chl a 

concentration, and more weakly with P/B ratio (Table 6.7).  
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Table 6.7 Spearman’s rank correlation, rs, between system indices and ‘ecological indicators’ (enclosed by red box). Numbers in bold 

indicate significance at α = 0.05 after Bonferroni correction. Note: system indices were computed by EcoNet, apart from AMI and FD which 

were manually calculated.  

  Chl a TN TP P/R P/B AI A A/C AMI C Conn FCI FD HI IEI LD MI O RT S SI T 
Chl a 1.00                      

TN -0.11 1.00                     

TP -0.09 0.68 1.00                    

P/R 0.07 -0.16 -0.26 1.00                   

P/B -0.31 0.07 0.05 0.24 1.00                  

AI 0.38 -0.11 -0.08 0.22 -0.19 1.00                 

A 0.98 -0.12 -0.10 0.08 -0.31 0.41 1.00                

A/C -0.24 0.14 0.10 0.00 0.15 0.01 -0.19 1.00               

AMI -0.46 0.08 0.08 -0.07 -0.11 -0.20 -0.39 0.53 1.00              

C 0.98 -0.12 -0.10 0.09 -0.32 0.41 1.00 -0.23 -0.41 1.00             

Conn 0.23 0.08 0.11 0.05 -0.04 0.00 0.20 0.01 -0.15 0.19 1.00            

FCI 0.17 0.12 0.07 0.19 0.30 0.49 0.13 -0.11 -0.31 0.14 0.19 1.00           

FD -0.42 0.03 0.06 -0.03 -0.10 -0.31 -0.36 -0.04 0.77 -0.35 -0.16 -0.25 1.00          

HI 0.27 0.12 0.00 0.16 0.11 0.55 0.22 -0.05 -0.32 0.22 0.02 0.71 -0.39 1.00         

IEI 0.27 0.12 0.06 0.11 0.13 0.62 0.20 -0.21 -0.41 0.21 0.06 0.85 -0.34 0.82 1.00        

LD -0.06 0.00 0.00 0.07 -0.14 -0.22 -0.05 -0.05 0.27 -0.06 0.39 -0.09 0.41 -0.45 -0.29 1.00       

MI 0.23 0.13 0.04 0.03 0.02 0.31 0.18 -0.04 -0.34 0.18 -0.06 0.28 -0.36 0.43 0.52 -0.50 1.00      

O 0.97 -0.12 -0.09 0.10 -0.33 0.41 0.99 -0.29 -0.42 1.00 0.18 0.15 -0.32 0.23 0.24 -0.05 0.18 1.00     

RT -0.63 0.11 0.09 -0.16 -0.16 -0.27 -0.61 0.16 0.43 -0.62 -0.38 -0.20 0.36 -0.22 -0.20 0.10 -0.02 -0.63 1.00    

S 0.59 -0.09 -0.08 -0.19 -0.93 0.27 0.60 -0.23 -0.09 0.60 0.10 -0.23 -0.06 -0.03 -0.04 0.10 0.06 0.61 -0.11 1.00   

SI 0.07 0.08 0.12 0.13 0.31 -0.18 0.08 -0.06 -0.03 0.09 0.09 0.26 0.06 0.22 0.11 -0.05 -0.12 0.08 -0.10 -0.24 1.00  
T 0.99 -0.10 -0.09 0.07 -0.32 0.38 0.98 -0.25 -0.48 0.99 0.22 0.14 -0.43 0.24 0.24 -0.05 0.22 0.98 -0.64 0.60 0.06 1.00 
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 The strong positive correlation between A and O takes an approximately linear form 

once data are log-transformed (Figure 6.1). O increased significantly with increasing Chl a 

concentration, and decreased with increasing P/B ratio (Figure 6.2 a-b). For P/R, the 

question is whether O is related in any way to the P/R ratio of 1; this was easily formally 

tested but, graphically, there appears to be several high but also many low O values near the 

P/R ratio of 1 (and for A vs. P/R ratio, see Figure 6.2c and 6.3). The positive relationship 

between A and Chl a means that even the most productive, perhaps even eutrophic, systems 

had high A values. This relationship results from a strong positive relationship between Chl 

a and T (not shown, but similar to the pattern for A), which is one of the two components of 

A.  

 

 

Figure 6.1 Regression analysis of system overhead (O) and ascendency (A) for the 69 

models. *The regression is significant at α = 0.05. Note: one ‘bit’ is the amount of 

uncertainty associated with a binary decision.  
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Figure 6.2 Overall relationships between system overhead (O) and (a) Chl a concentration; 

(b) P/B; and (c) P/R ratios for the 69 models. * indicates a significant regression at α = 0.05. 
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Figure 6.3 Relationships between ascendency (A) and P/R ratio for the 69 models. 

 

 Although both C and T show strong positive correlation with Chl a concentration, 

the relation does not hold for FD (FD = C / T). Apparently C increases at a lower rate than 

T with increasing Chl a concentration and therefore FD decreases when Chl a 

concentration is at the extremes of the range (Figure 6.4). The pattern of change in AMI at 

increasing Chl a concentration is similar with that of FD. AMI values increased initially 

with increasing Chl a concentration and reached a maximum when Chl a concentration was 

at ~2 µg L-1 and then decreased gradually beyond this value (Figure 6.4). 
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Figure 6.4 Changes in (a) ascendency (A); (b) average mutual information (AMI); and (c) 

flow diversity (FD) at increasing Chl a concentration for the 69 models. * indicates a 

significant regression at α = 0.05. 
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6.5  Discussion  

   

Odum (1969) proposed 24 attributes that would identify ecosystems in the later 

stages of succession. These attributes were later used to predict what might happen in 

stressed ecosystems (Brando et al. 2004). Ulanowicz (1986) found correlation between 

many of these indices and created A (and AMI), based on the concept developed by 

Rutledge et al. (1976). This study is the first that examines the concordance among 

system indices and between system indices and ecological indicators used by ecologists 

in empirical ecological studies, in the area of assessing ecosystem responses to stress.  

 

6.5.1   Ecological relevance of system indices  

 Growth of an ecosystem results in an increase in the total system throughflow, 

while development of an ecosystem is reflected by a rise in the average mutual 

information inherent in the network flow structure. As an ecosystem matures and goes 

through a series of successional stages, its ascendancy exhibits a propensity to increase 

(Ulanowicz 1986b). The use of ascendancy as an indicator of system development 

offers new insight into ecosystem functioning, allowing an examination of the fitness of 

the system (Mandal et al. 2009). The absolute system indices, A and O, do not 

necessarily correlate and they purportedly represent different ecological attributes 

(Ulanowicz 1997). However, the strong positive correlation between A and O among 

the food web models may suggest that the food web models are in development and 

maturation phases, according to the hypothesised trajectories of C and A by Ulanowicz 

(1997). Mature ecosystems with more energy and / or material flow among 

compartments are expected to have more energy reserved against perturbation (Odum 

1969). Therefore, it is not surprising that a system with high T would have higher A and 

O (Tam et al. 2008).  
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Chl a concentration has been be used as a proxy for the biomass of primary 

producers and indicate the primary productivity of ecosystems (Serôdio & Catarino 

2000, Nixon et al. 2009). Primary productivity, in turn, has important implications for 

system productivity (Giachas et al. 2009). The strong positive correlation between Chl a 

concentration and the system indices, such as A and O, indicates the importance of 

primary productivity to the organisation and resilience of ecosystems. It has been 

suggested that primary productivity has important implications for energy and material 

storage of ecosystems (Hudiburg et al. 2009). Thus, ecosystems with higher 

productivity are expected to have more energy reserved against perturbation (Ulanowicz 

2003, Baird et al. 2007).  

Response of ecosystems subjected to an increase in nutrient level as indicated by 

the relative system-wide indices matched that predicted by ecological theory. High Chl 

a concentration is often associated with eutrophication (Tett et al. 2007). Eutrophication, 

from the ecological perspective, is a suite of undesirable anthropogenic symptoms. 

Alternatively, from the modelling perspective, eutrophication is defined as ‘any increase 

in system ascendency due to a rise in T that more than compensates for a concomitant 

fall in AMI of the flow network’ (Ulanowicz 1986). In eutrophic ecosystems, an 

increase in nutrient loading facilitates the growth of primary producers, such as 

phytoplankton and macroalgae, often leading to increases in productivity and nutrients 

availability to consumers (i.e. higher T and A values). However, an excess of nutrients 

and productivity can lead to hypoxia and in turn, a decrease in biomass and diversity of 

consumers (Paerl et al. 1998). Thus, uncertainty in the direction of energy or material 

flows among compartments will increase, i.e. lower AMI and FD values (Ulanowicz 

1997, Christian et al. 2005). Scaling of AMI with T in the original formulation of A 

yields an index wherein the AMI plays an important role in quantifying dimensions of 

network structure not present when systems are merely optimised for T (Latham & 
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Scully 2004). My analysis showed that the AMI and FD of ecosystems were low when 

Chl a concentration was at the extremes of the range, suggesting that the ecosystems 

were stressed at those Chl a levels. Previous studies, e.g. Bondavalli et al. (2006) also 

showed that T and A increase while AMI decreases in eutrophic ecosystems. This 

finding may provide a useful guide for future management of coastal waters in the face 

of the increasing global threat of eutrophication.  

System P/B is high in eutrophic (Smith 2007) or immature environments 

(Rybarczyk & Elkaïm 2003). Increase in P/B ratio resulted in a decrease in O and A, 

indicating that a decrease in resilience and organisation of ecosystems at increasing 

level of stress experienced by ecosystems. This agrees with the theoretical expected 

trend in stressed ecosystems suggested by Odum (1985). Findings of this study showed 

that O decreases with increasing P/B ratio. Although Rapport et al. (1985) suggested 

that the P/B ratio might be a better response indicator of stress than primary 

productivity alone, the negative correlation between O, A and P/B ratio, however, does 

not necessarily hold. Baird et al. (1991) showed that the P/B ratio does not always 

increase with increasing stress level experienced by ecosystems. The discrepancies of 

response found in different types of ecosystems indicates the complexity of ecosystems 

as a whole, the need for  long-term ecological data and the importance of incorporating 

multiple ecological indicators in assessing ecosystem stress (Rapport et al. 1998). 

 

6.5.2  Deficiency of using ecological indicators or system indices alone to measure 

ecosystem health 

Nutrient level (TN and TP) was not significantly correlated to Chl a 

concentration across the food web models, although changes in primary productivity 

often follow changes in nutrient availability (Rapport et al. 1985). In general, Chl a 

concentration increases with addition of nutrients but will be suppressed when nutrient 
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concentrations exceed certain thresholds (Devlin et al. 2007). However, nutrients’ 

discharge is a localised effect and ecosystems respond in different ways to different 

levels of nutrient discharge (Ellis et al. 2000, Oberholster et al. 2008). It may take a 

long time for the nutrients to have a consistent effect on the whole ecosystem (Nixon et 

al. 2009). Other factors, such as light intensity and salinity, may also co-vary with the 

effects of nutrient additions in ecosystems (Stutes et al. 2006). Therefore, nutrient 

concentrations alone may not be a good indicator of the stress level experienced by 

ecosystems.  

According to Odum (1985), stressed ecosystems should have unbalanced P/R, 

i.e. < or > 1. There is seemingly a parabolic relationship between O and P/R ratio (and 

for A vs. P/R ratio). Rosenfeld & Mackay (1981) showed that natural ecosystems may 

not properly express a P/R ratio equal to one and argued that it is inaccurate in 

representing maturation or stress on ecosystems. Meyer (1989) suggested that a good 

measure of net primary production respired in the community, is needed before using 

P/R to measure ecosystem health. Further, from the mathematical point of view, it is 

statistically difficult to show whether P/R deviates significantly from one. Therefore, 

using P/R alone may not be sufficient to represent the stress level experienced by the 

ecosystems.  

The positive correlation between T and A does not always hold. A negative 

correlation between T and A was found in subsystems of the Yellow River Basin (Li et 

al. 2009). An inverse pattern between T and A was also shown in a previous study, 

which compared the resilience of Dublin Bay, Chesapeake Bay and the Baltic Sea 

(Wilson & Parkes 1998). This suggests that systems with high T are not necessarily 

those with the highest flow efficiency among compartments.  

Relative ascendency (A/C) mathematically excludes the influence of T on A and 

C (Field et al. 1989) and is often used to indicate system stability (Heymans & 



           

184 
 

McLachlan 1996). In the Spearman’s rank correlation analysis, A/C was only correlated 

to AMI in this study. Although modellers generally agree that A/C tends to decrease 

with increasing stress level (R. Ulanowicz, pers. comm.), the relationship between A/C 

and primary productivity of ecosystems is not clear-cut. Some studies showed a positive 

relationship between A/C and primary productivity, e.g. Tam et al. (2008); whereas 

some demonstrate the opposite relation, e.g. Rybarczyk & Elkaïm (2003) and Baird et al. 

(2004). Therefore caution is needed while sing system indices alone to describe 

ecological processes or monitoring ecosystem health. 

The level of material cycling has implications for the stability of ecosystems 

(Odum 1971, Ulanowicz 1983). Stressed ecosystems are expected to have lower 

material cycling ability (Bondavalli et al. 2006). Therefore, previous studies suggested 

using FCI as the indicator of ecosystem stress (Borrett & Osidele 2007). The current 

meta-analysis, however, found no significant correlation between ecological indicators 

and FCI. This illustrates the conflicting evidence from different studies with both 

positive (Baird & Heymans 1996) and negative (Ray 2008) relationships being found 

between FCI and ecological indicators. FCI should be used in conjunction with other 

structural characteristics of the food webs in identifying the level of stress experienced 

by the ecosystems.  

 

Ecosystem health assessment cannot be generalised using a single indicator or 

system index. A set of system indices, including exergy and emergy, were demonstrated 

as related to ecosystem-level properties of complexity, maturity and stability (Jørgensen 

1990, Bastianoni & Marchettini 1997, Fabiano et al. 2004). Ecosystem theory has 

developed significantly in recent decadesin terms of the capacity to describe the system-

level properties of an ensemble (Ulanowicz 1986b). ENA, as a scientific analytical tool 

widely accepted by modellers, requires empirical ecological studies to provide the 
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background information essential to constructing a holistic picture of ecosystems. The 

background information needed prior to building food web models includes knowledge 

o history of ecosystem development, organisms present in the ecosystem, and their roles 

and dietary habit. However, ecosystems are complex, and the trophic interactions and 

characteristics of ecosystems cannot necessarily be simplified and described by a few 

equations. Furthermore, some of the definitions of absolute system indices are closely 

related, e.g. A and O, and hence, may not provide independent information in assessing 

ecosystem responses. Conversely, most ecological studies mainly only focus on the 

structural aspects of ecosystems, possibly due to the practical difficulty in quantifying 

ecosystem functioning. This deficiency has resulted in little progress in the integration 

of empirical ecological studies into holistic theory on ecosystem ‘behaviour’ under 

stress, A combination of ecological and numerical approaches should therefore prove 

invaluable to ecosystem-based management.   

Findings of this study highlight the concordance between the ecological and 

numerical approaches in describing ecological processes and to measure ecosystem 

response under stress. Relative system-wide indices are more robust and allow us to 

study a variety of properties in the systems, including the number of interactions in the 

food webs (Kaufman & Borrett 2010). The integration of ecological measurements and 

modelling techniques (Costanza & Mageau 1999) and ENA (Jørgensen & Bendoricchio 

2001) provides a powerful tool that can be key to effective ecosystem-based 

management. It is therefore important to develop ecological models with the use of 

verified ecological indicators, and apply ecosystem theory to understand the dynamics 

of ecosystem structure and functioning. 
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Chapter 7 General discussion 

 

In this chapter, I summarise the major findings, discuss the significance and 

limitation of this research and their implications for future food web analysis and 

ecosystem-based management.   

 

7.1 Summary of findings 

 

In this research, I tested the capability and feasibility of a newly developed 

analytical technique for quantifying food web links on estuarine sandflats. The 

technique combines three separate methodological components, namely, stable isotope 

enrichment, compartmental modelling, and ecological network analysis. This approach 

allows concurrent assessment of food web dynamics (in terms of C flow) without the 

need for time-consuming procedures (e.g. gut content analysis) that are inaccurate and / 

or biased (e.g. calculations involving numerous conversion factors). C flows among 

compartments are tracked using 13C labelling and real-time carbon transfer and 

backflow rates among compartments are estimated using compartmental modelling 

(WinSAAM). The estimated C flow rates determined using WinSAAM are processed 

by ecological network analysis via EcoNet, to evaluate system functioning, e.g. degree 

of C recycling.  

In the organic enrichment experiment (Chapter 4), algal powder was used to 

increase the organic content (OC) of sediment to 3, 5, and 10%. Upon enrichment, the 

number of compartments decreased with increasing enrichment level, due to the high 

mortality of some meiofauna, e.g. nematodes and juvenile polychaetes. Further, the 

stomach fullness of soldier crabs (an indication of crab feeding activity) decreased, and 

the mortality of crabs also increased with increasing enrichment level. These changes 
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ultimately caused more C to be retained in the food web at the extreme enrichment level 

(10% OC). While previous studies mainly investigated the response of ecosystem 

structure to organic enrichment, e.g. abundance and diversity of organisms, this study is 

the first to compare C flow among organisms when the system was exposed to different 

levels of organic enrichment. 

In the physical disturbance experiment (Chapter 5), the sediment was disturbed 

using a suction pump (‘yabby pump’) that removed the thalassinidean shrimps Trypaea 

australiensis after pumping the sediment in order to mimic the actual yabby pumping 

activity. The confined areas of sandflats were exposed to low (one ‘burrow’ per 

disturbance area and four pumps per ‘burrow’) and high (four pumps per ‘burrow’, 12 

pumps in total) disturbance intensities (~four visible yabby burrows in each effective 

area). The abundance of meiofauna, C transfer rates among compartments and C cycling 

were greatest at this intermediate level of disturbance. This tends to support the 

Intermediate Disturbance Hypothesis (IDH) in terms of ecosystem function.  

It is often difficult to mimic large-scale anthropogenic disturbances directly. 

Assessment of the impact of these disturbances may be made through smaller-scale 

controlled manipulative experiments, as conducted in this research, to identify 

ecological responses to urbanisation. The small-scale manipulative controlled 

experiments can also be used to investigate any interacting effects various stressors 

exert on ecological processes, thus providing a comprehensive means for identifying the 

impacts of anthropogenic disturbance on estuarine ecosystem health. There has been a 

gradual divergence between the ecological and modelling approaches in ecosystem 

health assessment even though both approaches were built on Odum’s hypotheses on 

ecosystem development and response to stress (Odum 1969, 1985). In Chapter 6, I 

conducted a meta-analysis of 69 aquatic EcoNet food web models based on empirical 

ecological data to investigate the concordance between the two approaches, and the 
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ecological relevance of the numerical approach to assess ecosystem health. The findings 

demonstrated the concordance and complementary value of the use of system indices 

and ecological attributes for assessing ecosystem health. Synthesis of the ecological and 

network analysis approaches is desirable because: (1) the ecological approach provides 

biotic data and abiotic data, which, respectively, describe the trophic relations among 

species essential in model-construction and information that identifies the 

environmental conditions and / or level of disturbance; and (2) network analysis 

quantifies both direct and indirect interactions in the food webs and portrays how these 

might be affected by disturbance.  

  

7.2 Significance of this research  

 

Quantifying material flow rates in food webs is essential to understanding the 

roles of species and interactions among them. This thesis investigated how 

trophodynamics change in response to anthropogenic stressors (Chapters 4 & 5). 

Further, the novel food web analytical technique is applicable to other estuarine habitats 

and can be an important new tool for assessing ecological thresholds and resilience of 

ecosystems. This capability allows the inclusion of trophodynamics in ecosystem health 

assessment and the adaptive sustainable management of natural resources.   

 

7.2.1  Resilience of ecosystems 

Ecological resilience has implications for the degree of threat to which 

ecosystems are prone, i.e. ecosystems with low resilience are more likely to be affected 

by disturbances (Brand 2009). Despite the importance of measuring ecological 

resilience to ecosystem-based management (Kinzig et al. 2006, Samhouri et al. 2010), 

current tools for evaluating ecological resilience mainly rely on changes in structural 
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aspects, such as the abundance of organisms and diversity of communities. It is difficult 

to measure resilience directly (Carpenter et al. 2005) because this requires knowledge of 

food web dynamics (Casini et al. 2009), stability (Gunderson 2000) and ecological 

thresholds (Scheffer et al. 2001, Bennett et al. 2005).  

This research is the first to measure ecological resilience of estuarine sandflats to 

anthropogenic stressors. This was achieved withthe use ofboth ecological attributes and 

system indices. The sandflats were sensitive to organic enrichment since higher 

mortality of consumers and reduced C flow among compartments resulted from 

increasing levels of OC.  

 These results may also be applicable to other sandflats in similar climate-zones. 

Increase in organic enrichment associated with the rapid population growth of our 

coastal zone poses a genuine threat to estuarine ecosystems and the biodiversity these 

habitats support. As estuarine habitats such as mangroves, salt marshes and intertidal 

flats are connected (e.g. through hydrologic connectivity), these results have 

implications for whole-estuary nutrient dynamics.  

The local estuarine sandflats were capable of maintaining their assemblage 

structure in response to anthropogenic physical disturbance inflicted with the use of a 

hand-operated suction-pump. The meiofaunal assemblage recovered within a relatively 

short period (6 days) compared to other studies, e.g. ~2 months (mo) in Wynberg & 

Branch (1994) where researchers conducted the sampling before, 1 d, 18 d, 1 mo, 2 mo 

4 mo, 9 mo and 18 mo after disturbance. This suggests that the local estuarine sandflats 

were resilient to anthropogenic physical disturbance caused by bait collection. However, 

system-wide indices, such as ascendency (A) and system overhead (O) were highest at 

low disturbance intensity, suggesting that food webs at low-intensity disturbance were 

more organised and resilient compared to the undisturbed and highly disturbed 

treatments (for detailed discussion refer to Chapter 5).  
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  Ecological and numerical approaches could be combined in future ecological 

impacts assessment. This study provided a demonstration of how structural and 

functional changes of sandflat food webs may be used in conjunction to assess the 

impacts of physical disturbance. This approach could potentially be applied to assess 

larger scale physical disturbances, e.g. dredging, on the ecosystem processes, with the 

use of before- after/ control-impact (BACI) experimental design. This could be done by 

comparing system indices, species abundance and assemblage composition before and 

after large-scale physical disturbance using the present approach. Such functional 

assessments of impact have not been included in environmental management to date, 

due to the lack of suitable methods. 

Coastal areas are heavily altered by humans worldwide and understanding the 

resilience of estuarine sandflats to disturbance offers insights on the degree to which 

coastal ecosystems are capable of retaining their structure and function when subjected 

to urbanisation (Adger et al. 2005). This in turn provides important information to 

decision makers regarding the extent of development in coastal areas possible before 

damage to ecosystem functioning occurs. This research demonstrated a new approach to 

measuring ecological resilience and similar manipulative experiments could be done on 

other coastal areas, e.g. mangroves and saltmarshes. Such information can provide an 

early warning to decision makers before a major threshold of an ecosystem is crossed 

due to threats such as urbanisation. 

 

7.2.2 Ecosystem health assessments  

Analysis and modelling of food web structure and dynamics are crucial steps in 

understanding, predicting and managing the impacts of habitat conversion and climate 

change. The common failure to include assessment of changes in trophodynamics in 

ecosystem health assessment is probably because of the difficulty in quantifying the 
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direct and indirect flow rates in food webs. Measuring assimilation rates of consumer 

species by separating the animals and feed them with particular food sources may result 

in confounding effects (Underwood et al. 2004). Furthermore, assimilation or material 

flow rates are usually calculated with the use of numerous conversion factors obtained 

from the literature. This approach may result in inaccurate determination of material 

flow rates due to the involvement of a large number of inaccurate conversion factors 

and assumptions, resulting in significant errors in the final estimation. 

Chemical tracer techniques, such as stable isotope analysis, have been used by 

field ecologists in recent decades to trace material flows and to clarify food web 

structure, which has implications for ecosystem health assessment (Schmidt et al. 2007). 

However, ecosystems are complex and it is difficult to generalise the pattern of changes 

and predict the response of ecosystems in the face of stressors (Peters 1991). Some 

numerical models have been developed for understanding interactions among organisms, 

such as the Lotka–Volterra equation for predator-prey relationship (Lotka 1956), and 

flow analysis models to quantify energy flow rates in ecosystems (Finn 1980).  

The present food web analytical technique (combined use of chemical tracers 

and ecological modelling) enables simultaneous measurement of material flows among 

organisms and can thus help evaluate ecosystem responses to anthropogenic 

disturbances. Further, the present research (Chapter 6) demonstrates that some system 

indices concur with common ecological indicators in identifying stressed ecosystems. 

This research also highlights that use of this food web analytical technique, combined 

with ecological indicators, would allow researchers to overcome the limitations of the 

separate approaches. Together they could be used to measure trophodynamics, which 

would be useful for long-term ecosystem health monitoring. The tool can thus inform 

policy makers about ecosystem responses to anthropogenic disturbances, providing 
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more time for preventative action that could help ensure future sustainability of these 

ecosystems. 

 

7.3 Limitations of this research 

 

The food web analytical technique developed in this research can effectively 

quantify carbon flow and cycling in a small-scale food web. However, organisms have 

to be sacrificed with this approach. Some confinement is necessary, e.g. cages, if the 

organisms do not have fixed-home ranges. This could be problematic for tracing C flow 

involving fish or large crustaceans. Caging effects can occur, and these must be 

assessed and taken into account when interpreting results. Organisms with limited 

mobility were used in this research. More mobile animals have access to a wider range 

of C sources in an estuary, making C tracing in a food web more difficult. Furthermore, 

high analytical and chemical costs will be incurred while applying this technique to 

quantify food web dynamics in a large area because of rapid dilution of the stable 

isotope tracer and the inclusion of larger, more mobile species. In addition, species have 

distinctive temporal profiles of 13C signature in response to enrichment. Detailed data 

on the temporal changes in 13C signatures of targeted species after adding the tracer are 

needed in order to reliably simulate C flow using WinSAAM.  

When applied to a multi-source system, the same isotopic label could show up in 

the consumers if different food sources utilise the isotopic label at a similar rate. 

Restriction of food sources available, e.g. by sieving the sediment (Oakes et al. 2010) or 

use of herbicides (Moreby & Southway 1999) to selectively suppress certain producer 

groups, may lead to unnatural systems. Furthermore, it is very difficult to include all 

species in the community for food web analysis and to quantify all species interactions 

in an ecosystem. I therefore took the approach of only including one major primary food 
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source, and only dominant groups of animals at the base of a sandflat food web. Indeed, 

it is impractical to separate different meiofaunal species due to their high abundance and 

difficulties in taxonomic identification (especially for nematodes). Although pooling the 

organisms into the lowest practical taxonomic group should not be a problem in holistic 

community ecosystem analysis, as shown in other studies, e.g. Manickchand-Heileman 

et al. (1998) and Bondavalli et al. (2006), one could argue that this may affect the value 

of system indices calculated by network analysis (Abarca-Arenas & Ulanowicz 2002).  

 

7.4 Implications for future studies 

 

7.4.1 Linkages between ‘green’ and ‘brown’ food webs 

Most ecological studies are mainly focussed on either the producer-based 

(‘green’) or detritus-based (‘brown’) food webs in ecosystems. However, these food 

webs are closely linked and both can influence ecosystem functioning. For example, 

Moore et al. (2004) proposed a model to demonstrate how detrital dynamics would 

affect the biodiversity and stability of ecosystems. Further, Butler et al. (2008) showed 

that the detritus-based food web, including bacteria and protozoans, inhabiting the rain-

filled leaves of the northern pitcher plant, Sarracenia purpurea, can affect nitrogen 

transformation and its subsequent uptake by the plant itself. However, energy and / or 

material flow rates between the brown and green food webs are difficult to measure 

(Shurin et al. 2006) and there is a lack of appropriate tools to measure material flow 

rates in food webs.  

It is important to include key species in order to make realistic predictions on 

how ecosystems respond to stressors (Winemiller & Layman 2005). The analytical 

technique developed in this thesis could be used to investigate the relative contributions 

of phytoplankton and MPB versus detritus (and bacteria) in estuarine sandflat food web 
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dynamics. Future research could be conducted by culturing and labelling the food 

sources, e.g. microphytobenthos (MPB, green food web) and bacteria (brown food web) 

with enriched stable isotopes, such as 13C- labelled acetate (Hall 1995) and 13C-labelled 

methane (Deines et al. 2007) for bacteria and enriched ammonium chloride, 15NH4Cl, 

for MPB, and then feeding the consumers with different labelled food sources. This 

would give a distinguishable difference in the isotopic signatures of the consumers. 

Thus, different material flow paths could be traced and material flow rates, originating 

from different sources, could be measured in food webs concurrently. An alternative  

way to quantify the relative contributions of ‘green’ and ‘brown’ food sources could 

take the form of a manipulative experiment with the following treatments: (1) 

macroalga (e.g. Ulva sp.) detritus absent; (2) macroalga detritus present but unlabeled; 

or (3) macroalga detritus present and labeled (Rossi 2007). Treatment 1 (labeled MPB, 

no detritus) would indicate how much C that consumers obtain directly from MPB in 

the absence of detritus; Treatment 2 (labeled MPB, unlabeled detritus) would indicate 

how much C is obtained from MPB, both independently of and as a consequence of 

detrital breakdown; and Treatment 3 (labeled detritus, labeled MPB) would indicate 

direct and indirect MPB and detrital C pathways to consumers. Together, the three 

treatments would enable partitioning of the carbon acquired by consumers directly and 

indirectly from detritus, and directly from MPB. This would allow a quantification of 

the relative importance of microalgal and detrital resources in driving carbon flow 

through estuarine food webs and other ecological processes, particularly in disturbed 

ecosystems.  

 

7.4.2 Connectivity between habitats 

Habitat connectivity has implications for material transport (Zeug & Winemiller 

2008), flow regimes (Owen 1995) and movement of the biota (Staddon et al. 2010). Due 
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to the rapid growth in the human population and change in land-use (Elliott et al. 2007), 

habitat fragmentation has been observed in coastal areas worldwide and is one of the 

major threats to the life cycle of many aquatic animals. Fragmentation can effectively 

reduce the area of habitats available for organisms, promote habitat isolation, and may 

lead to the extinction of species utilising the habitat (Kruess & Tscharntke 1994). 

However, although the ecological importance of spatially connected habitats is well 

known for terrestrial environments (Hanski 1999, D’Eon et al. 2002), relatively little is 

known for marine ecosystems, especially coastal wetlands (Meynecke et al. 2008). 

Management decisions for a particular type of estuarine habitat may have implications 

for adjoining habitats, e.g. saltmarshes, mangroves and sandflats through habitat 

connectivity and thusit is essential that environmental impacts in estuaries are 

considered at the landscape level in policy decision making.  

Habitat connectivity can be estimated by various ways, including estimating 

water circulation from hydrodynamic models (Condie et al. 2005), extent of larval 

dispersal or transportation (Christensen et al. 2009) and material flows between habitats 

(Zeug & Winemiller 2008). The analytical technique developed in this thesis could 

potentially be used to investigate trophic connectivity between estuarine habitats, such 

as mangroves and sandflats.  First, identify the dominant primary food sources and 

consumers, in particular the organisms that move between closely connected habitats. 

Then, in enclosed experimental areas in both habitats, e.g. 1 m x 1 m, sediment should 

be spiked with different enriched stable isotope tracers, in order to track the flow of 

material generated in each habitat. With the use of the techniques involved in this 

research, the material flow among compartments within individual habitats, the amount 

of material cycled in each habitat and the transfer of material between habitats could be 

measured. This would allow an understanding of the pattern of material flow between 

habitats and the trophic connectivity of adjoining habitats, which would be useful in 
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making management plans for ecosystem restoration (Fischer et al. 2006), and assist 

prediction of the potential impacts of climate change and urbanisation on connected 

habitats. Similar experiments could also be used to investigate linkages between 

terrestrial and aquatic food webs.  

    

7.4.3 Ecosystem health monitoring 

Current ecosystem health monitoring programs focus mainly on measuring 

abiotic factors, and sometimes on biological structural components, but rarely on 

ecological processes such as interaction among organisms. Critical issues of ecosystem 

management have often been decided on limited knowledge of one or a very few 

‘indicator’ taxa. The narrow focus of most research driving resource management 

decisions has resulted in unsustainable management of natural resources (Dunne 2006). 

Network analysis, however, provides an alternative way to analyse and model function 

of complex ecosystems. In order to ensure that ecosystem health indices used by 

different organisations are comparable, cross calibration of the current ecosystem health 

indices should be conducted. This could be done with the integrated use of system 

indices and ecological indicators. For example, ecosystems are stressed at either too low 

or too high Chl a concentration, in alignment with the relative system-wide indices, 

such as AMI and FD, based on the meta-analysis of food web models in Chapter 6.   

Organic enrichment is one of the most significant threats to coastal areas (Cloern 

2001). An emerging and potentially very major threat, climate change, is likely to have 

significant implications for oceanic primary productivity (Edwards & Richardson 2004) 

and proliferation of invasive species (Walther et al. 2002), among other serious impacts. 

Future ecosystem health monitoring programs could monitor changes in 

trophodynamics and the combined effects of climate change and urbanisation on 

estuarine ecosystems over different spatial and temporal scales. With the present 
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technique, researchers could quantify and compare changes in trophodynamics in 

ecosystems that experience different levels of disturbance, e.g. eutrophication, when 

exposed to different temperature ranges. 

It is desirable to include food web dynamics in ecosystem health monitoring. 

The ecological network perspective, which encompasses direct and indirect effects 

among interacting taxa, is critical for gaining a more comprehensive understanding of 

the conditions that underlie stability and resilience of ecosystems in response to 

disturbance. This information will elucidate potential anthropogenic impacts and offer 

important insights on how structural and functional aspects of ecosystems are affected 

by anthropogenic changes including climate change. Such ecosystem health monitoring 

programs could contribute to establishing effective management practices in coastal 

areas, and to limit anthropogenic loadings.  

 

7.5 Final conclusion 

 

Half a century ago, Hutchinson (1959) questioned the role and importance of 

different species on Earth. In order to understand the role of different species in the 

ecosystems, thorough examination of ecosystem structure and functioning is essential. 

This research has developed a novel food web analytical approach that allows 

concurrent assessment of ecosystem structure and function. Further, each chapter of this 

thesis points to significant future research topics, with important implications for 

ecosystem health assessment.  

The impacts of urbanisation on coastal areas can be investigated further using 

ecological and numerical approaches that provide important information on the role of 

organisms and ecosystem functioning, both of which are pivotal to successful 

ecosystem-based management. It is hoped that this work can provide insights into 
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ecosystem responses to stressors and, thus, ultimately assist humans in managing 

natural resources in a sustainable way.  
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Appendix A Definition of system indices used in this study 

Table A Brief explanation, mathematical equations and citation of system indices used throughout this research.  

System indices Mathematical and conceptual definitions  

 

 

Aggradation index 

Aggradation of a system indicates how internal storage and throughflow change with additional energy import 

(Ulanowicz et al. 2006). This index measures the average number of transfers a unit of flux will experience from 

its entry into the system until it leaves the system. It is calculated as
nzzz

T

+++ ...21

, where T is the total system 

throughput, zi is amount of exogenous input to compartment i. 

 

 

 

 

 

Ascendency (A) 

 

 

 

 

 

 

Ulanowicz described the term ‘ascendency’ in detail (Ulanowicz 1984, 1986b). Ascendency represents both the 

size and the organisation of flows and is taken as a product of growth and development and serves as a measure of 

a network’s performance in processing medium (Platt et al. 1981, Baird & Ulanowicz 1993).  

Ascendency is most specifically associated with organisations selectively reinforced for maximum efficiency and 

productivity. Higher values of ascendency represent a food web with more trophic specialists, increased cycling, 

and higher efficiency, whereas lower values for ascendency represent a more generalist-based food web, decreased 

cycling, and lower transfer efficiencies (Scharler & Baird 2005). Ascendency possesses many attributes that are 

useful in quantifying the status of an ecosystem, measuring the effects of perturbations on it, assessing its health 

and integrity, and comparing one ecosystem with another. A considers the joint quantification of overall system 

activity and organisation of the component processes and can be used specifically to identify the occurrence of 

eutrophication (Patrício et al. 2006).  
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Ascendency (A) 

 

In mathematical terms, AMITA ×= , )'/(log2
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a unit of energy passes through compartment j;
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0' , ijf  is the fraction of the total amount of flow 

constituted by ijT  that flow from compartment i to j, i.e. 
i

ij

ij
T

T
f =  (Hirata & Ulanowicz 1984, Ulanowicz 1986b).  

 

 

 

 

Average mutual information 

(AMI) 

 

 

AMI measures the average amount of constraint exerted upon an arbitrary quantum of currency in passing from 

any one compartment to the next (Ulanowicz 1997). It has a minimum value of zero when a network is maximally 

connected with uniform flows, or when there is an equal probability of flow moving from one taxon to any other 

taxon and the uncertainty in the direction of flow is the greatest. AMI is maximised when there is no uncertainty 

about direction of movement (Christian et al. 2005). Rutledge et al. (1976) defined the statistical entropy in a 

closed system, H, as ∑−
i

ii QQ 2log . Ulanowicz (1986b) incorporated that in the definition of AMI. In 

mathematical terms, AMI is defined as ∑
∑ 
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f = , iQ  and kQ are the probability 

that a quantum of medium flowing through compartment i and k respectively. 
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Connectance 

Ratio of the number of actual inter-compartmental links (d) to the number of possible inter-compartmental links = 

2
ts)compartmen of (Number

d (Gardner & Ashby 1970, Gilbert 2008). 

 

 

 

Development capacity (C) 

The natural upper limit or upper bound to ascendency (i.e. to what extent the flow structure can be organized). It is 

calculated by multiplying total throughput by system indeterminacy (i.e. the diversity of flow structure that is 

calculated using the Shannon-Wiener formula (Bondavalli et al. 2000). It is proportional to the variety of flows in 

a network, and is a surrogate for the complexity of an ecosystem. Developmental capacity minus ascendency is 

equal to system overhead (Ulanowicz 1986b). In mathematical terms, j

n

j

j QQTC 2
0

log∑
=

−=  (Hirata & Ulanowicz 

1984, Ulanowicz 1986b). 

 

 

 

Finn Cycling Index (FCI) 

 

 

 

 

 

 

FCI gives the proportion of flow in a system that is cycled compared with the total system throughput (Finn 1976). 

FCI can only be assessed as an indicator of stress in conjunction with other whole system indicators such as 

relative ascendency (A/C) (Baird et al. 1991). Stressed systems are often associated with a higher FCI (Baird & 

Ulanowicz 1989). This may be because perturbations often impact higher-level species to a greater extent, thereby 

releasing resources bound up in standing biomass (Baird et al. 1991). Allesina & Ulanowicz (2004) revised the 

mathematical definition and meaning of FCI, and transformed it into comprehensive cycling index (CCI), which 

accounts for all of the flow rates generated by cycling and suggested that the actual amount of flow is about 

+14.2% of that determined by FCI. However, for consistence with conventional terminology, I used FCI 

throughout the thesis. FCI is defined as 
ii

ii

l

l

T

Sn

i

i 1

1

−
∑

=

, where lii is the ith coefficient along the diagonal of the Leontief 
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Finn Cycling Index (FCI) matrix, Si is the inflow to the ith compartment. 

 

 

Flow diversity (FD) 

The concept of flow diversity was first developed by MacArthur (1955), attempted to quantify the degree of 

parallel flow in ecosystems in order to measure the capacity of ecosystem for homeostatis. Ulanowicz (1986) 

created an index of flow divesity to measure the capacity of system for delopement. FD has been used to measure 

the number of interactions and the eveness of flows in the food-web (Mann et al. 1989, Baird et al. 1998). It has 

been suggested that the larger the FD value, the more capable that a system can cope with disturbance (Ulanowicz 

& Wulff 1999). FD is defined as development capacity / total system throughput (C / T). 

 

 

 

Homogenisation index 

 

 

 

Quantifies the uniformity of flow distribution in a system (Fath & Patten 1999, Fath 2004b). A high value of 

homogenisation index indicates that the resources are well-mixed by cycling in the system, and hence, more 

homogeneous distribution of flow. In mathematical terms, 
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Indirect effect index 

 

 

Measures the amount of flow that occurs over indirect connections versus direct connections. When the ratio is 

greater than one, indirect flows are greater than direct flows (Fath & Borrett 2006). This can be computed as 
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Indirect effect index dimensionless integral output and input flow intensity matrices N (= ijn ). 

 

Mutualism index 

Similar to synergism index, mutualism index provides a system-wide index for pair-wise compartment relations. 

Values > 1 indicate a shift toward positive interactions (mutualism). It is computed as the ratio of number of 

positive entries over the number of negative entries in the mutual relations matrix (Fath & Borrett 2006). 

 

Residence time 

Average residence time of material staying in a compartment before leaving the system (Han 1997, Kazanci 2009), 

computed as 
i tcompartmen at wThroughflo

i tcompartmen at value Storage

T

x

i

i = ; ix  is the standing stock of compartment i. 

 

 

 

Storage (S) 

The initial storage value of a compartment is its biomass at the beginning of the simulation (time = 0), as defined 

by the modeller. The final storage of a compartment is its biomass at the end of simulation (time = Total time) 

(Fath & Patten 1999, Kazanci 2009). S = c-1 where 
i

ij

ij
x

f
c =  and xi is the storage value of for compartment i. 

 

Synergism index 

Based on utility analysis, synergism index provides a system-wide index for pair-wise compartment relations. 

Values larger than 1 indicate a shift toward positive interactions (mutualism) (Fath & Patten 1999). It is computed 

as the ratio of sum of positive entries over the sum of negative entries in the utility analysis matrix U. 

 

 

System overhead (O) 

 

System overhead represents the amount of developmental capacity that does not appear as organised structure or 

constraints, i.e. all the ambiguities of connection and incoherencies of flow (i.e., disordered activity) that are 

available to be reorganised as an ecosystem develops (Kay et al. 1989). The degree of a system’s realised growth, 

organisation and development can be given by the A/C ratio. An inverse relationship between dimensionless 
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System overhead (O) 

 

indices A/C and FCI could be indicative of a less organised but more dissipative system (Scharler & Baird 2005). 

In mathematical terms, overhead, 
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logθ  (Hirata & Ulanowicz 1984, Ulanowicz 1986b). 

 

 

Throughflow analysis (N) 

N represents the actual flow rate from j to i at steady state (Fath & Borrett 2006). The non-diagonal entries in the N 

matrix correspond to the ultimate utilisation coefficients for all (i,j) pairs in the network; whereas the diagonal 

elements of the N matrix correspond to the ultimate cycling coefficients for compartment i with 1 added (Higashi 

et al. 1993). ∑=
i

iji fN , where ijf represents the input received in the originating component j at a discrete time 

interval. 

 

 

Total system throughput (T) 

 

T reflects the size of the system in terms of the sum of flows through all the individual compartments (Baird & 

Ulanowicz 1993). The activity level of the ecosystem is measured by T, which is the total amount of medium 

flowing through the network and it characterizes the overall activity of the ecosystem. At steady state, 

compartmental throughput is the sum of either all the inputs to or all the outputs from a subunit (i.e. growth of a 

component associated with an increase in scale is identified as an increase in total system throughput) (Ulanowicz 

& Kay 1991). Ti is the total stead-state throughflow at recipient component i. 

 

Utility analysis (U) 

Utility analysis identifies direct and indirect relationships among compartments − quantifies mutual relations 

between compartments and indirect effects (Ulanowicz & Puccia 1990, Fath & Patten 1999). The net flow between 

compartment i and j is normalised by the steady-state throughflow at compartment i. In mathematical terms, U = 

(i – d)-1 where i = initial state of flow in compartment. 
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Appendix B Microphytobenthos, meiofauna and macrofauna on estuarine 

sandflats 

 

Ecotone intertidal habitats in estuaries, including mangroves and sandflats offer 

extensive, high quality habitats for a variety of terrestrial and aquatic species. 

Microphytobenthos (MPB) and meiofauna were extracted according to the method in 

the thesis chapters. Macrofauna, including bird and fish species that utilize sandflat for 

feeding, were recorded whenever I was in the field. Soldier crabs and thalassinidean 

shrimps (or yabby) are the most abundant macrofauna on sandflats and are important 

food source for a wide range of seabirds and estuarine fish, including pied oystercatcher 

(Haematopus longirostris) and estuarine stingrays (Dasyatis fluviorum) (Adlard et al. 

1998). Photographs of the most prevalent MPB and meiofaunal species extracted, and 

macrofauna, including soldier crabs, yabbies, bird, and fish species recorded at 

Tallebudgera Creek are shown in Figures B1-6. Understanding how soldier crabs utilise 

meiofaunal carbon allows us to investigate the role of meiofauna, in terms of MPB 

carbon assimilation and recycling of carbon in sandflat food webs. This information can 

then be used as an indication of system resilience in response to urbanisation.  

 

Extraction of MPB  

Frozen sediment samples were thawed immediately prior to extraction. Each 

sample was washed through a 53µm mesh with filtered seawater to remove any infauna. 

Filtrate was allowed to flow through the mesh into a bucket. The sediment slurry was 

then washed through a 5µm mesh. Material retained on this mesh was transferred into a 

50 mL centrifuge tube. Ludox® AM-30 (Sigma-Aldrich, density 1.21 g L-1) was added 

to the tube and centrifuged at 4400 rpm for 3.5 min. A band of diatoms would form at 

the top of the tube and appeared as a thin green band, while the heavy particles, such as 
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animals and sediment were collected on the bottom. The green band was removed using 

a disposable pipette and washed through a 5µm mesh with distilled water to remove the 

silica, transferred into an aluminium cup and dried at 60oC to constant weight. All dried 

samples were placed in a separate aluminium capsule and weighed for stable isotope 

analysis by an isotope-ratio mass-spectrometer (IRMS) (GV Isoprime, Manchester UK). 

Microscopic inspection of the samples showed that the green band consisted 

predominantly of microalgae, mostly diatoms, with rare occasional contamination (~1-

2% by abundance) by fine detritus.  

 

Processing of the meiofauna  

I did not stain the meiofauna or preserve the animals with ethanol or formalin 

because these preservatives are known to affect the stable isotopic signatures of 

organisms (Sticht et al. 2006). However, in order to minimise the deterioration of the 

soft-bodied animals in the sediment, I processed all samples (kept at -20 ˚C) within 5 

days after collection and immediately after the sediment corers were thawed. Sediment 

corers were sieved through a 500µm mesh using filtered seawater. Animals retained on 

the mesh were considered as macrofauna. Meiofauna were extracted using elutriation, 

handpicked and counted under a dissecting microscope (Zeiss, 10x) and identified to the 

lowest practical taxonomic level using available identification keys (Wieser 1953, 1960, 

Ruppert 1994, Adlard et al. 1998, Glasby et al. 2000, Rouse & Pleijel 2001, Gwyther 

2003). Individuals of the same groups were placed on the same glass petri-dish and 

washed with distilled water while counting.  Meiofaunal species with carbonate shells 

were acid-washed using 5% HCl. Animals were dried at 60 ºC until constant weight was 

obtained. 
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Figure B1 Species of MPB extracted using the ‘Sieve and Spin’ method. (a): Amphora 

sp.; (b): Pinnularia sp.; (c): Entomoneis  sp.; (d): Pleurosigma sp. Scale bar: 5 µm. 

Magnification: 500 x.  
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Figure B2 Meiofaunal taxa: (a) and (b): amphipods; (c): juvenile polychaetes; (d): 

onuphid polychaetes; (e): cyclopoid copepod; (g): nematode. Scale bar: 1 mm, 

magnification: 10 x; (h): harpacticoid copepod and (i) kinorhynch (scanning electron 

micrographs, magnification: 300x).  
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Figure B3 Soldier crabs wandering on the sandflat at Tallebudgera Creek. 

 

 

 

Figure B4 (a) Yabby, Trypea australiensis, returning to the burrow; (b) yabby collected 

by ‘yabby pumping’ at Tallebudgera Creek. 
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Figure B5 Common bird species observed feeding on the sandflat at Tallebudgera Creek: (a) white-faced grey heron, Ardea novaehollandiae; (b) royal 

spoonbill, Platalea regia; (c) osprey, Pandion haliaetus; (d) Australian pelican, Pelecanus conspicillatus; (e) pied cormorant, Phalacrocorax varius; (f) 

black-winged stilt, Himantopus himantopus; (g) silver gull, Larus novaehollandiae; and (h) little egret, Egretta garzetta.    
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Figure B6 Common fish species observed at low tide at Tallebudgera Creek: (a) 

Estuarine stingray, Dasyatis fluviorum; (b) Common toadfish, Tetractenos hamiltoni. 
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Appendix C Experimental setup 

 
 Photographs illustrating how microcosm setup in Chapter 3 are shown in Figure 

C1a. Cage setup in the field, cage design, and deployment in Chapters 3-5 are shown in 

Figure C2a-c. Soldier crabs were observed moving constantly and making burrows in 

microcosms and cages (Figures C1b-c & C2d).  
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Figure C1 Microcosm experimental setup in Chapter 3: (a) Side view of microcosms 

with re-circulation system covered with black plastic sheet; (b) top view of sediment 

inside microcosm at low tide; (c) soldier crabs foraging on the sediment surface in 

microcosm; (d) crab burrow observed in microcosm. 
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Figure C2 (a) Overview of cage setup at the field site; (b) side view of cage before 

deployment; (c) top view of cage in situ at Tallebudgera Creek; (d) crab burrow inside 

the cage. 
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