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Abstract 

 

Seagrass meadows, such as found in the Little Swanport estuary, Tasmania, Australia, provide 

a high ecosystem service that typically responds to natural destructive events and nitrogen 

loading at decadal to inter-decadal scales. Consequently, determining and understanding the 

effects of anthropogenic impacts, such as the estuary’s shellfish aquaculture, requires an 

ecological time series of sufficient length to develop a long-term predictive theory behind 

changes to pattern and process and distinguish anthropogenic from natural effects. The aims 

of this study were to produce the appropriate long-term ecological time series for the Little 

Swanport estuary by combining sediment core and long term datasets (83 years to 139 years) 

in a palaeo-reconstruction that includes natural and anthropogenic variability, and to develop 

a general predictive theory behind pattern and process. The reconstructed time series was 

designed to include the elements of top down and bottom up control on the reconstructed 

seagrass–micro-algal assemblage: planktivorous fish predation, copepod feeding, calcareous 

sessile epifauna, seagrass-mediated nitrogen fixation, and external nutrient supply as the 

concentration of potential inorganic nitrogen (CPN).  

 

Ecosystem variance in the upper region of the estuary differed from the lower estuary. Within 

the upper estuary, weight of evidence suggested variability was consistent with decadal 

periods of seagrass meadow destruction and recovery as two seagrass transient regime states,  

followed by stable natural and impacted seagrass regime states. The transient regimes 

appeared to be limited by nitrogen, the natural stable regimes appeared to be limited by light 

and the impacted regime had a near complete reliance on light mediated nitrogen fixation. The 

switch between nitrogen and light limiting resources was consistent with a change from a 

strong to weak top down control by a planktivorous fish–copepod–sestonic–calcareous 

epifaunal trophic cascade. Comparisons with both temporal and spatial natural patterns and 

processes indicated the dependence of nitrogen fixation was the result of the lower estuary 

shellfish aquaculture ‘soaking up’ the supply of inorganic nitrogen from coastal waters during 

an extended period of drought. 

 

Within the lower estuary there was no evidence of direct effects of floods, tsunamis or 

shellfish aquaculture on the long-term pattern and process. Nevertheless, there was an 

uninterrupted repeatable natural ecosystem periodicity (i.e. a neutral model) of 57.9 years for 

the seagrass and micro-algal assemblage and a planktivorous fish–copepod–sestonic–
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calcareous epifaunal trophic cascade with a CPN at twice the biome frequency. The seagrass 

and micro-algal assemblage was inversely correlated but the trophic cascade was 13 years out 

of phase, driven by a CPN periodicity at twice the biome frequency in phase with the peaks 

and troughs of the seagrass and micro-algal assemblage. As a consequence, there was a 

change from a positive to a negative correlation of the CPN with seagrass abundance that was 

consistent with a change from seagrass nitrogen to light limitation. This switch was coincident 

during times of a CPN minimum together with strong and weak top down control 

respectively. By linking changes in top down control with the evolution of a seagrass 

meadow’s configuration a general theory of seagrass meadow dynamics was developed, 

constructed, in part, from data and generic postulates taken from other seagrass ecosystems 

systems.  

 

The theory unified two desperate approaches to seagrass meadow variance, namely light and 

nutrient limitation, within the framework of landscape ecology and consequently highlighted 

a number concerns for managers of seagrass ecosystems: (1) the loss of a seagrass meadow by 

flood damage may produce a seagrass transient regime and not a micro-algal regime, in which 

recovery of the transient is assisted by a moderate increase and not a reduction in nutrient 

supply; (3) changes to the extent of the landscape patch configuration can determine the light 

and nutrient limitation status of the seagrass meadow, consequently, rehabilitation of the 

seagrass meadow after loss or damage, by replanting or through the control of nutrient supply, 

may need to take into account the landscape patch configuration of the plantation or the 

damaged landscape in relation to the dynamics of nutrient supply; (4) the effects on the 

seagrass meadow from over-harvesting of planktivorous fish fishing or the introduction of 

piscivorous fish will depend on the light or nutrient limitation status of the seagrass meadows. 
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Chapter 1. General introduction. Separating and 

understanding anthropogenic change from natural 

variability: An ecosystems approach 

 

1.1. Introduction 

Around the world, there is a growing realisation that healthy estuary ecosystems hold the key 

for users of the waterway’s sustainable economic and social wellbeing. However, defining 

what constitutes a healthy and sustainable ecosystem often leads to tension between estuary 

users, catchment management of water and nutrient resources to the estuary and 

environmental organisations. In the mid-1990s, the ‘Convention on Biodiversity’ (CBD, 

1998), in recognition of these kinds of problems, endorsed the ecosystems approach and 

defined a strategy for integrated management of land, water and living resources that 

promotes conservation and sustainable use in an equitable way. By 1998, 12 guiding 

principles and operational guidelines had been produced. Of the 12 principles, four were 

concerned with the nature of the ecosystem:  

 Ecosystems must be managed within the limits of their function. 

 The approach should be taken at the appropriate spatial and temporal scales. 

 Processes and objectives for ecosystem management should be set for the long term.  

 Management must recognise that change is inevitable. 

 

These principles are exemplified by the tension between users of Little Swanport’s 

catchment/estuary system, situated on the east coast of Tasmania. Presently, the estuary 

supports both a lush seagrass ecosystem and a shellfish aquaculture industry. The aquaculture 

industry’s concerns have been focused on a reduction in micro-algal productivity should 

catchment water and nutrient resources be diverted towards catchment development. In 

contrast, too much or too little nutrient loading may lead to the loss of seagrass (Duarte, 1995; 

Nienhuis et al., 1996; Frederiksen et al., 2004a; Duarte et al., 2006). Loss of seagrass directly 

affects both recreational users of the estuary and environmental groups, as healthy seagrass 

meadows support a high level of biodiversity, habitat for game fish (Black Bream) and 

relatively clear water.  

 

Management policies that react only to contemporary issues can fail to account for the effect 

of climate variability. The climate of the east coast of Tasmania has been subject to decadal 

periods of wet and drought conditions (Khalia et al., 2009) and Little Swanport estuary has 
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experienced periodic damaging floods that have forced the shellfish industry to relocate to the 

lower part of the estuary. 

 

Landres et al. (1999), and more recently Jackson (2001) using examples from coastal waters, 

and Willis and Birks (2006), Reeves and Duncan (2009), Duncan et al. (2010) from lake river 

systems respectively, conclude that natural variability is a reality and should be sustained as a 

precautionary principle in line with the above operational guidelines. Human activities that 

attempt to stabilise a system in one particular state by removing natural disturbances (e.g. 

river dams) often reduce resilience by eliminating mechanisms that allow the system to adapt 

to external change, making them more likely to pass thresholds and undergo dramatic shifts to 

possible undesirable states. For example, the placement of dams on riverine systems removes 

natural flow variability and, along with that, the ability of many plant and animal populations 

associated with the recovery from natural flood disturbances (Graf, 2003).  

 

Alternatively, Costanza and Mageau (1999) in their approach to ecosystem assessment of 

aquatic systems introduced the concept of ‘health’ by comparing the system’s present 

evolutionary state to what would have been expected under natural conditions. In this way, a 

healthy aquatic biome is one that will survive over its expected lifespan, while an unhealthy 

aquatic biome will have its lifespan cut short (e.g. oligotrophic to eutrophic and vice versa). 

These approaches to aquatic ecosystem management, Landres et al.’s (1999) variability and 

Costanza and Mageau’s (1999) health, are neither contradictory nor disparate in their 

approach. Aquatic health is complimentary to natural variability by contextualising variability 

as the aquatic system evolves. That is, from the standpoint of Landres et al. (1999), changes 

in variability as the ecosystem evolves are part of natural variability, but at a longer time 

scale, and ecosystem health recognises an unnatural anthropogenic acceleration in that 

evolution. From the standpoint of Costanza and Mageau, a description of natural intra-state 

variability is required to calibrate a healthy state. 

 

Yet, Costanza and Mageau’s (1999) aquatic health concept, linked to a natural evolutionary 

state, may be too simplistic for practical application. Currently, oligotrophication and 

eutrophication in seagrass and other benthic systems are marked by the dominance of micro-

algae over seagrass (Duarte, 1995; Borum and Sand-Jensen, 1996). However, a complete loss 

of seagrass can also result from oligotrophication (Nienhuis et al., 1996). Benthic oligotrophic 



Chapter 1 Introduction 4 

 

and mesotrophic systems can also exhibit two alternative stable regimes
1
 namely, seagrass or 

micro-algal at same level of eutrophication, together with their persistent dynamic transient 

states (Scheffer and Carpenter, 2003; Knowlton, 2004). Further, it appears that at the 

landscape scale, the seagrass-dominated state can be divided into two separate functional 

regimes, which are affected in different ways by external forcing factors. These are either 

light limitation of seagrass growth (e.g. Duarte, 1995; Duarte et al., 2006) or nutrient 

limitation of seagrass (e.g. Fourqurean and Zieman, 2002). Hence, natural ecosystem 

variability may exhibit three hierarchies: (1) variability between different ecosystem regimes, 

(2) variability in the number of different regimes, (3) variability within each regime.  

 

With the three above hierarchies, there are two potential different impacts from anthropogenic 

forcing: (1) different effects on different regimes or (2) different variability between regimes. 

Thus, ideally any assessment of anthropogenic impacts on natural variability should: (1) 

measure the anthropogenic effects over the range of natural variability and (2) measure the 

anthropogenic effect across the range of ecosystem regimes. However, the result of 

anthropogenic impacts can also be dependent on the ecosystem state at the time of impact (i.e. 

historical contingency Strayer et al., 1986). Consequently, and as a matter of practicality, 

evidence-based studies based on time series need to be augmented by current landscape 

spatial theories and newly developed theories of long-term ecosystem variance. In this way, 

predictions on the complete range of natural regimes can be made for anthropogenic impacts.  

 

1.1.1. Temporal and spatial scales  

Landres et al. (1999) cautioned against using a single a priori period to define natural 

variability. From the standpoint of ecosystem services, it can be argued that the scales of the 

study are determined by both the temporal and spatial concerns about anthropogenic impacts. 

For example, a hypothetical genetic harvesting of a species with a distribution at a patch scale, 

for a limited specific use, may be of concern for a patch ecology that responds over a season 

(Fonseca and Bell, 1998). In contrast, a seagrass meadow or an aquaculture lease at landscape 

scales, traditionally a km
2
 or more (Allen and Hoekstra, 1990) must maintain itself over 

decadal economic cycles and human generation times. For aquatic management, Reeves and 

Duncan (2009) suggest a temporal scale of between 10 and 100
 
years, which is well within the 

                                                 

1
 Alternative states have independent feedbacks that maintain each regime state expressed by a backwards 

folding curve (hysteresis) in their response to nutrient loading (Scheffer and Carpenter, 2007). Ecological regime 

shift: a sudden shift in ecosystem status caused by passing a threshold where core ecosystem functions, 

structures and processes are fundamentally changed (Andersen et al., 2008). 
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range of the ecosystem scales imposed on Little Swanport estuary through climatic and 

coastal current variability (Harris et al., 1987, 1988; Stenseth et al., 2003; Evans et al., 2005; 

Nunez and McGregor, 2007; Hill et al., 2008), Zostera spp meadow dynamics (Larkum and 

West, 1983; Giese, 1988; Duarte, 1995; Cunha et al., 2005) and the period of aquaculture 

exposure (from around 1980 to the present).  

 

Wiens (1989), in a classic discussion paper on scale, argued that an appropriate temporal scale 

for landscape evolution must match any theory developed or used at the landscape 

configuration scale. Wiens (1989) then warned that applying a theory formulated from just a 

spatial consideration would likely suffer from pseudo-prediction if applied across the 

matching temporal scale. That is, a failure to recognise an emerging property due to a long-

term non-linear dynamic at shorter time scales. Indeed, it is increasingly realised that the 

importance of internally generated non-linear dynamics between the ecosystem and/or 

landscape leads to an emergent long-term dynamic that cannot be predicted at shorter or small 

spatial scales (e.g. Carpenter and Kitchell, 1988; Hastings and Higgins, 1994; Kareiva and 

Wennergren, 1995; Pastor et al., 1996; Rietkerk et al., 2004; Kendrick et al., 2005; van Nes et 

al., 2007). 

 

Gunderson and Holling (2002) viewed coupled human–natural systems as a ‘panarchy’: an 

interacting set of adaptive cycles that reflect the dynamic nature of human and natural 

structures across time and space. For example, the surprising result that found the extent of 

seagrass meadows have varied over the long-term due to the natural cycle of storm 

destruction and recovery, together with a natural periodicity of climate has motivated changes 

in which estuaries need to be managed (Jackson, 2001). Consequently, managers need simple 

evidence-based long-term landscape predictive models of ecosystem variance to protect 

ecological systems from human-scale anthropogenic impacts and to meet future social goals 

(Peters, 1991). Clearly, these predictive models must possess predictors that can be 

manipulated through engineering or environmental policy. They must either be of sufficient 

power to incorporate different regimes and their transition ecotones or be separate theories for 

different regimes that have previously been identified based on their ecosystem descriptors 

(see Scheffer and Carpenter, 2003).  
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1.2. Current theories of landscape-scale seagrass variance  

1.2.1. Contiguous theories 

There is no current unified theory that addresses all aspects of seagrass meadow variability at 

a landscape scale. In place of one unified theory, researchers and managers are forced to 

ascertain the functional state of the seagrass meadows regime in order apply one of two 

disparate theories based on meadow growth limited either by light or by nutrient supply (see 

Boer, 2007 for a review of examples and references). Light limitation is the result of 

excessive nutrient eutrophication, which leads to increased shading by net micro-/macro-

phytal and calcareous epifaunal production within the water column and on seagrass leaves 

(Duarte, 1995; Borum and Sand-Jensen, 1996). Nutrient limitation is attributed to insufficient 

micro-/macro-phytal and epifaunal shading of seagrass leaves, which limits the availability of 

ambient light (e.g. Frankovich and Fourqurean, 1997).  

 

Some long-term studies based on meadow coverage and water quality, however, have failed 

to account completely for the long-term continued decline of seagrass meadows (Jackson, 

2001; Martin et al., 2010) or variability (Nienhuis et al., 1996; Morris and Virnstein, 2004; 

Frederiksen et al., 2004a). There are many possible reasons behind the failure of current long-

term studies: (1) the choice of predictive processes and components does not match the 

particular light or nutrient limited regime or combination of regimes along the time series; (2) 

missing blocks of data and different resolutions between processes and components (e.g. 

Frederiksen et al., 2004a; Martin et al., 2010) might lead to aliasing and either hide the 

underlying dynamics or produce aberrant correlations and long-term trends where there were 

none; (3) studies have not been designed to recognise or account for an emergent property, 

consequently models will probably lead to pseudo-prediction over the long-term (Wiens, 

1989); and (4) the affects of external forcing factors may only emerge in the long term (e.g. 

Jackson, 2001). 

 

Clearly, a neutral model
2
 of ecosystem variance over a complete range of nutrient and light 

limited seagrass regime states
3
 is needed as a basis to assess whether there has been an impact 

on seagrass systems today, through direct damage, catchment erosion, over fishing, over 

                                                 

2
 A neutral model is a minimum set of rules required to generate a spatial unit’s complex deterministic patterns 

(Caswell, 1976; Gardner et al., 1987). In its temporal form the pattern can be expressed as an ecosystem attractor 

in phase space e.g. phytoplankton–zooplankton–nutrient supply as a 3−D manifold (Scheffer, 2004). 

3
 Andersen et al. (2008) define regime change as a sudden shift in ecosystem status caused by passing a 

threshold at which core ecosystem functions, structures and processes are fundamentally changed. 



Chapter 1 Introduction 7 

 

grazing from anthropogenic ecosystem imbalance, eutrophication, aquaculture or disease 

(Jackson, 2001; Orth et al., 2006). In addition, a general theory is needed to explain the 

mechanisms that stabilise/destabilise the light and nutrient limited regime states and the 

switch from one resource limitation to another.  

 

Current research outside of direct animal grazing has focused on the potential of top-down 

control of the seagrass epiphyte community via predation of the meso-grazer community 

(Heck et al., 2000; Heck and Valentine, 2006; Jorgensen et al., 2007; Moksnes et al., 2008). 

The argument is based on recognition that planktivore predation might play an important part 

in the buffer capacity of a nutrient limited regime state. Thus, any changes to planktivore 

numbers, natural or anthropogenic, will affect the stability of the seagrass regime through its 

buffer capacity. For example, a re-examination of Jorgensen et al.’s (2007) data suggest that 

oligotrophic seagrass meadows in San Quentin Bay (USA) are nutrient limited, while its 

mesotrophic and eutrophic seagrass meadows are light limited. This means that seagrass leaf 

growth at the oligotrophic sites is equal to or greater than at the eutrophic sites, and that a 

reduction in planktivore predation on seagrass meso-grazers appears to reduce the seagrass 

regimes buffer capacity for nutrient driven growth as increasing epibiont coverage eventually 

leads to light limitation. 

 

Unfortunately, trophic cascade research is currently limited to the following areas: (1) simple 

modelling (Livingston, 1984) that recognises the non-linear responses of meso-grazer 

clearance rates for maintaining seagrass coverage at the patch scale, (2) experiments at the 

patch scale with exclusion from the remaining ecology (Heck et al., 2000; Heck and Valenine, 

2006; Moksnes et al., 2008), (3) ecosystem correlations at the seasonal patch scale in an open 

ecology (Jorgensen et al., 2007) or (4) over decadal periods of contiguous monitoring at the 

patch scale within an open ecology, but limited by the non-matching periods of some 

ecosystem components (Douglass et al., 2010). 

 

It is perhaps because of lack of attention to the configuration state and/or knowledge base of 

the researchers that the focus has been to regard any changes in planktivore predation as a 

surrogate external forcing factor and as implicitly independent of the physical state of the 

seagrass meadow. However, it is being increasingly realised that total planktivore predation 

within a seagrass meadow might vary out of proportion with coverage by the size, patch 

configuration and shoot density within the meadow. For example, Jelbart et al. (2007) found 

that planktivorous fish numbers were in higher densities and numbers in smaller patches. 
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Macreadie et al. (2009, 2010), using artificial seagrass, confirmed that increasing coverage 

was not synonymous with increasing planktivore abundance and that the corridors between 

patches might increase predation efficiency. Priyadarshana et al. (2001) found that shoot 

density can also affect planktivorous fish predation efficiency, although this might also be 

covariant with patch size. Consequently, the stability of both function regimes (light or 

nutrient limitation to growth) might vary as a function of meadow coverage, which in turn 

would affect the seagrass response to nutrient loading. 

 

1.2.2. Effects from events 

Implicit within the theories of long-term bottom-up or top-down control is the concept of 

ecosystem quasi-equilibrium with external forcing within a seagrass alternative regime state. 

Hence, consideration must be given to the effect of destructive events such as storms, floods 

and marine incursions. Destructive events, by their nature, remove the biome far from 

equilibrium within its continuous regime state, with recovery to an equilibria, potentially 

requiring more than a decade (e.g. Morris and Virnstein, 2004; Byron and Heck, 2006). In 

other words, the natural variance may include a significant proportion of dynamic transient 

regime states. Alternatively, the seagrass ecosystem might switch to an alternative 

discontinuous state, a path with  hysteresis, dominated by micro-algal species (Scheffer, 2004; 

Bayley et al., 2007). Consideration must also be given to an event’s historical contingency. 

For example, hurricanes can destroy seagrass meadows (Byron and Heck, 2006), but they can 

also temporarily lead to the re-emergence of healthy seagrass meadows, a dynamic transient 

of several years after initially removing organic enriched, sulphidic sediments (Morris and 

Virnstein, 2004). It is currently unknown whether this situation also exists in relation to river 

floods. Depending on the frequency of events, estuarine ecosystems systems may never reach 

their stable end states, otherwise dictated by current rates of nutrient supply (e.g. Morris and 

Virnstein, 2004, uncommented). Thus understanding transient states driven by historical 

events in relation its alternative regime attractor may be more relevant in predicting long-term 

ecosystem variability than a choice between stable regime states (Knowlton, 2004).  

 

1.3. Patterns of long-term ecosystem variance for a predictive ecology 

The advantage of describing long-term variance at a landscape scale is the synergy that can be 

achieved between evidence-based results and the testing and/or formulation of theories from 

patterns and between components and processes through ‘narrative knowing’ (Mohr, 1982; 

Polkinghorne, 1988; Bruner, 1991). The great evolutionary biologist, Ernst Mayr (1982), 

credits the power of the temporal comparative method for ‘nearly all of the revolutionary 
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advances in evolutionary biology’. Similarly, Deevy (1969), through a series of natural 

experiments (multi-chronic nested contrasts), illustrated how history has coaxed insights on 

ecosystem stability in ways not possible using spatial studies, while Coull (1985) illustrates 

how a contiguous time series of environmental data is currently one of the best and most 

practical means of formulating testable ecological hypotheses. Indeed, McGuinness (1988) 

‘demonstrated the dangers of drawing conclusions about processes based solely on spatial 

differences as natural experiments’; unrecognised factors can and do act to violate underlying 

assumptions.  

 

New ecosystem theories based on long-term correlative studies, however, need not be 

restricted to the study’s location, in this case the Little Swanport estuary. This is provided that 

the theory was developed in relation to a combination of experiments, natural history 

observations at the smallest level of abstraction common to all seagrass ecosystems (neutral 

model) that have been affected by common natural and anthropogenic pressures. That is, a 

detrital seagrass ecosystem system that can be explained with planktivores representing the 

highest significant trophic level (Valentine and Duffy, 2006) that may be affected by changes 

in nutrient supply (Duarte, 1995), increased flooding due to climate change (Milly et al, 2002) 

and the effects of global expansion of shellfish aquaculture along the coastal strip (Shumway, 

2011). In this way, a scale independent narrative of processes and events can be applied at the 

minimum level of abstraction to other similar seagrass ecosystems around the world 

(excluding floods within the Mediterranean) or to judge the effects on the underlying ecology 

system by the presence of higher trophic levels (piscivores and seagrass grazers), pollution 

and other forms of direct damage 

 

The disadvantage of long-term monitoring, and the condition of long-term monitoring data 

sets, is suggested by this method’s failure to account for long-term variance in seagrass 

meadow coverage (see above). In brief, long-term records (decadal to inter-decadal) are rare 

(and without exception relatively short, incomplete and/or non-contiguous) for most estuary 

and coastal ecosystems with respect to the dynamics of the keystone predators or the meadow 

dynamics of vegetative foundation species. Reasons for this include that funding 

organisations are often reluctant to initiate long-term studies; studies are difficult to maintain; 

and studies are often limited in the range of processes and components they encompass, with 

a bias towards monitoring phytoplankton and serving the purpose of compliance with water 

quality standards, rather than being for hypothesis testing (Strayer et al., 1986). 
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1.3.1. A solution: Recreating and augmenting ecological data sets 

A traditional alternative to limited ecosystem long-term data sets is a palaeo-reconstruction of 

the ecosystem processes and components, integrated across its immediate surrounds from 

material deposited within the sump of the estuary’s deep-water sediment column (e.g. Leavitt 

et al., 1994). Of course, ecological reconstructions do not directly measure past events.
4
 More 

usually, they use indirect proxies for evidence of an event as part of a holistic unit of events, 

evidence and explanation (Inkpen and Wilson, 2009). In this way, emergent ecosystem 

theories can be developed or tested from a pattern of correlations and constraints on 

hypotheses based on the sub-components of the ecosystem from previous experimental and 

correlative work (e.g. Carpenter and Leavitt, 1991; McGowan et al., 2005).  

 

Conflict arises when the ecosystem patterns have more than one set of holistic explanations. 

Either the proxy is related to a type of event or there is an alternative explanation for that 

event. For example, biogenic silica (BSi) is one of the more common proxies used to 

represent marine micro-algal populations (MOLTEN, 2004). However, this assumes that 

marine diatoms have always dominated the micro-algal population or that BSi is 

diatomaceous, which is not always the case. BSi is an operational definition that may overlap 

with other more dominant marine and non-marine siliceous forms, such as sponge spicules 

(e.g. Conley and Schelske, 1993) or inputs of catchment phytoliths transported by rivers (e.g. 

Carey et al., 2005). Alternatively, explanations of patterns between different sedimentary 

signals might depend on those signals representing different proxies. For example, organic 

carbon stable isotope ratios can be a proxy for the primary productivity assemblages’ 

inorganic carbon source, relative rates of production (Burkhardt et al., 1999), different 

organic mixtures (e.g. Gonneea et al., 2004; Turner et al., 2006) and relatively early loss of 

materials from dissolution (Chen and Windom, 1997) or mineralisation (Zimmerman and 

Canuel, 2002).  

 

To overcome the uncertainty in the choice of possible explanatory sets, there are currently 

four recognisable scientific justification methods within the time-series and palaeo-ecological 

literature: Robustness Analysis (RA), abductive inference to the best explanation (IBE), self-

consistency (SC), and a re-analysis of an imputed and hindcasted time series. In practice, all 

                                                 

4
 The term event is used as an expansive term by Inkpen and Wilson (2009). In this context, it includes 

biological entities, external events such as marine incursions, floods and storms, as well as contiguous changes in 

external forcing factors such as river flows, tides, nutrient loading and in part internally generated physical 

forcing factors such as salinity, stratification, residence time and water temperature. 
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four of these methods of scientific justification are compatible and should be (Inkpen and 

Wilson, 2009), and were, used together in this study. The references in the following list refer 

to a well-considered example of each method: 

 Coincident RA (Bycroft, 2009) by using the convergence of a cluster of direct proxies 

per unit, component or process, which can confirm the result and imply the truth and 

generality of the convergent proxies (e.g. Zong et al., 2006); 

 IBE (Lipton; 2000) uses the relationships between multiple component and process 

proxies to constrain multiple explanations (e.g. Zimmerman and Canuel, 2002); 

 SC with current theories, together with a partial evaluation of the dynamics from a few 

examples of real data that span the dynamic range (e.g. McGowan et al., 2005); and 

 Re-analysis after statistical imputation of non-contiguous data sets (Kondrashov et al., 

2005; Kondrashov and Ghil, 2006; Golyandina and Osipov, 2007).  

 

In this way, multiple proxies were evaluated from RA convergence clusters and hierarchical 

models (see Figure 1.1) and supported through SC with contemporary observations. Singular 

proxies were evaluated by IBE between new sets of ecosystem components and processes 

from all of the evaluated reconstructed proxies and available data sets after statistical 

imputation, towards a new ecological synthesis. 

 

1.3.2. Robustness analysis 

In RA, the problem of possible multiple hypotheses is solved through a cluster of independent 

proxies used for the target event or entity. This strategy was originally developed by Levins 

(1966) for evaluating the ‘truth’ of population modelling:  

[w]we attempt to treat the same problem with several alternative models each with 

different simplifications but with a common biological assumption. Then, if these 

models, despite their different assumptions, lead to similar results we have what we 

call a robust theorem, which is relatively free of the details of the model. Hence, our 

truth is at the intersection of independent lies (Levins, 1966, p.423). 
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Figure 1.1. Levins satisfactory theory, showing the three types of model cluster.  

Copied from Nagy et al. (2007). 

 

In Levins’ original form, the clusters represent independent models rather than clusters of data 

sets from independent lines of evidence. Based on this and other formal logic considerations, 

philosophers of experimental science have analysed the merits of different forms of RA. 

However, it was Weisberg (2006) that convincingly argued that Levins’ RA, based on a 

systems modelling architecture, could not confirm theorems but only identify them as robust 

(internal RA). Bycroft (2009) expanded the classification of RA from that of Weisberg to 

include coincident RA for data sets and mixed RA for models of proxies. The difference is 

that both forms of RA can confirm their theorems, formally for coincidence RA and in 

practice for a mixed RA, contingent on the models or proxies bring demonstrated to be 

independent.  

 

Consequently, Bycroft (2009) argued for a two-step protocol to produce a successful and 

efficient coincident or mixed RA. The first step develops plausible proxies that have 

previously been independently tested, either taking the form of direct experiment or 

correlations between other proxies (IBE) or observed calibrations in contemporary space. 

Independence can then be ascertained by a transparent direct cause to effect (Weisberg, 2006; 

Bycroft, 2009). The second step tests for convergence to confirm the target event (e.g. with 

time) and in doing so infers the generality of the proxies in both space and time (Bycroft, 

2009). 

 

It is important to emphasise that the first step is necessary as an experimental control for a 

definitive interpretation because, if the proxies are not independent, then the convergence 

[sic]  

[sic]  
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towards a common result may be due to common features of the proxy’s conceptual models 

and not the targeted event (Weisberg, 2006; Bycroft, 2009). For example, the micro-algal 

species assemblage for estuaries was found to be a function of salinity from its dependence on 

the freshwater residence time (Ferreira et al., 2005), whereas calcareous epifaunal δ
13

Cinorg 

can be a function of residence time from its dependence on salinity (Nelson and Smith, 1996). 

However, the convergence between the assemblage and δ
13

Cinorg over time does not 

necessarily confirm the salinity or water residence time variance because the parameters that 

control the salinity and freshwater residence time (i.e. volume or tidal exchange) may change. 

In other words, the common feature between the proxies is the controlling parameter and not 

the salinity or water residence time. 

 

1.3.3. Inference to the best explanation  

Inference to the best (or elegant
5
) explanation (IBE; Lipton, 2000), does not rely on the 

convergence of available data or model clusters. Rather, it uses a number of single fallible but 

plausible proxies for processes and components within a web of axiomatic relationships. For 

example, ‘when a detective infers that it was Moriarty who committed the crime, he does so 

because this hypothesis would best explain all of the evidence, the fingerprints, bloodstains 

and other forensic proxies’ (Lipton, 2000). This method can not only be used to formulate 

new theories; it also has an inbuilt degree of testability of postulated relationships within the 

theory when there is a good mix of negative, positive and invariant relationships within the 

ecosystem. In this case, false proxies will result in a chain of inconsistencies across the other 

relationships that produce no current plausible explanation. In other words, for a coherent 

IBE, the truth is manifest from the consistency of relationships between sufficient 

independent lies.  

 

1.3.4. Self-consistency 

The third justification method, SC, differs from coherent IBE in that there is no internal test 

for inconsistency. At first, this may appear circular, as the data supports the theory and the 

theory supports the data. However, in defence of theory–proxy circularity, it is a matter of 

historical record that in the progress of scientific knowledge, data and theory are part of two 

moving targets that researchers try to overlay one upon the other (Fagerström, 1987). In other 

                                                 

5
 Elegant explanations, as argued by Lipton (2000) tend to be those that are judged likeliest and the best because 

they explain more types of phenomena, explain them with greater precision, provide more information about 

underlying mechanisms, unify apparently disparate phenomena, or simplify understanding of the world. In other 

words, simplicity laced with latent power. 
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words, ecological data sets can be fallible and most data is a fallible proxy for some concept 

(Ford, 2000) (e.g. chlorophyll as a measure of micro-algal biomass). Hence, in the case of a 

matching overlay between all proxies and a theory, there is no immediate need to reject any of 

the proxies. This is especially the case when the purpose is to test the persistence of the theory 

through time rather than to test it across the whole time series.  

 

1.3.5. Re-analysis after statistical imputation of existing data sets  

Many data sets are limited by their temporal resolution and length and missing blocks of data. 

Such short, non-contiguous, often non-stationary data sets were not amenable to the 

reconstruction of time-series dynamics until recent advances in time-series analysis. The 

recent parallel work of Kondrashov et al. (2005), Kondrashov and Ghil (2006) and 

Golyandina and Osipov (2007) developed a method of time-series data imputation for missing 

data based on singular spectrum analysis (SSAM). SSAM is unlike traditional Fourier models 

in that it is a model independent, principal components analysis within a time domain ideal 

for short non-stationary, non-contiguous time series (around 30 data points or more). 

Imputation of missing blocks of data is solved by an iteration procedure based on a best fit of 

significant components (non-linear trend and periodicity) extracted from the current 

information across the whole of the time series. The time series is then reconstructed from 

trend and periodic components for a re-analysis using the longer more powerful data set to 

statistically confirm periodic and trend components as significant (e.g. Kondrashov et al., 

2005). 

 

1.4. Thesis aims 

The aims of the palaeo-reconstruction were threefold: 

 To describe the natural ecosystem intra and inter-regime variability during the late 

Anthropocene
6
 of the upper and lower functional zones of the Little Swanport estuary, 

a shallow, dynamic bar-built water body on the east coast of Tasmania, in relation to 

flood and marine incursion events. 

 To test whether the introduction of shellfish aquaculture has had a significant impact 

on the upper and lower estuary’s health through divergence from the ecosystems 

natural variability, described by pattern and process over an appropriate period. 

                                                 

6
 The term Anthropocene has only recently become widely used in the global change research community as a 

new geological epoch in Earth history. Steffen et al. (2011) put forward a formal case for starting from the 

1800’s. 
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 To develop a neutral model as a temporal general theory behind the patterns and 

processes in an attempt to couple the three disparate theories of long-term seagrass 

meadow variance: light limitation, nutrient limitation and the implied stability 

imparted by planktivorous fish top-down control.  

 

It is anticipated that the consequences of further pressure from land use, aquaculture or 

disturbance events can be assessed within this theoretical framework, which incorporates the 

underlying drivers of natural variability in relation to the current state of the ecosystem 

(historical contingency). 

 

1.5. Thesis structure  

The structure of the thesis uses a hierarchical sequence of inputs or tested postulates to 

achieve the aims. This includes (1) determining estuarine zones and boundaries; (2) testing 

plausible proxies for the paleo-reconstruction; (3) identification of sedimentary events within 

each estuarine zone for discrete and continuous chronology for correlating with reconstructed 

and imputated inorganic nitrogen data sets and ecosystem regime changes; and (4) application 

of the most plausible proxies for a synthesis of patterns and processes for the estuarine zones. 

The following list briefly describes the individual aims of each chapter.  

 

Chapter 2. Materials and methods. This chapter discusses the criteria for sediment core-site 

selection and describes sampling and analytical methods used throughout the study. 

 

Chapter 3. Evaluating proxies and processes along a transect within the Little Swanport 

estuary, towards a palaeo-ecological reconstruction. Traditional and newly proposed 

sedimentary signals for ecosystem proxies are evaluated along a surface transect—a subset of 

RA, IBE and SC—to determine: (1) estuarine zones and boundaries for the 

paleoreconstruction; (2) the plausibility of the proxy, more directly and specifically in space 

in order to be tested for generality in time, that is, by the convergence with other independent 

proxies (RA) that were both consistent with the living biome components and their organic 

and inorganic signals (SC), and the response of the proxy’s signal to ecosystem processes 

within the framework of tested current theories (IBE); (3) plausible examples of changes to 

the estuary’s ecosystem functional states (nutrient and light limited primary productivity), 

driven by the relative influence between coastal and river determinants, potentially disturbed 

by the presence of shell fish aquaculture and energetic environments (marine flood/tidal delta) 

as a surrogate for flood and marine incursive events, to be tested in time by an estuarine wide 



Chapter 1 Introduction 16 

 

paleo-reconstruction (IBE); and (4) the potential importance of proxies for top down and 

bottom up control for the stability of those ecosystem functional states (i.e. whether there was 

a sufficiently large component signal) to be tested in time by an estuarine wide paleo-

reconstruction. 

 

Chapter 4. Sediment column geochronologies for the upper and lower Little Swanport 

estuary. Depositional facies are marked and conceptually separated from baseline sediment 

horizons before the application of a range of 
137

Cs and 
210

Pb contiguous geochronological 

methods and models. The events are then identified as floods or various other marine 

incursions and matched with historic data and rainfall/river-flow models to evaluate the 

chronological approaches (mixed RA).  

 

Chapter 5. A late Anthropocene palaeo-reconstruction of inorganic nitrogen availability 

in the Little Swanport estuary. The chapter reconstructs the net nitrogen supply to the 

estuary with a hierarchical cluster RA using the concept concentration of potential inorganic 

nitrogen (CPN). CPN was calculated from an imputated and hindcasted long-term coastal data 

set, a reconstruction of the ‘average’ estuary palaeo-salinity (surface and bottom waters) and 

from contemporary nutrient response curves coupled to a long-term rainfall/river-flow model. 

 

Chapter 6. Natural and anthropogenic ecosystem regimes within the Upper Little 

Swanport estuary over the last 83 years: A palaeo-reconstruction. The estuary has 

previously been divided into two regime zones, with two different sets of historical events, for 

a separate consideration of natural and anthropogenic variability. This chapter reconstructs the 

biome variance within the Upper Middle Basin by using plausible proxies previously assessed 

in the transect study (Chapter 3). By using a mix of RA, IBE and SC, the biome proxies that 

could be generalised over time and space within the estuary are chosen for a synthesis, 

describing the patterns of ecosystem components and processes to suggest: (1) the reasons 

behind stability, (2) the causes of regime change in relation to flood events, a drought and the 

introduction of the lower estuary’s shellfish aquaculture, (3) the type of regime, and (4) 

postulate reasons behind ecosystem change, and the conditions needed to test the postulate’s 

hypotheses. 

 

Chapter 7. Evidence of a neutral model for a general theory of seagrass meadow 

dynamics. This chapter tests Chapter 6’s postulates of seagrass functional regime stability  

(light limitation or nutrient limitation) on an undisturbed late Anthropocene record of seagrass 
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ecosystem variance within the Lower Middle Basin. A complete temporal unit of pattern and 

process is constructed for testing impacts of the basin’s shellfish aquaculture. From this, a 

neutral model of pattern and process is developed for a general theory of seagrass variance. 

The model is based the role of the top-down control (planktivorous trophic cascade) and 

bottom up control (inorganic nitrogen availability) within an evolving landscape 

configuration. 

 

Chapter 8. Discussion and conclusions. This chapter summarises the findings of the study 

and discusses its implications for the study of other seagrass systems by formalising the 

general theory. Suggestions for future work are then based on the formal structure and 

predictions of future events and long-term changes of inorganic nitrogen supply.  

 

Appendix. The Appendix contains the results from the diatom transfer function taken from a 

model developed by Saunders et al. (2007) with a laboratory report referred to in the text. 
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Chapter 2. Materials and methods 

 

2.1. Study site 

The Little Swanport estuary was chosen because for the study of major floods, pressed 

nutrient supply and shellfish aquaculture on a seagrass ecosystem because of its ideal 

geomorphology, history and availability of long-term data sets at its matching temporal and 

spatial landscape scale. That is, (1) its relative isolation from coastal waters and presence of a 

central muddy trench along the axis of the estuary (Figure 2.1), thus, restricting the loss of 

surrounding autochthonous production from the estuary towards deep water deposition (c.f. 

lake palaeo-reconstructions, e.g. McGowan et al., 2005); (2) the knowledge that its seagrass 

Zostera spp. coverage has changed over the long-term (Rees, 1993); (3) the availability of a 

long-term rainfall–catchment river flow model (SKM, 2004), ongoing medium-term river 

nutrient monitoring and ongoing long-term coastal nutrient monitoring (Harris et al., 1987; 

Thompson et al., 2009), all of which illustrate the system has been subject to a range of 

pivotal flood events that has on occasion damaged its littoral benthic environment (Dyke, C., 

2006, pers. com. Dykes Oyster Farm), together with long-term pressed variability in coastal 

and river nutrient supply both of which may lead to a change in seagrass coverage and 

structure (Eriksson et al., 2002; Orth et al., 2006); (4) the presence of an established shellfish 

aquaculture industry over the medium to long-term (i.e. over the last 20 years); (5) a recent 

survey that identifies the range of animal and plant species abundance, in order to determine 

and compare the structure of its ecosystem with other seagrass ecosystems around Australia 

and the rest of the world, and thereby borrow generic interpretations of experiments and 

pattern and process from those environments to construct a general theory of long-term 

seagrass meadow variance (see section 1.3). 

 

The Little Swanport estuary (Figure 2.1) is located on the cool temperate east coast of 

Tasmania (42.33 °S, 147.98 °E). Its catchment (732 km
2
) geology is primarily Jurassic 

dolerite, with land use divided into three broad categories: pasture 27 %, which is largely 

restricted to the upper catchment, clear felling forestry 8 %, which is scattered throughout the 

catchment and the remaining areas are native dry sclerophyll forest. The upper catchment 

pasture development has an influence on the upper Little Swanport River’s water quality, 

leading to elevated total nitrogen concentrations (median 0.85 mg L
-1

) above pristine levels as 

found for undisturbed parts of the upper catchment (median 0.2 mg L
-1

) (DPIPWE, 2006). 

However,  the lower sections of the river that enter Little Swanport estuary remained 
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relatively pristine with both total nitrogen and nitrate and total dissolved inorganic nitrogen 

concentration (DIN) below ANZECC guidelines for pristine waters (total nitrogen median 

0.48 mg L
-1

; DIN median 0.06 mg L
-1

) due to the dilution by forested tributaries combined 

with a significant decline in land use activity in the lower catchment (DPIPWE, 2006). 

 

 

Figure 2.1. Benthic habitat description of Little Swanport estuary and its location in Tasmania (Australia).  

 

Little Swanport River’s catchment has a relatively small bar-built estuary (42.33 °S, 147.98 

°E) (Figure 2.1). The estuary can be tentatively divided into five characteristic zones based on 

sedimentology, bathymetry and topography:  

 The Upper Channel. A relatively deep (up to 10 m) narrow stony channel, the base of 

which is presently below mean sea level and is fed by the Little Swanport River. 

 Watch House Basin. A relatively isolated shallow (<2m) water body that is set back 

from the entrance of the Upper Channel. The basin is fringed by salt marsh to its west 

and supports a lush meadow of the submerged aquatic rhizome macrophyte Ruppia 

megacarpa.  
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 The Depositional Basin. A relatively shallow water body (<3m) that encompasses the 

depositional levees (Duck Islands) and ends where a deeper muddy central basin 

begins. The basin presently supports a lush seagrass meadow of Zostera tasmanica 

and Zostera muelleri. 

 The Middle Basin. The basin features a central muddy heterotrophic trench (Potts J, 

pers. com., 2006) from 3 m to 10 m deep surrounded by a littoral zone that supports 

seagrass meadows dominated Zostera tasmanica and Zostera muelleri.  

 The Marine/Flood/Tidal Delta. A relatively high-energy sandy shallow region with 

braided channels among inter-tidal sand flats. The narrow channels support extensive 

high densities of the seagrass Zostera muelleri. 

Little Swanport estuary has been listed as a wave-dominated system (OzCoasts, 2006). This 

classification appeared to be based solely on its topography, bathymetry and surface 

sedimentology. However, on further examination of the data from Crawford et al., (2005), it 

was found that tidal exchange was the dominant feature of its hydrodynamics. Readings from 

a tide gauge deployed within the centre of the estuary indicated a tidal prism for the whole 

estuary approximating 3.4 x 10
6
 ML or 43 % of the high water volume of the estuary. In 

contrast, the median river flows of 9 ML/day and mean river flows of 34 ML/day, from 

published river-flow data over the previous 17 years (SKM, 2004), indicates that river flows 

would produce no significant contribution compared to the tidal prism. 

 

Little Swanport estuary contains seagrass meadows that support a planktivore-dominated 

ecology, similar in species composition to Westernport and Port Philip Bay in Victoria 

(Australia) (e.g. Kimmerer and McKinnon, 1985, 1987). A list of animal and plant species 

collected over 10 years can be found in Crawford et al. (2005). Presently, most of the oyster 

aquaculture industry is spread throughout the Marine/Flood Tidal Delta, bordering the narrow 

deeper channels (approximately 2 m to 4 m deep). There is also a land-based oyster nursery 

that draws water from the upper Middle Basin.  

 

2.2. Selection of sediment core sites 

Estuaries are defined by an ecosystem gradient that has been generated by varying degrees of 

influence from its river and its immediate coastal environments. River and costal zones are 

defined by their integrity against the influence of the estuary, which in turn is influenced by 

the net balance between the river and coastal inputs. The net balance will also change at 

different temporal scales driven by tidal, seasonal and climate variability and interdecadal 
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flood frequency (Elwany et al., 1998; Rustomji, 2007) as the estuary evolves over the 

millennia (Roy and Thom, 1981). The estuary can be divided into discrete zones that result, in 

part, from the estuary’s tidal excursion (Dyer, 1973), which is influenced by discrete changes 

in volume along a complex estuarine topography.  

 

For a palaeo-reconstruction there are additional practical sampling criteria to consider: (1) 

scaling up variance from small diameter sediment cores to a potentially heterogeneous 

surrounding landscape, (2) natural and anthropogenic disturbance of the sedimentary record, 

(3) different sensitivities of the sediment coring sites to coastal floods and marine incursions 

that may deposit material or affect the tidal exchange parameters (e.g. Morton and Donaldson, 

1973; Roy et al., 2001; Cooper, 2002; Rustomji, 2007). Traditionally, a central heterotrophic 

deep spot is selected that will integrate a well-preserved and undisturbed supply of particulate 

material from the surrounding littoral zone and the water column (Engstrom and Wright, 

1984). The success of the reconstruction is contingent on the lack of anthropogenic or natural 

disturbances, for example, mixing or erosion of sediments during bottom dredging, floods 

(Cooper, 2002) or marine incursions. Unfortunately, disturbances at potential sediment core 

sites are not always known a priori.  

 

Little Swanport estuary has a complex topography including an embayment set back from the 

main river channel (Watch House Basin), which may be ostensibly isolated from the direct 

influence of the river and coastal ecosystem gradient that defines the estuary. Similarly, 

coastal boundaries are not always clear. Rapid tidal exchange immediately inside the estuary’s 

Marine Flood/Tidal Delta zone, in spite of the bar way, may result in an a disproportionate 

coastal influence over the estuary’s function. In other words, the functional coastal boundary 

extends past the bar way into the estuary as currently classified from topography and 

sedimentology resulting from tidal dynamics. Furthermore, the tidal exchange parameters are 

subject to significant change. Available aerial photographs of the bar way indicated a more 

open system in 1948 than present, to a near closure of the bar in 1967 (see Chapter 4, Figure 

4.18). The estuary also supports discrete ecosystem zones as a function of complex 

topography and changing bathymetry within the Middle Basin. Hence, a centennial scale 

palaeo-ecosystem reconstruction within Little Swanport estuary must account for ecosystem 

variability within estuary zones due to changes in both baseline river and coastal boundary 

conditions and their exchange parameters affected by flood and marine incursions. 

Furthermore, the functional boundaries may evolve over time, contracting or expanding with 

coastal and river-flow boundary conditions. Therefore, it is important to choose sampling sites 
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that maintain their integrity as part of the functional zones, to disentangle ecosystem changes 

on functional zones from a shift of the site to an adjacent functional zone.  

 

Consequently, Little Swanport estuary’s palaeo-reconstruction was centred on two distinct 

regions (see Chapter 3). The Depositional Basin, containing depositional levees (Duck 

Islands) to the Upper Middle Basin and the Lower Middle Basin (Figure 2.2) have been found 

to functionally define most of the estuary (see Chapter 3). Both zones support a heterotrophic 

central channel (3 m to 10 m deep). Sediment cores were extracted from both zones to 

reconstruct their respective palaeo-ecologies. The extraction sites were relatively protected 

from the effect of wind mixing. It was found that haline stratification was perennial during 

both baseline river flows and during drought conditions. During drought conditions bottom 

waters were found to be hyper-saline with respect to seawater and were formed from density 

currents after surface evaporation (see Chapter 3).  

 

Within the lower estuary region two sediment cores were extracted from sites approximately 

120 m apart (Figure 2.2) to: (1) select for both sensivity in the supply of macro-seagrass leaf 

detritus (LSPMB106, 8 m) and sediment brought in by marine incursions (LSPMB107, 9.9 m) 

and subsequently resources were focused on a single core (e.g. Turner et al., 2006) i.e. a 

shallower but closer site to the seagrass meadow and deeper site for the final resting place of a 

tsunamite and/or tempesite, (2) test for basin scale replication and to constrain individual 

sediment core stochasticity
7
. 
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Figure 2.2. Sediment core sampling sites within the Little Swanport estuary’s deep central basin. 

                                                 

7
 It is conceivable that an event that spans a sediment core horizon, such as the appearance of an animal or 

object, may give the impression of a basin wide event. However, without a comparison with another sediment 

core separated across the basin, it is equally likely that the deposition is just a localised incident.  
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Within the upper region (Figure 2.2 LSPMB206, 3.7m; LSPMB2B08, 3.2m), the sites were 

selected to: (1) constrain stochasticity within individual sediment cores, (2) balance a 

decision, not known a priori between the relative sensitivity to the magnitude of floods, 

though deposition (LSPMB2B08; see Figure 2.2) and relative insensitivity to flood erosion 

i.e. sites closer and further from the river respectively.  

 

2.3. Sample collection for sediment cores 

Sediment cores were collected using a sliding hammer Kajak corer (UWITEC, Austria) 

equipped with a 6 cm internal diameter polycarbonate core tube (Figure 2.3). The core tube 

had previously been washed with acid (10 % HCl, Analar grade), rinsed with distilled water, 

and then stored filled with distilled water until needed. After recovery, the sediment cores 

were kept vertical at all times and the sediment–water interface was stabilised for transport by 

pushing a porous polyurethane foam plug through the water head space to immediately above 

the surface of the sediment and the core was subsequently sealed at both ends. The sediment 

cores were packed in ice in an insulated box for transport and kept vertical at all times. On 

return to the laboratory, the cores were stored upright at 1 °C to 3 °C for up to one month 

before processing. The cores ranged from 0.8 m to 1.4 m long. 

 

      

Figure 2.3. The sliding hammer Kajak corer used to extract the sediment cores. 
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2.4. Estuarine transect, water and catchment sites and sample collections  

Surface sediment samples and their immediate sessile living biota were collected at 13 

stations along a transect, within the littoral zones (Figure 2.4) during the summer (late 

February), to test the plausibility of chosen proxies (see Chapter 1) and to identify the 

estuary’s boundaries and functional regions. At each of the 13 transect stations (Figure 2.4), 

three sediment samples were taken from sites within 10 m of each other (total 39) with an 

Ekman spring loaded grab (Figure 2.5). The grab was modified by attaching a 3 m long box 

section with a push button release rod running from the top to the spring release located at the 

top of the grab. In this way, a square section of seagrass and sediment could be taken from a 

boat by firmly pushing the grab past seagrass shoots and their rhizomes. 
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Figure 2.4. Position of the sampling stations for the transect, the surrounding catchment and the adjacent coastal 

waters of the Little Swanport estuary. 

(●) Position of surface sediments stations within the littoral zones seagrass beds; (●) positions of surface water 

samples outside the seagrass meadows within deeper waters, (▬) surface soil stations; (●) sampling stations for 

contemporary bivalve taphonomy. The grey areas are the sub-tidal littoral zones and the black areas are inter-

tidal salt marsh. 

Ten samples of seagrass shoots were then randomly selected from each site, along with their 

surface sediments (the rhizome horizon was around 1 cm to 2 cm thick). The samples were 

stored in the field, dark and under ice, in separate Whirlpak™ bags. After a few hours, they 

were frozen at around -4 °C for transport back to the laboratory and stored at -20 °C until 

needed. 

 

Surface water samples together with temperature and salinity profiles (602 Yeokal Mk11 

salinity/temperature bridge, ± 0.1 °C and ± 0.02 ‰) were collected at 4 estuarine sites and a 

coastal site, 3 km outside the estuary within Mercury Passage, well away from the immediate 

effects of the estuarine circulation. During sampling care was taken to minimise 
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contamination from any re-suspended sedimentary or floating material by collecting water 

immediately below the surface, during calm conditions, in at least 2.5 m of water. The 

samples were stored in the dark under ice for a few hours and then filtered onto pre-

combusted (400°C) 47 mm diameter GF/F filters. The filters were then stored frozen, initially 

at -4 °C and subsequently at -20 °C, wrapped in a pre-combusted Al foil. The frozen samples 

were processed within 2 months prior to analysis of carbon and nitrogen content and their 

stable isotope ratios. 

 

 

Figure 2.5. A seagrass–sediment sample taken by the Ekman grab.  

The Ekman grab sampler modified by attaching a 3 m long box section used to  drive the grab into the sediment, 

from which a long push bottom rod is pressed from the top of the section to release the grabs spring loaded jaws 

(right). The sample released from the grab (left).  

Catchment soils at 10 random sites along a 250 m perimeter of a salt marsh (SM), eroded 

pasture (SP), steep and shallow slope dry sclerophyll forest (SNS and SSS respectively) and 

pasture with a history of recent fire (RI) were sampled (Figure 2.4). The samples were stored 

in the field in separate Whirlpak™ bags in the dark and under ice for transport back to the 

laboratory and subsequently stored at -20 °C until needed.  

 

2.5. Sediment core sub-sampling  

Within 4 weeks of collection, each core was sub-sampled for a range of analyses (Figure 2.6).  

Samples for water content, sediment wet bulk density, pore water salinity and loss on ignition 

at 550 °C and 950 °C were taken through the receiving liner with a 1 mL
 
syringe with the tip 

cut off, resembling a piston corer (Livingston, 1984). In this way a sample was extruded 

across the diameter of the sediment core without any compression. Any voids and visible 

pieces of shell were expelled from the syringe and the process was repeated until a complete 1 

mL was collected and then immediately placed into pre-weighted 2 mL Eppendorf™ tubes. 
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The remaining sediment was placed in either Whirlpak™ bags or pre-combusted glass jars. 

The residual mud clinging to the inside of the roughened receiving liner was discarded. The 

air from the glass jars and Whirlpak™ bags was removed via vacuum bagging and the 

samples were then kept in the dark, under ice, until needed (up to 2 months)
8
. Subsequently 2 

mL to 3 mL of wet sample was sub-sampled for further processing for analysis of: particle 

size, macro-char counts, faecal pellet content, shell debris identification, bivalve taphonomy 

and their 
14

C age, 
210

Pb and 
137

Cs radio-geochronologies, total and particulate organic carbon 

and nitrogen (TN, TOC, POC, PON) and stable isotope ratios (δ
13

Corg, δ
15

Norg), LOI 550 °C, 

stepwise thermogravimetry (Rp index) and labile BSi (Figure 2.6). Material that showed signs 

of surface oxidation, formed during the initial transfer and storage under vacuum was rejected 

for analysis of organic matter (OM) components. 

 

2.6. Sub-sampling of the surface littoral zone sediment grabs 

2.6.1. Seagrass leaves and their epibionts 

Ten terminal live seagrass shoots, selected at random from the sediment grab from 3 sites at 

each transect station (Figure 2.4) were scraped between flat tweezers to separate the epiphyte 

community (using the edge of the tweezers) and then dried (<60 °C) for further processing 

and analysis. The scraped leaves were then soaked in 5 % HCl (Analar grade), rinsed in 

distilled water and dried for further processing and analysis. 

 

The above procedure was repeated for detrital seagrass leaves, buried within the surface 1 cm 

to 2 cm of the surface sediments. Due to limited resources, seagrass leaves and their epiphyte 

communities at each station site were combined for analysis of carbon and nitrogen content 

and their stable isotope ratios, as equal dry weights for the epiphyte community and as equal 

wet leaf area for seagrass leaves. Only live seagrass shoots (Figure 2.7) were analysed for 

their N:P stoichiometry to constrain transect variance interpretations based on either nitrogen 

or phosphorus limitation (see Chapter 3). 

 

 

 

 

 

 

                                                 

8
 Freezing of samples was avoided so as not to influence the sediment size distribution by freeze/thaw fracture of 

delicate aggregates. 
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Figure 2.6. Sub-sampling protocols and subsequent analysis of sediment cores extracted from the deep, 

heterotrophic, central basin of the Little Swanport estuary. 
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Figure 2.7. Sub-sampling protocols and subsequent analysis of the little Swanport estuary’s littoral zone’s 

surface sediment and surrounding catchment soils.  

 

 

Serpulid worms and bryozoans attached to the seagrass leaves were picked off under a 

binocular microscope (x 20) and placed in 10 mL centrifuge tubes and stored at -20 °C until 

further processing and analysis of their CaCO3 carbon stable isotope ratios (δ
13

Cinorg; see 

Figure 2.7). 

 

2.6.2. Surface sediments 

Approximately 5 mL of wet surface sediment collected using a cleaned metal spatula was first 

washed through a 315 μm stainless steel sieve with distilled water to separate live gastropod, 

mollusc, isopod and amphipod fauna from the detrital fraction. The distilled water washings 
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were aspirated from the sieved sediments after centrifugation (x 1000 g for 20 minutes). 

Again, due to limited resources, the sediments from 3 sites at each station were combined as 

equal dry weights for analysis of organic carbon and nitrogen content and their corresponding 

stable isotope ratios. Loss on ignition (Figure 2.7) and labile and refractory BSi samples were 

not combined. 

 

In addition to processing for chemical analysis the sieved sediments from 3 sites at 4 stations 

were sub-sampled wet for identification of microscopic glassy components (e.g. diatoms, 

phytoliths, thecamoebians). 

 

2.6.3. Catchment surface soils 

The 10 sites along each of the 250 m sections (SM, SP, SNS, SSS, RI) were combined equally 

by weight. Visible stones were discarded and the samples were stored at -20 °C until further 

processing (Figure 2.7) for analysis of total carbon and nitrogen content, Rp index, loss on 

ignition and stable isotopes for dissolved inorganic nitrogen.  

 

2.7. Chemical and physical analysis  

2.7.1. Pore water salinity 

Sediment pore water salinities from sediment core horizons were measured after 

centrifugation (x 1000 g) of 1 mL of wet sediment (Figure 2.6) by putting 50 μL of 

supernatant onto a hand-held refractometer. The precision of the refractometer was estimated 

to be approximately 0.5 ‰ (Lindberg and Harriss, 1973). 

 

2.7.2. Water content 

After centrifugation and pore water sub-sampling, the remaining wet sediment plug from the 

above sediment core sub-sample was dried in pre-weighed Eppendorf
™

 tubes at 60 °C for 24 

hr, or until constant weight, and expressed as a percentage weight of dried solids. Correction 

was made for the small volume removed for determination of pore water salinity. 
 

 

2.7.3. Loss on ignition (550 °C and 950 °C)  

Sediments were dried overnight at 105 °C to constant weight and 0.1 g to 0.4 g was 

transferred to pre-dried and pre-combusted 5 mL
 
porcelain crucibles then redried to constant 

weight at 105 °C (cooling in a desiccator). The crucibles were arranged in a grid on a 

porcelain tray, which could be placed reproducibly in the furnace. The samples were then 

heated in a muffle furnace to 550 °C for 4 hr, and cooled in a desiccator (Heiri et al., 2001). 
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After weighing, the samples were further heated to 950 °C for 2 hr, cooled in a desiccator, and 

reweighed.  

 

Samples of sediment working standards were positioned from the back to the front of the 

furnace as well as from left to right. In this way, intra-batch and inter-batch variance from 

either furnace inconsistencies and/or operator process bias could be removed by normalising 

ignition loss to the hot spots in the furnace. All contents for total sediment analysis were 

reported as dry weight after correction for pore water salt content according to Lavelle et al. 

(1985) and to a reference weight from a measured calibration curve (Equation 2.1) 

 

Equation 2.1. LOI550(0.3 g) = −0.697*(sample)
2
+0.657*(sample) +0.864*LOI550 (sample)  

Calibration (r
2
= 0.999, n=7) to correct LOI 550 °C weight dependent variance of the sample to a standard weight 

(0.3 g). Mixtures (50 %) from standard additions of muddy core sediments with pre-combusted residue (after 

950 °C) gave no significant difference to the above LOI weight dependence, implying that it was a function of 

mass and not OM composition.  

No correction was necessary for LOI 950
 
°C within the range 0.1 g to 0.5 g of sample 

provided the weight correction after LOI 550
 
°C had been applied. Where there was evidence 

of pyroxene clays, indicated by the formation of yellow residue after heating to 950 °C (See 

Appendix: Report from Mineral Resources Tasmania), the sample was acidified and the 

combustion repeated. The contribution from the loss of clay hydration above 550 °C was 

subtracted from the total combustion loss.  

 

An estimate of the limit of detection of a series of sediment blanks (3 x standard error; n=5) 

was 0.1 % (for a 0.3 g sample) and 0.7 % for a 0.1 g sample and was based on analysis. These 

blanks were prepared by pre-combusting combined homogenised sediment samples at 1000 

°C over 24 hr.  

 

2.7.4. Wet bulk density 

Wet bulk density of sediment core horizons was calculated in two ways: (1) weight of wet 

sediment and the volume measured within the syringe and (2) by the sum of calcium 

carbonate (as LOI 950 °C), water content and organic content multiplied by their respective 

particle densities (Binford, 1990). There was a strong correlation between the two methods 

(unpublished) but the calculated values were dependent on tabled values of sediment particle 

type from other environments that may have explained some of the residual variance. 

Therefore, the direct measurement of bulk density was preferred, with the latter method used 
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on the rare occasions when a mass of shell debris in depositional facies inhibited the 

collection of a smooth consolidated sample within the cut off syringe sampler.  

 

2.7.5. Organic carbon and nitrogen content and stable isotope ratios 

All manipulations were performed on a covered solvent cleaned, stainless steel tray after 

samples were dried at 60 °C. Individual samples of sediments, soils, previously treated 

seagrass leaves (live and detrital from the transect stations) and their live epiphyte community 

were ground to a fine powder with a stainless steel mortar and pestle previously cleaned with 

water and then methanol and acetone, and then transferred to acid-washed pre-combusted 

glass vials. After each sample was processed, the mortar and pestle was rinsed with distilled 

water and wiped out with lint-free wipes (Kimwipe
™

), re-rinsed in methanol, wiped once 

more, and then acetone rinsed. Before proceeding to the next sample, the pestle was checked 

with a magnifying glass for any lint contamination.  

 

The powdered samples of soils, sediments and seagrass epiphytes were acidified within pre-

combusted glass vials using 10 % HCl (Analar grade) to twice the volume necessary 

(previously estimated from LOI 950 °C) to remove carbonates. The samples were then left to 

evaporate at 60 °C overnight in a pre-cleaned stainless steel fan-forced oven fitted with a fine 

air filter. The tray of samples was loosely covered with a sheet of aluminium foil to prevent 

any dust contaminating the open vials. The next day the samples were wetted with distilled 

water then dried overnight at 60 °C to constant weight to drive off any excess HCl. For 

sediments with a high concentration of carbonate shell the sample was first treated with 30 % 

HCl (Analar grade) until no more reaction could be seen. It was then fumed for a further 24 

hours within a desiccator over concentrated HCl and then dried for 48 hr. 

 

While the samples were still warm, the vials were closed and vacuum bagged for later 

transport and analysis at the West Australian Biogeochemistry Centre (WABC), John de 

Laeter Centre of Mass Spectrometry, School of Plant Biology at the University of Western 

Australia. An automated elemental analyser interfaced to a continuous flow 20/20 mass 

spectrometer connected to an ANCA-S1 preparation system (Europa Scientific Ltd., Crewe, 

UK) quantified C, N, and δ
13

Corg and δ
15

Norg. All δ
13

C values were expressed as delta notation 

relative to Viennese Pee Dee Belemnite and δ
15

N relative to atmospheric nitrogen. The 

standard deviations were 0.15 ‰ for δ
13

C; 0.35 ‰ for δ
15

N; 1.5 % for C; and 0.5 % for N for 

5 replicates. All total carbon and nitrogen content from sediment cores were corrected for salt 

according to Lavelle et al. (1985) using the pore water salinity.  
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In addition, Zostera spp seagrass leaves from sediment cores (LSPMB2B08, and LSPMB106 

and LSPMB107) were identified and removed from the 315 μm sieve under a binocular 

microscope (x10 to x15 magnification), washed in a bath of 5 % HCl within a disposable 

polycarbonate Petri-dish for several minutes, rinsed in bath of distilled water, followed by a 

stream of distilled water and subsequently dried below 60 °C. 

 

The dried seagrass samples (approximately 1.0 mg to 2.5 mg) were weighed to ±0.001 mg as 

pieces (not ground) and placed into pre-weighed tin cups for analysis of carbon and nitrogen 

concentrations and their stable isotope ratios. The samples were stored in glass vials under 

vacuum for transport and later analysis at the Research School of Biological Sciences, 

Australian National University (Canberra). This research group had tuned their mass 

spectrometer, on request, to use a smaller sample size than usual. Standards, reporting and 

statistics were the same as the above WABC results. 

 

Seagrass samples taken from the upper sediment core LSPMB206 were only analysed for 

organic carbon and nitrogen content. Owing to previous sub-sampling and analysis, there was 

insufficient seagrass material for stable isotope ratio analysis for many of the sediment 

horizons (1.0 mg to 0.02 mg) but sufficient material remained for carbon and nitrogen 

analysis via an Elemental Analyser at the Central Science laboratories, University of 

Tasmania (Thermo-Finnigan EA 1112 Series Flash). Samples of seagrass were from the 

rehydrated >315 μm fraction, previously dried at 60 °C and stored in evacuated plastic bags at 

4°C from the previous year. However, it should be noted that separation from other 

amorphous particles was problematic. Amorphous particles, adhered to the rehydrated 

seagrass, were laboriously picked/scraped off the individual seagrass straps, under a binocular 

microscope (x10 to x20), using a needle and fine forceps. While every effort was made to 

make sure that no particles remained, it needs to be recognised that given the small quantity of 

seagrass, the apparent noise in organic content data for this sediment core may, in part, reflect 

amorphous particle contamination. Once separated from particles the seagrass pieces were 

immediately washed in 5 % HCl (Analar grade), gathered with forceps and rinsed in distilled 

water under a wash bottle stream, dried at 60 °C, and weighed intact to ±0.001 mg into tin 

capsules for subsequent analysis.  

 

2.7.6. Inorganic carbon stable isotope ratios 

The calcareous epibionts were treated to remove organic material with 3 mL of 30 % H2O2, 

with the reaction controlled under ice. During peroxide digestion, pH>8 was maintained by 
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the drop wise addition of 0.5M NaOH and the calcareous remains washed 5 times in distilled 

water and dried at 60 °C. Their stable inorganic carbon isotope ratios were determined at the 

Central Science Laboratories University of Tasmania by reacting the prepared sample with 

anhydrous concentrated phosphoric acid according to Swart et al. (1991). 

 

2.7.7. Total iron analysis 

Total iron analysis was performed on weighed, and ground (agate mortar and pestle) samples 

from the upper sediment core horizons that had been previously heated to 950 °C to remove 

water, organic material and carbonates. The samples were placed in acid-washed porcelain 

cups and reacted with 5.93M HCl (Analar grade) at sufficient volume to produce a yellow 

complex with an absorbance proportional to iron concentration (Box, 1984). All results were 

expressed as percentage of dry sediment, after correcting for the contribution from salt 

according to Lavelle et al. (1985). 

 

2.7.8. Labile biogenic silica analysis  

Sediment and surface soils for analysis of labile biogenic silica (BSi) were taken from the 

Whirlpak™ bags in which they were stored, dried at 60 °C, and broken up, in accordance with 

DeMaster (1981). The samples (0.30 g to 0.35 g) were digested in 40 mL of hot (85 °C) 

NaOH (Analar grade, 0.5 M), and the amount of silicate released measured by standard 

spectrophotometric methods (DeMaster, 1981) after digestion for 2, 3, 4 and 5 hours and 

extrapolation of the constant slope after 2 hours to zero time as a measure of labile BSi.  

 

Paired samples for BSi analysis (n=12) taken from the same dried sediment stock (<315 μm 

size fraction; ≈ 9 % BSi) on different days and using different analytical stock solutions were 

highly normally correlated (r
2 

0.85) leaving analytical variance BSi, in this study, of around 

15 %. After removal of an anomalous pair the correlation coefficient
 
increased to 0.92, a 

variance within the range reported by Conley (1988). All results reported as BSi content from 

sediment cores were corrected for salt according to Lavelle et al. (1985).  

 

2.7.9. Refractory biogenic silica  

Refractory BSi from surface sediments and soils were treated using the same procedures and 

reagents as for labile BSi but digested between 14 hr to 24 hr (Conley, 1988), and then 

calculated by extrapolating the released silicate back to zero time.  
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2.7.10. Rp index from stepwise thermogravimetry 

Stepwise thermogravimetry measures the loss of mass from a sample as temperature is 

increased. Kristensen (1990) used stepwise thermogravimetry patterns for natural material to 

develop the Rp index, defined as:  

 

Equation 2.2.                        
 PIIPI

PII
Rp


         

Where PI is weight loss from ignition between 130 °C to 280 °C and PII is the weight loss on ignition from 280 

°C to 520 °C. 

A low Rp index (around 0.2) is typical for materials rich in aliphatic compounds (lipids, 

carbohydrates), whereas high Rp (>0.5) represent aromatic compounds and materials rich in 

nitrogen (humates, proteins, nucleic acids).  

 

The Rp index was determined using the method and protocols of Kristensen (1990), together 

with an additional correction of inter-batch and intra-batch variability using a sediment-

working standard. The inter-batch standard deviation of the working standards was <3 % of 

the mean (0.586 ± 008, n=16).  

 

2.7.11. Radioisotope-based geochronologies 

Sediment samples from selected sediment core horizons were dried below 50
 
°C

 
and several 

grams were ground to a power using an agate Retschmill automatic mortar and pestle with an 

adjustable tilling device for reproducible grinding. 

 

Samples for 
210

Pb dating were chemically processed by ANSTO at Lucas Heights, Sydney 

(Grant AINARA 07166 and private project number 2009rc11abc) by first removing iron using 

ether extraction, followed by acid leaching of 
209

Po and, from which the 
209

Po was plated onto 

silver disks by the addition of a reducing agent, hydroxylammonium chloride. Ra was co-

precipitated with BaSO4. The activities of the sample sources were determined by alpha 

spectrometry. 
210

Pb activity was later corrected to sediment dry wet by accounting for 

contribution from pore water salt, according to Lavelle et al. (1985).  

 

Samples for 
137

Cs analysis, were pooled from groups of sampling horizons (3 or 4) to obtain 

the 12 g of material needed for analysis, came from a haphazard mixture and samples left over 

from previous sediment processes that had been previous dried (60 °C) and ground either in 
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agate or stainless steel mortars and pestles. The analysis was performed at the Marine 

Chemistry Department, Woods Hole Intuition for Oceanography (USA) using high–resolution 

gamma spectrometry.  

 

2.7.12. Sediment size fraction classes  

Unprocessed wet sediment (2 mL to 3 mL)
 
from each horizon was gently washed with 

distilled water, through a stainless steel sieve stack (315 μm, 250 μm, 150 μm, 100 μm and 76 

μm) and the effluent collected into a 500 mL polypropylene centrifuge container (Figure 2.8). 

For the more consolidated sediments, samples were initially soaked in 5 mL of distilled water 

for a few hours to assist in dispersal. When most of the sample appeared to have passed 

through the top sieve, a further oblique higher-pressure wash with a narrow bore wash bottle 

was used to clean the remnants of seagrass leaves and any aggregates on the top 315 μm 

sieve. Washing was considered sufficient when there was a noticeable absence of lumpy 

sediment aggregates and the seagrass straps and any pieces of shell debris appeared glossy. 

The sediment samples were completely rinsed from the sieves (from the top down) into pre-

combusted and weighed aluminium dishes (500 °C), using a wide bore wash bottle. The <76 

μm fraction was centrifuged at 1500 g for 20 minutes, the supernatant aspirated off and the 

sediment completely washed into weighed pre-combusted aluminium dishes. Large shells on 

the 315 μm sieve were picked off. The size fractions were expressed as proportions by dry 

weight (60 °C) of the sum of the fractions.  
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Figure 2.8. An example of a muddy baseline sediment sample gently washed through the sieve stack.  

Note the relative proportions and nature of the material: (a) seagrass pieces >315 μm, (b) amorphous mineral and 

organic particles >250 μm, (c) faecal pellet aggregates >150 μm, (d) faecal pellet aggregates >100 μm, (e) 

amorphous particles with some faecal pellet aggregates >76 μm as minor contaminants to the fraction.  

 

2.7.13. Diatom species abundance and biogenic glassy components 

Sediment samples from the lower sediment core LSPMB106 were prepared for microscopic 

analysis of glassy biogenic components with 5 % H2O2, washed and mounted on microscope 

slides according to Saunders et al. (2007) for determining diatom species abundance. This 

data was applied to a local paleo-salinity transfer function (Saunders et al., 2007). Diatom 

species were separated into environmental classes: epipelic, epiphytic, phytoplanktonic and 

facultative phytoplanktonic, according to Round et al. (1990) and Dr. K. Saunders performed 

the identification to a species level. However, the separation of diatom species into 

environmental classes: epipelic, epiphytic, phytoplanktonic and facultative phytoplanktonic, 

was performed by myself in accordance with Round et al. (1990). 

 



Chapter 2 Methods and materials 37 

 

Additionally, microscope slides were prepared in the above manner to assess the importance 

of other biogenic glassy components (phytoliths, thecamoebians) within the selected surface 

sediment stations (3 sites per station, WB4, MB2, MB13, SB4). The forms were identified as 

phytoliths and thecamoebians from examples illustrated in Carey et al. (2005) and Lu and Liu 

(2003).  

 

2.7.14. Analysis of size classes: Macro-char particles 

Two mL of sediment, measured by water displacement within a centrifuge tube, was taken 

from upper and lower sediment cores horizons (LSMB206 and LSPMB107) for macro-char 

counts on a 250 μm and 100 μm sieve stack. Preparation and clean up protocols were 

according to Carcaillet et al. (2002). 

 

2.7.15. Analysis of size classes: Faecal pellets 

All size fractions were examined at low magnification with a binocular microscope. Faecal 

pellets dominated the >150 μm and >100 μm fractions but no pellets could be found on the 

250 μm sieve and were a minor component on the 76 μm sieve. Other materials, identified as 

pieces of seagrass leaf, occasional macro–char particles, foraminifera, quartzite particles, 

glassy sponge spicules, urchin spines and other shell debris were all minor components.  

 

The quantity of faecal pellets associated, by weight, with the >150 μm and 100 μm fractions 

was estimated by dispersion and sieving of the faecal pellets after 5 mins to 10 mins of 

sonication. The material was then completely transferred and washed through a 76 μm sieve. 

The collected material, (dried at <60° C) was subtracted from the dry weight of the initial 

sieve fraction to calculate the proportion of faecal pellets within their size fractions.  

 

2.7.16. Bivalve shell taphonomy 

Bivalve taphonomy of shell deposits describes characteristic signatures of their transport 

conditions (floods, storms, tsunamis tides) through a bias in the physical condition and 

orientation of the shells type. Recently Donato et al. (2008) developed a relatively simple 

form of the analysis for distinguishing sediment deposits caused by storm surges (tempesite) 

and beach wash from those caused by tsunamis (tsunamites) that can also be used to 

distinguish between bivalve transport along the surface waters during tide excursions (Dent 

and Uhen, 1993). 
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A taphonometric analysis of bivalve shells was conducted through >37 cm thick shell deposit 

facies at the bottom of sediment core LSPMB107. Sub-samples (3 mL) were taken down the 

facies every 2 cm and were isolated on a 3.15 mm sieve, then separated into size classes, 3 

mm to 6 mm, 6 mm to 10 mm, 11 mm to 20 mm and 21 mm to 30 mm. All the samples were 

then combined (483 bivalves, 981 recognised conditions) for a taphonometric analysis using 

the above classification from Staff et al. (2002). Bivalves were also collected using 15 cm x 

15 cm surface grids from 4 sites along isolated and relatively inaccessible parts of beaches 

(Figure 2.4) for a baseline comparison. The samples were combined (500 bivalves, recognised 

1399 taphonometric conditions) and treated as for the above shell facies. The spectrum of 

bivalve conditions was constructed as in Donato et al. (2008) by summing up the range of 

bivalve conditions from each individual bivalve.  

 

2.7.17. Inorganic nitrogen stable isotope ratios of KCl soil extracts 

Total dissolved inorganic nitrogen (ammonia, nitrite and nitrate) associated with soil was 

extracted and trapped, after the extract was made alkaline, onto acidified (2.0 M citric acid, 

according to Schleppil et al., 2006) glass fibre filters wrapped in a floating 

polytetrafluoroethylene envelope (Sørensen et al., 1991). Recovery of the inorganic nitrogen 

was always above 98 %. 

 

The net inorganic nitrogen stable isotope ratios of the resultant trapped ammonium salt was 

analysed via combustion of the glass fibre filter using a Fisons NA1500 flash Elemental 

Analyser coupled via a Con-Flo II interface to a Thermo-Finnigan Delta S isotope ratio mass 

spectrometer at the Commonwealth Scientific Industrial Research Organisation (CSIRO) 

Marine and Atmospheric Research by D. M. Davies. CO2 produced in the combustion was 

removed from the carrier gas with an inline sodium hydroxide scrubber to avoid isoptomer 

interference. Because of low sample weights, modified narrow bore furnace tubes were 

installed allowing for lower flow rates to the Conflo and a dynamic range of 5 μg to 50 μg N 

(Trull et al., 2008). Percentage recovery of N within batches was measured using 168 μg N as 

KNO3 working standard solutions and trapping on filters, then measurement on a CHNS 

Elemental Analyser at the Central Science Laboratories, University of Tasmania (performed 

by Dr. T. Rodemann). Further interpretation of the Rp index metric and Glyph Analysis 

within different surface sediment matrices, along a transect within Little Swanport estuary, 

was assessed in Chapter 3.  
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Chapter 3. Evaluating proxies and processes along a transect 

within the Little Swanport estuary, towards a palaeo-

ecological reconstruction  

 

3.1. Introduction 

Deciphering and choosing estuarine sedimentary signals as proxies for appropriate 

components and processes needed for management and predicting changes to seagrass 

ecosystems, is a major challenge for its palaeo-reconstruction. For instance, for management 

it is necessary study the ecosystem at the appropriate landscape scale (Habeeb et al., 2007; 

Nyqvist et al., 2009) by including proxies for the components that compete with seagrass for 

light and nutrient resources (i.e. micro-algae) and the source of nutrients that can drive change 

(Duarte, 1995; Fourqurean and  Zieman, 2002). Whereas, for prediction it is necessary to 

include proxies for the processes that link those components, for example, the trophic 

structure (top down control) than may ameliorate the micro-algal competition for light or 

nutrient resources for seagrass carbon fixation (e.g. Jorgensen et al., 2007) or indeed, seagrass 

light mediated nitrogen fixation (Welsh, 2000). However, ecosystem signals are not 

necessarily specific and may act as proxies for a number of alternative components and/or 

processes. Furthermore, the original signal may have been modified or lost to the sediments, 

since deposition, to below analytical limits of detection.  

 

To account for the above issues, it is often necessary to employ a number of scientific 

justification methods by using ecosystem diversity in space before they can be generalised 

over time. These include Robustness Analysis (RA), inference to the best explanation (IBE) 

and weak inference through self-consistency (SC) (see Chapter 1), and when used holistically 

it is possible to identify the importance from the relative magnitudes of their signals and their 

nexus to their components and process proxies. In other words, identifying the nature of the 

signals is dependent on both convergence with other lines of evidence provided they adhere to 

well tested current theories. Nevertheless, choosing and evaluating ecosystem proxies is a 

hierarchical procedure, in three steps:  

1. Determine the plausible environmental context to select the appropriate range of 

proxies for theory and prediction, and identify the conditions that have generated and 

preserved the signal in the sedimentary record. This step requires a direct examination 

of the targeted water body’s ecosystem processes and components, and the areas that 

can successfully record those processes and components. This may include 

examination of the species and trophic structure; external forcing factors from 
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catchment and coastal inputs, such as nutrient and sediment loading impacts on 

primary productivity; and an undisturbed central sump with little or no sediment 

column hypoxia, with the ability to integrate the whole of the water body’s ecology. 

2. List the plausible proxies consistent with the signal. This relies on a current 

understanding and assessment of the likely strengths and weaknesses of those proxies 

for the target environment. Consequently, the proxy may require further research 

and/or constraints to resolve any contradictions and underlying assumptions. The 

constraints are usually additional proxies to resolve assumptions.  

3. Evaluate the independence of multiple proxies (RA) and/or test the nexus between a 

signal and a proxy (IBE, SC) within a plausible contemporary environment, such as a 

range of environments that reflect the type and the range of expected temporal changes 

(space for time). Traditionally, this step uses the environmental gradient represented 

by a range of water bodies (lakes and lagoons) at different stages of evolution and 

anthropogenic disturbance to evaluate or calibrate the sediment signal to the proxy and 

to establish the independence of multiple proxies. It is important to demonstrate 

independence; otherwise, convergence for an RA becomes a function of common 

features of the proxy’s conceptual model with the signal and not the target process or 

component (see Chapter 1;  Bycroft, 2009).  

 

Using different water bodies to evaluate proxies can be potentially problematic. The proxy 

within the targeted water body might lie in one of the tails of the normal distribution, which 

describes the mean response between individual systems. In other words, the mean response 

represents the net effect of all uncontrolled variables between different water bodies and is not 

necessarily representative of the response within the targeted water body (Peters, 1986, 1991). 

The differences result primarily from:  

 Different characteristic catchment signals. It is difficult to untangle the effect on a 

single estuarine water body from its catchment, if the theory is based on using the 

average response from different catchments. In other words, catchments have a range 

of different signals and event histories. Consequently, different water bodies might 

produce different regime states and different degrees of established equilibrium. For 

example, catchment δ
13

Corg input signals, both particulate and dissolved, may differ 

because of varying proportions of C4 and C3 grasses (Fry, 2006). Agricultural 

fertilisers leaching into the catchment can enrich δ
15

Norg signals (Ruiz-Fernandez et 

al., 2002). The POC–PON ratios within catchment soils may be a function of different 

pre-Anthropocene aboriginal fire management practices (McIntosh et al., 2005). 
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Catchments also have geological signals that might overlap the target estuary’s 

signals, such as dolomite interference with epifaunal calcium carbonates proxy (LOI 

950°C). 

 Different degrees of established equilibrium. Cause and effect along an environmental 

gradient requires the presumption of equilibrium between variables (Carpenter and 

Kitchell, 1988). Disturbances and dynamic prey–predator interactions (limit cycles) 

are examples of processes that result in a state far from equilibrium. For example, 

polluted bottom sediments under fish cages require a number of years for benthic 

respiration to re-establish equilibrium and sediment hypoxia (15 months to 5 years; 

Woodward et al., 1992). Storm damage of seagrass meadows requires a decade for 

ecosystem recovery (e.g. Bayley et al., 1978). A five-year natural cycle in the 

zooplankton population is related to the life cycle of its stable planktivore population 

(Carpenter and Leavitt, 1991).  

 Different historical contingencies between water bodies (i.e. different events at 

different times within different water bodies) may produce different regimes (Strayer 

et al., 1986). For example, storm events can either destroy a seagrass regime and 

replace it with a micro-algal regime (e.g. Bayley et al., 1978) or destroy a 

macrophyte/micro-algal regime and replace it with a seagrass regime (Morris and 

Virnstein, 2004). Even though the regimes are not stable, they do persist for up to 14 

years (Morris and Virnstein, 2004) before returning to the original regime.  

 

Unlike lakes and many lagoons, the competing influence of river inflows and coastal 

exchange defines the target estuary by generating an ecosystem gradient. The gradient may be 

continuous or divided into a set of discrete zones formed by irregularities in bathymetry and 

topography. Consequently, the zones or ecosystem gradient have a common event history, 

catchment geology, geomorphology and climate. A sampling transect along the estuary can 

thus be used to identify: (1) zones within the estuary that characterise the whole system and 

(2) a plausible range of past conditions for the individual estuarine zones. This is useful 

because past changes in nutrient supply will have produced an equivalent biome response to 

that which could be expected for a similar nutrient supply or condition change within today’s 

estuary. Further, internal disturbances and functionally separate embayments (water bodies 

separated from the estuary) can be identified as outliers from the ecosystem gradient 

generated by river and coastal influences.  
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However, the single water body transect is not ideal. Most estuaries change in shape and 

volume towards the coast. This often leads to discrete estuarine zones that do not share a 

common bathymetry or topography (Roy et al., 2001). Consequently, each zone will vary in 

its response to changing environmental river and coastal boundary conditions; any 

relationship formulated in space and applied over time may need an additional function to 

describe the varied response between zones. Nevertheless, there are more commonalities 

across a single transect than would be found using the alternative of sampling a number of 

individual but similar estuarine zones with different histories, catchment geologies, volumes 

and topographies. 

 

A comparison between surface sediment signals and their immediate water body’s biome 

cannot be used as a definitive evaluation of the sedimentary signal because there is a seasonal 

or inter-annual mismatch in comparing past conditions with present conditions. Hence, Zong 

et al. (2006) used previous knowledge of local surface sedimentation rates along transect 

zones within the Pearl River (China) to identify the years in which the surface sediments were 

deposited. In this way, they were able to match the period of available water quality data.  

 

Detailed knowledge of local surface sedimentation rates or contiguous water quality data and 

biome signals are usually not available. Consequently, many contemporary transect 

evaluations and calibrations assume a short-term ecosystem steady state. For example, 

Saunders et al. (2007) produced a description of past salinity changes within Orielton Lagoon 

(Tasmania)using surface sediment diatom assemblage with spot water quality measurements, 

a variance  that was self-consist with the history of the lagoon. Perry and Beavington-Penney 

(2005) found strong linear correlations between the immediate productions of the seagrass 

calcareous epibiont community with surface sediment CaCO3 content. However, steady-state 

assumptions should be treated with caution for small, dynamic catchment/coastal estuary 

systems, such as the Little Swanport estuary, that is, estuaries that have a limited capacity to 

buffer changes in tidal exchange, rainfall (see Chapter 4), solar irradiance (Nunez and Li, 

2008; Khalia et al., 2009), and coastal nutrient boundary conditions (see Chapter 5). 

 

The seasonal and inter-annual dynamics of an estuary ecosystem, thus, relegates 

contemporary observations and measurements to an environmental context; a context to 

support a spatial subset of RA and IBE (see Chapter 1) to the nature of the proxies that the 

surface sediment signals suggest. For example, the species responsible for the calcium 

carbonate signal is the likely source of the biomarker or likely reasons for a changing organic 
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stable isotope signal (i.e. relative supply between catchment and estuarine organic matter,  

productivity or its inorganic source; see Section 3.1.2.4).  

 

3.1.1. Ecosystem processes and components for the Little Swanport estuary 

The choice of ecosystem processes and components was based on a modified level of 

abstraction as used by the minimum models of Scheffer (2004) and van Nes et al. (2007). 

These models describe the competing effects of a planktivore/zooplankton/phytoplankton 

trophic cascade and external nutrient supply on a shallow lake’s water quality and sub-aquatic 

vegetation coverage. For the Little Swanport estuary, nitrogen fixation via seagrass (Welsh, 

2000), shading by seagrass leaf epibionts and water column seston (turbidity) were included 

with a consideration of using the ecosystem differences within the Marine Flood/Tidal Delta 

as the energy-energy proxy of flood and marine incursion affects. 

 

3.1.2. Available common signals for ecosystem proxies  

Among the choice of signals that are relatively easy to sample and process for a deliverable 

management tool (MOLTEN, 2004) are preserved plant and animal remains, stable isotope 

ratios, major elemental ratios, BSi content, organic carbon content, organic nitrogen content, 

organic matter (OM) content and calcium carbonate content from loss of weight on ignition as 

total content metrics. A little known development of loss on ignition, stepwise 

thermogravimetry (Rp index) has extended the relatively simple and cheap measurement of 

OM content to include the characterisation of organic sources and the fingerprinting of their 

mixtures within sediments (Kristensen, 1990; Kristensen et al., 1994; Loh et al., 2008). 

 

3.1.2.1. Signal interpretations 

With the exception of water column turbidity, the above range of signals has the potential to 

act as multiple or singular proxy for the conceptual model’s processes and components. 

Nevertheless, like most if not all signals, there are alternative plausible interpretations that 

complement or add to the range of proxies that need to be considered.  

 

3.1.2.2. Biogenic silica  

Biogenic silica (BSi) is traditionally used to represent either diatoms or sponge spicules by 

altering the digestion times (Conley and Schelske, 1993) to remove interference from sands 

and clays. However, there may be some additional biogenic interference from siliceous 

phytoliths (e.g. Carey et al., 2005), smaller labile sponge spicules (Conley and Schelske, 

1993), relatively labile silicate minerals formed during the podzolisation of soils (Gibson, 
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1994) and interference of the analysis by the coating of the analyte with iron-laden clays 

(Michalopoulos and Aller, 2004). 

 

3.1.2.3. Loss on ignition 

Loss on ignition (LOI) from 105°C to 550°C and 550°C to 950°C is traditionally used as a 

proxy for OM and shell carbonate respectively (Heiri et al., 2001). This analysis may be 

subject to significant interference from water loss due to clays (Mook and Hoskin, 1982; 

Santisteban et al., 2004) and variance from different sample weights and furnace conditions 

(Heiri et al., 2001). 

 

Stepwise thermogravimetry is a LOI procedure that indexes weight lost (Rp index) over a 

number of temperature ranges. Rp index = PII/(PI +PII), where PII is the loss from ignition 

from 280°C to 520°C and PI is the loss from ignition from 130°C to 280°C. The Rp index has 

been used to fingerprint both living and detrital OM mixtures (Zimmerman et al., 1987; 

Kristensen et al., 1994, Loh et al., 2008). Consequently, Kristensen et al. (1994) interpreted 

the Rp index to include ongoing humification to explain the origin and fate of organic sources 

down undated sediments (30 cm) within the mangroves of Ao Nam Bor (Thailand). However, 

experiments indicated that changes in the algal and seagrass Rp index appeared to reach an 

asymptote after only 50 days of mineralisation (Kristensen, 1994).  

 

Kristensen (1990) warned that any thermogravimetry method used to characterise 

sedimentary organic mixtures might also be subject to interference from water loss within 

clays and a more efficient lower temperature combustion promoted by other organic 

compounds. The efficiency reduces the carryover of organic char formation for later 

combustion at higher temperatures (Kristensen, 1990) and thus affects the temperature index 

ratio. The combustion index modification is not restricted to organic compounds. Kok and 

Gundogar (2010) recently found that carbonates can also promote a more efficient 

combustion of organic mixtures (crude oil) at lower temperatures (<375 °C). 

 

3.1.2.4. Stable isotope ratios and major elemental ratios  

Particulate organic carbon stable isotope ratios (δ
13

Corg) have been used to measure changes 

in:  

1) gross micro-algal productivity (e.g. Zimmerman and Canuel, 2002; Wu et al., 2008), 

and when combined with changes to POC–PON ratios, as an indication of which 

resources (light or nutrients) limit productivity (Harris, 1999, 2001). 
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2) the proportions of different OM sources within simple two-component systems (e.g. 

Gonneea et al., 2004; Turner et al., 2006), and when combined with POC–PON ratios, 

to calculate the OM proportions within three component systems (e.g. Gonneea et al., 

2004). 

3) water column salinity (indirectly), through its covariance with the proportions of 

catchment OM (e.g. Zong et al., 2006).  

 

However, an elemental ratio or mass ratio does not insulate their modification by organic 

mineralisation down the sedimentary record. Galman et al. (2009) found that the δ
13

Corg 

signal changed markedly, but only over the medium term (within the first five years). In 

contrast, changes in POC–PON ratios across primary organic materials (e.g. seagrass, tree 

leaves, micro-algae and macrophytes) appeared to be confined to the first few months (e.g. 

Kristensen, 1994; Lehmann et al., 2002; Fourqurean and Schrlau, 2003). 

 

Organic nitrogen stable isotope ratios, expressed as δ
15

Norg, also respond to changes in 

primary productivity providing that inorganic nitrogen is not limiting to growth, such as 

within phosphorus-limited systems (Fry et al., 2000). However, in nitrogen-limited systems, 

particulate’s δ
15

Norg value reflects the isotope of the dissolved inorganic nitrogen source. 

Consequently, increases in δ
15

Norg in both sediment (Ruiz-Fernandez et al., 2002) and 

seagrass macrofossils (Orem et al., 1999) can be used to quantify nitrogen eutrophication. 

This is contingent on the value of the fertiliser and animal waste δ
15

Ninorg being different to 

that of the previous catchment and estuary’s primary productivity assemblage value.  

 

3.1.2.5. Preserved plant and animal remains 

The preserved diatom assemblage has been shown to respond to water quality. For example, 

Saunders et al. (2007) produced a salinity diatom assemblage transfer function constructed 

from sediment samples with estuaries and embayments along the east coast of Tasmania. 

However, such functions need to be carefully re-evaluated as its calibration may be affected 

during deposition. For example, Kashima (1990) found that the usually abundant diatom 

Skeletonema costatum was not present in surface sediments during times of euryhaline 

conditions, as it was quickly dissolved after deposition. 

 

The relative abundance of preserved parts of or whole zooplankton species remains has been 

used to infer directly their presence within the water body and as an indirect indication of 

planktivore numbers. Planktivore predation selects for the persistence of smaller species (e.g. 
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McGowan et al., 2005); that is, the largest species are preyed upon more efficiently. However, 

measurable numbers of preserved animal remains are usually contingent on a slow sediment 

accretion rate that is more typical of lakes, which can be orders of magnitude slower than for 

coastal waters (Burdige, 2006). 

 

Though rarely reported, well-preserved copepod faecal pellets have been observed in both 

lake sediments (e.g. Smith and Syvitski, 1982; Haberyan, 1985; Dean et al., 2001; Cromer et 

al., 2005) and in the sediments of shallow estuaries (Roy et al., 2001). It is important to note 

that the size of the sedimenting pellet found in estuaries, embayments and coastal waters is 

proportional to the size of the copepod (Uye and Kaname, 1994; Viitasalo et al., 1999; 

Beaumont et al., 2002) and the quantity of faecal pellets present represents their accumulation 

over the lifespan of the copepod. Hence, an assay of faecal pellets has potentially a greater 

sensitivity to copepod presence and the inferred planktivore presence based on the relative 

sizes of the copepods (e.g. McGowan et al. 2005). The Little Swanport estuary’s copepod 

population is dominated by Paracalanus indicus (Crawford et al., 2005) and the smaller 

morph of Acartia tranteri (Swadling, K., 2007, pers. com.). Indeed, Kimmerer and McKinnon 

(1985, 1987) found that the same planktivorous fish as found in the Little Swanport estuary 

(Hardy Head and Yellow Eyed mullet) controlled the relative abundance of same species of 

copepod in both Westernport and Port Philip Bay. This makes it reasonable to assert that the 

distribution of the smaller Acartia tranteri and larger Paracalanus indicus within Little 

Swanport is also the result of planktivore predation, given that the size selection mechanism is 

currently regarded as axiomatic across marine and lake ecosystems (Scheffer, 2004).  

 

3.1.2.6. Water column turbidity 

The only known water column light-level proxy is the presence or absence of bacterial 

photosynthetic pigments at the bottom anoxic hypolimnion of a shallow lake (Carpenter and 

Leavitt, 1991). However, shallow anoxic hypolimnion does not usually form within tide-

dominated systems (Roy et al., 2001) and the proxy requires specialised collection procedures 

(freeze coring), handling (in the dark, under nitrogen) and analytical equipment (HPLC). 

Clearly, there is a need for a more general and direct turbidity proxy. Water column light 

attenuation is a consequence of both external forcing factors (catchment erosion and wind 

induced littoral re-suspension) and net micro-algal productivity.  

 

Light attenuation is primarily the result of turbidity from the suspended fine fraction (James et 

al., 2004). Therefore, it is reasonable to suggest that the sediment’s fine fraction content can 
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be used as the basis of a water column turbidity proxy for light attenuation. For example, 

Kozerski (1994) showed that within shallow wind mixed systems like Little Swanport 

estuary, the water column particle concentration could be calculated from the sediment trap 

accretion rate and the average sedimentation velocity. However, using the sediment’s fine 

fraction content is contingent on the presence of copepod faecal pellets within undisturbed 

muddy sediments. This is because copepods are responsible for clearing the water column by 

packaging the sestonic fine fraction within lakes (Smith and Syvitski, 1982, Scheffer, 2004 

and references therein) and represent a significant vector in the clearance of the estuarine 

sestonic fraction in shallow estuaries (Fulton, 1984; Sommer et al., 2000). Should the 

sediments be composed mainly of larger sands, it cannot be discounted that the fine fraction 

was lost from winnowing (Smith, 1975). Sediment that contains no faecal pellets may indicate 

either that the total fine fraction represents the water turbidity, or that faecal pellets have 

spilled their contents from a damaged or degraded peritrophic membrane. For example, 

during floods, copepods are washed out (Crawford et al., 2005), which can lead to a re-sorting 

of sestonic particle sizes and/or faecal pellet beak up.  

 

3.1.2.7. High-energy events  

Identification of depositional events is necessary for a sediment geochronology within 

shallow dynamic estuaries (see Chapter 4). Depositional events cannot be identified through 

an a priori knowledge of sediment accretion rates
9
 calculated from a geochronology. Instead, 

a range of content markers is usually selected as weight of evidence to distinguish baseline 

sediments from event sediments (e.g. Thorndycraft et al., 1998; Gilbert et al., 2006; see 

Chapter 4). Consequently, for this study, three potential approaches synonymous with high-

energy events were explored by using the sandy/shell debris-laden sediments of the Marine 

Flood/Tidal Delta as a high-energy environment model. These are (1) the effects of clays and 

shell carbonates on the Rp index (stepwise thermogravimetry); (2) the absence of faecal 

pellets within sediments, contingent on their presence within the quiescent muddy zones of 

the estuary; and (3) the development of a set of ideal neutral models (See section 1.2.1), 

which can distinguish the relative rates of lithogenic supply over autochthonous OM supply 

from the proportions of major sediment contents, named here as Glyph Analysis. 

 

                                                 

9
 A high sediment content of lithogenic material associated with some depositional events may be the result of 

either an increase in lithogenic supply or a fall in the supply of the remaining major estuarine sediment 

components. Rates of supply can only be directly calculated from knowledge of sediment wet bulk density and 

sedimentation velocities.  
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3.2. Goals and aims 

The study’s goal was to evaluate the nexus between the surface sediment signals and their 

assumed ecosystem process and component proxies through a sequence of hierarchical 

hypotheses, tested along a transect within the Little Swanport estuary. These hypotheses are 

contingent on the success of previous hypotheses and/or supported by contemporary 

observations and laboratory experiments. The following list gives the observations and 

hypotheses with their postulates: 

1. A qualitative visual inspection revealed that the seagrass leaf epibiont community is 

dominated by sessile calcareous epifauna rather than plant epiphytes: The origin of 

sedimentary CaCO3 (LOI 950 °C) comes from the remains of calcareous epibionts, 

which can both attenuate light to the seagrass leaves and reduce the area for nutrient 

absorption.  

2. The calanoid copepod remains and/or their faecal pellets within the detrital sediment 

(<315 μm) represent a significant fraction of the remaining sediment contents: Fossil 

copepods/faecal pellet abundance is sufficient to represent the estuary’s copepod 

population, their size distribution can be used to infer control through planktivore 

predation and the variance in sestonic turbidity is primarily controlled by copepod 

grazing.  

3. Calanoid copepods and/or their faecal pellets are present within the upper muddy 

estuary sediments (<315 μm) and absent from the sandy sediments of the Marine 

Flood/Tidal Delta: High-energy environments and event deposition can be determined 

from the absence of copepod faecal pellets. 

4. A visual search found no significant numbers of phytoliths and thecamoebians among 

microscopic glassy components (diatoms) within the surface sediments (<315 μm): 

Labile BSi content was dominated by diatoms and/or labile soil silicates. 

5. Labile BSi content within salt marsh sediments and catchment soils are less than 

surface sediment contents of a dominant fine fraction: Soil and salt marsh labile 

silicate components do not control the variance of surface sediment labile BSi. 

6. There is a distinctive step-like change in extraction times between the surface 

sediment’s labile and refractory BSi: There was no contamination of labile BSi from 

smaller more labile refractory sponge spicules or interference from other sedimentary 

components.  

7. There are high correlations between the surface sediment’s labile BSi content, the OM 

content (LOI 550 °C) and CaCO3 content (LOI 950 °C): Labile BSi and OM variances 

were proxies for micro-algae as prey for sessile epifaunal production. This is 
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contingent on the success of hypotheses 4 to 6, which suggest that labile BSi was 

dominated by diatoms, and on the hypothesis 1 observations, which suggest that the 

calcareous epibiont community is dominated by bryozoans. 

8. The BSi:C sedimentary stoichiometry, normalised to zero lithogenic content and its 

associated organics, is typical of marine diatoms: The variance in OM content (<315 

μm) is controlled by diatoms, contingent on previous hypotheses (4 to 7). 

9. Separating the large mass of detrital seagrass leaves (>315 μm) from the detrital 

sediment fraction (<315 μm) does not affect the OM variance, as representing micro-

algal variance: The large mass of detrital seagrass leaves, captured on a 315 μm sieve, 

represents the immediate live seagrass meadow (e.g. Davidson et al., 1995). This is 

contingent on the success of the previous hypotheses (4 to 8) that hold that the surface 

sediment (<315 μm) OM represents micro-algae.  

10. There is no covariance or overlap of δ
15

Norg and δ
13

Corg or δ
13

Corg and PON–POC 

ratios for primary OM sources (epiphytes, soils/salt marsh sediments, suspended 

particulate matter [SPM] and seagrass leaves [live and detrital >315 μm]): Micro-algal 

and seagrass OM can be distinguished from soil/salt marsh OM with a triple-end point 

linear mixing model. 

11. δ13
Cinorg variance of seagrass leaf sessile calcareous epifauna shell carbonate is not 

correlated with δ
13

Corg variance for live and detrital seagrass leaves, SPM and surface 

sediments (<315 μm): δ
13

Corg variance is a function of carbon fixation rather than of 

dissolved inorganic carbon isotopes. This is contingent on the success of previous 

hypotheses (4 to 8) that hold that surface sedimentary OM variance represents micro-

algae. 

12. Seagrass leaf N/P ratios are close to their optimum Atkinson ratios (Fourqurean and 

Zieman, 2002): The δ
15

Norg for the primary productivity assemblage reflects its 

inorganic source. 

13. There is a positive correlation between δ
13

Corg and POC–PON for all primary biome 

and sediment ratios (Harrison, 1989): Inorganic nitrogen supply limits carbon fixation. 

This is contingent on the success of previous hypotheses (4 to 8 and 12) that hold that 

surface sedimentary OM variance represents micro-algae and not a significant change 

in the dissolved inorganic carbon source. 

14. There is a positive correlation for δ
15

Norg and δ
13

Corg between the detrital and live 

primary productivity assemblage during early February transect sampling: There was a 

net annual to inter-annual steady state in production and no diagenetic parameter 

variance, and most of the sediment supply was during summer/spring growth. 
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15. The surface sediment Rp index/POC–PON ratio signature lies with a three-end point 

mixing model of detrital organic components (seagrass leaves, micro-algae and 

soils/salt marsh): The component proportions of OM and the sediment content, at the 

time of deposition, can be disentangled without the need of diagenetic corrections of 

Rp index and POC–PON ratios. 

16. A significant correlation of the best sediment least squares linear regression for the Rp 

index requires both BSi content and LOI 950 °C as independent variables, contingent 

on the failure of hypothesis 15: The sediment Rp index has been affected by 

carbonates, contingent on the success of hypotheses (7 and 8) that hold that BSi is a 

proxy for the sediment OM variance as micro-algae. 

17. The effects of standard additions and acid treatment of sediments comprising seagrass 

leaves, micro-algae, soils, organic free clays, fossil shells and their salts results in a 

linear or non-linear response of organic mixtures and elevated Rp index by CaCO3 

modification of lower temperature combustion. Rp index mixing models were linear 

or non-linear, and elevated Rp indexes outside the model’s boundaries were the result 

of the components of high-energy events and environments.  

18. There is a self-consistency between Glyph Analysis determination of the relative 

supply of lithogenic and OM with the estuary’s geomorphology (lithogenic deposits, 

muddy deposits and sandy deposits), and changes in surface sediment δ
13

Corg OM 

content. This is contingent on the success of the hypothesis (12) that the variance in 

δ
13

Corg is a function of carbon fixation. 

 

3.3. Data analysis methods 

Details of sample collection, processing and analysis of detrital surface sediment (<315 μm), 

sediment particle size, detrital and living seagrass leaves, seagrass leaf epibionts, and soils 

and salt marsh sediments are described in Chapter 2. Below, the methods used to analyse the 

data are outlined.  

 

3.3.1. Stepwise thermogravimetry experiment 

The effects of organic matter and calcium carbonate sources on the Rp index was determined 

from a series of standard additions (see Chapter 2 for the analytical procedure) on the 

laboratory standard with an elevated Rp index (0.5), an Rp index not shared with the sources 

of organic matter. These additions included live seagrass leaves; a phytoplankton human 

dietary supplement (Chlorella pyrenoidosa), both fresh and aerobically mineralised over two 

months at 28 °C; catchment soils and salt marsh sediments; fossil shells; CaCO3 (Analar) and 
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organic free clays. The clays were obtained from sediments after combustion at 950 °C for 2 

hours. In addition, the sediment was also acidified (10 % HCl [Analar]) as a control for the 

above carbonate standard additions by removing any CaCO3 content.  

 

3.3.2. Neutral models for Glyph Analysis 

Glyph Analysis was developed to determine the relative rates of lithogenic and autochthonous 

OM supply solely from changes in principal sediment proportions (by dry weight). Glyph 

Analysis compares the major content and ratio patterns, in space or time, to an ideal set of 

neutral models that have been solved for their supply of lithogenic and OM supply patterns. 

The model solution is contingent on a predator to prey relationship between the micro-algae 

(BSi and OM) and calcareous epifauna (LOI 950 °C), which is itself independent of the 

supply of lithogenic clays or sands from the catchment or coastal sediments. Content patterns 

that conform to any of the neutral models will therefore mark the transition to another type of 

environment or ecology; for example, high-energy events and Marine Flood/Tidal Delta 

environments are dominated by calcareous shell hash and sands (Roy et al., 2001).  

 

Glyph Analysis can be best understood by following the construction of the ideal Glyph 

neutral models that match the content variances and their ratios to each other and to their 

relative supply. The above conceptual model and its spatial boundaries was first determined, 

contingent on the success of the Glyph hypotheses expressed as synchronous correlations 

between the major biological components: BSi, LOI 550 °C (OM), LOI 950 °C as CaCO3 

(1.67 LOI 950 °C; see Figure 3.11). The remaining component residual detritus (RD) is the 

independent lithogenic fraction. Based on the above relationships, the construction of the 

content variability from relative changes in supply becomes straightforward. First, the relative 

fluxes of OM and RD are added together after varying OM and/or RD in all equivalent 

permutations (see Figure 3.1). The remaining fluxes of the BSi and CaCO3 are then estimated 

from their proportional relationships to OM, as determined from the transect study. After each 

content flux permutation, the resulting relative proportions of the OM and RD and their ratios 

can then be calculated from proportion of total flux of all materials. The result is a set of 

unique variance combinations of OM content and RD content and their ratios to a unique set 

of relative RD and OM supply (see Figure 3.1).  
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Figure 3.1. Glyph neutral models relating the BSi, OM and RD contents to their relative supply variance.  

The top row of figures is an idealised set of all equivalent supply variance scenarios between the major covariant 

biotic content variables—BSi, OM and CaCO3—and the independent lithogenic fraction—RD. The bottom set of 

figures represents the calculated resulting relative supply variance with its matching RD and OM contents and 

ratios.  

3.3.3. Data analysis 

Relationships between proxies based on stated bi-variant hypotheses were tested using 

ordinary least squares regressions (Sigmaplot
™

). A stepwise regression procedure 

(Sigmaplot
™

) was used to test hypotheses that relied on multiple independent variables. In 

circumstances in which the regression residuals were not normally distributed, the portion of 

transect that was responsible for the outliers was separated from the best least squares model 

by using a novel application of a constrained two-way increasing window analysis. The 

analysis identifies the parameter transitions (slope and/or intercept) at the point of maximum 

correlation of the coastal and river influences. The analysis is generically similar to increasing 

the window size in univariate semi-variograms with time or space, for determining changes in 

scale (Habeeb et al., 2007). The main point of difference between a univariate semi-

variogram and a bi-variant moving window analysis is that the bi-variant data window does 

not directly measure space, but rather the zone the data stations represent; in this case, the 

obvious embayments and estuarine zones based on sedimentology and topography.  

 

The size of the data windows were calculated by a constrained cluster analysis (PAST™) of 

all contiguous sedimentary and living biota variables along the estuary’s transect. As a 

precaution, the best linear model boundaries were confirmed through an analysis of 

covariance (ANCOVA; PAST™) between two bi-variant relationships across the largest 

window size and the remaining section of the estuary, in the manner of Childers et al. (1994). 
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In this way, both internal disturbance and/or the functional boundaries of the estuary were 

tested along the estuary’s transect. 

 

Figure 3.2 illustrates the above reasoning behind the analysis by means of three ideal 

hypothetical examples. The assumed best linear relationship is overlain across a typical 

scenario of bi-variant data sets within the assumed window zones. Figure 3.2a clearly shows 

that the best linear model between proxies was influenced by the river until immediately 

before the lower estuary zone adjacent to coastal waters. In contrast, Figure 3.2b indicates that 

the functional state of the estuary remains constant, but varies in its response within a zone 

adjacent to the river input. The analysis also illustrates how to recognise internally generated 

anthropogenic disturbance through the interruption of the linear model from influence of the 

both river and coastal waters (see Figure 3.2c). In other words, such an interruption is 

inconsistent with the definition of an estuary as a spatially autoregressive water body between 

the coastal and river influence. 

 

 

Figure 3.2. Three hypothetical spatial boundaries that mark the change in relationships between proxies. 

(a) An example of a functional regime generated from the upper estuary and ending before the lower estuary 

zone, (b) an example of an isolated embayment that is functionally similar to the estuary, but with a different 

response parameter by virtue of its isolation, (c) an internal disturbance between the river and coastal boundaries 

that interrupts the estuary’s functional regime. 

 a

b

c

Upper to lower estuary
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3.4. Results  

3.4.1. A description of content and quality metrics across the transect and surrounding 

catchment  

Quality metric variables refer to indices (Rp index), elemental ratios and their stable isotopes. 

Content variables refer to the proportions as dry weight of the principal organic and inorganic 

sediment components. All of the proxy signals, with the exception of the live seagrass N:P 

ratios, clearly varied across the transect axis (see Figure 3.3) and between some of the axis 

pairs (i.e. the stations that straddled close to the north and south shores, WB2:WB4, 

DB4:DB6, MB4:MB6). However, the differences across the transect between the water 

body’s north and south shores were not so numerous or large as to disrupt the overall 

appearance as a series of periodic non-linear trends or step transitions. 

 

There was little correlation across the transect between sediment content and quality classes, 

with all significant correlations confined within classes (see Table 3.1). However, the 

residuals among the very strong content correlations (LOI 550 °C–POC; POC–labile BSi; 

PON–labile BSi) were not normally distributed (Durbin-Watson statistic <1.5 and >2.5; see 

Table 3.1). In contrast, the very weak correlations between the remaining content variables 

with the LOI 950 °C, and consequently the RD, appeared to be the result of two outliers from 

the Marine Flood/Tidal Delta (SB2 and SB3; see Figure 3.3). Conversely, refractory BSi 

across the transect appeared to be divided between a high concentration within the Middle 

Basin and absence outside the Middle Basin.  

 

Similar to the LOI 950 °C and RD content, the weak correlations between the POC–PON 

ratios and sediment δ
13

Corg, seagrass δ
13

Corg and SPM δ
13

Corg appeared to result from Marine 

Flood/Tidal Delta outliers. In contrast to the content signals, the residuals for the very strong 

positive correlations (between Rp index and the sediment δ
15

Norg and the seagrass δ
15

Norg; 

between the seagrass δ
15

Norg and sediment δ
15

Norg; and between the δ
13

CPOC and δ
15

NPON) 

passed normality. 

 

The non-contiguous quality signals across the transect more or less followed their coupled 

contiguous counterparts (i.e. SPM to sediments [<315 μm] and epibionts on seagrass leaves) 

(see Figure 3.3). However, particulate soil δ
15

Norg and δ
15

NDIN from soil extracts and their 

refractory BSi and labile BSi contents appeared to be independent of each other (see Figure 

3.3). 

 



Chapter 3                                                                   Transect study       55 

 

 

 

 

 

 

 

able 3.1. Linear regression correlations between content and quality variables across the estuarine transect. 

The values in bold represent moderate to high correlations, with their residual Durbin-Watson statistics in brackets (PAST™). 

 

 

 

 

 

 

 1 

 LOI 550 °C  δ13CPOC  LOI 950 °C  POC <315 μm  PON <315 μm  BSi RD Rp index POC:PON  δ15NPON  C/N detrital  seagrass 
δ13CPOC  -0.01(1.4)(           
LOI 950 °C -0.05(1.25) -0.44(1.54)          
POC<315 μm  0.89(2.64) 0.24(1.43) -0.35(0.95)         
PON <315 μm  0.87(2.34) 0.37(2.34) -0.30(0.91) 0.98(1.52)        
BSi 0.82(1.53) 0.41(1.66) -0.35(0.95) 0.87(1.10) 0.90(1.41)       
RD -0.66(0.57) 0.29(1.58) -0.71(0.46) -0.36(0.77) -0.38(0.91) -0.35(0.47)      
Rp index -0.34(1.35) -0.66(2.01) 0.76(0.96) -0.52(1.09) -0.55(1.23) -0.72(1.17) -0.28(1.13)     
POC:PON 0.43(1.51) -0.33(1.08) -0.54(1.13) 0.46(1.04) 0.29(1.32) 0.25(0.78) 0.14(1.36) -0.30(0.47)    
δ15NPON  -0.26(1.12) -0.84(2.02) 0.64(1.20) -0.51(0.79) -0.58(0.80) -0.66(0.88) -0.26(1.43) 0.88(1.65) -0.01(0.91)   
C/Ndetrital  seagrass  -0.20(1.13) -0.09(1.53) 0.22(0.96) -0.18(1.06) -0.14(1.13) -0.18(0.75) -0.02(1.38) 0.39(0.68) -0.37(0.91) 0.23(1.00)  
δ13Cdetrital seagrass  0.20(1.15) -0.43(1.63) 0.32(0.87) 0.12(1.38) 0.09(1.00) -0.11(0.63) -0.35(1.67) 0.50(0.57) 0.109(0.91) 0.57(1.16) 0.46(1.96) 
δ15Ndetrital seagrass -0.44(0.91) -0.59(2.22) 0.42(1.05) -0.52(0.73) -0.55(0.89) -0.71(0.92) 0.05(1.25) 0.84(1.71) -0.13(0.93) 0.86(1.65) 0.27(1.80) 
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Figure 3.3. Content and quality variables across the estuarine transect and the surrounding catchment soils and coastal waters. 

Littoral zone surface sediment (<315 μm) content variables (left), quality variables (middle) and signal variables and plant and epifauna quality variables (right) and selected 

soil particulate contents and dissolved inorganic nitrogen soil extract quality signals, along an axial transect of the Little Swanport estuary’s main water body and adjacent 

soils. BSi, POC, PON, LOI between 105 and 550 °C (LOI 550 °C), LOI 550–950 °C (LOI 950 °C) and RD, the lithogenic fraction left after subtraction of LOI 550 °C, 

calcium carbonate (calculated from LOI 950 °C) and labile BSi and Rp index from stepwise thermogravimetry (see text). The error bars represent standard error for three sites 

at four representative transect stations (WB4, MB2, MB13, SB3). 
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3.4.1.1. Transect data windows  

The constrained cluster analysis of the contiguous quality and content signals identified the 

data windows needed for the construction of best linear models (see Section 3.3) and for a 

descriptive context of signal variance (see Figure 3.4). The station data clusters were confined 

within four zones by assuming their boundaries could be delineated by the water body’s 

topography and geomorphology (see Figure 3.4). The first data cluster was contained within 

the Watch House Basin, with its outer boundary chosen to exclude the depositional levees. 

The second station cluster zone was re-named the Upper Middle Basin by including the 

previous Depositional Basin classification (see Figure 3.3). The third zone was re-named the 

Lower Middle Basin by setting its upper boundary to the immediate expansion of the water 

body’s surface area. The fourth data pair was clearly confined to the Marine Flood/Tidal 

Delta’s sandy sediments and braided channels north of Ram Island. 

 

Lower Middle BasinUpper Middle Basin Marine  Flood Tidal DeltaWatch House  Basin

Depositional  Basin 

 

Figure 3.4. A constrained cluster analysis of all contiguous sediment and living analogue content and quality 

variables across the estuarine transect. 

The cluster analysis used paired linkage Euclidean distance (PAST™); similarities were constrained within 95 

per cent ellipses. The dotted lines (– – –) represent the tentative re-evaluation of spatial boundaries from the 

proximity of the four clustered stations. 
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3.4.2. Discussion: Descriptive postulates  

3.4.2.1. A description of sub-aquatic vegetation and epibionts (postulates 1 to 3) 

As in 2007, the sub-aquatic vegetation species distribution was in agreement with previous 

surveys conducted between 2004/2005 (Mount et al., 2005). The shallow Watch House Basin 

supported a monoculture of the sub-aquatic macrophyte Ruppia megacarpa, the Middle 

Basin’s littoral zones were dominated by Zostera tasmanica and the Marine Flood/Tidal Delta 

inter-tidal zone supported luxurious beds of Zostera muelleri bordering its braided channels. 

The impression, during sampling, was that the Lower Middle Basin’s seagrass coverage was 

patchier than that of the Upper Middle Basin. The impression was, in part, supported by 

randomly selected quadrant samples (0.25 m²) taken during the previous 2006 winter. The 

quadrants were placed immediately north of stations MB6 and MB4 and within 100 m of 

stations MB12 and MB13 (see Figure 3.4). The Upper Middle Basin seagrass density had a 

mean of 125 g dry wt m-² and standard error 103 g dry wt m
-
² (n=3) in comparison to a mean 

of 829 g dry wt m
-
², standard error 204 g dry wt m

-
² (n=4) for the Lower Middle Basin. 

 

The typology of the sub-aquatic macrophyte epibionts was divided between Watch House 

Basin, the Middle Basin and the Marine Flood/Tidal Delta (see Figure 3.5). Watch House 

Basin’s coverage was associated with an ephemeral, heavy coating of clear mucilage over a 

low-density crust of white amorphous calcareous material. The mucilage was composed 

entirely of pennate diatoms (see Figure 3.5e). Within the main sections of the water body 

(Upper Middle Basin and Lower Middle Basin), coverage was dominated by variable 

densities of calcareous sessile epifauna, mainly serpulid worms and bryozoans (see Figures 

3.6a, b and c). This contrasts with the thick covering of filamentous red algae with fine pieces 

of white calcareous hash (see Figure 3.5d) on seagrasses within the Marine Flood/Tidal Delta.  

 

The origin of the calcareous hash on the Marine Flood/Tidal Delta seagrass leaves was not 

clear, but might have been re-suspended calcareous debris such as broken shells and urchin 

spines, as reflected by the high sediment LOI 950 °C (see Figure 3.3). 

 

 

 

 

 

 

 



Chapter                                                            Transect study                      59 

 

 

 

Figure 3.5. Examples of epibiont communities on seagrass leaves across the estuarine transect. 

(a) Calcareous bryozoans at station DB4, (b) calcareous bryozoans at station SB2, (c) calcareous serpulid worms 

at station MB6, (d) trapped fine calcareous hash within a mass of filamentous red algae at station SB4, and (e) 

diatoms within a mucilaginous matrix at station WB4. 

3.4.2.2. A description of sediment components (postulates 4 and 5)  

Along the estuary’s transect, sediment grain size peaked in content around phi 2.7 (<315 μm 

to >76 μm) and, with the exception of the Marine Flood/Tidal Delta sediments, the fine 

fraction content (phi 5.0, or <76 μm) represented the largest proportion by dry weight (see 

Figure 3.6). The character of the sediments around phi 2.7 within the Marine Flood/Tidal 

Delta was different, being composed mainly of shell hash in contrast to the organic aggregates 

found in the remaining zones. Preservation of the calcareous seagrass leaf epibiont 

community was not obvious, other than occasional remnants of bryozoans still attached to 

broken seagrass pieces (<315 μm). Nonetheless, outside the Marine Flood/Tidal Delta, both 

the origin of sedimentary CaCO3, from seagrass epibiont production, and the lack of 

calcareous epibiont integrity was consistent with measurements and observations from sub-

tropical to temperate systems around the world (Perry and Beavington-Penney, 2005; James 

et al., 2009). 
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Identical organic aggregates originating from the littoral zones, outside the Marine 

Flood/Tidal Delta, were also observed within sediment cores that were extracted from the 

heterotrophic central basin (see Figure 3.6). The organic aggregates were similar in size and 

shape to calanoid copepod faecal pellets (length:diameter ratio between 3:1 and  5:1; Hiromi 

et al., 1988) and glistened as though packaged by a faecal pellet peritrophic membrane (see 

Figure 3).  

Figure 3.6. Sediment size fractions (<315 μm) across the estuarine transect and photographs of faecal pellets 

extracted from sediment cores.  

The fractions were separated by gently sieving the sample through a sieve stack expressed as phi. The faecal 

pellet aggregates were separated on a 150 μm sieve taken from a muddy section of an upper estuary sediment 

core (right) and a lower estuary sediment core (left) at time of unrestricted tidal exchange entrance (see Chapter 

4). 

No zooplankton or fish remains were found within any of the sieved samples. Nevertheless, 

copepod egestion of the sestonic fine fraction by the Little Swanport estuary’s smaller Acartia 

tranteri and larger Paracalanus indicus (Crawford et al., 2005) might be used to determine a 

suite of proxies outside high-energy environments. For example, copepod egestion as their 

faecal pellet content, copepod predation by Little Swanport’s Hardy head and Yellow-eyed 

mullet (Crawford et al., 2005) from their relative abundance (Kimmerer and McKinnon, 1985, 

1987) as measured by faceal pellets sizes (Uye and Kaname, 1994) and the sestonic turbidity 

from the remaining fine fraction.  

 

The sediment’s microscopic glassy components were examined at all sites (three) of five 

stations that represented the zones across the transect (WB4, MB2 MB4, MB12, SB3). It was 

clear, after a peroxide digest (see Chapter 2) that the remains were composed of amorphous 

particulates and diatoms. Other siliceous forms (phytoliths and thecamoebians tests) were 

noted but were rare (see Figure 3.7). While soil contributions with diatomaceous BSi cannot 

be discounted, their contents were too low (1.52 %, standard error 0.32 %; see Figure 3.3) to 

explain the labile BSi variance across the transect (maximum >9 %; see Figure 3.3). 
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Figure 3.7. Examples (x1000) of phytoliths (WB4, MB2, MB4, MB13, SB4) and a thecameobian tests (SB4 

triangular glassy form) found in surface sediments across the estuarine transect.   

 

3.4.2.3. No interference of diatomaceous BSi (postulate 6) 

The presence of refractory BSi in some of the surface sediments (see Figure 3.3) supported 

the contention that the choice of the alkali concentration was not sufficient to completely 

digest all refractory BSi forms. Nevertheless, the pronounced step-like digestion stages that 

delineated between labile and refractory forms were consistent with a clean digest that 

separated refractory from labile BSi, and without inference from a coating of iron-laden clays 

over the analyte (Michalopoulos and Aller, 2004). The rarity of other heavier, but potentially 

chemically labile catchment BSi forms (phytoliths, thecamoebians [see Figure 3.7]) and 

estuary BSi forms (i.e. no microscopic sponge spicules found) among the preserved diatom 

remains supports the latter contention.  

 

3.4.3. Analytical postulates: Best least squares linear models 

3.4.3.1. The relationship between organic matter variance and LOI 950 °C was 

consistent with the supply of diatoms for calcareous epibiont production (postulates 7 to 

9) 

There was a clear positive covariance outside the Marine Flood/Tidal Delta between all three 

biological content signals, LOI 950°C, LOI 550°C and labile BSi (see Figure 3.8a). The 

covariance was consistent with the prey–predator postulate 7; that diatoms represented the 

micro-algal population and supported calcareous epifaunal production (bryozoans). 

Interestingly, there was a stronger relationship between BSi and OM (LOI 550°C) across the 

Watch House Basin sites. The reasons are not clear, but probably reflect the conditions due to 

partial isolation of the basin from the Little Swanport River and main water body. For 
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example, it was noticed that the pH of the sedimentary pore waters from the Watch House 

Basin (6 to 6.5) was greater than for the rest of the estuary (7 to 7.5). This would enhance 

dissolution of BSi (Greenwood et al., 2005). 
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Figure 3.8. Best least squares models between the surface sediment (<315µm) major content variables across the 

estuarine transect. 

(a) OM (as LOI 550 °C) and BSi; (b) BSi and RD; (c) OM (as LOI 550 °C) and RD. The RD regressions are 

extended to zero BSi content and LOI 550 °C for calculating the inferred diatomious molar BSi–POC ratio by 

excluding their proportions associated with the RD, as the remaining clay fraction. (see Footnote 9 for the 

conversion of LOI 550 °C to POC).  

The support for labile BSi as a diatom proxy was tested by the autochthonous BSi–POC 

molar stoichiometry
10

 by normalising the OM content and BSi content associated clays to 

zero (i.e. their intercepts; see Figures 3.9b,c). While the ratio (0.28) did not equal the 

‘Redfield’ mean (0.12), it was well within the diatom’s community range and resembled the 

ratios of heavily silicified benthic diatoms (Brzezinski, 1985; Chen and Windom, 1997; 

Sigmon and Cahoon, 1997). The different calcareous materials within the Marine Flood/Tidal 

Delta (i.e. shell hash and low OM marine sands) resulted in outliers and limited the above 

conclusion to the remaining transect zones. Nevertheless, the total BSi–POC ratio molar 

stoichiometry (0.22 to 0.18) within the Marine Flood/Tidal Delta was also typical of benthic 

diatoms assuming that this is ostensibly a marine environment with little contribution from 

the catchment. 

 

                                                 

10
 The percentage of carbon was calculated from LOI 550 °C from a least squares linear regression between the 

average of LOI 550 °C measured from three sites per station and POC from pooled samples from three sites per 

station. Pooled POC (%) = 0.147 + (0.281 * mean LOI 550 °C (%); (r = 0.91). 
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3.4.3.2. The proportion of organic sources was a function of carbon and/or nitrogen 

isotopes and their elemental ratios (postulate 10) 

The position of the surface sediment’s organic carbon and nitrogen stable isotopes and their 

elemental ratios is shown in relation to a range of plausible OM sources (see Figure 3.9); that 

is, OM sources identified from the descriptive postulates, SPM (micro-algae), epiphytes, soils 

and seagrass shoots. It was assumed that SPM represented micro-algae because samples were 

taken during the summer bloom period in dead calm conditions (see Chapter 2). The 

assumption is, in part, supported by the POC–PON ratios (7.5 to 9.0; see Figure 3.3c), which 

fall within the range for estuarine and coastal micro-algae (Cloern et al., 2002).  

 

Figure 3.9. Particulate organic elemental and stable isotopes ratios (δ
13

Corg, δ
15

Norg, POC–PON) for detrital and 

live components across the estuarine transect, coastal waters and the immediate surrounding soils. 

 

In comparison to the estuarine components, the soil’s δ
15

Norg signatures were relatively 

invariant and could not explain the δ
15

Norg range found within surface sediments (see Figure 

3.9b). Overall, SPM and epiphytes could explain most of the variability in sediment δ
15

Norg, 

but not its source. The model was incapable of untangling the contributions of organic sources 

of the sediment mixture, primarily because of the apparent δ
15

Norg covariance of estuarine 

components.  

 

In contrast, there appeared to be sufficient separation and little overlap between the δ
13

Corg 

and POC–PON signatures of organic sources (see Figure 3.9a). However, the instability of 

both POC–PON and δ
13

Corg, particularly for estuarine components, suggests significant 

variability in their determinants; namely, the source and availability of inorganic carbon and 

light and inorganic nitrogen availability. This in turn limits the accuracy of the model. 

Furthermore, it was not clear which organic sources were the major contributors because the 

sediment signature was close to the junction between the two plausible binary mixing models 

(micro-algae and seagrass, detrital or live; or micro-algae and soil (see Figure 3.5a). 
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Nevertheless, irrespective of component signature instability, the most plausible choice lay 

with micro-algal and soil mixtures as: (1) seagrass and its epiphytes were ostensibly excluded 

from the sample on the >315 μm sieve, (2) the diatom BSi–POC stoichiometry was 

represented diatoms once normalised to a zero soil contribution (hypothesis 10) and (3) there 

was a clear need, outside the Marine Flood/Tidal Delta, to remove the soil contribution  of 

OM to calculate the plausible  BSi–POC stoichiometry. 

 

3.4.3.3. The organic carbon isotope ratio primary productivity assemblage was a 

function of its inorganic carbon source (postulate 11) 

The previous postulate identified the instability of the organic carbon isotope ratio among the 

components. To select the appropriate plausible proxy for the palaeo-reconstruction it is 

important to understand which of the two reasons (inorganic carbon source or carbon fixation) 

was responsible. The δ
13

Cinorg signature of the calcareous epifaunal community is generally in 

equilibrium with δ
13

CDIC (Nelson and Smith, 1996) at similar time scales as its host leaf. 

Consequently, the broadly similar variance between live seagrass leaves δ
13

Corg and the 

epifaunal δ
13

Cinorg signatures should be robust test of the δ
13

CDIC contribution to seagrass 

δ
13

Corg variance (see Figure 3.3). However, the absolute change in the epifaunal δ
13

Cinorg was 

significantly smaller (1.8 ‰ to -0.9 ‰) than for the seagrass δ
13

Corg signature (-7.2 ‰ to -

11.2 ‰), implying a minor but covariant role in controlling the δ
13

Corg of the primary 

productivity assemblage.  

 

3.4.3.4. The primary productivity organic nitrogen isotope ratio was a function of its 

inorganic nitrogen source (postulate 12) 

If the nitrogen is not in excess to demand, then its stable isotope signal will reflect its organic 

signature (Fry et al., 2000). Fourqurean and Zieman (2002) recognised the limiting nutrient 

could be determined if the seagrass leaves’ PON–POP ratios were significantly greater than 

the Atkinson ratio (30; Atkinson and Smith, 1983), provided a statistical sample was taken 

across the seagrass landscape. In other words, Fourqurean and Zieman (2002) found that the 

variability of the chemical analysis precluded the use of a thicket of individual shoots. Indeed, 

the PON–POP ratios of live seagrass shoots across the transect did vary (see Figure 3.3), but 

the variability was not significantly different from the Atkinson ratio (mean of 32.1, standard 

error 2.4). Hence, it appeared that phosphorus and nitrogen were not in excess to demand and 

consequently that the seagrass δ
15

Norg transition between the Lower Middle Basin and the 

upper estuary (see Figure 3.3) reflected a change in the inorganic nitrogen source.  
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The results indicated that the transition for both sediments (<315 μm) and seagrass (detrital 

and live) δ
15

Norg between the upper estuary (mean of 0.85 ‰; standard error 0.55 ‰) and a 

Lower Middle Basin (mean of 4.96 ‰; standard error 0.55 ‰) was the result of seagrass-

mediated nitrogen fixation (Welsh, 2000). That is, the δ
15

Norg signal was close to 0 ‰  

(atmospheric nitrogen) compared with other sources that were often heavier such as inorganic 

nitrogen soil extracts (mean of 2.1 ‰; standard error 0.19 ‰) and the δ
15

NDIN of coastal 

waters (3.9 ‰ to 5.9 ‰ respectively; see Figure 3.3) and probably sediment pore waters. The 

δ
15

NDIN was inferred by the values of seasonally integrated particulate δ
15

Norg (Francois et al., 

1997) of the Marine Flood/Tidal Delta surface sediments, adjacent to coastal waters, and 

supported by SPM’s seasonal value for coastal waters and Marine Flood/Tidal Delta (3.9 ‰). 

However, the inorganic δ
15

NDIN of sediment pore water analysis was not reliable
11

. 

Nevertheless, Papadimitriou et al. (2005) found considerable 
15

NDIN enrichment of sediment 

pore waters from OM within Zostera marina seagrass beds. Thus, by assuming that Lower 

Middle Basin’s seagrass δ
15

Norg was purely from marine sources it appeared that on average, 

nitrogen fixation provided 86.3 %  of the nitrgen requirments for the upper estuaries seagrass 

meadow (WB2 to MB3) 

 

The reasons behind the transition to nitrogen fixation are difficult to determine without 

previous knowledge of system states and changes in forcing factors. Samples were taken 

during an extended period of drought, with no discernible freshwater inflow, and thus no 

catchment loading. This explains the seagrass dependence on nitrogen fixation within the 

upper estuary. However, the drought does not appear to completely explain the step like 

transition of seagrass δ
15

Norg from light to heavy between the upper and lower estuary. In 

other words, a transition requires a non-linear response within the estuary, the result of 

something that is not shared between the two regions. It is proposed that such a transition may 

be associated with the presence of shellfish aquaculture (located adjacent to and in parts of the 

Lower Middle Basin), which can lead to significant removal of nitrogen resources after 

harvesting and from increased burial and denitrification (Dumbauld et al., 2009), thus limiting 

the coastal supply of nitrogen to the upper estuary.  

 

                                                 

11
 It was found that pore waters had much buffer capacity to maintain the pH to >9.0 in order to convert 

inorganic nitrogen to its ammonia salt at the end of 5 days of incubation (see section 2.7.17).  
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3.4.3.5. The organic carbon isotope ratio of the primary productivity assemblage was a 

function of carbon fixation by either light attenuation or nutrient limitation (postulates 

13 and 14)  

Postulates 13 and 14 (Section 3.2) lead on from the finding that changes in carbon fixation 

rather than dissolved inorganic carbon sources  is controlling the δ
13

Corg signature of the 

major primary producers. Consequently, changes in the δ
13

Corg signature will reflect changes 

in carbon fixation as either driven by light or nitrogen limitation (i.e. functional state of the 

regime). For example, increased nitrogen loading can either stimulate seagrass coverage 

(Fourqurean and Zieman, 2002; see Chapter 7) or reduce coverage via micro-algal production 

and shading (Duarte, 1995; Duarte et al., 2006). Depending on the limiting resource, the 

changes in carbon fixation (δ
13

Corg) can lead to changes in the POC–PON stoichiometry away 

from its optimum, such as the production of carbohydrate under nitrogen limiting conditions 

(Burkhardt et al., 1999). 

 

Questions of nitrogen and light limitation can be addressed within the palaeo-reconstruction 

by assessing the long-term relationship between carbon fixation and carbon and nitrogen 

stoichiometry. Nonetheless, the transect analysis is used to define the functional boundaries of 

the estuary for its palaeo-reconstruction, and test the generality of the response for matching 

temporal and spatial scales (see Chapter 1). In doing so, the analysis also determines the 

previous conditions that led to the present state. 

 

Functional boundaries were determined by using best least squares linear regressions of 

sedimentary δ
13

Corg and POC–PON (<315 μm) ratios as representing the variance of micro-

algae (molar ratio 7 to 9), together with δ
15

Norg signatures to test the dependence of light or 

nutrient limitation with changes in light-driven nitrogen fixation (hypotheses 11 and 12 

[Section 3.2]). A first examination indicated that there were two different sets of functional 

boundaries between all three modelled relationships (see Figure 3.10). δ
13

Corg to POC–PON 

ratios were separated by Marine Flood/Tidal Delta (SB2 and SB3) and the remaining 

relationships were separated by the Lower Middle Basin and the Marine Flood/Tidal Delta 

(MB4 to SB3). However, a re-examination of the δ
13

Corg to δ
15

Norg and δ
15

Norg to POC–PON 

models (see Figures 3.11a and b) indicated that the δ
15

Norg and δ
13

Corg signals within the 

Marine Flood/Tidal Delta might be outliers. That is, station SB2’s and SB3’s signatures only 

appeared to be a part of the upper estuary’s linear model by virtue of their relative position to 

the trend (see Figure 3.10a) and in the formation of a trend (see Figure 3.10b), but they did 

not have a functional connection to the rest of the estuary, as indicated by Figure 3.10c. 
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Figure 3.10. Best least squares models between surface sediment (<315 μm) organic nitrogen and carbon 

elemental and stable isotope ratios  across the estuarine transect.  

Each data point represents a weighted average of combined samples from the three station sampling sites within 

≈10 m of each other (see Chapter 2).  

The limitation of the analysis is best explained by the construction of a best linear model (see 

Figure 3.10b). The correlations increased as a consequence of both the number of data pairs 

and their adherence to proportional increases from the Watch House Basin (WB2) to the 

Upper Middle Basin (MB3; r
2
 = 0.96). However, the strength of the correlation was partially 

reduced (r
2 

= 0.50) by a subsequent inclusion of the Lower Middle Basin stations (MB4 to 

MB13) but significantly reduced when the Marine Flood/Tidal Delta were included (r
2 

= 

0.0002). The initial delineation between WB3 to MB3 and MB4 to SB3 can then be 

confirmed by the best linear model construction leading from the coastal boundary towards 

the upper estuary. However, a one-way ANCOVA between the two relatively strong models 

(WB2 to MB3 and WB2 to MB13) suggested a reasonable probability that their means (p = 

0.46) and slope (p = 0.35) were the same, in spite of a fall in the correlative strength (type 1 

error). Thus, the choice of which is the more significant correlation transition becomes a value 

judgment. Either, the transition was located immediately before the Lower Middle Basin 

stations (moderate fall in the correlation, but moderate similarity to the upper estuary) or it 

was located immediately before the Marine Flood/Tidal Delta stations (no correlation or 

similarity). The latter is supported by the best linear model of δ
13

Corg and POC–PON (see 

Figure 3.10c). The δ
13

Corg and POC–PON signatures were not only clearly separate from the 

lower estuary response curve; they were also typical of both coastal phytoplankton (e.g. 

Cloern et al., 2007) and the adjacent coastal SPM (see Figure 3.3). It seems then, that the 

Marine Flood/Tidal Delta is part of the coastal boundary condition because the rate of coastal 

exchange of coastal waters was sufficient to ‘dilute’ the direct influence from the estuary. 
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Notwithstanding the delineation of the estuary boundary, the heavier δ
13

Corg within surface 

sediments, including the SPM (see Figure 3.3) towards the upper estuary, was consistent with 

enhanced carbon fixation (Zimmerman and Canuel, 2002; Wu et al., 2008) driven by nutrient 

supply. The heavier δ
13

Corg was accompanied by an decrease in the POC–PON ratio (see 

Figure 3.10c) from a state of nitrogen depletion (see Figure 3.10b) towards the micro-algal 

Redfield ratio (molar ratio 6.6 [Redfield et al., 1963]). Further, the increased productivity 

appeared to be coupled to an increased supply of fixed nitrogen (low δ
15

Norg [see Figure 

3.10a]). 

 

The fall in seagrass carbon fixation towards the upper estuary (to a heavier seagrass leaf 

δ
13

Corg; see Figure 3.3) was accompanied by a fall in the seagrass POC–PON ratios towards 

the modal Duarte ratio ([24]; Duarte, 1990, 1992; see Figures 3.11a,b) and interestingly, 

inversely correlated micro-algal content with carbon fixation (towards a lighter δ
13

Corg for 

SPM and sediments <315 μm [see Figure 3.3]). Such a pattern between seagrass carbon 

fixation and elemental ratios is consistent with the production of sugars for growth and 

reproduction other than just storage of sugars, expressed by the attempt to maintain elemental 

composition (homeostasis). In this case, evidence suggests homeostasis was maintained 

though an increasing dependence on nitrogen fixation because the POC–PON ratios were 

invariant with changes in δ
15

Norg (Figures 3.11c,d). Further, it also appeared that nitrogen 

fixation by the seagrass’ bacterial symbiont (Welsh, 2000) had leaked inorganic nitrogen into 

the micro-algal population (low δ
15

Norg for SPM and sediments <315 μm [see Figure 3.3]).  

 

Interestingly, such a state for a lush seagrass meadow is counter to the healthy evolution of an 

shallow estuary (see Section 1.1). Seagrass mediated nitrogen fixation is associated with 

oligotrophic systems that only support patchy seagrass meadows with low shoot densities. 

Consequently, the term juvenilisation is given here to describe the apparent re-

oligotrophication of a seagrass meadow but in a mesotrophic context of the Little Swanport 

estuary (see Section 2.1).  
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Figure 3.11. Best least squares models between organic carbon and nitrogen elemental and stable isotope ratios for living and detrital seagrass leaves across the estuarine 

transect 

(a) and (c) Living seagrass leaves. (b) and (d) surface sediment detrital seagrass leaves. Each data point represents the analysis of an equally weighed combined sample of the 

three station sampling sites collected within ≈10 m of each other (see Chapter 2).  
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3.4.3.6. The proportions of sediment organic sources was a linear function of Rp index 

and POC–PON ratios (postulates 15 to 17) 

In contrast to the δ
13

Corg and POC–PON signatures, the stability of the Rp index and POC–

PON ratios for soils, live seagrass leaves and micro-algae (SPM) was independent of changes 

in productivity and inorganic sources. There was good separation between the components, 

although there was a moderate degree of signature variability within each component, 

particularly for seagrass (see Figure 3.12). However, mineralised signatures from both micro-  

algae and particularly seagrass leaves were different to living components. Clearly then, in 

contrast to stable isotope analysis (e.g. Gonneea et al., 2004; Turner et al., 2006) any 

successful disentanglement of micro-algae and seagrass from a sediment mixture with soils 

require the use of mineralised OM signatures in place of their living components. 

 

 

 

 

Figure 3.12. Cartesian coordinates for station’s mean Rp index and POC–PON ratios for available detrital and 

live seagrass leaves across the transect, its immediate surrounding soils and fresh and mineralised micro-alga 

Chlorella pyrenoidosa.  

The mean and standard error is calculated for all organic source end-points. Note that Rp index for sediment 

samples are represented by the mean of three sites per station and their POC–PON ratios from a sample pooled 

from the three station sites of which the standard errors were too small to register either side of the data points 

(e.g. see Figure 3.3). Due to an insufficient sample size, SPM as an organic source was replaced by micro-algae 

using Chlorella pyrenoidosa dietary supplement, both freshly freeze-dried and aerobically mineralised (see 

Chapter 2 for details of treatments). 

Yet, some of the surface sediments (circled in Figure 3.12) lay outside a linear response to the 

mix of three organic sources from both their detrital or living analogues. The outliers with a 

low Rp index–POC:PON signature were primarily from sediments outside the Upper Middle 
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Basin (excluding stations MB2 and MB3), in contrast to the elevated Rp index outliers (up to 

0.64) from the Marine Flood/Tidal Delta. Clearly, the position of the Marine Flood/Tidal 

Delta outliers suggests that other factors, other than a non-conservative mixing of OM, may 

be responsible. For example, high Rp indexes have only been recorded for pure alkali-

extracted humic acids ([0.64] Kristensen, 1990), but the much higher POC–PON molar ratio 

([19.6] Kristensen, 1990) excludes this as a possibility. Alternatively, an more efficient 

combustion due to the presence of CaCO3 (see Section 3.1.2.3) of a large quantity of shell 

hash within the Marine Flood/Tidal Delta sediments and/or the proteaceous nacre with the 

shell matrix offers a plausible reason for the elevated Rp index, but not the low Rp index–

POC:PON sediments of the upper estuary. It is more likely, the latter reflects a yet 

unidentified reason for a non-linear response of their signals to a mixture of OM sources (e.g. 

Kristensen, 1990, 1994). 

 

To test the above hypotheses, acid was added to remove calcium carbonate effects from a 

sediment working standard (Rp index around 0.59). However, the result was inconclusive. 

The Rp index fell after the addition of acid, but the fall appeared not to be the result of 

removal of significant quantities of CaCO3 salts, as there was no measurable fall in the LOI 

950 °C after acidification. Instead, the fall in the Rp index resulted from an increased loss of 

material that was centred within the PI temperature range (130 °C to 280 °C), that is, the acid 

appeared to improve the low temperature combustion behaviour of an organic sediment 

component. The dilution from clays did not affect the combustion characteristics or the LOI 

950 °C. However, clays such as montmorillonite, kaolinite and allophane can continue to 

dehydrate at temperatures higher than 550 °C (Jackson, 1975), thus the addition of acid may 

have been the cause of change, possibly in the electrochemical association of structural water 

with the clay’s matrix. It was also unlikely that the fall in Rp index after acidification was due 

to the exposure of shell nacre as a mix of glycoproteins and celluloses. Shell nacre-like 

compounds burn at the lower temperature range (PI) to produce chars that burn at higher 

temperatures PII (280 °C to 520 °C). Thus, a more complete burn at low temperatures would 

result in an increased loss within the PI range and a fall in loss within the PII range.  

 

Standard additions of bivalve shell debris and their Analar CaCO3 salt to the sediment 

working standard led to an elevated Rp index (see Figure 3.13a) consistent with the lower 

temperature catalytic effect of the CaCO3 on combustion, but not with the addition of other 

organic components (see Figure 3.13b). For both the shell and the CaCO3 salt, the Rp index 
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increased (see Figure 3.13a) with a fall in their PI/PII ratios from 0.70±0.02 (n = 6) to 

0.6±0.04 (n = 13) due to a more complete combustion at the PI. 

 

Figure 3.13. Standard additions effect on the sediments Rp index.  

(a) Standard additions of pulverised fossil bivalve shell and calcium carbonate salts (Analar) to the working 

sediment standard (b) standard additions of OM sources to the working sediment standard. 

It appears, that the usefulness of the Rp index as one variable for an organic mixing depends 

on the sensitivity of its response less than the asymptotic response from larger additions of 

CaCO3 (see Figure 3.13a), and possibly the loss of structural water from certain clays (Smith, 

1975). contingent on normalising the results of non-linear mixing (see Figure 3.13b). In other 

words, the response before the asymptote is either a non-linear function or a step like 

threshold from a relatively low carbonate content (see Figure 3.13a). The type of response 

(i.e. Rp index to CaCO3 and clay dependence (RD)) was tested along the surface sediment 

transect using best fit multiple linear regression between the content components. It was 

found that only BSi content and LOI 950 °C were needed to produce a fair prediction of the 

Rp index (see Figure 3.14c; adjusted r
2 

= 0.74) across the whole transect (see Figures 

3.14b,c), albeit with variable degrees of fit across the transect. The model underestimated the 

data from the Lower Middle Basin stations (MB12 to MB13) and from the Watch House 

Basin (WB2 to WB5) to the Upper Middle Basin station (DB4). The underestimate may 

reflect the relatively larger contribution of RD as lithogenic clays within these station 

sediments (see Figure 3.3).  
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Figure 3.14. LOI 950 °C and BSi content for sampling sites across the transect for an Rp index multi-linear 

regression.  

The vertical dashed lines (a and c) delineates the data boundary between the Marine Flood/Tidal Delta and the 

estuarine water body. The best fit of the model to the data is between DB6 and MB6 (see b; vertical dashed 

lines). 

 

The only strong correlation was found between the remaining Upper Middle Basin stations 

(DB2 to MB6), where there was also a very high correlation between the Rp index and POC–

PON ratios (r
2
=0.86). The Rp index values of these stations were consistent with a simple 

mixing model of the major organic components (see Table 3.2) and had significant but 

relatively invariant LOI 950 °C and relatively low RD contents (see Figure 3.3). Thus, it 

appears that any application of an Rp index/POC–PON mixing model to calculate the 

components of organic mixtures should be restricted to sediments within this part of the 

Upper Middle Basin, after normalisation for the non-linear responses of the Rp index to 

component mixtures. Alternatively, an elevated Rp index might be used as a universal proxy 

for an extension of high-energy environments or events. Such environments and events 

include those that produce various combinations of fine shell hash, clays or possibly humic-

acids, brought in by floods and precipitated at the seawater–freshwater interface (Sholkovitz 

and Copland, 1981). 
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Table 3.2. Loss on ignition and the Rp index and its temperature ratio for estuarine sediments and its postulated 

major components.  

The statistics refer to standard deviation, with the number of replicates in brackets; <LD refers to less than the 

limit of detection for the method as three times the standard error of the blank.  

Sample Rp index  PI/PII LOI 520 °C (%) LOI 950 °C (%) 

Sediment 0.59±0.01(6) 0.70±0.02(6) 17.51±0.08(6) 4.64 ±0.13(6) 

Sediment+HCl 0.47±0.01(5) 1.13±0.04(5) 20.82±0.14(5) 4.89±0.12(5) 

Sediment+50 % clay 0.58±0.01(5) 0.72±0.04(5)  8.60±0.44(5) 2.25±0.06(5) 

North shore soil 0.46±0.01(4) 1.20±0.05(4)  8.32±0.03(4) 0.29±0.16(3,<LD) 

Zostera spp. leaves 0.40±0.00(4) 1.5±0.02(4) 51.18±0.08(4) 10.7±1.20 (4) 

Fresh Chlorella 0.57±0.00(3) 0.75±0.00(3) 93.6±0.07(3) not determined 

Mineralised Chlorella 0.60±0.00(3) 0.67±0.00(3) 84.3±0.08(3) not determined 

Fossil Spisula Shell 0.20(1) 4.08(1)  1.66(1) 42.85(1) 

 
 

3.4.3.7. High-energy environments and changes in net productivity can be determined 

from content variance by Glyph Analysis (postulate 18) 

A Glyph Analysis, based on the covariance of the major contents of BSi, LOI 550 °C, LOI 

950 °C and RD (see Figure 3.8), was assessed by comparing changes in carbon fixation 

(δ
13

Corg, postulate 13) in relation to the best least squares linear models for surface sediment 

OM content (POC, as micro-algal variance, postulates 7 and 8). In this way, inferred changes 

in rates of OM supply from the Glyph neutral model
12

 could be supported as self-consistent 

with: (1) the change in OM content with respect to net basin production, (2) expected basin 

losses from water advection and (3) its position with respect to lithogenic matter supply. For 

example, within isolated embayments, autochthonous micro-algal OM can be expected to 

dominate sediment control without significant contribution from fluvial or sandy sediments or 

loss from advection and so on. 

 

Both the Glyph Analysis (see Figure 3.15) and the best linear models (see Figure 3.11) 

revealed marked changes between the Watch House Basin (WB2 to WB5), the Depositional 

Basin to Upper Middle Basin (DB4 to MB3), the Lower Middle Basin (MB4 to MB13) and 

the Marine Flood/Tidal Delta (SB2 & SB3). The matching Glyph neutral model (yellow) 

suggests that variance in the sedimentary OM content in the Watch House Basin was 

controlled by the supply of micro-algal OM. The relative invariant change in fluvial supply 

                                                 

12
 Caswell (1976) introduced the neutral model concept for landscape ecology as a determined null hypothesis on 

which to test differences in patterns to determine whether the studied process had an affect on the landscape. 
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was consistent with the isolation of the Watch House Basin from the Little Swanport estuary. 

Further, the fall in organic carbon content towards the Depositional Basin with an increase in 

micro-algal carbon fixation (towards a heavier δ
13

Corg) serves to highlight a plausible increase 

in advective loss to the Depositional Basin and an increased supply of nitrogen from coastal 

resources during the extended drought (see Chapter 4). 

 

In contrast, the Glyph pattern model (green; see Figure 3.15) suggests that the increase in OM 

content from the Deposition Basin to the Upper Middle Basin was controlled by the falling 

supply of lithogenic material away from the influence of the fluvial levees (the Duck Islands 

[see Figure 2.1]). However, in spite of a relatively invariant change in net OM supply to the 

sediments, there was an increase in the rate of carbon fixation (heavier δ
13

Corg [see Figure 

3.15]). Such a productivity scenario is plausible when considering that there must be a 

significant net advective loss of micro-algal supply to the lower estuary, but an increase in 

individual micro-algal productivity towards the lower estuary due to an increasing availability 

of coastal nitrogen resources as the dominant supply (see Chapter 5). 

 

The matching Glyph neutral model for the Lower Middle Basin was the same as found for the 

Watch House Basin (see Figure 3.15). The organic content was controlled by its rate of supply 

towards the Marine Flood/Tidal Delta with increases in individual productivity due to the 

supply of coastal nitrogen resources. Hence, this region appears to mark the end of the 

significant influence from the Little Swanport River. 

 

In contrast, the content variance patterns within the sandier Marine/Flood Tidal Delta did not 

match any of the neutral models, suggesting that the functional limits of the estuary had been 

reached. In some ways, this contention was a trivial result. It was clear, from the presence of 

sediment shell hash and the elevated LOI 950 °C that this was a high-energy environment. 

Nevertheless, the transition away from possible neutral models has the potential to mark 

regime changes that do not rely on the covariance of calcareous epibionts and micro-algae. 
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Figure 3.15. A Glyph Analysis of surface sediment (<315 μm) across the estuarine transect.. 

(a) The content patterns across transect were matched to the Glyph neutral model key as represented by its clour (to the right) in order to determine the relative supply of 

lithogenic RD and OM (LOI 550 °C). (b) Best least squares linear models  running from the upper to lower estuary using the criteria of a maximum correlation coefficient to 

mark the regression boundaries. The models data points represent a combined equally weighted sample of three sites from each station (<10 m). The error bars (┌┌┌) are 

examples of the sum of analytical and site standard error (n=3), taken during the following winter (WB4, MB2, MB13). 
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3.5. Conclusions  

The study indicated that a palaeo-reconstruction of ecosystem variability needs to be inclusive 

of the two distinct estuarine zones along an ecosystem gradient—Upper Middle Basin and 

Lower Middle Basin—that comprise the main body of the Little Swanport estuary. The Upper 

Middle Basin is inclusive of the region occupied by the alluvial depositional levees but 

exclusive of the relatively independent Watch House Basin. Hence, it is expected within the 

upper zone, close to the alluvial levees, that the direct affects of floods are more likely to 

affect its ecosystem regime state along with pressed changes in catchment nitrogen supply. 

While, the direct affects of floods and catchment supply on the upper zone can not be 

discounted, the proximity to the coastal boundary—Marine Flood/Tidal Delta—suggests that 

the direct affects of marine incursions and pressed changes in the coastal nitrate supply may 

be more important within the region.  

 

Flood and marine incursions, then, have the potential to disrupt regime state continuity across 

the relatively long axis of the Little Swanport estuary. Whereas, the affects of pressed changes 

in the nitrogen supply from the two independent river and coastal boundary conditions (see 

Chapter 5) are restricted to effecting changes to the ecosystem gradient, which may 

potentially mitigate or enhance the differences between the upper and lower estuarine zones. 

 

The nature of the estuary’s spatial inorganic and organic sediment signals was also 

determined, as part of a multi-proxy and scientific justification and approach (i.e. RA, IBE, 

SC) for both spatial and temporal convergence (see Section 1.1.1) across the estuarine 

transect, and at an appropriate level of ecosystem abstraction for biome components and 

processes that was based on the strength on their sedimentary and biome signals. Namely, 

micro-algae, seagrass, calcareous epifauna, sestonic turbidity, copepod egestion, planktivore 

predation, carbon fixation (both nitrogen and light limited) and nitrogen fixation, together 

with high energy event (c.f. the Marine Flood/Tidal Delta sediments) and relative lithogenic 

supply markers: 

 Labile BSi within surface sediments (<315 μm) was consistent with micro-algal 

organic carbon variance in spite of the presence of labile BSi from a minor soil 

component. 

 Detrital seagrass leaves >315 μm represented a plausible proxy for the surrounding 

live meadow. However, it should be noted that to compare relative rates of carbon 

production with micro-algae the dry weight needs to be normalised for any variation in 

carbon content. 
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 Organic stable isotopes within detrital seagrass leaves was found to be a plausible 

proxy for carbon fixation and the sources of inorganic nitrogen (as either nitrogen 

fixation or external supply), in spite of apparent variability in salinity over the life 

time of the seagrass shoot. 

 A linear organic component δ
13

Corg—PON/POC mixing model may be used to 

calculate the organic carbon contributions within sediments of seagrass, micro-algae 

and soils, provided the variations in seagrass and micro-algae signatures for that 

sediment horizon can be determined. For instance by separating detrital seagrass 

leaves >315 μm and using the remaining sediments or its fine fraction to calculate 

micro-algal POC–PON ratios (e.g. Wu et al., 2008) and their δ
13

Corg by constructing a 

Keeling plot
13

 to separate the minor organic contribution from the catchment soils 

(e.g. Fry, 2006).  

 The sedimentary organic source mixing model that uses Rp index and its POC–PON 

ratios, however was found to be limited to sediments restricted to central section of the 

Upper Middle Basin (i.e. free of the influence of high a CaCO3 component and fluvial 

clays) after the response has been transformed to a linear function. 

 The presence estuarine faecal pellets as proxy for copepod egestion of the sestonic fine 

fraction has the potential to be used for an addition suit of proxies. For example, 

sestonic turbidity from the remaining fine fraction and rates planktivorous fish 

predation, provided the smaller Acartia tranteri and larger Paracalanus indicus 

copepods remained the dominant species or predation size selection of other species 

continued to apply over time.  

 An elevated Rp index was consistent with high shell carbonate and or fluvial clays, 

and thus, has the potential to be a universal depositional flood and marine incursion 

event marker. 

 Glyph Analysis, however, as a means to discern changes between rates autochthonous 

and allochthonous supply to the sediments without previous knowledge of 

sedimentation accretion rates was not considered sufficiently robust to falsify 

hypotheses generated from other methods. Nevertheless, it was effective in providing 

another line of supporting evidence.  

 

                                                 

13
 A Keeling plot of δ

13
Corg vs 1/C % is a special case of a two-component mixing model in which the 

contribution to the mixture δ
13

Corg from the minor organic fraction is removed by extrapolating δ
13

Corg to infinite 

addition of the major component content (micro-algae); that is, the intercept on the δ
13

Corg y-axis when 1/C = 0.  
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Consequently, by using the above plausible suite of proxies, it is proposed that a palaeo-

reconstruction of the two estuarine zones can be used to: (1) help identify depositional events 

down the sediment column as part of an evaluation through convergence with its 
210

Pb 

geochronology; (2) describe a plausible range of pressed natural and anthropogenic intra-

regime and inter-regime states (i.e. light limited nitrogen fixation and light limited carbon 

fixation for the upper and lower estuary respectively), possibly interrupted by high energy 

events; (3) determine if stabilising the stability of a regime state can be based on the balance 

between top down (i.e. planktivorous fish trophic cascade on calcareous epifaunal 

production); and bottom up control (nitrogen supply).  

 

Finally, the transect variance indicated a possible role for historical contingency (see Section 

1.1) as responsible for the current estuarine zone regime states due to either one particular 

event, that is, the timing of the postulated moderating effects on coastal nitrogen resources by 

the shell fish aquaculture, the start of current drought, or a narrative of unfolding events 

and/or pressed nitrogen supply variability. Consequently it is proposed that any ecosystem 

palaeo-reconstruction of regime change requires a matching reconstruction of the above 

events and variability. For the Little Swanport estuary this was achieved from 

rainfall/catchment models, an imputated time-series analysis of the long-term coastal nitrate 

data set and contemporary inorganic nitrogen river flow response curves (see Chapter 5). 
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Chapter 4. Sediment column geochronologies for the upper 

and lower Little Swanport estuary 

 

4.1. Introduction 

A sediment core paleoecological study that seeks to support adaptive management process 

requires an accurate and precise chronology of sediment deposition (Wolfe et al., 1987; 

Groffman et al., 2006). In this way: (1) an accurate mapping of reconstructed linear and non-

linear trends can be used to statistically project robust medium to long-term changes to the 

ecosystem (Kondrashov et al., 2005; Golyandina et al., 2007), (2) an accurate and precise 

chronology can be used for testing recorded external forcing factors to their sedimentary 

proxies (von Gunten et al., 2009), and (3) an accurate chronology is needed to disentangle 

delayed biome affects from external forcing factors or complex internally generated biome 

dynamics driven by external forcing factors (e.g. Sugihara et al., 2012; see Chapter 7). 

 

A variety of contiguous geochronological methods are available that can be applied to 

sediments deposited during the late Anthropocene (i.e. the last 100 to 150 years). The 

applicability of many of these methods, however, will depend on the existence of historical 

data that is not always available. Consequently, methods such as catchment quantitative 

process models (Paulsen et al., 1999) or pollen stratigraphy (Brush, 1989) that rely on the 

history of the catchment, while potentially robust, cannot be applied to all water bodies. 

 

In response, chronological methods that are ostensibly independent of site specific historical 

knowledge have been developed. These methods main requirement is a known rate of decay 

of a ubiquitous sedimentary particulate, for example, the deposition and decay of micro-algae 

(Chen and Windom, 1997) and natural radioactive isotopes such as 
210

Pb. Yet, biomarker 

decay will vary for different estuaries and different estuarine sampling sites, as functions of 

salinity, temperature and redox conditions (Burdige, 2006). Consequently, the focus of late 

Anthropocene geochronologies has been on the supply and decay of unsupported 
210

Pb 

(Robbins, 1978; Appleby, 2001).  

 

Unsupported 
210

Pb is formed from the disequilibrium between its parent isotope 
226

Ra and 

total 
210

Pb activity, through the diffusion of the gaseous intermediate daughter isotope
 222

Rn 

from the catchment into the atmosphere and subsequently washed out onto the catchment and 

its receiving water body. At its simplest application, the sedimentation velocity is calculated 

by the radioactive decay curve of particulate unsupported 
210

Pb with depth, contingent on 
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ideal conditions of deposition and supply. Namely, a constant supply of 
210

Pb to the 

sediment–water interface, no differential sediment compaction, a constant rate of 

sedimentation and no internal remobilisation or redistribution of 
210

Pb particulates. The rate of 

supply of unsupported 
210

Pb to water bodies, however, varies around the globe, at the scale of 

its radioactive decay (22.3 years), with dry and wet precipitation (Krishnaswami et al., 1971; 

Turekian et al., 1977; Appleby, 2008) and the Little Swanport ctachment is no exception 

(Nunez and McGregor, 2007). Changes in rainfall can lead to both changes to the supply of 

unsupported 
210

Pb from direct aerial precipitation and from the catchment to sediments 

adjacent to the river exit (Appleby, 2001) for example, the alluvial levees of shallow wave 

and tide dominated estuaries (Roy et al., 2001). 

 

In addition to unsupported 
210

Pb supply variance, dynamic shallow marine systems similar to 

the Little Swanport estuary can add another set of changeable parameters to the simple 
210

Pb 

radioactive decay model by:  

 Changes to the rates of sedimentation due to changes in sediment focusing, driven by 

inter-decadal variability of westerly winds, as recorded across Tasmania (Harris et al., 

1987, 1988; Pooke, 1992).  

 Changes to the rate of sedimentation due to changes in particulate catchment loading 

by changes in rainfall. 

 Changes in water residence time due to changes in rainfall leading to loss of 

unsupported 
210

Pb to coastal waters (Appleby, 2001). 

 Sediment surface mixing of the 
210

Pb decay profile by wind and animal reworking 

(Sharma et al., 1987; Maire et al., 2008) may be a problem within relatively shallow 

core extraction sites with little haline stratification.  

 210
Pb redox remobilisation affecting the 

210
Pb decay profile within hypoxic sediments 

(Benoit and Hemond, 1990). 

 Redistribution of old and/or newly deposited sediment within the estuary by floods 

onto exposed older sediments, which have been eroded by the same or previous 

floods (e.g. Eyre and Twigg, 1997). 

 Inter-decadal changes in the supply of nutrients leading to changes in micro-algal 

primary production (see Chapters 6 and 7), which can affect the degree of 

unsupported 
210

Pb particulate scavenging (Wan et al., 2004).  

 

With the exception of effects from flood erosion and deposition, there are processes, yet to be 

fully explored, which may buffer changes in the unsupported 
210

Pb supply to the water body 
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by ameliorating the changes from the water body to the sediment–water interface. For 

example, changes in atmospheric supply should not affect the unsupported 
210

Pb content at the 

sediment water interface if there is an excess of scavenging fine water particulates and thus 

irrespective of the extend of excess particulates. Conversely, an excess of supply of 

unsupported 
210

Pb from the atmosphere over the supply of scavenging particulates would 

result in a constant flux of unsupported 
210

Pb, irrespective of the supply of all particulate 

sizes. Indeed, it is the above hypothesised extremes that are consistent with the assumptions 

behind the two traditional methods for separating radioactive decay from changes in 

sedimentation rate, namely, a constant initial concentration (CIC) of unsupported 
210

Pb, 

(Robins, 1978), which may be normalised to the fine fraction (Chanton et al., 1983), and a 

constant rate of supply (CRS) of unsupported 
210

Pb (Oldfield and Appleby, 1984).  

 

CIC and CRS assumptions do not cover all combinations of relative sedimentation velocity 

and unsupported 
210

Pb flux (see Carroll et al., 1999a for modelled and real scenarios). Further, 

CIC and CRS geochronological calculations use curve fitting and mapping procedures on the 

210
Pb depth decay curves.

14
 The problem of curve fitting and mapping are that simple 

functions may not represent the data well, relevant processes may go unrecognised and 

inaccuracies may result (Robbins, in Hancock et al., 2000). Consequently, the unsupported 

210
Pb profile alone cannot be used to test their assumptions (Robins, in Hancock et al., 2000). 

In other words, various combinations of flux and sedimentation can produce similar 
210

Pb 

decay profiles. For example, a relatively invariant surface 
210

Pb profile may be due to: (1) 

surface mixing, (2) rapid sedimentation rates in respect to 
210

Pb flux, or (3) constant 

sedimentation with an increase in the flux of unsupported 
210

Pb (e.g. Somayajulu et al., 1999; 

Caroll and Lerche, 2003).  

 

To overcome the above limitations, an inductive method has been developed, namely 

sediment isotope tomography (SIT) (Liu et al., 1991). SIT uses signal theory to minimise the 

variance between the data and a physical equation. A physical equation that describes the 

dynamics of 
210

Pb supply affecting its resultant depth profile, described by a source term and 

sedimentation term is Equation 4.1. The source term, represents contribution of 
210

Pb variance 

                                                 

14
 CIC uses radioactive decay and the ratio of unsupported 

210
Pb surface activity to the activity at a depth to 

calculate the age of horizons. For CRS, the total integrated unsupported 
210

Pb inventory is equal to the ratio of its 

constant depositional flux to its rate of decay. Hence, knowledge of the total mass accumulation rate (MAR) over 

depth (age) can be gained through knowledge of the 
210

Pb flux measured from the total inventory (see Appleby, 

2001 for details of data processing). 
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due to geochemical processes at each depth, regardless of an increase or decrease in 
210

Pb 

activity, and the sedimentation term records the loss of 
210

Pb by radioactive decay. In this 

way, the changes to the rate of 
210

Pb supply and rate of sedimentation can be inductively 

disentangled from the 
210

Pb depth profile. This is done by describing each term with 

orthogonal sine (cosine) Fourier series, which can fit any shape. To help ensure the iteration 

scheme does not become stuck in a local minimum in parameter space, all except one of the 

parameters are held in turn at their best values and the remaining parameter is scanned to see 

if there is any improvement in the degree of fit
15

. 

 

                                                   Sedimentation term                             Source term 

Equation 4.1.   
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Where P(x) is the 
210

Pb concentration at depth x, P(0) the concentrations at the sediment–water interface, 

summations are for n=1,2,3…,N; a(n) and b(n) fitted sediment and source coefficients; xmax the greatest 

measurement depth; λ is the 
210

Pb decay constant; .B is a trend coefficient related to average sediment velocity V 

where VB /   

The method is poorly known, but has been tested in a number of non-ideal dynamic 

environments of the Amazon delta (Liu et al., 1991), lake systems disturbed by anthropogenic 

events, embayments affected by storms (Carroll et al., 1999a and b; Carroll and Lerche, 2003) 

and a complete range of synthetic scenarios that covers the complete range of relative 
210

Pb 

supply and sedimentation (Carroll et al., 1995). However, in its present form, the SIT 

algorithm is not designed for systems that have undergone extensive mixing, nor can the 

method account for all possible unsupported 
210

Pb decay profiles resulting from turbidites, 

tsunamites or flood deposits (Carroll and Lerche, 2003). Nonetheless, mixing and event 

deposition need not always interfere. For example, Lu and Matsumoto (2005) found that, like 

the CRS algorithm, the SIT chronology was not affected by surface mixing, provided the 

extent is within 15 % of the total unsupported 
210

Pb inventory while von Gunten et al. (2009) 

managed to construct an accurate SIT geochronology despite the presence of turbidite slumps. 

Nevertheless, success is not always assured and it is prudent to determine the extent of surface 

mixing and the positions of depositional facies independently  in order to apply any 
210

Pb 

                                                 

15
 The algorithm was designed to maximise disentanglement between the source and sedimentation terms away 

from local minima in phase space for the least number of terms source and sedimentation terms (N) by This is 

adjusting the equation’s terms in a strict hierarchy (see Liu et al., 1991; Carroll and Lerche, 2003 for details of 

the protocol). 
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method (SIT, CRS or CIC) to the baseline sediments (e.g. Robbins, 1978; Arnaud et al., 2002; 

Garces et al., 2008).  

 

Identification of sediment erosion or mixing hiatuses from the unsupported 
210

Pb decay 

profile is more problematic. Suess (1978) gave a series of hypothetical scenarios of 

unsupported 
210

Pb decay profiles for a range of different mixing, erosion and rapid deposition 

conditions for normal and abnormal source material. Suess’s (1978) examples, however, were 

restricted within the framework of a constant sedimentation rate, from which Suess proposed 

that a ‘hole’ or depositional facies can be identified by the disturbance of its unsupported 

210
Pb profile, provided the expected variance in the profile was known beforehand, such as 

through a simple logarithmic decay with depth.  

 

It would be dangerous to assume that the ideal conditions necessary to interpret complex 
210

Pb  

profiles as ascribed by Suess (1978) will apply to all systems. For example, aside from a 

different rate of baseline sedimentation, floods within shallow estuaries can both erode and 

remobilise contemporary littoral sediments and old catchment soils and redeposit them further 

down the estuary (Eyre and Twigg, 1997). An example can be seen in the case of the Rhone 

River (France), where the unsupported 
210

Pb within the fine fraction was diluted during floods 

near the mouth of the river (Drexler and Nittrouer, 2008). Drexler and Nittrouer (2008) 

suggested that a dilution signature was the result of flood sediments (presumably old) 

restricting the contact between particles and dissolved 
210

Pb forms.  

 

4.1.1. A potential solution for erosion 

By identifying the position of flood deposition facies, it then becomes feasible to both identify 

the position and the amount of sediment erosion, provided unsupported 
210

Pb is supplied by 

atmospheric deposition, for example, by choosing sampling sites that are remote from the 

immediate effects of river deposition (Appleby, 2001, 2008). The amount of erosion can then 

be calculated from the difference between the measured total unsupported 
210

Pb inventories 

within baseline sediments and the known inventory from atmospheric deposition (Turekian et 

al., 1977). Each erosion horizon is assumed to be located immediately below the depositional 

facies after the flood peak. The amount of material lost is then proportional to amount lost 

from the calculated total unsupported 
210

Pb inventory and in proportion to the relative strength 

of the flood. The appropriate metric of flood strength (i.e. height, maximum flow, duration, or 

strength) is uncertain, but can be assumed to be related to the depositional facies signal or the 

thickness of the depositional facies.  
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Depositional facies have been distinguished from baseline sediments by a combination of 

fluvial sedimentary markers and major sediment content variables (Chanton et al., 1983; 

Drexler and Nittrouer, 2008; Moreno et al., 2008). In contrast to long-term particle tracer 

experiments (Wheatcroft, 1992) or short half-life radioactive elements (e.g. Lecroart et al., 

2005), the depth of surface mixing due to wind-current and activity of sediment infauna is 

often assessed from a weight of evidence. This is: (1) a relatively invariant surface 

unsupported 
210

Pb decay profile, indirectly evaluated from the convergence of horizons date 

from another geochronological marker; (2) modelling of the unsupported 
210

Pb decay profile 

from deposition and bioturbation (e.g. Gardner et al., 1987); (3) assuming no significant 

mixing layer from the presence surface anoxia and varving (e.g. Zimmerman and Canuel, 

2002); and (4) the depth of surface anoxia (e.g. Carroll and Lerche, 2003), with the absence of 

extensive surface worm tubes (Gardner and Bohn, 1980).  

 

In the final analysis, the choice of methods will depend on the specific circumstances and 

history of the deposition site. For example, Ruddiman et al. (1980) used the older spread of 

volcanic tephra below the mixed layer to calculate the rate of surface mixing. Indeed, the 

more common char deposits from larger fire events, typical of the local landscape, could also 

be used as a natural pulse marker from either relatively recent fires, distributed through the 

surface mixed layer, or previous deposits below the mixed layer. Alternatively, the depth of 

surface mixing may be judged by changes to an uninterrupted expected profile common to 

most sediment columns such as sediment compression. Surface mixing would be expected to 

interrupt the normal bulk density/porosity or water content logarithmic change with depth that 

accompanies accumulated sediment compression (Burdige, 2006). The effect is contingent on 

other factors that affect the profile, such as grain type and size, remaining relatively constant. 

 

4.1.2. Evaluation of 
210

Pb chronologies: An imperative  

Notwithstanding the assumptions of the 
210

Pb geochronological methods, the accuracy of the 

chronology is dependent on identification of all deposition facies, the extent of the surface 

mixed layer, the appropriate flood metric (height, duration, maximum flow or some 

combination), or whether some flood deposits have themselves been eroded. Therefore, all 

210
Pb geochronologies within dynamic environments that are based on the 

210
Pb profile shape 

(CRS and CIC mapping methods) require evaluation (Smith, 2001) as do apparent model fits 

to data  such as SIT that still have underlying assumptions that need to be evaluated (Abril, 

2004). 
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Traditionally, the convergence of a horizon date with that of an independent signal or event 

facies has been used to evaluate a contiguous 
210

Pb geochronology. It should be noted 

however, that a convergence of dates between an event(s) and a 
210

Pb geochronology cannot 

be used to evaluate the assumptions behind a model, or the date of the formation of an event 

signal in relation to the time of deposition, as well as the dates of the remaining horizons. 

Therefore, it is dangerous to assume the accuracy of the chronology between temporally well-

spaced events markers or horizons older than the event markers. For example, the CIC 

method depends on a calculation that compares the surface 
210

Pb activity with each individual 

horizon that leaves each horizon date independent of its neighbours. The CRS method’s 

independence is not as easily defined, as the calculation is dependent on the ratio between the 

total unsupported 
210

Pb inventory to the inventory below the sample horizon (Appleby, 2001). 

The result is a reduced dependence with increasing depth in a non-linear manner as a function 

of 
210

Pb decay profile, which can become increasingly subject to error bias in deeper and 

older sediments (Binford, 1990). In contrast, the SIT algorithm can use the position of a 

known event to reduce the number of probable minimal solutions (Carroll and Lerche, 2003). 

However, Abril (2004) argued that not even SIT could be excluded from the uncertainty in the 

timing of an event. Abril’s argument can be summarised as incorporating a biased event date 

within an inductive modelled structure that will also conceivably bias the range of probable 

SIT solutions. 

 

The most commonly used marker is a 
137

Cs particulate signal peak or horizon, principally 

because of it ubiquitous distribution around the globe (Smith, 2001). 
137

Cs originated from 

fallout during the period of atmospheric atomic bomb testing (1958 and 1963), or more 

recently for northern Europe, from its accidental release from the Chernobyl atomic reactor 

(1986). In the southern hemisphere, the level of 
137

Cs activity is relatively low and the major 

1963 peak is not easily resolved (Brunskil et al., in Hancock et al., 2000). Further, it should 

be stressed that such a 
137

Cs peak or horizon need not be synonymous with the depositional 

position or the date(s) of its release to the atmosphere and thus cannot be used to falsify the 

correspondingly 
210

Pb geochronological date or the assumptions behind its conceptual model 

(Abril, 2004). There are associated delays in transport of 
137

Cs fallout from the catchment 

particulate 
137

Cs peak translocation by surface mixing (Guinasso and Schink, 1975; Ruddiman 

et al., 1980; Wheatcroft, 1992) and remobilisation. 
137

Cs activity in Western Port (Victoria, 

Australia), a similar system to the Little Swanport estuary, has been detected in sediments 

prior to the atomic bomb input (Hancock et al., 2001). Longmore et al. (1983) measured the 
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presence of 
137

Cs within Hidden Lake (Fraser Island, Australia) in sediment dated by 
14

C 

organic carbon fraction to 430-year BP and attributed this to desorption and diffusion. Foster 

et al. (2006) explained the advective 
137

Cs mobilisation within a coastal lagoon through salt 

replacement and hydrostatic pressure, driven by its adjacent higher sea level. 

 

If there is no convergence of dates between geochronological methods, then correcting for the 

translocation, remobilisation and mixing is neither simple nor always possible. Current 

models of 
137

Cs remobilisation are contingent on constant sedimentation rates (Abril, 2004). 

Corrections for surface mixing translocation of an event signal may be solved through 

deconvolution procedures but require a priori knowledge of the process to construct the 

appropriate deconvolution filter (Ruddiman et al., 1980; Schiffelbein, 1985; Bard et al., 

1987). Clearly, for a successful 
210

Pb geochronology a site should be chosen for a minimal 

surface disturbance with known event signals that are robust enough not to be affected by 

remobilisation or translocation.  

 

4.1.3. A solution for evaluating 
210

Pb geochronologies for shallow dynamic estuaries 

Less ubiquitous, but more stable than the 
137

Cs particulate signals are the dates of distinct 

particulate signals and depositional facies that are likely to be characteristic of the Tasmanian 

and Australian catchment and marine landscape. These include fire char inputs (McIntosh et 

al., 2005), flood deposits (Eyre and Twigg, 1997), marine-derived sediments from local 

storms, tsunamis (Dominey-Howes, 2007) and conceivably ‘pressed’ changes to baseline 

lithology resulting from long-term transitions in flood frequency during entrance exposure 

(Rustomji, 2007). Further, there is a synergy in identifying the type, date and frequency of 

events powerful enough to have affected the sedimentary record for testing the event 

historical contingency on ecological variance (see Chapter 1), and for the application and 

evaluation of contiguous radio-geochronological models that need to be restricted to baseline 

sediments.  

 

For an event chronology, the challenge is to match the date of the event and type of event to 

the depositional facies or signal. For example, without a dating context, the number of events 

to consider will depend on a priori knowledge of the maximum age of the sediment core. It 

may be difficult to distinguish the dates of small relatively common events (e.g. floods, fires), 

which may not have disturbed the sediments, from large rare events that have disturbed the 

sediments. Consequently, it may be necessary to identify two types of event impacts to 

constrain the position of sediment depths to the chronological scale. That is, large rare events 



Chapter 4 Event and 
210

Pb geochronologies 88 

 

that are likely to have had an impact with a high degree of chronological certainty but low 

resolution (e.g. tsunamis and large pivotal fires) together with relatively common events that 

produce high chronological resolution but have a low degree of chronological uncertainty 

(e.g. floods).  

 

Identifying the type of events, however, may not be straightforward. Some baseline 

sedimentary signals are specific to an event (e.g. 
137

Cs, fire char), but the depositional facies, 

formed by different events, may share a range of similar characteristics. For example, Donato 

et al. (2008) and Switzer and Jones (2008) used a number of lines of evidence to distinguish 

shell-laden storm surge deposits from tsunami deposits within coastal lagoons based on origin 

of identifiable contents (terrestrial material/marine shells) and particle sorting, and arguably, 

frequency. It is also conceivable that flood facies within estuaries may share a number of 

similar characteristics with marine incursions and that there may be other marine incursions 

that have yet to be generally recognised as important. For example, shell debris from inter-

tidal sand flats are re-floated and transported by flood tides (Dent and Uhen, 1993). This 

would have relevance for the Upper Middle Basin Little Swanport estuary because floating 

shell debris has been observed by oyster farmers during king tides (Dyke, C., 2006, pers. com. 

Dykes Oyster Farm). Clearly, this supply of floating shell debris will be amplified during 

times of extreme king tides that appear at interdecadal frequencies (‘emperor tides’ [Ray, 

2007]).  

 

4.2. Goals and aims 

The goal of this study is to produce a robust geochronology for sediment cores extracted from 

the central trench that represent the two functional zones, which define the Little Swanport 

estuary (Upper Middle Basin and Lower Middle Basin; see Chapter 3). The study aims to 

achieve robustness by constructing an event geochronology matched to a contiguous 
210

Pb 

geochronology (mixed Robustness Analysis (RA), Section 1.3.2) by a series of hierarchical 

analyses to: (1) identify event signals (fire as macro-char, and 
137

Cs fallout) and depositional 

facies, (2) identify the types of events as either storm surges, tsunamis, emperor tides, floods 

or baseline sedimentation changes, (3) correlate the events with historical information on 

major fires, marine incursions, the largest of the floods and baseline changes via flood 

frequency using a 101 year-long rainfall/river-flow model (SKM, 2004) and (4) produce a 

contiguous 
210

Pb geochronology (SIT, CRS, CIC) down the predetermined baseline 

sediments, contingent on an independent assessment of a small surface mixing depth and 

erosion hiatuses. In this, the events, the extent of erosion, and the appropriate contiguous 
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210
Pb geochronology can be evaluated through mixed RA convergence of their matching 

dates. 

 

4.2.1. Distinguishing event depositional facies from baseline sediments   

Depositional facies were identified by the weight of evidence using a suite of non-tautological 

content and quality variables, signal markers and conceptual models previously tested or 

recommended for their most plausible explanation (see Chapter 3). These included elemental 

and isotope ratios to identify catchment signals, organic matter (OM) and water content, and 

baseline calcium carbonate contents to postulate changes in fluvial supply, Glyph Analysis, 

elevated Rp indexes and faecal pellet content to test the latter postulates’ catchment markers, 

together with the occurrence of iron-laden pyroxene clays and the age of shell debris. The age 

of shells was used to ascertain the degree of inundation based on the elevation of mid-

Holocene sea levels (Mazebar, C., 2007, pers. com., unpublished data, Dept of Mines, 

Tasmania). The analysis was done on a case-by-case basis, recognise that the type of event 

signal (as a discontinuity) may vary with catchment historical contingency and remobilisation 

of the upper or lower littoral zone sediments (floods and marine incursions)
16

. In this way, 

provided there was a convergence of more than one line of evidence, all of the plausible 

depositional facies and fire event signals within the sediment core were identified and 

evaluated by convergence with the subsequent event and 
210

Pb chronologies.  

 

4.2.2. Changes in baseline sedimentation 

Baseline changes in sedimentology were only identified for the Lower Middle Basin sediment 

cores through a conceptual model that recognises that a more open bar way results in a 

migration of the sandy Marine Flood/Tidal Delta zone up the estuary (Morton and Donaldson, 

1973).  

 

4.2.3. Surface mixing depth 

The extent of surface mixing was determined as suitable for a baseline 
210

Pb geochronology, 

by: (1) examining sediment colour for the extent of anoxia, (2) using divergence from an ideal 

model of sediment compression (power law), based on the assumption that the particle size 

spectrum had remained constant (Burdige, 2006), and (3) using the extent of translocation of 

                                                 

16
 Trials with principal components and constrained cluster analysis did not compress the data in any meaningful 

way, as there were more dissimilarities than similarities within baseline sediments (due to regime shifts; see 

Chapter 6) and between event facies.  
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recently deposited macro-char down the Lower Middle Basin sediment cores from a fire 

(2005) on adjacent Ram Island (Dyke, C., 2006, pers. com. Dykes Oyster Farm). 

 

4.2.4. Event identification 

It is assumed that all depositional facies within the Upper Middle Basin were the result of a 

flood, contingent on shell debris within the facies being typically estuarine in origin. Within 

the Lower Middle Basin, the type of depositional facies was identified by using a weight of 

evidence score from a number of plausible alternatives including largest of king tides, storm 

surges, tsunamis and floods. The scores were set at 1 for consistent with the evidence, 0 for 

uncertain and -1 for not consistent with the evidence, based on current knowledge of historical 

frequency, sedimentological particle spectrum, sediment contents and shell taphonomy and 

fidelity. Once the events were identified they were then correlated to historical accounts based 

on the oldest plausible horizon, taken from the limit of detection of 
210

Pb activity (100 years 

to 150 years). Fire events were identified from peaks in macro-char content, providing that the 

peaks did not reside within the event facies.  

 

4.2.5. Identifying sediment column erosion  

The position and extent of the erosion was solved for CRS and SIT methods
17

, contingent on 

the total unsupported 
210

Pb inventory down the sediment core being less than expected from 

local atmospheric supply. For the CRS method, the position of the hiatus and the quantity of 

material eroded was solved down baseline sediments by first consecutively increasing the 

total amount of sediment lost as accumulative mass
18

 within the limits of measurable 
210

Pb 

activity. This loss of accumulated mass was then distributed from the base of each event 

facies in proportion to the strength of its corresponding event. The strength of the event was 

measured by either the thickness of the discrete facies or the magnitude of the signal. After 

each addition, the total unsupported 
210

Pb inventory was recalculated in the usual manner 

through 
210

Pb profile integration and smoothing across the additional cumulative mass from 

the adjacent 
210

Pb horizons (Appleby, 2001). The solution to the amount of erosion was 

reached, as accumulative mass, when the recalculated total unsupported 
210

Pb inventory was 

equal to the local aerial depositional inventory as measured by Turekian et al. (1977). 

                                                 

17
 The CIC method baseline horizons are independent of erosion and event facies; that is, the algorithm only 

requires decay rate and the difference in activity between the surface and the particular horizon when calculated 

in the usual manner according to Robbins and Herche (1993). 

18
 For CRS and CIC, model depths are expressed as accumulated mass depth to normalise for sediment 

compaction (Appleby, 2001). 
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The same iterative protocol used for CRS was applied to SIT solutions, but in place of 

accumulated mass, the depth of baseline sediments was used
19

. The model depths (i.e. the 

resultant profile after removal of depositional facies and inclusion of baseline sediment 

erosion) for each of the measured baseline sediment’s unsupported 
210

Pb activity were then 

recalculated using an estimated sediment bulk density of the eroded horizon, taken from the 

average of four adjacent horizons immediately below the erosional hiatus. 

 

4.3. Materials and methods 

Positions of the core extraction sites and references sites for bivalve taphonomy are illustrated 

in Figure 4.1. For details of sample collection, processing and analysis of sediment signals see 

Section 2.7. For the construction of Glyph neutral models see Section 3.3.2. 

 

 

N
500 m

Duck Islands

Lower Middle BasinUpper Middle Basin Marine  Flood Tidal Delta

LSPMB106
LSPMB107

LSPMB2B08

LSPMB206

Ram Island

Depositional Basin

 

Figure 4.1. Sediment core and bivalve sampling sites within the Little Swanport estuary.  

(●) Sediment core sites; (●) bivalve shell inter-tidal sampling sites. The grey shading represents the seagrass 

meadows located within the littoral zones. Depth contours are spaced every 2 m. 

 

4.3.1. Data analysis 

The changes in baseline sedimentology, as represented by LOI 550 °C and POC content, 

within the Lower Middle Basin sediment cores and change in annual flood frequency were 

identified by a cumulative sum of the mean within an ordered series (CUSUM) change point 

                                                 

19
 The SIT algorithm incorporates bulk density at a latter stage in its source and sediment term disentanglement 

procedure. As a result, the hiatus position and amount of erosion as mass was able to be iteratively estimated 

from the above procedure. 
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analysis (Pettit, 1980; Taylor, 2000) within the software package Variance™. Flood 

frequency was expressed as the number of flood days for a year, which were defined as those 

modelled daily averaged river flows (SKM, 2004) from 1900 to 2001 that resulted in a 

catastrophic fall in the river nutrient concentrations (>226 ML day
-1

; see Chapter 5). 

 

4.3.2. Radio-geochronology 

For details of 
210

Pb and 
137

Cs sampling, processing and analysis see Chapter 2. For details of 

SIT protocols see Liu et al. (1991), and see Appleby (2001) for CIC and CRS. The 

chronological bias for individual Upper Middle Basin sediment cores was addressed in the 

manner of Cooper et al. (2004) by rationalising differences in mean dates between contiguous 

geochronological methods and discrete events based on their individual strengths and 

weaknesses. For Lower Middle Basin sediment cores, a cross-validation procedure was 

included to identify any chronological bias in the optimum SIT simulation caused by an 

uneven sampling distribution and the weakness of constraints of other lines of evidence. That 

is, weakness from the uncertainty of CUSUM baseline sediment core transitions with the 

uncertainty of flood frequency transitions, postulated from only anecdotal evidence of an 

entrance restriction and untested postulates on the effects of oyster cage placement. Further, to 

overcome zone pseudo-replication of a chronology based on an individual sediment core, the 

mean sediment core chronology was calculated from its basin replicate pair, assessed as 

identical to the changes in major organic content variance in the manner of Turner et al. 

(2006). 

 

4.4. Results and discussion 

4.4.1. Recorded and recalled historical accounts of local events 

A number of events were identified which may have left a depositional signal or deposition 

facies within the Little Swanport estuary’s sediment column during the late Anthropocene 

(see Figure 4.2). The accounts were divided between those recorded formally or informally 

(i.e. recollections from locals that had lived continuously within the area) and those inferred 

from modelled river flows taken from rainfall data on catchment topography, geomorphology 

and farm dam lease records (SKM, 2004).  

 

There were only two floods (1986 and 1960) that resulted in damage sufficient to be noted by 

local recollections and newspaper accounts. The 1986 flood resulted in the destruction of the 

Little Swanport estuary’s shellfish aquaculture leases, which had been granted and 

subsequently located within the upper estuary after 1980 (Dyke, C., 2006, pers. com. Dykes 
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Oyster Farm). The 1960 flood was the second largest of the twentieth century, after the largest 

in 1923, and according to informal accounts, affected waters bodies around southeast 

Tasmania, but not identified specifically with the Little Swanport estuary. In addition to the 

1960 and 1986 floods, it is probable that other pivotal flood events directly affected the 

estuary’s ecosystem, as suggested by relative the strengths of the above two noted events to 

other floods (see Figure 4.2). For example, the largest flood of the twentieth century was in 

1923 (37 000 ML day
-1

) and the third largest flood, in 1969 (25 000 ML day
-1

), was equal to 

the 1986 flood. 

 

 

Figure 4.2. Recorded and modelled historical events over the late Anthropocene that were observed or likely to 

have affected the Little Swanport estuary.  

(top) Modelled average daily river flow taken (SKM, 2000) illustrating the magnitude and frequency of flood 

events. (bottom) A summary of recorded events that may have affected the Little Swanport estuary. The timing 

extreme tides was taken from Ray (2007).   

Other events, such as small local forest and grass fires within catchments are a consistent 

feature throughout Tasmania (McIntosh et al., 2005). Consequently, the topsoil maintains a 

significant load of char that constantly washes into its receiving water body as erosion occurs. 

Nevertheless, some fires have been of such intensity that they have over-shadowed the usual 

course of a summer fire season, resulting in peaks in char deposition above the background 
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inter-annual variability. For example, the fire of February 1967, known as ‘Black Tuesday’, 

was the largest recorded fire of either the twentieth or twenty-first centuries. The fire extended 

across the southeast of Tasmania, including the lower Little Swanport catchment (Marsden-

Smedley, 1997). More recently (2005), a smaller fire occurred on Ram Island (see Figure 4.1) 

but directly adjacent to the lower estuary sediment coring sites (Ram Island, Dyke C. pers. 

com., 2006, Dykes Oyster Farm). Such close proximity, even with a relatively small fire, 

could explain the noticeable presence of char particles observed within the nearby surface 

sediments of the littoral during the transect study (unpublished data; see Chapter 3). 

 

In 1868 and 1960, the two largest tsunamis of the nineteenth and twentieth centuries were 

generated off the coast of Chile and arrived along the southeast coast of Tasmania (Dominey-

Howes, 2007). Figure 4.3 shows the trajectory of the 1960 event as it impacted from the south 

onto the Tasmanian coast and the Australian mainland states of Victoria and New South 

Wales (Mader, 2008). There is no official record of the effects of the tsunamis on the Little 

Swanport estuary. Nevertheless, recorded personal accounts give a rhetorical feel of the 

tsunami’s power. For example, the 1868 tsunami produced a wave within a southern 

Tasmanian bay of up to 10 ft in amplitude (Launceston Examiner 1868, Tasmania) and 

destroyed the Bay’s local jetty, together with the remaining natural oyster beds on the 

Tasmanian east coast (Report of the Commissioners, 1883). The 1960 tsunami was reported 

to have damaged boats and moorings off the east coast of Tasmania. However, the potential of 

the 1960 tsunami to remobilise sediment into and/or within a water body came from aerial 

observations around Port Albert (Victoria, directly north of Tasmania). A pilot of an aircraft 

recounted that seiches generated by the tsunami were of sufficient size and power to empty 

and refill local lagoons up to a mile long in the space of 20 minutes (The Mercury news paper, 

1960, State library, Hobart, Tasmania).  

 

Figure 4.3. A numerical simulation of the 1960 Chilean tsunami’s progression across the Pacific. 
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The simulation was taken from the CD accompanying Mader (2008). The simulation was halted just before the 

tsunami’s arrival off the southeast Tasmanian coast. 

Other normal extreme events, such as storms and king-tides, have been observed within the 

area. In 1972, a large onshore storm along the Tasmanian east coast was observed by local 

Cray fishermen as the biggest in 50 years. However, effects of the storm on the Little 

Swanport estuary were not reported. It is during king tides that notable masses of floating 

shell debris are brought into the Little Swanport estuary from Oyster Bay and subsequently 

deposited onto the oyster racks located within the Marine Flood/Tidal Delta (Dyke, C., 2006, 

pers. com. Dykes Oyster Farm).  

 

4.4.2. Sediment core descriptions 

The upper estuary sediment core (LSPMB206) was extracted from the central heterotrophic 

trench within the Lower Middle Basin in 4 m of water (see Figure 4.1). However, the length 

of the core (75 cm) was restricted by a mass of well-consolidated shell debris. The top 2 cm of 

the sediment core had the consistency and colour of an olive green to black anoxic mud with a 

faint smell of sulphide. Below 2 cm, black mud, with a pungent sulphide smell, was prevalent 

throughout the core. Dispersed throughout the core were well-preserved pieces of leaves of 

the seagrass Zostera spp. The length of the leaf debris ranged from a few mm to around 2 cm. 

From around 28 cm to 35 cm and 62 cm to the 75 cm base of the core there were two notable 

masses of shells and shell debris within a black sandier matrix.  

 

The shells within the intrusive masses consisted of gastropods, molluscs and (notably) the 

bivalve Spisula trigonella, up to 4 cm in length (see Figure 4.4). Outside the masses, 

occasional small whole or pieces of gastropod and mollusc shells a few mm in diameter were 

found dispersed throughout most of the sediment core. All of the shell species’ habitats were 

typical of sub-tidal to inter-tidal regions of a muddy estuary and not characteristic of the deep 

extraction site habitat (see Table 4.1).  

 

Figure 4.4. The base of sediment core LSPMB206, showing the layering of the bivalve Spisula trigonella inter-

dispersed with small pieces of shell hash and small gastropod shells (see Table 4.1). 
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Table 4.1. Gastropods, molluscs and their habitats, identified within sediment cores of the Upper Middle Basin  

and Lower Middle Basin of the Little Swanport estuary.  

LSPMB206, LSPMB2B08, LSPMB106 and LSPMB108; (×) indicates the presence of the species. 

  

 

Gastropods and Molluscs HABITAT LSPMB107 LSPMB206 LSPMB2B08 

Limatula strangei Moderately and sub maximally exposed 

reef, 2-15 m 

  X 

Anodontia perplexa Sheltered sand: 0-5 m depth X  X 

Mactra pusilla Marine sand, low intertidal zone X   

Spisula trigonella Sheltered sand, mud: 0-1 m depth  X X 

Tellina margaritina Sheltered sand and mud: 0-15 m X   

Tellina deltiodalis Sheltered sand, mud, seagrass, low 

intertidal zone 

 X X 

Soletelllina biradiata Sheltered sand, mud, 0-3m X   

Gari lividia Moderately exposed sand, 0-70 m X   

Kalysia scalarina Sheltered sand, low intertidal zone X   

Olividae Common on ocean beaches, sandy 

Inter-tidal  to sub tidal zone 

X   

Leiopyrga octona Sand shallow, sub-tidal zone. Beaches?- 

improbable 

X X X 

Cabestana spengleri Sheltered and moderately exposed reef, 

0-20 m 

 X  

Astralium squamiferum Sheltered seagrass, 0-5 m    X 

Bembicium melanostrom Sheltered mud/sand, mid to high 

Intertidal zone 

  X 

Autrocochlea brevis Sheltered rock, seagrass and sand , 

upper to mid Intertidal zone 

  X 

Limatula strangei Moderately and sub maximally exposed 

reef, 2-15 m 

  X 

Agnewia sp Moderately sub maximally exposed reef:   X 

Limatula strangei Moderately and sub maximally exposed 

reef,  2-15 m 

  X 

Foraminifera Ammonia 

bercari 

Upper muddy estuarine oxia/anoxia 

sediment t zones 

 X X 

Foraminifera Cribononium 

oceanicus 

Marine to lower estuarine sediments  X   

Siliceous sponge spicules Marine and estuarine zones X   

Echinoderm plates Marine and estuarine zones X   
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The remaining Upper Middle Basin sediment core (LSPMB2B08) was extracted closer to the 

depositional levees (Duck Islands; see Figure 4.1) in 3 m of water, where it was noticed that 

the upper zone had the greatest amount of littoral sediment disturbance, from boats returning 

to oyster lease shore facilities. An additional effort was made without success to core past the 

mass of shells encountered at around 80 cm down the sediment column and coring was 

abandoned at a depth of 134 cm. The top 4 cm of the core was of a similar olive green colour 

to sediment core LSPMB206. However, a faint smell of sulphide was detected deeper down 

the core from around 5 cm to 12 cm. Below 12 cm, the sulphide was quite pungent and the 

sediment became black and gelatinous. Small voids, a few mm in diameter, were ubiquitous 

within the black gelatinous sediment down around 50 cm to 53 cm. Similar to core 

LSPMB206, well-preserved pieces of Zostera spp. seagrass leaves were dispersed throughout 

the sediment core, but in obvious greater abundance. Whole gastropod and mollusc shells and 

their debris were found intermittently throughout the core, including a piece of a well-

preserved red to orange freshwater tunicate, at around 2 cm in diameter. There were two 

notable intrusive sandy masses containing gastropods and molluscs, but at different depths 

and closer to each other (around 59 cm to 75 cm and 80 cm to >134 cm) than in sediment core 

LSPMB206. 

 

The shell masses were dominated by relatively large numbers of the bivalves Spisula 

trigonella (up to 3 cm long) and Tellina deltoidalis (up to 5 cm long) and a more diverse mix 

of gastropods and molluscs than in sediment core LSPMB206 (see Table 4.1). This is despite 

the fact that these species’ habitats lay within the same sub-tidal to inter-tidal zones as those 

evidenced in sediment core LSPMB206.  

 

The Lower Middle Basin sediment core (LSPMB106) was extracted from 8 m of water on the 

southern side of the deep central basin (see Figure 4.1). The coring was halted at 82.5 cm after 

it was noticed that there was little progress in extending the length of the core despite 

continued hammering. The top 20 cm to 21 cm was composed of olive green mud, which 

became increasingly more gelatinous down the core. A void around 0.5 cm across was 

observed around 5 cm to 6 cm from the top of the sediment core. Below 21 cm to around 80 

cm, the sediment core was composed of black gelatinous mud extended to the base of the core 

with a pungent sulphide smell. Below 80 cm, the sediment contained pieces of terrestrial 

grass, a tree twig and some shell debris. Inter-dispersed down the core were pieces of well-

preserved Zostera spp seagrass from a few mm to 4 cm long. 
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The remaining lower estuary sediment core (LSPMB107) was extracted further up the Lower 

Middle Basin at the deep centre of the estuary (9.9 m). An additional effort was made to core 

past the restrictive sandier mass encountered at around 80 cm. However, the coring remained 

difficult and it was abandoned when the length of the core reached 137 cm. From the surface 

to 78 cm, the sediment core was similar in appearance and smell to LSPMB106. Below 78 

cm, it was again similar to sediment core LSPMB106; there were occasional remnants of 

terrestrial grasses that sat above gastropod and mollusc debris that extended to 100 cm. 

 

From 100 cm to the base of the core (137 cm), there was an obvious well-consolidated shell 

layer. The layer was composed of gastropods and molluscs and articulated valves and single 

valves of the bivalve Mactra pusilla 0.3 cm to 0.6 cm long were noted (see Table 4.1). 

However, the size of the shells and shell debris was not restricted to the >315 μm fraction. All 

of the examined sieve fractions down the sieve stack (>315 μm, >250 μm, >150 μm, >100 μm 

and >76 μm) consisted mainly of juvenile bivalves and gastropods, foraminifera, sponge 

spicules, broken echinoderm plates and spines, all interspersed with a relatively minor 

fraction of quartzite particles. The quartz particles were noticeably less sharp and angular than 

the upper fluvial sands in the sediment cores from the Upper Middle Basin, but were not as 

rounded or smooth as beach sand. Again, most of the bivalve and gastropod habitats were 

more typical of shallower, lower estuarine and marine environments (see Table 4.1) than the 

deeper extraction site would suggest. 

 

4.5. Relative stratigraphic variance between the Upper Middle Basin 

sediment cores  

The two extraction sites from which the sediment cores were obtained did not share the same 

net sediment accretion but may have shared a common event history. That is, the different 

OM content stratigraphy was consistent with a different net accretion rate (see Figure 4.5), yet 

the presence of two similar notable masses containing shells/shell debris and a relatively low 

LOI 550 °C (≤15 %) suggested that the masses were caused by the same events. Further, 

assuming the same event history, the deeper but closer positions of the two notable masses 

down core LSPMB208 than LSPMB206 suggested a greater rate of baseline sedimentation 

and a greater level of flood erosion at the extraction site. Indeed, the relative rates of accretion 

and erosion were consistent with their relative positions within the estuary; the closer the site 

to the Little Swanport River, depositional levees (Duck Islands; see Figure 4.1) and boat 

traffic, the greater rate of flood erosion and sediment remobilisation. 
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Figure 4.5. OM as LOI 550 °C down the Upper Middle Basin sediment cores. 

Sediment cores LSPMB2B08 (─) and LSPMB206 (─). The non-linear trend was generated by a LOESS 

smoothing function that extrapolates data via a second order polynomial from an adjacent 0.3 % of the data set. 

 

The analyses of each Upper Middle Basin sediment core were treated separately but in 

sequence starting with core LSPMB206 because sediment core LSPMB206 has a similar 

event history and in which there was evidently little, or at least less, erosion. In this way, the 

conclusions from the lower station (LSPMB206) acted as an interpretative ‘anchor’ for any 

erosional loss of flood signals and baseline sediments from the upper station (LSPMB2B08) 

that could have affected its event-based chronology and radio-geochronology.  

 

4.5.1. Upper Middle Basin sediment core LSPMB206 

4.5.1.1. Content, quality and marker signals 

Figure 4.6 illustrates the stratigraphic variance of content and quality variables in relation to 

the sediment size fraction spectrum. All of the sediment horizons down the two Upper Middle 

Basin cores had a bimodal fraction size distribution, with a peak in content in the fine fraction 
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<76 μm (phi 5.0) and a peak in content within a larger fraction centred around the 150 μm to 

100 um sieve sizes (phi 2.7). The larger faction was composed primarily of either low organic 

quartzite sands or faecal pellet aggregates. The pellet aggregates were composed of a 

conglomerate of fine fraction particulates contained within a peritrichous membrane (see 

Chapter 7). The water content, LOI 550 °C and LOI 950 °C as CaCO3 content values were 

typical of low carbonate muddy and sandy sediments (Burdige, 2006) and ranged from 52.8 

% to 84.4 %, 9.8 % to 18.4 % and 4.3 % to 10.1 % respectively. The range of Rp indexes 

down the sediment core (0.45 to 0.69) was within the range measured along the surface 

sediment transect (see Chapter 3). The lower value was typical of muddy environments and 

the higher value was typical of the shell debris-laden Marine Flood/Tidal Delta sediments. 

δ
13

Corg and PON–POC ratios ranged from -15.0 ‰ to -23.2 ‰ and 0.055 to 0.076, 

respectively. When taken as a Cartesian duplet, the above range of isotope and elemental 

ratios suggested that the OM source was primarily micro-algae, with significantly smaller 

contributions from seagrass and catchment soils (see Chapter 6).  

 

 

Figure 4.6. Content variables, shells and pyroxene clays (yellow residue) down the Upper Middle Basin 

sediment core LSPMB206.  

The yellow residue appeared after LOI 950 °C and was identified as due to the interaction of calcium carbonate 

and pyroxene clays (see text). The particle size distribution was measured as phi from the size of the sieve stacks 

(see Chapter 2). The key shows the percentage of size categories as phi.  

4.5.1.2. Stratigraphy 

The grey bars (see Figure 4.6) represent the positions and extent of discontinuities from 

baseline trends, analysed after the fact, to assist in the comparison between the variance of 

content and quality variables. This suggests the premature conclusion that the total number of 
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peaks and troughs (with the exception of the Rp index) was not represented by any one 

content or quality variable, and baseline trends between discontinuities ranged from non-

linear to stationary. 

 

Overall, it was found for the content variables LOI 550 °C, RD and water content, non-linear 

baseline trends, and peaks or troughs followed each other relatively closely, but not in 

constant proportions (see Figure 4.6). Baseline trends differed down the core for the above 

variables and for CaCO3. The trends fell (or rose in the case of RD) down the sediment core 

from around 3 cm, and by 46 cm the baseline trend had reversed (see Figure 4.6). With the 

exception of CaCO3, which remained relatively constant below 61 cm, the peaks in the 

discontinuities from the remaining content variances converged at the same depths down the 

sediment core (see Figure 4.6). In contrast, the Rp index peaks were on a stationary baseline 

trend and, with the exception of an extra peak at around 49 cm to 53 cm, arguably followed 

the content discontinuities, although not always their shallower upper boundaries (e.g. 25 cm; 

see Figure 4.6). During combustion (LOI 950 °C), a distinct yellow residue formed within 

some of the horizons instead of the usual brick red associated with sediment residue. 

Subsequent X-ray analysis indicated that the yellow residue had formed in the presence of 

calcium carbonates and iron-laden pyroxene clays (see Appendix A).  

 

The δ
13

Corg and ON/OC profiles showed little correlation with each other or to the rest of the 

signals. Both depth profiles had generically different baseline trends and/or deviations from 

their baselines (see Figure 4.6). The δ
13

Corg profile remained relatively invariant down the 

sediment core to around 46 cm, and was significantly heavier below 46 cm (see Figure 4.6). 

The ON/OC profile displayed an apparent periodicity about a relatively invariant trend down 

the length of the core (see Figure 4.6). Indeed, the capacity of δ
13

Corg:ON/OC duplet variance 

for detecting flood events was surprisingly poor and probably reflects importance of flood 

remobilisation and re-deposition of littoral sediments over the deposition of catchment OM. 

 

Sub-tidal to inter-tidal gastropod and mollusc shells and shell debris appeared to occupy all 

discontinuities as a group (see Figure 4.6). However, it should be noted that the shells might 

have come from an inter-tidal tidal habitat belonging to an elevated mid-Holocene shoreline. 

The 
14

C age of the Spisula trigonella shells (503 years BP to 791 years BP; see Table 4.2) was 

much older than the presence of unsupported 
210

Pb activity would suggest (<150 years, see 

Section 4.8) and closer to the age of the elevated mid-Holocene shorelines (Mazebar, C., 

2007, unpublished data, Dept of Mines, Tasmania).  
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Table 4.2. 
14

C dates of inorganic carbonate of shells from the Upper Middle Basin and Lower Middle Basin 

sediment cores.  

The corrections for reservoir effects are from data taken from Bass Straight marine reservoir effects (between 

Tasmania and the Australian mainland [Reimer and Reimer, 2006]), with the caveat that coastal water masses 

may also be influenced by three other possible sources: the Leeuwin Current (Western Australia), the East 

Australian Current, and the Southern Ocean. 

  

However, the shells and shell debris did not occupy all of the content or Rp index 

discontinuities, nor were their distributions always contiguous within those discontinuities 

(see Figure 4.6). There was a similar non-contiguous depth profile for the appearance of the 

yellow residue (see Figure 4.7), which was particularly prevalent within the largest of the two 

shell masses (around 28 cm to 35 cm and >61 cm). 

 

                

Figure 4.7. Sediment residues after combustion at 950 °C (2 hr).  

The stratigraphic variance down the sediment core can be followed from the bottom to the top, then right to left 

of the photograph. Note the speckled appearance in the yellow residue found in the presence of carbonate salts 

and iron-laden pyroxene clays (see Appendix A). The capped cups mark the positions of in-house sediment 

standards for inter-batch and intra-batch calibrations (see Chapter 2).  
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The discontinuities in the Rp index were the only examples of an overlap between content and 

quality discontinuities and shell residue markers. However, the peaks in the Rp index 

stratigraphy were not always clear, such as in the case of the relatively small Rp index peak 

(0.5) at 16 cm (see Figure 4.6), which could arguably be the result of a stochastic outlier. 

Further, the Rp index discontinuity boundaries were not always the same as other content 

variables and the extra Rp index peak (at around 53 cm) was only coincident with one weak 

signal, namely, the presence of a single gastropod shell near the border of its deeper boundary 

(see Figure 4.6). 

 

Clearly, before the Rp index peaks can be used as a universal event marker, there is a need to 

include other more obvious convergent peaks or troughs from other signals with a robust 

explanation to support the presence of less distinctive Rp index peaks. The following 

hypotheses represent the extremes of two alternative sets of postulates but does not discount a 

different mixture of postulates as plausible complete explanations: 

 Hypotheses 1. The elevated Rp index resulted from the deposition of low organic 

sediments with relatively high fluvial clay content (RD) and/or fine shell debris (see 

Chapter 3). The incomplete convergence of content component peaks and boundaries 

and the non-contiguous nature of biomarker profiles with the Rp index reflected the 

variability of flood signals due to variability in flood magnitude and temporal 

structure. The extra Rp index peak (at 53 cm) was the result of a yet unrecognised 

flood event signal. 

 Hypotheses 2. The troughs in content variables (LOI 550 °C, CaCO3) and matching 

peaks in RD content were the result of flood deposition and/or the net effects of post-

depositional changes. For example, the surface discontinuity was result of a loss of 

water by surface sediment compaction and early loss of OM and CaCO3 (from 

mineralisation and dissolution) after a previous (deeper) increased supply of 

autochthonous OM (net basin primary productivity). The remaining content variance 

down the sediment column was not the result of a depositional event but the result of 

relative changes in the supply of autochthonous OM. The shell debris and clays 

markers (yellow residue and total iron) were a set of non-contiguous false event 

positives that elevated the Rp index.  

4.5.1.3. Evidence for Hypotheses 1  

The Little Swanport estuary has experienced a number of larger pivotal flood events (see 

Figure 4.2) that exhibited a range of different temporal structures, ranging from a simple rapid 

rise and slower decay (e.g. 1923; see Figure 4.8) to a number of successive rises and decay 
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sequences (e.g. 1960; see Figure 4.8) all of which is consistent with a layered structure down 

a depositional facies. Further, the ages and intertidal habitat of the fossil bivalve Spisula 

trigonella (see Table 4.1) are consistent with the age and current position of mid-Holocene 

sea levels, suggesting they entered the estuary through large flood inundations. Mid-Holocene 

sea levels were measured between 1 m to 2 m above present sea level around southeast 

Australia (Sloss et al., 2007). For southeast Tasmania, mid-Holocene net isostatic rebound is 

considered to have been smaller, yet still greater than present day sea-levels (Mazebar, C., 

2007, pers. com., unpublished data, Dept of Mines, Tasmania). Indeed, support for flood 

inundation (up to 2 m above sea level) was observed from a recent flood in 2009.  

Figure 4.8. The daily average river flows of the Little Swanport River during the two largest floods of the 

twentieth century.  

The river flows were calculated from local rainfall data and catchment/dam modelling (SKM, 2004). 

The mechanisms by which the elevated values in the Rp index changes became manifest has 

already been attested to within the transect study (see Chapter 3). An Rp index above 0.5 was 

found to be due to significant proportions of both pyroxene clays and shell carbonate hash, 

associated with high-energy environments. Thus, with the exception of the extra peak centred 

around 49 cm to 53 cm, the Rp index peaks are consistent with the origin of other convergent 

content peak and trough discontinuities. Namely, a decrease in supply of OM (LOI 550 °C) 

was associated with high fluvial sands (RD) content and the remobilisation of shells from the 

inter-tidal zone and supra-tidal zones during peak flood times.  

 

A high freshwater particulate humic-acid content is the most likely explanation for the 

additional Rp index peak (49 cm to 53 cm), given that the peak was coincident with the fall in 
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the ON/OC ratio (see Figure 4.6). Humic-acids have a characteristic elevated Rp index (0.63) 

coupled with a low ON/OC ratio (0.051). The above duplet is not shared by any other living 

or detrital organic source (Kristensen, 1990). Further, significant inputs of humic-acids to 

lower estuarine sediments can conceivably be associated with strong flows and floods as they 

flocculate near the freshwater–seawater interface, located at the base of the deep-water salt 

wedge (Sholkovitz and Copland, 1981; Karbassi et al., 2008). 

 

4.5.1.4. Evidence for Hypotheses  2  

Theory 1 would seem the more plausible choice given the current weight of evidence. 

However, the surface variance due to compaction and early organic and inorganic 

mineralisation and dissolution cannot be discounted. In particular, when delineating the upper 

boundary of the second depositional facies  from baseline variance as somewhere between 3.5 

cm to immediately after 11 cm (see Figure 4.6). Indeed, the boundary positions of the 

remaining facies, as marked by discontinuities in content and quality variables, did not 

completely converge. Under these circumstances, it was tempting to use the maximum facies 

thickness selected from a group of signals. However, such an approach assumes that the 

borders of a deposition facies could be represented by the selection. Consequently, there was 

a need to apply the convergence of two, arguably less sensitive but robust cause and effect 

conceptual models, namely, the absence/presence of faecal pellets and Glyph Analysis (see 

Chapter 3) for a more direct assessment of baseline trends and facies boundaries.  

 

4.5.1.5. Copepod faecal pellet presence/absence 

It was postulated (see Chapter 3) that a significant presence of copepod faecal pellets could be 

quantified by a parallel variance between the OM content of the pellet’s size fraction and the 

OM content from the remains of the unpackaged fine fraction. In other words, the organic 

content of the faecal pellets should closely reflect the egested fine fraction in a way that 

similarly sized sand/shell fraction would not (see Chapter 3). Consequently, absence of 

copepods and their faecal pellets, recorded during flood events (Crawford et al., 2005), would 

result in a change from a positive correlation or no/inverse correlation between faecal pellet 

fractions, and fine fraction OM content. 

 

The clearest decoupling of OM content between the total and fine fraction was from 25 cm to 

35 cm and below 59 cm to the base of the core (see Figure 4.9). The decoupling is consistent 

with the absence of faecal pellets and supports the contention that the largest of 

discontinuities were the result of flood deposition and not the result of falls in autochthonous 
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OM supply. The boundaries that marked the decoupling of the sand/faecal pellet fraction from 

the total and fine fraction were not as clear down the rest of the core. The reasons for lack of 

clarity were twofold: (1) the influence of additional OM variance from seagrass pieces (>315 

μm), and (2) the relatively low signal to noise ratio and sample resolution across the narrower 

discontinuities.  

 

Figure 4.9. The OM content of sediment size fractions as either POC or LOI 550 °C used to infer the presence of 

faecal pellets down the Upper Middle Basin sediment core LSPMB206.  

Total sediment (▬);the faecal pellet or quartzite fraction (<250 μm to >100 μm) (▬);the fine fraction (<76 μm)  

(▬). The shaded areas represent deposits from high-energy events such as floods (see text for their assignments). 

Despite the lack of sensitivity, the decoupling of the OM content of the fine fraction from the 

sand/faecal pellet fraction content can be discerned within horizons of the total water content 

and Rp index troughs and peaks. This included the extra Rp index peak not shared by the 

other total content variables (49 cm to 53 cm; see Figure 4.9) but shared by the LOI 550 °C 

within the fine fraction. Further, it was clear that the fall in total LOI 550 °C from around 3 

cm to 9 cm (see Figure 4.9) was not the result of flood deposition, but rather of baseline 

variance. There was no decoupling of the OM variance between the sand/faecal pellet fraction 

and the fine fraction until immediately below 9 cm. The 9 cm upper boundary for the second 

discontinuity from the surface was in agreement with the upper boundary of the 

corresponding Rp index peak (see Figure 4.6). 
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Glyph Analysis 

A convergence between a plausible Glyph Analysis (Chapter 3) with the conclusions of the 

faecal pellet model was used to evaluate the robustness of event identification and the 

underlying assumptions behind both models (a mixed RA). Glyph analysis attempts to 

determine cause and effect using neutral models of relative rate of supply of the lithogenic 

fraction (RD) to the rate of supply of autochthonous OM (LOI 550 °C). The analysis is based 

on a coupling of major biogenic content variables (BSi CaCO3, LOI 550 °C) to an independent 

RD supply to construct all equivalent neutral models (see Chapter 3 for the details of 

construction of Glyph neutral models).  

 

Similar to the faecal pellet model, the resolution between Glyph patterns was relatively coarse 

and assigning the sediment content and content ratio variance to a set of possible Glyphs was 

not always clear, such as between 12 cm and 17 cm (see Figure 4.10). Nevertheless, the 

Glyph within the largest of the two discontinuities (25 cm to 35 cm and >61 cm) clearly 

shows that a fall in OM content was controlled by both a fall in the OM supply and an 

increase in lithogenic supply (see Figure 4.10). The supply variance was consistent with the 

deposition of sediments with a high content of fluvial sands and low content of OM from the 

fluvial deposition zones (Roy et al., 2001). 

 

The set of Glyph neutral models was not able to resolve the remaining discontinuities but was 

able to distinguish four types of baseline variance. In particular, the transition around 4 cm to 

11 cm (red) largely agreed with the faecal pellet model (see Figure 4.6) and appeared to be the 

result of an increase in supply of both lithogenic and OM sources. The reasons behind the 

above supply variance were not immediately clear, but it did suggest a period of greater 

baseline net accretion, possibly by re-suspended littoral sediments with a higher fluvial sand 

and OM content. The remaining baseline Glyphs suggested a dynamic environment. The 

major yellow Glyphs below 36 cm, which bordered an invariant lithogenic and OM supply 

(grey), indicated that there were two periods of increasing OM supply from increases in net 

basin micro-algal productivity. The timing of the increased productivity appeared to be 

immediately after the oldest flood event and circa a younger flood event marked by the extra 

Rp index peak (49 cm to 53 cm; see Figure 4.6). In contrast, the green Glyph, between 16 cm 

to 25 cm, implied that the fall in OM content was controlled by an increase in lithogenic 

supply rather than being synonymous with flood events. However, the source of the lithogenic 

material was not clear. The material could conceivably be supplied from either fluvial or 

marine sands; that is, from an increase in fluvial deposition during an inter-decadal period of 



Chapter 4 Event and 
210

Pb geochronologies 108 

 

relatively wet weather, or from an increased supply of marine sands as a result of a larger 

entrance exposure by an increase in flood frequency (Rustomji, 2007). 

 

 

Figure 4.10. Glyph Analysis for the Upper Middle Basin sediment core LSPMB206. 

(▬) RD, (▬) total OM as LOI 550°C and (▬) RD/LOI 550 °C.  

 

4.5.2. Upper Middle Basin sediment core LSPMB2B08 

4.5.2.1. Content and quality signals 

BSi (needed for RD calculation) organic stable isotopes and elemental ratios were not 

available for sediment core LSPMB2B08 due to slow analytical turnaround times and 

material resources. In response, a relatively simple total iron analysis was added to the suite of 

variables for a more sensitive quantifiable measure of iron associated with pyroxene clays 

(yellow residue) or ‘dissolved iron’ supplied from the river that may have co-precipitated with 

any humic-acid floccs (Sholkovitz and Copland, 1981; Karbassi et al., 2008) postulated as 

present within Upper Middle Basin sediment core LSPMB206. 

    Supply                               Content  

 

 RD       LOI                 RD          LOI     RD/LOI 
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The major sediment contents and Rp index depth profiles for core LSPMB2B08 in relation to 

their size fraction spectrum are illustrated in Figure 4.11. The grey bars locate the positions of 

flood facies after the fact, to assist in comparison between signals. Similarly, to core 

LSPMB206 there was bimodal size fraction distribution within all the core horizons that 

peaked at the sand/faecal pellet size fraction (phi 2.7) and towards the fine fraction (phi 5.0). 

Consequently, the origin of the peak at phi 2.7 cannot be determined by size distribution 

alone.  Both Upper Middle Basin cores (LSPMB2B08 and LSPMB206) had a similar range of 

CaCO3, LOI 550 °C and water content: 4.4 % to 8.7 %, 11.3 % to 28.0 % and 48.3 % to 85.8 

%, respectively. However, the baseline Rp indexes found down core LSPMB2B08 (around 

0.53) were significantly larger than were those found down core LSPMB206 (around 0.45), 

despite the fact that both sediment cores had similar maximum values located within their 

deepest discontinuities (0.68 and 0.69 for sediment core LSPMB2B08 and LSPMB206, 

respectively). For the most part, the major content profiles and the Rp index profile for 

LSPMB2B08 were nosier than for LSPMB206. In particular, for LSPMB2B08, the depth 

profile of the CaCO3 content noise to signal ratio was too large for any definitive 

identification of peaks or troughs. 

 

4.5.2.2. Stratigraphy 

The peaks in iron content and the Rp index, with the exception of the surface-elevated iron 

content, converged down the sediment core. It is probable that the surface iron content was 

the result of iron redox remobilisation and precipitation immediately above the anoxic–oxic 

interface (Davison and Heaney, 1978; Burdige, 2006). The peaks in iron content within the 

largest intrusive shell mass (>80 cm) were more variable than the Rp index and were always 

accompanied by the appearance the yellow residue (formed after combustion at 950 °C [see 

Figure 4.11]). Interestingly, the iron content peaks around 28 cm, 40 cm and within the 

shallower large shell mass (around 56 cm to 78 cm) were not accompanied by the presence of 

a yellow residue (see Figure 4.11). The reasons for the lack of consistency are not clear. 

Perhaps the shell debris was larger than the diameter of its 1 mL sampling syringe (see 

Chapter 2) and thus the shell carbonate was not available in sufficient proportions with 

pyroxene clays in the production of the yellow residue during combustion (>550 °C). 

Alternatively, the iron might have been associated with freshwater humic-acid floccs and not 

with pyroxene clays. 
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Figure 4.11. Content variables, shells and total iron down the Upper Middle Basin sediment core LSPMB2B08.  

Yellow residue refers to the sediment appearance after LOI 950 °C in the presence of CaCO3 and iron-laden 

pyroxene clays. Carbonate refers to LOI 950 °C as CaCO3 confirmed only after acid addition and re-analysis 

(see Chapter 2). The contours represent particle size distribution as phi. The key gives the percentage of size 

categories as phi. The grey bars are the suggested positions of flood facies. 

Largely, troughs in water content and LOI 550 °C also followed the Rp index peaks, and at 

times had a clearer signal to noise ratio. Indeed, the larger distinct LOI 550 °C trough at 40 

cm, together with the elevated iron content, confirmed the presence of a relatively small Rp 

index peak at that depth. In contrast, the clearer Rp index peak and iron peak around 24 cm 

supported evidence for an event deposition where there was water content or a LOI 550 °C 

trough (see Figure 4.11). The reasons for such a decoupling from LOI 550 °C and water 

content is, again, unclear. Nevertheless, the pattern is consistent with two plausible exceptions 

to an implicit rule that considers most of the content variance is associated with supply of 

finer biogenic and lithogenic material; namely, additional contribution to the sediment water 

and OM from juicy seagrass leaf fossils and/or relatively high freshwater humic-acid floccs 

content and its associated iron. 

 

4.5.2.3. Discontinuity boundaries for sediment core LSPMB2B08  

The boundaries of many of the discontinuities in sediment core LSPMB2B08 were not as 

clear as those within the sediment core LSPMB206. The lack of clarity may have been due to 

a number of factors that includes (1) nosier content variables and Rp index profiles; (2) the 
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proximate nature of iron, shell and animal markers under the umbrella of content and Rp 

index troughs and peaks; (3) incomplete convergence between shells and iron markers; and 

(4) incomplete convergence of boundaries between content and Rp index peaks and troughs 

(see Figure 4.11). For example, based on the total iron or water content, the deeper boundary 

of the shallower notable mass arguably ranged from 70 cm to 72 cm (see Figure 4.11). Based 

on LOI 550 °C profiles, the boundary appeared to sit close to 80 cm, which was immediately 

adjacent to the shallower boundary of the noted mass at the base of core (see Figure 4.11). 

 

4.5.2.4. Event boundaries: Faecal pellet presence/absence  

As in sediment core LSPMB206, the boundaries were best discerned from the divergence 

between the fine fraction’s OM and the OM within the sand/faecal pellet fractions (see Figure 

4.12). The figure clearly shows a divergence between the fine fraction and the faecal 

pellet/sand fraction down the two bottom notable masses from around 56 cm to 74 cm and 

>78 cm, separated by 3 cm to 4 cm of baseline sediment. The sampling resolution was not 

sufficient to separate the two discontinuities between 22 cm and 31 cm (see Figure 4.11), but 

was sufficient to resolve the remaining discontinuity (around 40 cm; see Figure 4.11) as a 

notable switch to an inverse correlation, with both the total LOI 550 °C and the fine fraction 

LOI 550 °C.  

 

Figure 4.12. Organic matter content of sediment size fractions used to infer the presence of faecal pellets down 

the Upper Middle Basin sediment core LSPMB2B08.  

The OM content within three fraction sizes as either POC or LOI 550 °C. (▬) Total sediment; (▬) <250 μm to 

>100 μm faecal pellet or sand fraction; (▬) <76 μm fine fraction. The grey shaded areas represent the suggested 

deposits from high-energy events, such as floods (see text for their assignments). 
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4.5.2.5. A false positive? 

There is always the possibility that the choice of signals was not sufficient to identify and 

confirm all types of flood signals. For example, notwithstanding noise among content 

variables and the Rp index, a small but significant contiguous asymmetrical peak in the Rp 

index centred at 37 cm could be identified (see Figure 4.11). However, the peak was not 

coincident with any accompanying fall in LOI 550° C, CaCO3, water content or appearance of 

event markers. Instead, the accompanying LOI 550 °C and CaCO3 variances were counter to 

what was correlated within the rest of the core. Hence, a value judgment was made, based on 

the weak inference and parsimony, that the apparent Rp index peak at 37 cm was nothing 

more than baseline noise. 

  

4.6. Relative stratigraphic variance between the Lower Middle Basin 

sediment cores 

The absence of features distinguishing the organic content with depth among the Lower 

Middle Basin sediment cores supports the conclusion that the cores were under the influence 

of similar depositional environments (see Figure 4.13). However, there were some small 

absolute differences. Within the top 44 cm the LOI 550 °C for core LSPMB106 was 9.7 % 

greater than core LSPMB107 but with a near identical total organic carbon (TOC) content. 

The larger LOI 550 °C might reflect the core’s closer position to the littoral zone and its 

particular lithogenic material’s water content (Mook and Hoskin, 1982). 

 

Figure 4.13. LOI 550 °C and TOC down the Lower Middle Basin sediment cores.. 

(●) Sediment core LSPMB107, (●) sediment core LSPMB106. Profile trends were calculated using a LOESS 

smoothing function that extrapolates with a β-spline second order polynomial from an adjacent 0.3 % of the data 

set. 



Chapter 4 Event and 
210

Pb geochronologies 113 

 

4.6.1. Lower Middle Basin sediment cores LSPMB107 and LSPMB106 

4.6.1.1. Content, quality and marker signals 

Similar to the Upper Middle Basin cores, the Lower Middle Basin cores had a bimodal size 

fraction distribution throughout the sediment core (see Figure 4.14). However, below 100 cm, 

the bimodal structure was particularly intense and dominated by the larger fraction (phi 2.7). 

The similarity between the OM signals, RD and water content down as far as 78 cm was not 

always reflected in the absolute values and/or stratigraphic variance of other quality and 

content signals
20

. The range of δ
13

Corg between the two sediment cores was similar, -21.6 ‰ 

to -18.6 ‰ and -21.3 ‰ to -18.8 ‰ for sediment core LSPMB107 and LSPMB106, 

respectively, but there was a distinctive peak of heavier δ
13

Corg centred around 19 cm down 

the sediment core LSPMB106 that was not recorded down sediment core LSPMB107 (see 

Figure 4.14). Relative stratigraphic variance between the ON/OC down the two sediment 

cores was similar, but their ranges over comparable depths were significantly different, 0.09 

to 0.078 and 0.094 to 0.119 for LSPMB106 and LSPMB107, respectively. The above 

differences reflected an additional contribution from fossil seagrass leaf pieces within 

sediment core LSPMB106 due to its closer proximity to the adjacent seagrass meadow (see 

Chapter 7). 

 

There was a similar range of values for the remaining minor content variable (LOI 950 °C) 

between the two cores, 8.5 % to 4.3 % and 8.9 % to 5.5 % for LSPMB107 and LSPMB106, 

respectively. There was a notable difference, however, down one strata (10 cm to 36 cm; see 

Figure 4.14). Again, the generally larger values and difference within sediment core 

LSPMB106 probably reflected an additional contribution from calcareous epifauna associated 

with an increase in supply of seagrass pieces (see Chapter 7). 
 

 

4.6.1.2. Event depositional facies  

The only strong evidence of a depositional event was the appearance of terrestrial grasses and 

some shell debris (see Section 4.4.2) immediately below 78 cm to 80 cm for cores 

LSPMB106 and LSMB107, respectively. The appearance of debris was followed by a 

relatively complex falling trend in RD content and LOI 550 °C down core LSPMB107 to 

around 100 cm (see Figure 4.14b). In contrast, there was relatively little variance in LOI 950 

                                                 

20
 The Rp index results for LSPMB107 were considered unreliable. During the analysis, the working standards 

had an unacceptable range of values due to the deterioration  of the furnace at this time (a difference of 22 % at 

LOI 520 °C and up to 49 % at LOI 280 °C). Insufficient material remained to repeat the analysis. 
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°C between 78 cm and 80 cm for core LSPMB106 until the rapid increase from around 100 

cm (see Figure 4.14b). 

 

 

Figure 4.14. Sediment size fractions, shell and pyroxene clay markers with available content and quality 

variables down the Lower Middle Basin sediment cores.  

(a) LSPMB107 and (b) LSPMB106. The grey bar marks the suggested position of intrusive tsunamite facies (see 

text for analysis). 

 

The above differences were reflected in the proximate appearance of shell fragments and 

pyroxene clays (yellow residue) from 78 cm to a large mass of shells and shell debris from 

below 100 cm. The shell debris was a mixture of fragments and whole valves of inter-tidal 
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and sub-tidal marine and upper estuary species (see Table 4.1) and was not typical of the 

deeper extraction sites depth or age. The age of the bivalve shell was around 2350 years BP 

(see Table 4.2), at a depth (80 cm) which is not consistent with the rate of sedimentation  for 

similar water bodies (0.07 cm yr
-1

 to 0.6 cm yr
-1

[OzCoasts, 2006])  

 

Above 80 cm, there was some evidence suggesting other event disturbances. Occasional small 

pieces of shell debris (2 mm to 3 mm) were found scattered through the core (see Figure 

4.14b) and there was a peak in the Rp index between 55 cm to 56 cm (LSPMB106). The peak 

was also accompanied by a small shift in the particle size from a peak centred around the 

usual phi 2.7 to phi 3.74. However, the Rp index peak, and the presence of shell debris, was 

not marked by peaks or troughs in other variables (see Figure 4.14b) and the significance of 

the shift in particle size was not clear. 

 

4.6.1.3. The event boundary position: Faecal pellet presence/absence  

The above content signals and markers show two plausible event boundaries, from either 78 

cm or 100 cm (see Figure 4.14a). Choosing the 100 cm as the facies boundary could imply a 

dynamic period of shell and pyroxene clay false positives on rising muddy baseline 

sedimentation. Conversely, a boundary at 78 cm suggests a high-energy event deposition with 

a layered internal structure, such as the result of particle sorting during the formation of distal 

turbidites (Middleton, 1993), tsunamis or storm deposits (Dawson and Shi, 2000).  
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Figure 4.15. LOI 550 °C of sediment size fractions used to infer the presence of faecal pellets down the Lower 

Middle Basin sediment core LSPMB107.  

(▬) Total sediment, (▬) sand/faecal pellet fraction (<250 μm to >100 μm), and (▬) the fine fraction (<76 μm). 

The grey bar represents depositional facies (see text). The chart to the right shows the results of least squares 

linear models between the LOI 550 °C (OM) of the fine and sand/faecal pellet fractions for: (●) baseline 

sediments, and (●) the bottom depositional facies. 

.  
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The divergence of profile variance of the OM content of the sand/faecal pellet fraction from 

and the profile variance of the OM content of the fine fraction marks the absence of pellets at 

the 78 cm (see Figure 4.15). This is consistent with the former contention that 78 cm marks 

the top of a depositional event that contains a layered internal structure. Further, the evenly 

distributed residuals around a least squares regression above 78 cm, between the fine fraction 

and the faecal pellet/sand fraction, are consistent baseline sedimentation that reflect the 

dynamics of water column sestonic supply, egestion and clearance.  

 

4.6.1.4. Cause or effect of lithogenic and organic content: Glyph Analysis 

In contrast to the faecal pellet model, the Glyph Analysis marked both the bottom event facies 

transition zone, between 97 cm and 80 cm, and the consolidated shell zone below 97 cm (see 

Figure 4.16). The Glyph model that marked the 97 cm to 80 cm transition zone (blue; see 

Figure 4.16) was consistent with fall in lithogenic supply and a rise in OM supply. Such a 

transition does discount the position of the facies at 78 cm as suggested by faecal pellet model 

as it is also consistent with patterns of settlement from distal turbidites (Middleton, 1993) and 

some tsunamites (Donato et al., 2009). That is, the more buoyant terrestrial grasses and high 

organic fine fraction settled on top of the denser and larger low organic sand fraction. Below 

97 cm, there was no matching Glyph. However, it was identical to the Glyph along the surface 

sediment into the high-energy Marine Flood/Tidal Delta (see Chapter 3). 
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Figure 4.16. Glyph Analysis for the Lower Middle Basin sediment core LSPMB107. 

(▬) LOI 550°C as a proxy for OM, (▬) RD and (▬) RD/LOI 550 °C. The Glyph below 97 cm has no example 

from the conceptual neutral model (Glyph coloured reference table) and represents a period of high-energy 

dominated by CaCO3 supply (see text).  
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Above 80 cm, the Glyph did not suggest any other significant depositional event. 

Interestingly, from around 65 cm to the surface, the content patterns suggested a time 

dominated by increased lithogenic supply and OM supply (red Glyph; see Figure 4.15). Such 

a pattern was found in sediment core LSPMB206 as possibly resulting from a recent increase 

in net accretion due to the re-suspension of littoral zone sediments. 

 

4.6.2. Origin of the event 

Clearly, there was strong evidence for a large depositional event from 78 cm to 80 cm down 

both of the Lower Middle Basin cores. There are a number of plausible possibilities, arguably 

a tsunami, storm surge, flood or a large king tide (see Section 4.1). By using a scored weight 

of evidence approach (see below) it was found the most probable event was more consistent 

with a tsunami (see Table 4.3).  

 

4.6.2.1. Tsunami evidence  

Bimodal particle structure: score 1. Studies of tsunami deposits indicate that these deposits 

are often bimodal (Dawson and Shi, 2000; Goff et al., 2004; Switzer and Jones 2008), 

provided the sources of the material from entrainment and gathering reflect such a structure 

(Switzer and Jones, 2008). Indeed, the bimodal particle size structure was a strong feature of 

the shell facies (see Figure 4.14a). However, the particle structure of nearby contemporary 

surface sediments (marine tidal delta) had a uni-modal particle size distribution, with no 

significant clay or silt size fractions (see Chapter 3). Nonetheless, the sediments outside the 

estuary were sandy within the shallows with a significant silt clay fraction in deeper waters 

(DPIW, 1998). It is therefore conceivable that the bimodal structure in the shell layer arose 

from the entrainment of deeper, finer sediments from the tsunami backwash followed by the 

subsequent flood that gathered up the shell rich beaches of the shallow marine tidal delta. 

 

Sum of all shell categories: score 5. The shell deposit’s foraminifera, gastropods, bivalves 

and sea urchins were predominantly inter-tidal, sub-tidal marine and lower estuarine species 

(see Table 4.1). Such low spatial fidelity of marine shell species are common to tsunamite 

deposits (Donato et al., 2008; Morales et al., 2008). 
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Table 4.3. Weight of evidence for different events in relation to the bottom deposition facies of the Lower Middle Basin sediment core LSPMB107.  

A score of 1 is consistent with the evidence, 0 is uncertain and -1 is counter. The weight of evidence is the sum of the scores. 

 

           

Shell 
presence 
low fidelity 

Terrestrial 
plant material 
only on top of 

facies 

 Abundant 
whole, 

fragmented 
and 

articulated 
bivalves 

Marine 
shells 

Mainly 
lower 

estuarine 
shells 

Sediment 
bimodal 

size 
structure  

 Shells 
older 
than 

facies 

Centennial 
rare event 

Event dated 
circa 

recorded 

Weight of 
evidence 

score 

Event 
description 

1           1 

 

 

1 1 1 1 1 1 1 9 Tsunami 

1 0 -1 1 1 -1 1 0 0 2 Storm surge 

1 0 1 -1 -1 1 1 -1 0 1 Flood 

        0 

 

 

1 -1 1 1 -1 1 1 1 4 Emperor 
tide 
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The age of the shell Mactra pullisa (2353 yrs 
14

C [see Table 4.2]), taken from the sediment 

core’s bottom shell layer, suggested that the inundation was consistent with supra-tidal beach 

wash in close proximity to local shell middens at the entrance of the estuary (Sloss et al., 

2007). A recent relatively simple bivalve taphonometric analysis (see Donato et al., 2008), 

found that storm deposits have no articulated valves and that a high proportion of valves are 

encrusted, worn away or have a dissolved pitted surface, in contrast to tsunami deposits that 

contain articulated valves, which are fragmented with stress fractures. It is the latter 

distribution that most closely resembled the modification of bivalves taphonomy as indicated 

by samples collected around storm and wave affected intertidal zones (see Figure 4.17). It 

should be noted that there was a change to a smaller modal size class of shells sampled from 

the coastal entrance and estuarine littoral zones not found during the original development of 

the proxy within Sur Lagoon (Donato et al., 2008). The reasons for these differences between 

size classes are unclear but it may be due to the smaller size of tsunami waves arriving at 

Little Swanport, making them unable to lift the larger marine shell deposits from their 

position.  

 

Figure 4.17. Bivalve shell taphonometric character and size classes down the Lower Middle Basin sediment core 

LSPMB107 and the surrounding contemporary inter tidal zones.  

Samples were taken from the bottom facies of the Upper Middle Basin sediment core LSPMB107 and from the 

inter-tidal regions of the Little Swanport estuary’s Marine Flood/Tidal Delta and immediate coastal beaches. 

 

Historical accounts: score 2. Assessing the rarity of the deposition event will depend on a 

priori age of the sediment core. Hence, in a strict sense, the rarity of the event that this 

analysis was designed to determine cannot be assessed. Nevertheless, the presence of a small 

but measureable unsupported 
210

Pb activity towards the base of the core (see Figure 4.22) 

indicated a maximum age of no more than 100 to 150 years. Only two significant tsunamis 
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have been recorded over the last 140 years, in 1868 and 1960, both of them generated from 

Chile (Dominey-Howes, 2007; see Section 4.2).  

 

4.6.2.2. Storm surge evidence 

Bimodal particle structure: score -1. Switzer and Jones (2008) showed that storm deposits 

have a uni-modal structure that reflects the beach face and near shore sediments as found for 

surface sediments of the Marine/Flood/Tidal Delta (see Chapter 3 and Figure 3.10), and  

would not be expected to draw up the deeper bimodal sediments from the coastal zone to 

produce the bimodality found throughout the shell facies.  

 

Sum of all shell categories: score 3. In the same manner as a tsunami, storm surges can 

rework shell deposits within the marine and upper estuarine inter-, sub- and supra-tidal zones 

and redeposit them into the estuary (Staff et al., 2002). On the whole, it has been found that 

storm surges do not carry its depositional shell load far inland (Goff et al., 2004), and in the 

process their bivalves fragmentation patterns do not change (Callender et al., 2002).  

 

Historical accounts: score 0. Other than recalled accounts of pivotally large storms in 1970 

(see Figure 4.1), there was no record of storm surges that would suggest the possibility of 

estuarine inundation. Although extreme weather events could be expected to be more frequent 

than once or twice a century, it is uncertain what proportion of storms would be sufficiently 

large enough to breach the entrance. 

 

4.6.2.3. River flood evidence 

Bimodal particle structure: score 1. The flood deposited shell facies down the Upper 

Middle Basin sediment cores showed a similar strong bimodal structure as the LSPMB107 

bottom facies (see Figures 4.6 and 4.11).  

 

Sum of all shell categories: score 3. Shell species within this depositional facies have both 

marine and upper estuarine inter-, sub- and supra-tidal sources (see Table 4.1). Floods within 

the main body of the estuary have been observed above mean sea level. Hence, it is 

conceivable that the remobilisation and redistribution of fossil shells, recorded within the 

upper cores, were transported to the lower estuary. 

 

Historical accounts: score 0. The river-flow data indicated that floods were not centennially 

rare events (see Figure 4.2). Nevertheless, it is conceivable that two of the outstanding floods 
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of the century (in 1923 and 1960; see Figure 4.2) were sufficiently intense in both magnitude 

and duration to deposit a significant amount of material to the lower estuary (see Figure 4.8). 

By inference, the bottom layer would have to be the earlier 1960 flood. However, this is 

unlikely because the low excess 
210

Pb activity towards the top of the depositional facies 

suggests a significantly older date than 1960.  

 

4.6.2.4. Emperor tide evidence (the larger of king tides) 

Sum of all shell categories: score 2. The mechanics and extent of bivalve shell transport 

from tidal flooding has been studied by Dent and Uhen (1993). They found that single valves 

of bivalves shells, re-floated from a sand bar and convex down, were transported as far as 119 

m shoreward before sinking, irrespective of their size or species. Indeed, observations of shell 

debris re-floated by the smaller king tides have been observed as travelling as far as the oyster 

racks of the Little Swanport estuary’s Marine Flood/Tidal Delta. However, this was not 

consistent with the presence of articulated bivalve shells or those valves with holes, such as 

found within the bottom depositional facies (see Figure 4.17), as Dent and Uhen, (1993) 

found that these forms sank within <1 m after they were re-floated. 

 

Bimodal shell particle structure: score -1. Shell flotation as described by Dent and Uhen 

(1993) did not result in a bimodal structure nor was there any evidence to suggest any form of 

bimodal size dependence during transport and deposition. 

 

Historical accounts: score 1. Generally, Emperor tides are not rare centennial events and can 

be calculated; typically appearing every 15 years to 19 years (see Figure 4.2). However, their 

magnitude, within their class, varies at different times around the world. For the east coast of 

Australia, the largest Emperor tides appear as relatively rare events at a supra-decadal scale 

(around 59 years). 

 

To summarise, the weight of evidence was clearly in favour of a tsunami event (weight of 

evidence score 9). Furthermore, this conclusion is robust. For example, should future studies 

transform any uncertainty (a score of 0) to support their event categories, then this would 

result in a rival score of only 5 that is still not sufficient to equal or exceed the tsunami weight 

of evidence (score of 9).  

 

4.7. An event geochronology for the Little Swanport estuary 

4.7.1. The Lower Middle Basin 
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There have been two significant tsunamis over the late Anthropocene (1868 and 1960), the 

earlier of which is considered larger. Based on a general assessment of the sedimentation 

velocities from similar water bodies of the east Australian coast (0.07 cm yr
-1

 to 0.6 cm yr
-1

; 

OzCoasts, 2006), it would suggest that the older tsunami (1868) was responsible for the 

bottom depositional facies. However, without supporting evidence or a plausible explanation, 

reliance on a theory based on similar separate water bodies is not a robust test of an individual 

water body (Peters, 1991). For example, Sydney Harbour
21

 was a notable exception, in which 

its sedimentation velocity (1.7 cm year
-1

; OzCoasts, 2006)
 
was significantly greater than the 

mean. 

 

Unfortunately, there are no accounts of the effects of 1960 tsunami on the Little Swanport 

estuary. The closest impacts reported by local newspapers (The Mercury, 1960) were 20 km 

south at Spring Bay. There, the tsunami wave caused damage to fishing boats and moorings, 

and made scallop dredging within the area difficult throughout the day.  Nevertheless, a 

strong anecdotal argument can be made of why there was no apparent 1960 tsunami signal by 

matching rare exceptions to known expected patterns to an exceptionally rare set of 

circumstances. That is, an unusual closure of the estuary after an improbable circumstance 

comprising one of the largest floods of the twentieth
 
century (1960) amid the arrival of one of 

the strongest tsunamis of the twentieth century (Dominey-Howes, 2007). In other words, it 

will be argued through a simple narrative that the clash between the flood and the tsunami 

could have conceivably blocked off the estuary’s entrance.  

 

Over a period of a month, the three distinct flood peaks (29 000 ML day
-1

, 15 500 ML day
-1

 

and 11 000 ML day
-1

; see Figure 4.8) deposited estuarine sediments immediately outside the 

shallow entrance (e.g. Cooper, 2002). By the time the tsunami arrived, the river was still 

flowing strongly (140 ML day
-1

 c.f. to a 100-year median flow of 35 ML day
-1

) and with 

sufficient momentum to partially counter the sediment-laden tsunami wave. Consequently, the 

previously deposited sediments were picked up by the tsunami wave and dumped into the 

relatively deep channel of the bar-built entrance.  

 

Aerial photographs indicate that the entrance was closed and that the outside beach appeared 

to be scoured away sometime between 1948 and 1967 (see Figure 4.18). Further, entrance 

closure appears to be unusual (see Figure 4.18). All other available photographs show the 

                                                 

21
 Sydney Harbour is a busy and disturbed water way with a well-developed surrounding catchment and a large 

perimeter edge to volume which results in increase rates of sediment accretion  (1.5 cm
 
yr

-1
 to 1.7 cm

 
yr

-1
). 
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entrance as open to navigation, and the entrance is known to have been continuously open 

from 1980 to the present (2007) (Dykes, C., 2007, pers. com. Dykes Oyster Farm). 

 

 

Figure 4.18. Aerial photographs of the entrance of the Little Swanport estuary (top right of each photograph), 

illustrating the range of entrance exposures from 1948 to 2005.  

Note the near complete blockage of the entrance channel in 1967 and the apparent disappearance of the beaches 

to the north and south of the entrance. 
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4.7.1.1. Discrete changes to baseline sedimentology  

The composition of the Lower Middle Basin sediment is potentially sensitive to the effects of 

discrete changes in long-term tidal exchange. For example, increases in the rate of coastal 

exchange will increase the proportion of coastal, relatively coarse low organic sand to high 

organic mud content in the Lower Middle Basin or Marine Flood/Tidal Delta sediments 

(Morton and Donaldson, 1973).  

 

For the Little Swanport estuary, there were three potential candidates affecting a relatively 

sudden long-term tidal exchange: (1) the period of near entrance closure after the 1960 flood 

and tsunami event; (2) flood frequency (Rustomji, 2007), which can exhibit inter-decadal 

transitions with changes in baseline flow rates (Franks, 2002; Franks and Kuczera, 2002); and 

(3) the ‘choking’ of the Marine Flood/Tidal Delta with oyster long lines (Plew, 2011) and 

inter-tidal oyster racks.  

  

4.7.1.2. The period of oyster rack influence (circa 1990 to 2007)  

The period of oyster cage influence on tidal exchange can be deduced from both historical 

accounts and confirmed from the more frequent aerial photographs of the time. The oyster 

industry moved into the Marine Flood/Tidal Delta after 1986  and by 1988 to 1992, the 

density of oyster racks had reached close to its present day maximum (Dyke, C., 2006, pers. 

com. Dykes Oyster Farm). 

 

4.7.1.3. The period of near entrance closure (1960 to 1969/1970)  

It has been argued that the closure of the entrance from 1960 to 1967/1970 was probably the 

result of the 1960 flood/tsunami event. However, the timing of the reopening is not 

immediately clear. There are no annual collections of aerial photographs or accounts to mark 

the years from 1967 to before the first evidence of reopening of the entrance in 1976 (see 

Figure 4.18). However, entrance blockages, in wave-dominated systems, are only cleared by 

pivotal floods events (Rustomji, 2007). 

 

Thus, the relative flood magnitudes from entrance closure in 1960 to the first evidence of 

usual entrance exposure in 1976 (from Figure 4.1) could indicate when the estuary was 

reopened. It is likely that the 1969/1970 floods reopened the estuary, as these floods were the 

first floods greater in magnitude than were those observed during 1960 to 1967. The 

reasoning is that, as smaller floods than those between 1960 and 1967 (which closed the 

entrance) were shown to be insufficient to remobilise entrance sediments, the floods to reopen 
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the entrance had to be equal or greater than were those that closed the entrance. Pre-1976, the 

1969/1970 floods were the only ones to satisfy this magnitude requirement (see Figures 4.2 ). 

Indeed, the 1969/1970 floods were the third largest of the twentieth century.  

 

4.7.1.4. Changes in flood frequency (1979 to 2007)  

A CUSUM analysis of modelled annual flood days and the average annual daily river flows 

over the twentieth century marks the start of the drought from 1979 with a fall in flood 

frequency. The change was immediately before the 1986 flood, an event that forced the re-

location of the oyster industry to the Marine Flood/Tidal Delta. 

 

Figure 4.19. The average annual daily river flows and the annual number of flood days for the Little Swanport 

River.  

Floods were defined as average daily river flows >226 ML day
-1

 and were calculated from the 

rainfall/catchment/dam model (SKM, 2004), along with the average annual river flow. The top of the grey bar 

marks the CUSUM mean of the river flow and flood metrics.  

4.7.1.5. Correlations with changes in tidal exchange and sediment core OM content 

Figure 4.20 shows the CUSUM positions, magnitudes and probability ranges of OM 

transitions (LOI 550 °C). The surface change point was consistent with a typical depth and 

variance found in most estuarine sediment core profiles as due to a combination of surface 

bioturbation and an early rapid diagenetic loss (Zimmerman and Canuel, 2002). Thus, by 

ignoring the surface change point the number of transitions identified in sequence after the 

1868 tsunami could be fitted to above external forcing factors (see Figure 4.20) to the 

following self-consistent narrative.  
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Figure 4.20. LOI 550 °C change point stratigraphy down the Lower Middle Basin sediment core LSPMB107.  

The grey bars represent CUSUM standard deviation about the mean of LOI 550 °C, calculated in sequence from 

the bottom to the top of the sediment core.  

The transition immediately after the 1868 tsunami (69.4 cm) appears to be the result of a 

larger pre-1900 baseline river flow (von Platen, 2008). From 1960 to 1969/1970, the entrance 

restriction resulted in a muddier higher organic sediment at the core extraction sites (see 

Figure 4.20), as influenced by the sandy Marine Flood/Tidal Delta migrating towards the 

entrance due to a reduction in tidal exchange. After the entrance reopened between 

1969/1970, the OM content returned towards its pre-1960 values together with the sandy 

Marine Flood/Tidal Delta (see Figure 4.20). By 1979/1980, the fall in flood frequency 

resulted in more restrictive entrance equilibrium leading to a reduction in tidal exchange and a 

remigration of the sandy Marine Flood/Tidal Delta. After 1986, the shellfish aquaculture 

industry re-located to the Marine Flood/Tidal Delta, and by 1988 to 1992, the quantity of 

newly located oyster racks reached a maximum (see Figure 4.18). The oyster racks affected a 

further buffer in tidal exchange to the Lower Middle Basin, which was marked by a higher 

OM content with significantly less variability than in previous transitions (see Figure 4.20).  

 

4.7.2. The Upper Middle Basin 

The magnitudes of the modelled flood events (SKM, 2004) down sediment core LSPMB206 

were successfully matched to the magnitude of the Rp index signal/thickness, in sequence 

from the top core, where the date is known, towards the bottom (see Figure 4.21). The 

correlation was considered robust, as it identified: (1) the two significantly larger floods of the 
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twentieth century (1923 and 1960) with the two clearly identifiable major facies down the 

sediment core; and (2) the relative position of the largest fire recorded within southeast 

Tasmania (Black Tuesday in 1967) (see Section 4.4.1). Further, between the 1960 and 

1969/1970 flood events, the net accretion rates between the flood facies were roughly 

proportional to the amount of erosion expected from the average daily peak flood strength, 

assuming a relatively constant sedimentation velocity (see Equation 4.2) 

 

Equation 4.2             Flood (ML day 
-1

x10
3
)
 
= -0.34 (cm) + 27.7 (ML day 

-1
x10

3
)  

                                  (r
2 

= 0.25)  

 

Figure 4.21. Event-based geochronologies of the Upper Middle Basin sediment cores. 

(left) Sediment core LSPMB2B08, (right) sediment core LSPMB206. The relative event magnitudes, within the 

sediment core are represented by the event facies thicknesses and the magnitude of the Rp index for sediment 

core LSPMB206, and in combination with LOI 550 °C for sediment core LSPMB2B08.  

The correlation between flood events and event facies down sediment core LSPMB2B08 was 

not clear because neither the magnitude of the Rp index signal, nor the other content 

variables, reflected the thickness of all the facies. However, using the Rp index in 

combination with LOI 550 °C, there was sufficient commonality and overlap between all 

three metrics (facies thickness, LOI550°C and Rp index) to match flood events to their facies. 

Nevertheless, a solution was only possible by assuming that the two larger intrusive masses 

represented the 1960 and 1923 flood events, and that the flood facies between these points 

had been eroded by the 1960 flood. That the LSPMB2B08 station was further up the estuary 

towards the Little Swanport River is consistent with this assumption.  
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4.8. Radio-geochronologies of the Upper and Lower Middle Basins  

4.8.1. Surface mixing depths 

None of the sediment cores showed an immediate exponential decay of 
210

Pb activity from the 

surface (see Figure 4.22). However, it would be a mistake to attribute the relative invariance 

in the surface 
210

Pb activity to extensive surface mixing. The rapid increases in bulk densities 

in the presence of surface sediment anoxia (see Section 4.4.2) indicated that surface mixing 

by animal reworking and wind mixing down the Upper Middle Basin cores (LSPMB2B08 

and LSPMB206) was <1.24 cm (see Figure 4.22). 

 

In contrast, anoxic surface sediments down the Lower Middle Basin sediment cores 

(LSPMB107 and LSPMB106) showed some evidence of previous macro-benthic activity, 

including the presence of a void near the top of the core (5 cm to 6 cm). However, any 

sediment reworking attributable to this void was not evident. Bulk densities were invariant 

below the surface 2 cm to 3 cm (see Figure 4.22). Further, the recent deposition of macro-char 

from a fire on adjacent Ram Island had not mixed beyond the second sampling horizon (2.54 

cm) in the eight months following the fire (see Figure 4.22). 

 

Figure 4.22. 
210

Pb and 
137

Cs profiles down sediments cores extracted from the Little Swanport estuary. 

(●) Unsupported 
210

Pb activity, (●) 
210

Pb supported fraction, (●)
137

Cs activity, (─) wet bulk densities, and (●) 

surface sediment macro-char counts. The error bars are standard deviations of decay counts. The grey bars mark 

the suggested positions of intrusive masses (see Figure 4.1 for the position of the sediment core sampling sites). 
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It appears that none of the shallow surface mixed layers across any of the four sediment cores 

were sufficient to affect the results of a full baseline CRS and SIT 
210

Pb geochronology
 

(Appleby, 2001; Lu and Matsumoto, 2005). It can also be argued that these shallow mixing 

zones (less than or equal to sampling resolution) may not significantly affect the CIC result, if 

the shallow surface layer formed relatively quickly and always to the same extent.  Under 

these conditions, a direct comparison with depth can still be approximated by referencing the 

average age of the first sample (a young and shallower mixed layer) to the deeper baseline 

horizons.  

 

137
Cs activity down through Lower Middle Basin sediment core LSPMB107 (see Figure 4.22) 

was very low and the resolution was not sufficient to mark a horizon or peak period of atomic 

bomb testing.  

 

4.8.2. Geochronological methods and models for the Upper and Lower Middle Basin 

SIT, CIC and CRS models were applied to the unsupported 
210

Pb profiles within previously 

identified baseline sediment horizons, assuming that event deposition was effectively 

instantaneous. However, erosion corrections between events for the Upper Middle Basin cores 

could only be applied to sediment core LSPMB206 and not LSPMB2B08. The unsupported 

210
Pb baseline inventory for the sediment column within sediment core LSPMB2B08 (4990 

Bq m
-2

) was considerably larger than local aerial deposition (3363 Bq m
-2

; Turekian et al., 

1977) commensurate with the southeast climate of Tasmania. The excess may reflect a high 

degree of sediment focusing and/or fluvial deposition at and close by the Duck Islands. In 

contrast, the unsupported 
210

Pb baseline inventory of sediment core LSPMB206 was 

considerably less than local aerial deposition (2260 Bq m
-2

; Turekian et al., 1977). Of course, 

the deficiency may represent only a net loss between flood erosion and supply from river and 

remobilised sediments of the littoral zones, nevertheless, the approach can be evaluated 

through a convergence with its event chronology (mixed RA). 

 

 

 

 

 

 

 

 



Chapter 4 Event and 
210

Pb geochronologies 130 

 

 

LSPMB206

1860
1880

1900
1920

1940
1960

1980
2000

1860
1880

1900
1920

1940
1960

1980
2000

LSPMB2B08

210Pb (MBq g-1 )

0 20 40 60 80 0 20 40 60 80

LSPMB106

0

20

40

60

80

100

Julian Date

1860
1880

1900
1920

1940
1960

1980
2000

LSPMB107

1860
1880

1900
1920

1940
1960

1980
2000

 CRS method  CIC method SIT model

M
o

d
e
l 

d
e
p

th
 (

c
m

)

0

20

40

60

80

100

40 60 80 100 40 60 80 100

 D
e

p
th

 d
o

w
n

 s
e

d
im

e
n

t 
c
o

re
 (

c
m

)

 

Figure 4.23. Event and 
210

Pb geochronologies for the Upper Middle Basin and Lower Middle Basin bottom 

sediments. 

The red bar  marks the 1967 fire and the grey bars mark the positions and age of river flood depositional facies 

and the tops of 1868 tsunami event facies. The black error bars are the CUSUM 90 % confidence limits for 

baseline sedimentological changes (10 000 bootstrap runs without replacement). The green error bars represent 

SIT standard deviation and green squares either side of the errors bar are maximum and maximum dates. The 

lower charts are the SIT solutions to the unsupported 
210

Pb profiles down baseline horizons (model depths).  

Figure 4.23 shows the results of all of the Middle Basin 
210

Pb geochronological models and 

methods. Only for one Upper Middle Basin sediment core (LSPMB206) did all models and 

methods converge towards a common chronology. Consequently, the assumptions, such as the 

extent of erosion, flood facies identification, their extent through the sediment column and the 

common assumptions that bind all 
210

Pb methods (constant sedimentation rate and constant 

flux of unsupported 
210

Pb) are evaluated as robust (mixed RA; see Chapter 1). Nevertheless, 

each method had its own inaccuracies and accuracies down through the sediment core, 

although the SIT model remained the most accurate, with the possible exception of the 1923 

flood event. This was in contrast to the CIC horizon, which closely matched the 1923 flood 

event, but exhibited greater divergence within the upper and middle core sections. 

Conversely, the CRS method underestimated the event age towards the top of the sediment 

core, but diverged towards an older estimation of the remaining flood events towards the 

bottom of the sediment core (c.f. SIT). Despite the above relative bias, the general agreement 

between all models supports the assumptions behind each of the methods; that there was little 
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sediment focusing around the LSPMB206 extraction site, a correct assessment of where 

baseline horizons lay and the extent of erosion.  

 

In contrast to sediment core LSPMB206, for sediment core LSPMB2B08 there was no 

convergence between any of the radio-geochronological methods and events, despite an 

increased sampling resolution (see Figure 4.23). The inability to correct for erosion, however, 

was only partly responsible for the divergence between the separate geochronologies. The 

CIC baseline horizons (independent of erosion) did not match any of the events dates, 

including the most likely events to leave a signal, namely, the pivotal 1923 and 1960 flood 

events, thus indicating a complex relationship between the rate of sedimentation and the 

supply of unsupported 
210

Pb. A relationship that does not conform with suggested reasons 

behind the assumptions of CIC and a CRS geochronology, that is, an excess of scavenging 

particles (see section 4.1) or no sediment erosion, respectively.  

 

Similarly to core LSPMB2B08, all of the radio-geochronological methods that were applied 

to the Lower Middle Basin sediment cores (LSPMB106 and LSPMB107) diverged from the 

surface (see Figure 4.23). However, in contrast to LSMB2B08, the SIT solutions did converge 

circa the postulated baseline transitions and the top of the tsunami facies.  

 

Based on the above evidence, it would seem that the SIT model was sufficiently robust to 

capture the changes in base line sedimentation and the 1868 tsunami event. However, in truth, 

the event model did not strictly conform to conditions embedded within a mixed RA (see 

Chapter 1). That is, the event model was arguably not fully tested as plausible (i.e. there was 

only anecdotal evidence for reasons behind a reduction tidal exchange between 1960 to 

1969/1970). The models were not completely independent, as the event chronology relied on 

the context of the 1868 tsunami. Further, the dichotomy between the low but measurable 

presence of 
137

Cs older at a depth older than suggested by all the 
210

Pb methods (late 1950s 

atomic bomb testing), suggested a rate of sedimentation much greater than is usual for these 

water bodies.  

 

The presence of low 
137

Cs activities below the atomic bomb horizon, however, is not 

uncommon. Furthermore, 
137

Cs horizons cannot be used to falsify 
210

Pb geochronological 

models (Abril, 2004). Indeed, it is conceivable a water level greater than the mean sea level 

resulted during floods and/or over the period of entrance restriction (1960 to 1969/1970)  (e.g. 
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Rustomji, 2007), which was responsible for remobilising the 
137

Cs down through the sediment 

column (e.g. Foster et al., 2006).  

 

4.8.2.1. Cross-validation of the lower middle basin SIT model  

It would then appear that the first step in explaining the Lower Middle Basin’s geochronology 

lies in accepting the SIT result as other evidence suggests that sedimentary conditions were 

ideal for the model (i.e. no erosion and a small surface mixing depth) and that there maybe 

some doubt to plausibility baseline event changes other than the tsunami. Thus, the 

reconstruction of the post tsunami events should not be used to confirm the chronology 

though convergence of a common result (mixed Robustness Analysis) but only used as weak 

supporting evidence for the post tsunami SIT chronology. Hence, it is prudent to cross-

validate the SIT model, particularly as the rapid changes in sediment velocity in combination 

with an uneven sampling distribution resulted in a large probability distribution (Carroll and 

Lerche, 2003 [see Figure 4.23]). Consequently, a series of 11 SIT cross-validation runs was 

used to determine whether the solution was the result of sampling bias. Each run was carried 

by first  randomly removing 27 % of the baseline 
210

Pb samples from the larger data set 

within sediment core LSPMB107 (see Figure 4.24a). It was found that that all of the cross 

validation SIT solutions converged to around the early 1880s, circa Chilean tsunami of 1868.  

 

 

Figure 4.24. Cross validation of the SIT model and the Lower Middle Basin’s resultant geochronology. 

(a) SIT solutions after 27 % of the data points were randomly removed down through sections of the sediment 

core LSPMB107; (b) a combined geochronology for the Lower Middle Basin using the full SIT runs for the 

Upper Middle Basin sediment cores LSPMB107 and LSPMB106 with of their 1868 tsunami facies. The curve 

fits were based on two separate second order polynomial linear regressions after identifying the position of the 

CUSUM change point at 1979/1980 (Variance™). 
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In addition to the convergence with the 1868 tsunami, however, there was a broad range of 

chronological variance down the sediment core. For the purpose of description, the variance 

can be divided into two generically different forms: series X (black lines; see Figure 4.24) and 

series Y (red lines; see Figure 4. 24). The full SIT simulation was clearly within the series X 

category (c.f. Figure 4.23), in which the transition to high rates of sediment accretion was 

much earlier than for series Y. The differences between series Y and X appear to be the result 

of sample clumping of series Y near the top and bottom of the profile. Overall, the profiles 

with the least data clumping and the most even horizon distributions most closely resembled 

the full SIT solutions, typical of series X. The cross validations also indicated two forms of 

bias within series X: a younger accretion transition to greater values around 40 cm for profiles 

deficient in samples between 42 cm and 63 cm, and an older transition around 40 cm for 

profiles deficient in samples from 63 cm towards the bottom. The latter categories also 

broadly describes the differences in total sampling distribution between the upper sediment 

cores LSPMB107 and LSPMB106 (see Figure 4.23). Hence, to increase the SIT minimal 

model’s chronological accuracy for the Lower Middle Basin, the two sediment core’s SIT 

minimal solutions were combined with the position of their tsunami facies to represent the 

optimum sample distribution for the least bias (see Figure 4.24b).  

 

4.9. Discussion and conclusions  

Seven major depositional flood events >23 200 ML day
-1 

affecting the Upper Middle Basin of 

the Little Swanport estuary (core LSPMB206) were recorded, dated and evaluated with a suite 

of 
210

Pb models (SIT) and methods (CRS and CIC). All the re-constructed events and 

geochronological models and methods converged and thus supported the assumptions behind 

the construction of events, models and methods (mix Robustness Analysis; Bycroft, 2009), 

namely: (1) the LSPMB206 core’s extraction site recorded all the floods that affected the 

surrounding environment’s baseline deposition, (>33 cm) and erosion (calc. 25 cm) over the 

last 83 years; (2) there was no significant long-term sediment focusing, as indicated by the 

broad agreement between the CIC and CRS methods (Appleby, 2001), (3) there was a 

relatively constant supply of unsupported 
210

Pb only from atmospheric deposition; and (4) 

there was no significant surface mixing (<15 % of the 
210

Pb inventory). In contrast, within the 

upper region of the Upper Middle Basin (core LSPMB2B08) none of the events and 

geochronological models and methods agreed with each other. This was due to a mix of 

variable rates of sedimentary parameters and unaccounted loss of baseline sediments and 

some depositional flood facies, probably through erosion during the pivotal 1960 flood event. 
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Within the deeper central trench of the Lower Middle Basin (water depth 8 m to 9.9 m), a 

resilient weight of evidence suggested that the shell and terrestrial material found within the 

deposits near the base of both sediment cores (LPMB107 and LSPMB106) was a result of 

gathering and deposition by the 1868 Chilean tsunami. Overall, there was good evidence, 

from reconstructed changes in baseline deposition, to support the SIT geochronology down 

both of the Lower Middle Basin sediment cores. Furthermore, it was found from a series of 

cross-validation runs that any small differences between the SIT chronologies down the two 

Lower Middle Basin sediment cores were more a function of sampling resolution and 

distribution than real differences in sedimentation. Consequently, the two SIT chronologies 

were combined for a more considered Upper Middle Basin average and identified a transition 

to a greater rate of sedimentation from around the early 1980s. The cause of the change was 

not clear, other than it is was circa the start the lower estuary’s oyster aquaculture 

development and may be due to the disturbance of littoral zone sediments by aquaculture 

activities.  

 

However, support did not extend to the CIC or the CRS methods. Given the limitations of the 

CIC and CRS models, the reasons were self-evident, in that the relative changes of 

sedimentation and supply of 
210

Pb led to conditions that were outside the parameters of the 

two methods. For example, the failure of the CIC method during pre-disturbance times (1980) 

suggests that the natural supply of unsupported 
210

Pb may have been in excess of scavenging 

particles (see Section 4.1). This contention is, in part, supported by both the sediment core’s 

210
Pb inventories (calc. 17 446 to 14 300 Bq m 

-2 
for core LSPMB107 and core LSPMB106, 

respectively) that were well excess to aerial deposition (2260 Bq m 
-2

; Turekian et al., 1977). 

The reasons behind such an excess are not clear but unlikely to be due to the proximity of the 

river and more likely because of internal processes. For example, it is conceivable that 

sedentary epipelics and seagrass epiphytes would have been exposed to aerial 
210

Pb deposition 

over longer periods than waterborne particles such a phytoplankton or washed in clays. Under 

the circumstances unsupported 
210

Pb may be expected not only to adsorb but also to be 

absorbed (Robbins, 1978) before natural disturbance eventually transported the epiphytes and 

epipelics into the deep spot. 
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Chapter 5. A late Anthropocene palaeo-reconstruction of 

inorganic nitrogen availability in the Little Swanport estuary  

 

5.1. Introduction 

Currently, outside of direct grazing by animals, changes to the inorganic nutrient supply is 

recognised as the major factor affecting the seagrass ecosystem at the meadow–landscape  

scale (Orth et al., 2006 and references therein), particularly within the confines of lagoons or 

estuaries (Burkholder et al., 2007). Of course, Livingston (1984) indicated that other periodic 

‘catastrophic’ events such as river flooding of estuaries can affect the standing crop biomass 

and productivity of seagrass beds for years, but argued that such periodic natural events have 

not had a long-lasting influence on population distribution or food web structure in contrast to 

slight changes in water quality.  

 

Consequently, in order to study nutrient–meadow dynamics the rate of change in nutrient 

supply needs to be measured close to the same temporal response of the whole seagrass 

meadow. If only a proportion of the meadow is chosen, we may not detect its actual 

ecosystem dynamics and patterns but may instead identify patterns that are artefacts of scale 

such as the relationship between the greater temporal variations between patch clusters and 

the entire bed (Habeeb et al., 2007; Nyqvist et al., 2009 Yamakita et al., 2010). The scale of 

the meadow response is determined primarily by the seagrass species, nevertheless, with the 

exception of the slow growing Posidonia spp the recovery time scales of seagrass meadows 

can range from intra-decadal to decadal (e.g. Livingston, 1984; Morris and Virnstein, 2004, 

Duarte et al., 2006). Indeed, such scales are similar to industrial and agricultural development, 

economic cycles and human generations and thus directly relevant to society from a 

standpoint of changes to seagrass meadow ecosystem services. 

 

Traditionally, long-term changes in nitrogen supply in estuaries and lagoons have been 

attributed to trends in catchment loading. Changes in catchment loadings are often the result 

of land development or contemporary catchment remediation projects (e.g. Zimmerman and 

Canuel, 2002; Martin et al., 2010). However, for the Little Swanport estuary, upper catchment 

development or remediation was unlikely to be an important factor (see Chapter 3). Decadal 

changes to the river flows with rainfall patterns (Nunez and McGregor, 2007; see Chapter 4) 

affect nitrogen loading irrespective of the state of the catchment, a variance which is likely to 

match the spatial response of a Zostera spp. meadow to changes in its limiting nitrogen supply 

(see Chapter 3). However, it would be a mistake to ignore the variability of the coastal nitrate 
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boundary condition. For example, a higher but invariant concentration of DIN within a river 

that mixes with lower but variable coastal nitrate waters over the long term will control the 

mean response of the seagrass meadow but not the long-term variability, should seawater be 

of a significantly greater proportion than freshwater. Conversely, a higher but variable 

concentration of river DIN that mixes with lower but invariant coastal nitrate waters will 

control the mean seagrass response and its variance about the mean. 

 

Indeed, near contiguous monthly salinity and temperature data from nearby coastal waters 

(from a site offshore from Maria Island; see Figure 5.2) since 1944 showed a decadal 

periodicity in the extent of relative influence between the oligotrophic warm East Australian 

Current and the more nutrient rich, colder, southern waters (Harris et al., 1987, 1988; Hill et 

al., 2008). The long-term nitrate data set that accompanied the salinity and temperature 

measurements was not as complete (27 % of data missing). Nevertheless, a compilation of all 

of the depth profile values over time resulted in periodic residuals about a stationary series 

(Thompson et al., 2009). However, the analysis of Thompson et al., (2009) was not powerful 

enough to confidently infer a relationship between nitrate concentrations and salinity or 

temperature data because of the way the annual average nitrate was calculated. That is,  the 

averages were calculated from a mix of incomplete seasonal data sets. 

 

5.2. Reconstructing estuarine inorganic nitrogen availability  

Traditionally, transfer functions based on diatom assemblage distributions down sediment 

cores are used to reconstruct the changes in nutrient status of a water body. Typically, the 

function is constructed by relating changes in contemporary nutrient concentrations to that of 

the diatom assemblage preserved in the surface sediment diatom (Smol et al., 2001). 

However, there are two issues that limit the interpretation of this singular approach: (1) an 

independent model is needed to evaluate the generality from its construction in space to its 

application in time (mixed Robustness Analysis [RA], see Section 1.3.2); see Chapter 1); and 

(2) spot measurements of nutrient concentration as proxy for nutrient loading are only 

appropriate for highly eutrophic systems (NRC, 2000; Lee et al., 2004; Scanes et al., 2007). 

In other words, inorganic nutrients are efficiently utilised within oligotrophic and mesotrophic 

systems, which results in little or no variance in concentration with loading. Consequently, 

any relationship between the diatom assemblages becomes a function of more than one 

competing process, for example, nitrogen availability, nitrogen utilisation and competition 

between the estuary’s micro-phyta and macro-phyta.  
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The non-conservative nature of nutrient concentrations can be addressed by using the concept 

concentration of potential inorganic nitrogen (CPN) (NRC, 2000). The CPN is the resultant 

annual average DIN concentration before it has been utilised by the assemblage of primary 

producers. CPN is calculated from the nitrogen loading, the estuary volume and the 

freshwater flushing time, but it can also be calculated from the annual average river DIN and 

coastal water nitrate concentrations, itself arguably a conservative metric (Ferreira et al., 

2000; Dettmann, 2001), and the average salinity. The salinity is used to calculate the 

proportions of river and coastal waters to weight their contributions. CPN assumes no 

significant internal net loss or gain of nitrogen within the estuary. Indeed, Dettmann (2001) 

found that for a range of individual estuaries with residence times of less than a month, such 

as the Little Swanport estuary (Crawford and Mitchell, 1999), net loss of nitrogen 

(denitrification) was not significant (<5 %,). However, it remains conceivable that an estuary 

with an extensive littoral zone occupied by a lush seagrass meadow, such as the Little 

Swanport estuary, may obtain a significant fraction of its inorganic nitrogen from nitrogen 

fixation to supplement nitrogen supply during times of low external supply (Welsh, 2000). 

Nevertheless, any divergence between CPN and the effect on the assemblage of primary 

producers can be constrained by changes in its organic nitrogen stable isotope ratios (see 

Chapter 6). 

 

5.3. Aims  

The aim of the study described in this Chapter was to reconstruct a late Anthropocene 

contiguous time series of CPN by: (1) using contemporary river-flow–DIN response curves 

with 101 years of modelled daily average river flows between 1900 and 2001 (SKM, 2004), 

(2) imputation and hind casting of the incomplete long-term nitrate coastal data set (CSIRO 

national reference station) from 1944 to 2004; and (3) using a diatom transfer function for 

surface waters down the Lower Middle Basin sediment core and an inverse model of pore 

water salinities (see Figure 5.1) to calculate bottom salinities, to estimate the average 

estuarine salinity.  

 

Evaluation of CPN time series was carried out by testing the river flow, salinity and inorganic 

nitrogen inputs by calibration from available data, independent models or constraints on 

possible solutions from previously evaluated reconstructions. Figure 5.1 illustrates the inputs, 

evaluation, constraints and calibration hierarchy. The white boxes represent the reconstructed 

input data CPN calculation (blue box), the green boxes represent the other lines of evidence 

and solution constraints, and the turquoise boxes are the inputs for the other lines of evidence. 
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In this way, the diatom-derived surface salinity was evaluated over time by a multiple linear 

regression model by matching the fit with proxies of three independent controlling variables, 

namely, modelled river flows (SKM, 2004), previously calibrated by 17 years of data; 

westerly wind strength and frequency and resulting fetch from high altitude pressure changes 

(Pook, 1992); and tidal exchange from reconstructed bottom water salinities, normalised for 

long-term changes in river flow (see Chapter 4). The regression model, as representing the 

annual average variance was tested using a re-analysis of 101 years of modelled 

summer/spring and winter river flows. 

Figure 5.1. Flow diagram for the palaeo-reconstruction of CPN for the Little Swanport estuary (blue box).  

The white boxes represent the data inputs and model outputs and the green boxes were the constraints on model 

solutions, verification data and models from independent lines of evidence. 

 

The bottom salinities were reconstructed by inverse modelling of pore water salinities (Stiller 

et al., 1983; Adkins and Schrag, 2003; Soulet et al., 2010), contraining solutions by 
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referencing contemporary salinities to long-term relative changes in tidal exchange and river 

flows (see Chapter 4). The averages of the reconstructed bottom salinities and the diatom-

derived surface salinities from the Lower Middle Basin were evaluated as approximating 

average salinity using water column salinity profiles over the range of median flows to small 

floods. Finally, the periodicity of the hindcast coastal nitrate data set (from the Maria Island 

reference station), expanded from 1944 to 1920, was evaluated by the convergence with an 

overlapping longer data set of cetacean stranding (1920 to 2004), previously related to 

changes to coastal productivity (Evans et al., 2005). 

 

5.4. Materials and methods 

5.4.1. Site description  

The Lower Middle Basin sediment cores (LSPMB107 and LSPMB106; see Figure 5.2) were 

chosen for their representation of: (1) the late Anthropocene record (1868 to 2006; see 

Chapter 4), (2) the maximum bottom salinity at the estuary’s deep spot (9.9 m; LSPMB107); 

(3) the availability surface salinities calculated from the diatom assemblage data down to the 

adjacent shallower core (LSPMB106); and (4) the core sites being a zone of the estuary at 

which the average salinity between the surface and bottom waters was expected to converge 

towards the estuarine weighted average. The Lower Middle Basin’s volume (3 268 000 m
3
) is 

currently twice the volume of the remaining zones (1 642 000 m
3
; calc. from Crawford and 

Mitchell, 1999). Hence, the difference in average salinity between the upper and lower 

estuary zones is buffered by a smaller quantity of salt within a smaller volume to a larger 

quantity of salt within a larger volume. Further, the larger volume and amount of salt within 

the Lower Middle Basin will weigh its average salinity towards the estuary’s average. See 

Chapter 2 for details of sediment core collection and processing for pore salinity analysis and 

for salinity and temperature profiles.  
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Figure 5.2. Positions of inorganic nitrogen monitoring sites and the Lower Middle Basin’s sediment core 

extraction sites used for reconstructing bottom and surface salinities. 

 

5.4.2. Data sources  

Contemporary DIN for the lower Little Swanport River, immediately above the maximum 

tidal excursion, along with daily average river-flow rates, were obtained from the Tasmanian 

state government (DPIW, 1998). Coastal surface water nitrate concentrations (1944 to 2004) 

came from ongoing long-term monthly monitoring program data collected immediately east 

of Maria Island (see Figure 5.2) by CSIRO.
22

 The zonal atmospheric pressure index (around 

500 hPa; 1945 to 2004) over the surrounding Tasmanian sector of the Southern Ocean was 

supplied by Dr M. Pook (CSIRO, Tasmania) as monthly averages. River-flow data between 

1900 and 2001 were taken from a simulation of daily average flow rates generated using a 

rainfall/river-flow/dam model (SKM, 2004). 

 

                                                 

22
 The national reference station, offshore from Maria Island, was started in 1944 by CSIRO Marine and 

Atmospheric Research Australia to measure coastal water quality off the east coast Tasmania and the Australian 

mainland (see Thompson et al., 2005) 
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5.4.3. Salinity models  

The bottom water salinity of the estuary was calculated over the last 126 years by solving 

Ficks second law advective/diffusion equation (Equation 5.1) for measured pore water 

salinities (Stiller et al., 1983; Adkins and Schrag, 2003; Soulet et al., 2010). The equation was 

solved numerically and constrained by expected relative changes in salinity by river flows and 

net tidal exchange (see Chapter 4), between a choice of two alternative pre-1868 boundary 

conditions; a fixed boundary condition of coastal salinities, or on an effectively infinite 

column of coastal seawater. The latter simulated by extending the sediment column depth to a 

point (20 m) where there is no significant feedback with depth over the simulation time. 

  

Equation 5.1.                     ∂S/∂t = ∂/∂z(∂Db∂S/∂z) - ∂(US)/∂z 

Where S is the salinity at depth z at time t, Db is the effective diffusion coefficient for a seawater salinity 

composition down a muddy sediment core (Matisoff, 1980) and U is the sedimentation velocity. 

During the numerical simulation, the diffusion coefficient (Db) was fixed at 5x10
-6

 cm
2
 yr

-1
, 

which was calculated by Matisoff (1980) as optimal, irrespective of effects from surface 

bioturbation and compaction (Stiller et al., 1983) and for a similar muddy sediment, age and 

temperature range as the Lower Middle Basin cores (14.5°C, DIPW, 1998). The 

sedimentation rate was also held constant as the average over the simulation period (1880 to 

2007) because Adkins and Schrag (2003) found that the solution was not sensitive to large 

changes in sedimentation rate, algorithmic simplicity and significantly shorter simulation 

times. The numerical solution constraints on relative bottom salinities were based on relative 

changes in tidal exchange per unit change in inter-decadal river flow (see Chapter 4) and were 

kept coarse as step-like transitions. 

 

5.4.4. Numerical algorithm 

The diffusion/advection equation (Equation 5.1) was solved numerically in an Excel
TM

 

spread-sheet. Towards the top of the spread-sheet, the bottom water salinities were kept 

constant (fixed boundary condition) over their transition periods above a sediment column of 

pore water salinity set initially at a lower estimate of past bottom water salinities and a 

maximum salinity represented by the first 20 cm of pore water data (annual average; Matisoff, 

1980) for the only extended drought period from the late nineteenth century to early twenty-

first century (see Chapter 4). The number of spread-sheet rows was set to represent the 

thickness of the sediment horizons formed after a unit simulation accretion time. The bottom 

pore water boundary condition (before 1880) was set either as a constant coastal seawater 
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salinity or as a 20 m column (effectively infinite) of coastal salinities. It was found that 20 m 

was a sufficient length to remove effectively the ‘feel’ of any diffusive salt accumulation from 

the bottom of the column during the simulation. The accretion of the sediment column was 

simulated by inserting a row into the spread-sheet at the top of the pore water sediment 

column. After each period of accretion, the resultant salinities were calculated from the flux 

of salt across all of the horizons (Equation 5.1). In this way, the column grew in length down 

the spread-sheet from a fixed surface above fixed bottom water salinity over each transition 

period.  

 

The time and depth flux calculations were based on 2 cm weekly iterations, which were 

similar in scale to those used by Stiller et al. (1983) for the Dead Sea (5 days and 5 cm). Like 

Stiller et al. (1983), the iterative resolution produced a modulus of less than 0.5, necessary to 

satisfy numerical analysis stability requirements (Carslow and Jaeger, 1959). The solution 

was considered optimal after the convergence of two metrics, a minimum mean square error 

and a minimum sum of the differences between the bottom water salinity transitions. In this 

way, the solution was considered to represent the most conservative of choices in salinity 

variance and in turn to be a more robust test of the significance of nutrient dilution by coastal 

waters. However, in practice, it was found that only the mean square error was necessary. 

  

5.4.5. Surface salinities  

Surface salinities down sediment core LSPMB106 were determined using a local diatom 

assemblage transfer function (Saunders et al., 2007). The transfer function was constructed 

using the relative abundance data for preserved diatom remains from the surface sediments of 

Tasmanian east coast estuaries and lagoons, including the Marine Flood/Tidal Delta 

sediments of the Little Swanport estuary (Saunders et al., 2007). For reasons of specialist 

expertise and consistency, Dr K. Saunders was requested to identify the diatoms to species 

level. The non-contiguous time series was then reconstructed by using the average annual 

geochronology for the Lower Middle Basin central trench from 1880 and 2006 (see Chapter 

4). 

 

5.4.6. Surface salinity evaluation 

The long-term non-linear trends of diatom inferred annual average surface salinities (see data 

analysis) were evaluated using a multiple linear regression model of nondimensionalised 

external variables (Equation 5.2; Sigmaplot™) that control surface salinity: wind (zonal index 

[ZI]), tidal exchange (bottom salinities per unit river flow) and median river flow (SKM, 
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2004) after a ladder of powers transformation of the river flow as its cubic root (Tukey, 1977). 

This nondimensionilisation then allows: (1) a comparison of the relative size or importance of 

terms in a linear equation, (2) the number of equations that link flow to salinity is reduced by 

the number of original dimensions, and (3) it allows semi-empirical formulas to be derived 

from observations of non-linear complex phenomena, especially those that deal with factors 

that induce turbulence (Tober et al., 2008). 

 

Equation 5.2.                    S = aR
0.3 

+ bR
0.2

 + cR + dZI + eT     

Where a, b, c, d, e are coefficients, S is diatom based reconstructed salinity, R is the non-linear inter-annual trend 

of median annual river flows, ZI is the non-linear inter-annual trend of westerly winds and fetch and T is the 

inter-decadal changes in bottom salinity normalised for pre- and post-drought conditions.  

The annual median river flow was chosen over the average because the annual average 

salinity distributions more closely matched the less skewed annual median river-flow 

distributions than did the highly skewed annual averages (Alber and Sheldon, 1999). The 

median removes the non-linear response of salinity to strong flows and floods as the estuary 

moves towards a freshwater body. 

 

5.4.7. Data analysis  

Contiguous temporal data sets (river flows, ZI) were re-analysed for inter-decadal non-linear 

trends using singular spectrum analysis (SSA) within the architecture of Kspectra™. The 

method is a data-adaptive, model independent spectral analysis that is ideal for non-stationary 

short time series (>30 points), which has been described as a principal components analysis 

within a time domain (Vautard et al., 1992).  

 

A modification of the method, singular spectrum analysis of missing data (SSAM), has been 

used for reconstructed annual average surface salinities and monthly coastal nitrate data sets. 

SSAM was developed primarily for imputation of a time series with missing blocks of data 

and arguably for hindcasting. The extended imputed time series can then be re-analysed for a 

more powerful statistical assessment of trends and periodicity (Kondrashov and Ghil, 2006). 

SSAM works by using all of the information within the time series by first iteratively 

producing estimates of missing data points to compute a self-consistent lag-covariance matrix 

and empirical orthogonal functions based not on extrapolation but an underlying periodicity. 

The result is then cross-validated to optimise the window length for long-term non-linear 

trends (12 years for all data sets) described by the dominant SSA components (four for all 
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data sets). It should be noted that before SSAM, the coastal nitrate data were rounded up to 

their nearest monthly time slots and any duplicates or triplicates were averaged. Further, the 

noted aberrant data sets were removed and constraints were added within the Kspectra™ 

program’s ‘preferences’ by setting the maximum and minimum nitrate concentrations to 6.0 

μM and 0.0 μM, respectively. This was to remove large outliers and diminish possible 

reconstruction of negative nitrate concentrations. 

 

5.5. Results and discussion 

5.5.1. Bottom water salinities  

5.5.1.1. Solution constraints  

The bottom salinity’s solution constraints were based on changes in tidal exchange (see 

Chapter 4) in relation to two river-flow regimes during the post- and pre-drought conditions 

(1979/1980). Hence, from 1980 to 2007, it was assumed that the average bottom water 

salinity was equal to the 2007/2006 annual average; that is, the average of 20 pore water 

salinities measured within the surface 20 cm (Matisoff, 1980; see Figures 5.3a and b). For the  

time period between 1970 and 1980 it was assumed that the bottom water salinities were no 

longer hyper-saline but were greater than salinities during the pre-entrance restriction times 

(1911 to 1960) by the relatively greater tidal exchange (see Chapter 4). During the period of 

entrance restriction (1960 and 1970; Chapter 4), the estuary can be expected to have had the 

lowest bottom salinities since the late nineteenth century. The period from 1911 to 1960 was 

the period of greatest tidal exchange (see Chapter 4) and a time when the bottom waters were 

less than, but the closest to, coastal water salinities.  

 

5.5.1.2. Iterations 

Figure 5.3b shows examples of various sub-optimal iterations to illustrate the form and 

sensitivity of the model simulations. The blue iteration clearly over-estimates the salinity 

depth profile (see Figure 5.3) and it was based on a period of hyper-saline water conditions 

over the drought period (1980 to 2007) on an infinite column of coastal seawater. The 

iteration serves to illustrate the necessity of a relatively low pre-drought salinity and relatively 

high fixed bottom salinity boundary condition to ‘flatten’ and reduce the simulation’s salinity 

depth profile. 

 

The remaining simulations illustrate the sensitivity of the analysis to relative change in 

salinity for different bottom boundary conditions. For example, it was found that the two 

different bottom boundary conditions gave the same optimal solutions but the mean square 
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errors for the fixed bottom coastal salinity boundary condition (black line Figure 5.3a) were 

clearly significantly less than the alternative; that is, an infinite column of coastal seawater 

(red line Figure 5.3a). The green iteration illustrates that the sensitivity of the simulation is of 

the same order as the changes in pore water salinity down the sediment core. 

 

 

Figure 5.3. Reconstructed bottom water salinities modelled from contemporary pore water values down the 

Lower Middle Basin sediment core LSPMB107.  

(a) Examples of bottom water palaeo-salinity optimal fits of post-diffusion simulations in relation to the 

measured pore water salinities (●). The colours of the simulations refer to their respective bottom water temporal 

salinity variability scenarios, illustrated in (b).  

Despite being coarse, the evaluation of the model is dependent on the robustness of the timing 

and the magnitude of the event constraints. The events appeared to be consistent with the SIT 

210
Pb geochronology (see Chapter 4). Nevertheless, it should be noted that there might have 

been some model bias by overestimating the period of drought. The drought period was based 

on cumulative sum of the mean within an ordered series (CUSUM) changes in annual average 

baseline river flows (see Chapter 4) and CUSUM analysis is sensitive to the length of the data 

set after the final change point. That is, no change point in the mean river flow could be 

determined when the last 10 years of data were removed from the time series (1991). In 

contrast, the change to a lower mean river flow was extended to 1987 when the last 10 years 

was added to the time series (2011).
23

 Indeed, it is possible that 1987 may be a more 

appropriate date for the beginning of the drought as the original change point analysis also 

                                                 

23
 It was noted that the drought along the east coast of Tasmania had ended by 2009. 
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suggested a reduction in the series standard deviation from 1987 (unpublished expression of 

the analysis), which can be clearly seen in Figure 4.19 (see Chapter 4).  

 

5.5.2. Surface salinities  

With the exception of the low salinities between 1960 and 1970, the surface salinities were 

not positively correlated with the bottom salinity (c.f. Figure 5.4 with Figure 5.3). In 

particular, there was a counter intuitive fall in surface salinity during the onset of a fall in 

mean river flow over the drought. However, this was not inconsistent with the behaviour 

surface salinities at low river flows, neither should the temporal variance between surface and 

bottom necessarily follow one another (e.g. Schröder et al., 1990). For example, Tully (1949) 

first observed that surface salinities fell then rose with increasing river flow within the fjord 

Alberni Inlet (USA). The reason for the different salinity response is a transition from laminar 

to turbulent flow within increasing river flow and shear. After an initial fall in surface salinity 

with increasing river flow, the surface layer depth remains relatively constant but becomes 

increasingly fresher as it is stabilised by tidally driven bottom water entrainment. Eventually, 

the increasing velocity shear within the freshwater layer results in turbulence (Froude Number 

>1; Dyer, 1973), which drives entrainment of salt into the surface layer, thereby increasing 

both the depth and salinity of the layer. 

 

 

 

Figure 5.4. Diatom-derived surface salinities down the Lower Middle Basin sediment core LSPMB106. 
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Irrespective of the fall in surface salinities over the drought, the surface salinity variance 

remained more complex than could be ascribed to the step-like character of the inter-decadal 

river-flow regime (see Chapter 4) or the changes in tidal exchange, such as the peaks in 

surface salinity around 1925 and 1965 (see Figure 5.4). Either the spatial transfer function 

was not sufficiently general in time, the CUSUM analysis was too crude a metric to 

disseminate the changes in river-flow and tidal exchange through the core’s organic content 

(see Chapter 4), or other external forcing factors, such as wind, contributed to the surface 

salinity variance.  

 

5.5.3. Evaluation of surface salinities by long-term wind, river-flow and tidal variance 

The bottom water salinities, normalised to remove the effects of the drought, were used as a 

scalar proxy for tidal exchange (see Figure 5.5a) with the ZI for increasing fetch from 

stronger westerly winds and river flow, deconstructed as the sum of its dimensions as a scalar 

metric (Equation 5.2). A SSA found that the westerly wind and river flow had strong decadal 

quasi periodicities (around 13 years and 10 years respectively) and trends. However, neither 

wind, nor river-flow periodicities or tidal exchange variance were in phase with each other. 

All three forcing factors were needed for the best correlation with annual average surface 

salinities (adj. r 0.68; see Figure 5.5b). Indeed, such a strong to moderate correlation from all 

three independent variables was remarkable when considering the undoubtable errors in the 

sediment columns chronology and gives further support for a complex sediment column 

geochronology (see Chapter 4). 

 

            

Figure 5.5. Reconstructed long-term non-linear trends of river flows, wind and tidal proxies for a multiple linear 

regression with the reconstructed surface salinities of the Lower Middle Basin sediment core LSPMB106. 

(a) Non-linear trends westerly winds as ZI (▬); annual median river flow (SSA) (▬); diatom-derived surface 

salinity (▬); tidal variance as bottom salinity (▬). (b) Diatom-derived surface salinity multiple linear regression 

model: diatom-derived surface salinity (▬); salinity fit from a model using ZI, tidal exchange and annual median 

river flows (▬); salinity fit from a model using tidal exchange and annual median river flows (▬); salinity fit 

from a model using westerly wind and annual median river flows (▬).  



Chapter 5 Temporal nutrient supply 148 

 

 

All three forcing factors made significant contributions to the surface salinity prediction but at 

different times, and this was reflected in the moderate correlations between paired 

combinations (adj. r =0.53) for river flow and westerly winds, and adj. r =0.62 for tidal 

exchange and river flow. For ZI, the manner of salinity dependence was seen in the pre-1960 

divergence of the ZI–river-flow model from the complete model. There was a pre-1970 

divergence of bottom salinity/river model from a complete model fit for tidal exchange during 

the entrance restriction (1960 to 1970; see Figure 5.5b).  

 

Further, the diatom-derived surface salinity was consistent with the annual average and not 

the result of an assemblage formed during the drier spring/summer growing period (see Figure 

5.6a). The surface salinity multi-linear regression was based on a SSA of monthly averages. 

There was a strong correlation between annual average river flow (total amount salt) and 

average winter river flow (see Figure 5.6b), where most of the long-term variance was located 

(see Figure 5.6a). 

Figure 5.6. A re-analysis of 101 years of modelled seasonal river flows for the lower Little Swanport River.  

(a) Time series of winter and spring/summer average river flows from the river/catchment/dam model (SKM, 

2004). (b) Correlations between the average annual winter flows with annual average river flows (●);correlations 

between the spring/summer average river flows with the annual average river flows (●).  

 

5.5.4. Evaluation of the average estuarine salinity  

The average salinities for the CPN calculation were estimated from the average of the bottom 

and the surface salinities down the Lower Middle Basin sediment cores. The estimate did not 

take into account the weighted differences in salt content down the water column, or across 
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the estuary. Nonetheless, it was found that the concept did approximate the estuary’s weighted 

average salinity.  

 

Figure 5.7 shows the salinity depth profiles across the three functional zones (see Chapter 3), 

determined by their baseline river flow history (Alber and Sheldon, 1999) 40 ML day
-1

 to 82 

ML day
-1

, values that were close to the 100-year median (35 ML day
-1

), and river flows from 

205 ML day
-1

 to 383 ML day
-1

, more typical of a strong flow or small flood. It was found that 

despite of the difference in the fraction of freshwater, 0.07 and 0.25 between the median river 

flows and the flood, the calculated volume weighted and average salinities ratios between the 

Upper Middle Basin and Lower Middle Basin were not vastly different (0.7). Further, the 

volume weighted average salinities across the whole Middle Basin closely approximated the 

average salinity within the Lower Middle Basin when this was calculated for the palaeo-

reconstruction (the average of surface and bottom salinities): 22.2 ‰ c.f. 23.6 ‰ and 29.6 ‰ 

c.f. 32.1 ‰ for the floods and baseline river flow, respectively. 

 

 

Figure 5.7. Bathymetry, sampling sites and salinity profiles down the Little Swanport estuary. 

Sediment core extraction sites (●);salinity profile stations (●).Salinity profiles taken during a small flood 

averaging 205 ML day
-1 

(●);salinity profiles taken during a river flow close to the calc. 100-year median (50 ML 

day
-1

) (∆). The thicker black arrow shows the major direction of river flows into the main body of the estuary. 
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5.5.5. River-flow/DIN response curves  

It is clear from the data distribution between river flow and DIN concentrations (see Figure 

5.8) that a simple curve fit would not produce a set of normally distributed residuals (e.g. a 

traditional second order polynomial or hyperbolic relationship). Other than one complex 

empirical curve, a series of four curves, which had been statistically separated by their 

CUSUM change points, were fitted to the river-flow and DIN concentrations (see Figure 5.8) 

and with a variance that was consistent with a set of plausible postulates that appeared to 

explain the evolution of the curve transitions: 

1. A stagnation phase (green zone) where there was a build-up of the DIN concentrations 

from internal mineralisation of OM.  

2. A dilution phase (red zone) where dilution by river flows overwhelmed the catchment 

DIN loading and internal recycling and resulted in a smaller but invariant mean DIN 

concentration than the above stagnation phase.  

3. A proportionate response of DIN catchment loading with increasing river flow (yellow 

zone).  

4. Flood dilution (grey zone) where most of the DIN associated with soil extracts had 

been previously washed out, resulting in a fall in DIN but at equilibrium with a high 

concentration of soil particulates. 

Figure 5.8. The CUSUM change points for the Little Swanport River’s DIN concentrations (DPIPWE, 1998) in 

relation to measured daily average river flows.  

The horizontal lines are CUSUM means of DIN and the sloping line a least squares regression (yellow bar; r
2
 = 

0.36). 
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5.5.6. Surface coastal nitrate variance: Maria Island data, SSAM imputation and hind 

casting 

It was fortunate that the long-term Maria Island coastal monitoring station near the Little 

Swanport estuary provided over 60 years of data. However, it was found that 27 % of the 

monthly surface nitrate data was either missing or in error (see Figure 5.9a). Consequently, 

SSAM was applied to the current data set to imputate the variance within the data gaps and to 

extend the data set back to 1920. Otherwise, analysis-based simple extrapolation techniques 

(e.g. running averages and LOESS) would lead to errors in both non-linear trends 

(periodicities) and the global trend along the series (Kondrashov and Ghil, 2006) and not 

provide a sufficiently long time series for the late Anthropocene palaeo-reconstruction or a 

good test of any periodicity with biome variance over coincidence (see Chapter 7).  

 

 

Figure 5.9. Long-term coastal nitrate data and its imputed time series  

(a) A scatter plot of available and verified monthly surface nitrate data taken from the CSIRO coastal monitoring 

station offshore from Maria Island; (b) SSAM imputation and hind casting: annual average coastal nitrate 

concentrations after white noise was removed (●), and its long-term non-linear trend (▬). 

The SSAM analysis identified two significant periodicities at both inter-annual and decadal 

scales: 6.83 years and 12.91 years, respectively. The longer frequency component correlated 

with both the contiguous SSA re-analysis of the ZI from 1948 to 2004 (see Figure 5.3a). It 

was the periodic changes towards westerly winds that appeared to increase coastal nitrate 

concentrations (Harris et al. 1988; Evans et al., 2005) and was used to explain the periodicity 

of cetacean stranding around Tasmania from 1920 to 2004 (i.e. feeding in more productive 

waters). Indeed, the convergence of the imputed nitrate time series extended with the 

stranding data to 1920. This then confirms both Evans et al.’s (2005) plausible explanation 
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and the plausible SSAM imputation analysis (i.e. a coincident RA; see Chapter 1) that was 

based on information across the whole time series.  

 

5.5.7. Potential concentrations of dissolved inorganic nitrogen 

The average annual river DIN concentrations were calculated by matching the daily average 

modelled river flows (SKM, 2004) between 1900 and 2001 (see Figure 5.10a) to the 

contemporary river flow (see the DIN response curves in Figure 5.8). Annual CPN was then 

calculated from the annual average SSAM coastal nitrate as DIN (Riley and Chester, 1971) 

and the average annual river DIN, in proportion dictated by annual average estuarine salinity 

(see Figure 5.10a). 

                                       a                                                                             b 

Figure 5.10. Reconstructed time-series and correlations between river and coastal dissolved inorganic nitrogen 

and the resultant estuarine CPN. 

(a) Annual average DIN concentrations with their SSA non-linear trends for the Little Swanport River (▬), 

adjacent coastal waters (▬), and the CPN (▬); (b) correlations between the annual average river (●), coastal 

nitrate time series, and the estuary’s CPN (●),.  

As expected, the river DIN concentrations (mean 2.7 µM, standard deviation 0.64 µM) were 

significantly larger than for the coastal DIN (mean 1.3 µM, standard deviation 0.28 µM). 

However, the river concentrations were not large enough to compensate for the relatively 

small proportions of freshwater within the estuary. Consequently, the variance in estuarine 

DIN could not be predicted from changes in river DIN but was well correlated from the 

coastal DIN (see Figure 5.10b). The only significant deviation between CPN and coastal 

nitrate variance appeared to result from the time of a significant change in tidal exchange 

during the entrance restriction between 1960 and 1970 (see Chapter 4), At this time there was 

a somewhat improbable set of circumstances of tsunami and flood confluence (see Chapter 4) 

that is unlikely to be repeated over centennial time scales. 
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5.6. Summary and conclusions  

The new inorganic nitrogen availability (CPN) for the primary productivity assemblage in the 

Little Swanport estuary was reconstructed for the last 81 years. The calculation depended on a 

palaeo-reconstruction of both surface and bottom salinities to estimate the contribution of 

modelled river DIN and coastal DIN concentrations using SSAM time series analysis. It was 

found that the both the average salinity and coastal nitrate reconstruction was robust with 

respect to other of lines of evidence. The argued assumption of little change to contemporary 

inorganic nitrogen response curve (i.e. no significant changes from upper catchment pastoral 

development) could not be directly evaluated. Nevertheless, the assumption was insensitive to 

the CPN variance because the CPN variance was controlled primarily by the periodic intra-

annual to inter-decadal variance in coastal nitrate concentrations. In other words, if there were 

significant contributions from the catchment development, then removing this bias would 

further strengthen the dependence of the estuary’s CPN on coastal variance. Furthermore, the 

dependence of the CPN on coastal nitrate can also be considered robust because the 

reconstruction was based on an evaluated 80-year time series of salinity and river and coastal 

nitrate that represented a wide range of local river flows, flood strengths and frequencies with 

elevated river DIN concentrations over different times of the year.  

 

The resultant CPN dependence on variance in the coastal nitrate boundary condition, also 

highlight the limitations of predictive models based only on catchment loading by not testing 

for changes in the nitrate coastal boundary conditions over the medium (inter-annual) and 

long-term (inter-decadal). Consequently, future concerns regarding changes to ecosystem 

services that depend on DIN supply should first be addressed from the standpoint of medium 

to long-term sustainability based on changes in coastal supply and not necessarily from 

changes to the catchment. This of course, would make any potential engineering solution, 

outside global climate change, focus on changes in coastal tidal exchange (entrance 

modification) to directly influence coastal supply of nitrate to the estuary and other than 

regulating nitrogen loading through managing water catchment allocation. 
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Chapter 6. Natural and anthropogenic ecosystem regimes 

within the Upper Little Swanport estuary over the last 83 

years: A palaeo-reconstruction  

 

6.1. Introduction 

The contemporary transect study (see Chapter 3) indicated that the upper estuary’s seagrass 

and micro-algae were nitrogen-impoverished, and only maintained in their current regime 

state of healthy seagrass coverage and shoot density by seagrass-mediated nitrogen fixation. 

Users of the upper estuary rely on ecosystem services it provides, namely, aesthetics, 

biodiversity, fish habitat and a robust net micro-algal production to support the upper 

estuary’s shore-based juvenile oyster aquaculture. Hence, the reasons behind the nitrogen 

impoverishment and the feedbacks that maintain and destabilise primary production are of 

concern for users of the seagrass ecosystem. 

 

There are a number of plausible causes, both natural and anthropogenic, for the current upper 

estuary regime state, and a number of plausible factors than can stabilise the regime state. It 

has been argued in Chapter 1 (see Section 1.1) that the current regime is either the result of 

the history of natural and anthropogenic external forcing factors (i.e. historical contingency) 

or it may be a naturally stable and persistent regime that is resilient to events or changes in 

nutrient supply.  

 

A number of natural and anthropogenic events have been identified as directly or indirectly 

affecting the Upper Middle Basin of the Little Swanport estuary, namely, floods, the drought 

(Chapter 4), including inter-decadal variance of the coastal inorganic nitrogen supply as the 

major source of limiting nutrients ( see Chapter 5). It was suggested that the lower estuary’s 

shell fish aquaculture (Chapter 3) may have been responsible for the present state of the upper 

estuary’s nitrogen impoverishment by moderating its supply of coastal nitrate resources. 

However, it was unclear if nitrogen impoverishment was also contingent on the effects of the 

long-term drought and a reduction in supply of catchment resources or a natural response to 

times of low costal supply. Furthermore, the extent of light mediated nitrogen fixation, of 

nutrient impoverished systems, may vary should the estuary’s postulated planktivorous fish 

trophic cascade (i.e. fish–copepods–diatoms–epifaunal coverage [Chapter 3]) significantly 

affect the seagrass leaf light attenuation by effecting changes in epifaunal coverage. 
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Cleary, there is a need to account for the historical contingency on regime change together 

with a general theory that can describe the factors that led to regime change.  In this way, 

predictions based on different combinations of regime state, events and anthropogenic 

pressure can be made to manage the ecosystem services in a manner that maintains 

biodiversity in an equitable way (see section 1.1). Such a general theory would need to 

address the causes of regime change, the structural (seagrass and micro-algae abundance) and 

functional nature of the regime (light or nutrient limited), and the factors that stabilise its 

function (see Section 1.1). In brief, a nutrient limited micro-algal stable regime state 

maintains its function through light attenuation and thereby inhibiting seagrass recruitment 

and growth (Duarte, 1995; Scheffer and Carpenter, 2003; Duarte et al., 2006). A stable 

seagrass state’s response of light limited growth is maintained through net micro-algal 

eutrophication that leads to significant light attenuation of the seagrass (bottom up control). 

Attenuation, however, may be ameliorated by a planktivorous fish trophic cascade on net 

micro-algal growth and maintain the seagrass meadow stable state’s dependence on nitrogen 

(Frankovich and Fourqurean, 1997; Heck et al., 2000; Heck and Valentine, 2006; Jorgensen 

et al., 2007; Moksnes et al., 2008). Alternatively, for nitrogen-impoverished systems, a strong 

planktivorous fish trophic cascade can potentially maintain the seagrass–micro-algal system 

by light mediated nitrogen fixation (see Chapter 3). 

 

The above descriptions of regime structure and function are based on the states that persist at 

equilibrium with external inorganic nitrogen supply or, in the case of nitrogen fixation 

determined by external nitrogen impoverishment. However, there are regimes that are not at 

equilibrium but may still persist over a number of years. These states are the dynamic 

transient regimes between two stable states (micro-algal or seagrass [Scheffer and Carpenter, 

2003; Knowlton, 2004]). Indeed, micro-algal transients may be maintained by the previous 

store sediment nutrient resources or conversley the time it takes for a benthic macrophyte 

such as a seagrass meadow to collapse (Scheffer and Carpenter, 2003; Knowlton, 2004).  

 

Nevertheless, by following a sequence of events within a disturbed dynamic system, at the 

appropriate level of ecosystem abstraction, is arguably the best means to both assess the 

importance of historical contingency and produce a general theory of intra-regime and inter-

regime variance (see Section 1.3.1).  
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6.1.1. Aims 

The aim of the study was to determine the reasons behind the Upper Middle Basin’s current 

juvenile state, as either a natural process or one affected by the timing of the lower estuary’s 

shellfish aquaculture, and to postulate a general theory of seagrass variance that can be used 

to predict the future affects on the estuary(s) by anthropogenic pressures from aquaculture and 

on going natural changes in coastal nitrate supply for different historical contingencies. This 

was achieved by a late Anthropocene  palaeo-reconstruction of the Upper Middle Basin’s 

ecosystem variance that enabled identification of the sequence of events that led to regime 

change, the functional and structural nature of the regime (i.e. any micro-algal or seagrass 

stables states and their dynamic transients) together with factors that control the regime’s 

stability type of regime change. 

 

The level of abstraction used in the palaeo-reconstruction was chosen to reflect the probable 

causes and stability of regime change to nitrogen supply. The cause of any regime change was 

postulated as being due to the pivotal floods recorded within the Upper Middle Basin 

sediment cores (see Chapter 4), drought (1980 to >2007 [see Chapter 4]) and the replacement 

of the lower estuary’s shellfish aquaculture (1986 [see Chapter 3]). The mechanism behind 

stability of the resultant regime is determined by comparing temporal patterns, in relation to 

current theories, of seagrass and micro-algal proxies, external inorganic nitrogen availability 

(CPN [see Chapter 5]), proxies for the extent of nitrogen fixation and organic nitrogen 

mineralisation, and proxies for the strength of the planktivorous fish trophic cascade.  

 

6.2. Materials and methods 

In order to evaluate the biome variance, the paleo-reconstruction relied on the convergence 

and plausibility of multiple lines of evidence—plausible models and proxies recommended by 

the estuary’s transect study (see Chapter 3)—for the temporal element of a mixed Robustness 

Analysis (RA), inference towards the best explanation (IBE) and self-consistency (see Section 

1.3.2 and Section 3.1). The following section lists the types of mixing models, their primary 

organic source end-points, other singular proxies for primary organic sources, inorganic 

nitrogen sources, together with turbidity and representatives of trophic levels and processes 

(i.e. calcareous epifauna and copepod and planktivorous fish predation rates). 

 

6.2.1. Proxies and models 

 The application of two organic ternary mixing models to calculate the proportions of 

seagrass, micro-algae and soils down the Upper Middle Basin’s two sediment cores 
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(i.e. organic carbon stable isotope ratios (δ
13

Corg) and their particulate organic 

nitrogen (PON) to total organic carbon ratios (TOC)
24

 and a stepwise 

thermogravimetry Rp index and their total nitrogen to organic carbon ratios 

(TN/TOC [see Chapter 3]). 

 Seagrass pieces (>315 μm) and diatomaceous biogenic silica (BSi) for the primary 

producers (see Chapter 3). 

 The ratio of total organic carbon (TOC) to BSi content, as an index of seagrass 

carbon for sediments with minor soil variance or content (Chen and Windom, 1997). 

 Particulate organic carbon content (POC) within the fine fraction (<76 μm), as 

micro-algal variance (see Chapter 3). 

 LOI between 550 °C and 950 °C (LOI 950 °C), as seagrass calcareous epifauna (e.g. 

bryozoans [see Chapter 3]). 

 Sediment size fractions that represent: sestonic turbidity (<76 μm), copepods based 

on the presence of their faecal pellets (150 μm and 100 μm) and an index of inferred 

planktivorous fish predation based on the ratio of the two copepod faecal pellet size 

fractions (see Chapter 3). 

 Organic nitrogen stable isotopes (δ
15

Norg) of seagrass pieces and the sedimentary fine 

fraction (<76 μm) to distinguish between internally generated and externally supplied 

inorganic nitrogen to the primary productivity assemblage respectively (see Chapter 

3). 

 

6.2.2. Study sites and sample collection 

Sediment cores were extracted from two sites within the deeper central trench of the Upper 

Middle Basin (see Figure 6.1). The focus of the study was on sediment core LSPMB206, 

which had been shown to record all of the major floods since 1923 that had directly affected 

the upper estuary, but with the least amount of flood erosion (25 cm [see Chapter 4]). The 

remaining sediment core (LSPMB2B08), from a site further up the Upper Middle Basin, was 

used to augment the resolution of the LSPMB206 seagrass pieces profile over matching years. 

This was because the amount of seagrass material in the LSPMB206 sediment core was 

sufficient for elemental analysis (µg dry weight) but not always sufficient for isotope analysis 

(mg dry weight).  

 

                                                 

24
 Perdue and Koprivnjak (2007) showed that organic mixing models must be expressed as PON/TOC and not 

TOC/PON for linear solutions of organic component mixtures. 
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See Chapter 2 for details of sediment core collection, sub-sampling, size fractionation and 

analysis of proxies for sedimentary and seagrass TOC, POC, BSi, isotopes of organic carbon 

(δ
13

Corg) and nitrogen (δ
15

Norg), CaCO3 (LOI 950 °C) and processing for faecal pellet content. 

See Chapter 4 for details of the sediments cores geochronology and Chapter 5 for details of 

external nutrient supply variance, as the concentration of potential inorganic nitrogen (CPN). 
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Figure 6.1. Bathymetry of the Little Swanport estuary and the position of sediment cores within the Upper 

Middle Basin and Lower Middle Basin.  

The thick black arrow to the left represents the major direction of the river flow into the estuary’s main body.  

 

6.2.3. Diagenetic models 

6.2.3.1. Organic matter and biogenic silica 

It is particularly important when using organic geochemical indicators for reconstructing the 

recent past (Anthropocene) to consider the role of diagenesis in altering the geochemical 

record of the dynamics of environmental change (Chen and Windom, 1997; Zimmerman and 

Canuel, 2002; Khalil et al., 2007; Wu et al., 2008). To address this problem, Zimmerman and 

Canuel (2002) calculated the amount of organic carbon lost to mineralisation by using the 

robust TOC diagenetic model of Middelburg (1989). Middelburg’s model incorporates a time-

dependent apparent degradation rate parameter (k = 0.16
t-0.95

)
 
into the more familiar 2-G 

decay models of Berner by which any sample deposited ‘t’ years ago (Clost-t ) be estimated 

using Equation 6.1. 

 

Equation 6.1.                  Clost-t = Cmo – Cmoe
-kt

 

Where Cmo is the original depositional organic matter’s carbon content, k is Middleburg’s time-dependent decay 

coefficient (k= 0.16.t
-0.95

) and t is the time since deposition (years).  
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The apparent age ‘t’ used in the Middleburg model is a concept that links the age of organic 

matter (OM) since deposition, to an equivalent contemporary form of OM. For example, fresh 

micro-algae have an apparent age of a few hours, while the apparent age of fresh 

lignocelluloses may be as great as a few months. The choice of the initial apparent age for 

TOC near the top of the sediment core was referenced to the average age of the first horizon 

using examples of similar surface sedimentary environments taken from Middleburg (1989). 

 

Khalil et al. (2007) successfully matched deep sea sediment core BSi profiles by using a 

similar time-dependent dissolution rate constant to Middleburg’s (1989) organic carbon 

mineralisation model. However, the model used by Khali’s et al., (2007) was expressed as a 

function of depth rather than time. Nevertheless, Chen and Windom (1997) found that down 

late Anthropocene salt marsh and estuarine sediment cores the dissolution of BSi was coupled 

to the mineralisation of TOC resulting in similar decay constants. Thus, it was assumed that 

losses of BSi over time could be calculated from the same TOC time-dependent function and 

initial apparent age as used by Middleburg (1989).  

  

The equation was solved numerically by simulations that calculated the horizon’s content 

from the past to the present for various estimates of POC or BSi content at the time of the 

original surface deposition (see Chapter 4 for the geochronology). A solution was reached 

when the starting estimate matched the measured horizon content down the core. The 

simulation was performed within the architecture of an Excel™ spreadsheet by incorporating 

Solver™ in the iteration choices to match the profile’s horizons to those of the simulation. 

The simulation time intervals and the decay constants were set at every seven days from 1923 

to the present (2006). It was found that the difference in the diagenetically corrected values 

between monthly and weekly estimates was less than 10 %, thus, further iterative resolution 

was considered both unnecessary and costly in simulation time, as each horizon simulation 

was run individually. 

 

6.2.3.2. Preserved seagrass pieces  

Evaluation of medium to long-term diagenetic loss of seagrass leaf pieces (>1year) down the 

sediment cores was assumed to be unnecessary because: (1) it was observed that the broken 

edges of pieces remained sharp and square with their epidermises intact, irrespective of 

abundance or depth down the core, (2) most long-term (up to 1 year) litter bag studies found 

that after the first few months, the loss of carbon and nitrogen, as well as changes in stable 

isotopes approached an asymptote that reflected the original composition (Harrison, 1989; 
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Holmer and Olsen, 2002; Fourqurean and Schrlau, 2003), and (3) there was parallel 

compositional variance between buried seagrass pieces and their living analogues (e.g. Orem 

et al., 1999; see Figure 3.11). 

6.2.3.3. Calcium carbonate (LOI 950 °C)  

In contrast to TOC and BSi, it was assumed that there was no diagenetic loss of particulate 

calcium carbonate. This was in part a pragmatic decision based on recent research, which 

found that within seagrass bed sediments, dissolution of metastable carbonate phases occurs 

in conjunction with re-precipitation of more stable carbonate phases (Xinping and Burdige, 

2007). In addition, it is generally considered that the preservation of calcium carbonate shells 

within sediments is an order of magnitude greater than for TOC or BSi (Berner, 1980; Green 

and Aller, 2001), which was supported by observations from surfaces of shell pieces and 

benthic foraminifera, taken from the bottom of the core. All the shell fossils were smooth and 

firm with a well-defined and sharp architecture (no pitting or thinning). 

 

6.2.4. Ternary mixing models of organic components 

The proportions of three sedimentary OM sources (seagrass, micro-algae, and soils) were 

calculated from a δ
13

Corg and PON–POC ratio ternary mixing model by solving for 

proportions with respect to δ
13

Corg, and PON–POC ratios (i.e. three simultaneous linear 

equations [e.g. Gonneea et al., 2004]). Before the organic proportions were calculated all 

δ
13

Corg were corrected for the ‘Suess effect’, with the exception of naturally older soils, using 

the polynomial of Schelske and Hodell (1995). The Suess effect describes the increase of 

atmospheric 
12

CO2 caused by fossil fuel burning since 1840 with respect to the Viennese Pee 

Dee belemnite standard. The sedimentary TON converted from the TN analysis by removing 

the contribution from ammonia as the value of the intercept taken from the relationship 

between TN and TOC along the surface sediment transect (see Chapter 3).  

 

The isotope and elemental ratio signatures of seagrass pieces varied systematically down the 

sediment core (see Section 6.3.1.1), over a similar range found across the estuarine transect 

(see Chapter 3). Consequently, multiple average seagrass and micro-algal end-points were 

used. Average seagrass end-points were determined by a CUSUM change point analysis (see 

below Section 6.2.6). Average micro-algal signatures were calculated from the fine fraction 

PON–POC ratio for baseline best least squares linear model depth profiles (see Section 3.3.3), 
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together with Keeling plots
25

 for their respective δ
13

Corg (Fry, 2006),  but only after a 

correction for loss of carbon (DTOC [see Section 6.2.3.1]). Isotopic and elemental ratio 

parameters for soils were taken from the average of the estuary’s immediate surrounding 

surface soils (see Chapter 3). Finally, the model’s end point signatures were optimised by 

adjusting the micro-algal PON–POC ratios within the fine fraction, in proportion to 

differences between regimes, to match the BSi content variance, after first correcting for loss 

from dissolution (DBSi [see Section 6.2.3.1]).  

 

The non-linear Rp index–TN/TOC ternary mixing model (see Chapter 3) was log10 

transformed to approximate a linear mixing response for the solution of its three linear 

simultaneous equations. The combined average signature of preserved seagrass leaf pieces 

down sediment cores, soils and laboratory-mineralised micro-algae (Chlorella pyrenoidosa; 

see Chapter 3) were used as the organic component end-points, contingent on their organic 

carbon content remaining constant. 

 

6.2.5. Absolute water column turbidity and light levels 

The median annual absolute water column turbidity was estimated from the gently sieved fine 

fraction content (<76 μm), after it had been corrected for mineralisation of OM and 

dissolution of BSi, by division of the fine fraction’s sedimentation velocity into its median 

mass accumulation rate (MAR [see Figure 6.2]) according to Kozerski (1994). The 

mineralisation of OM was calculated from the loss of POC within the fine fraction and 

converting the loss to LOI 550°C from the sediment core’s relationship between TOC and 

LOI 550°C. The fine fractions average sedimentation velocity was incorporated into the 

calculation by calibrating median MAR of surface sediments spanning the last 3 to 4 years 

(see Figure 6.2) with the median baseline surface water turbidity over a similar period from 

June 2003 to December 2007 (median NTU 9.2; 25 % quartile 1.7; 75 % quartile 16.6; 

n=105).  

 

For the purpose of MAR calculations the sedimentation velocity was divided between its pre-

1960 median, its median between 1960 and 1970, during the period of entrance restriction 

(see Chapter 4), and its post-1970 median. The larger and more uncertain sedimentation rate 

in 2001 was not included in the calculations, as it was probably the result of the sediment 

                                                 

25
 Keeling plots of 1/C vs δ

13
Corg are a special case of a two-component mixing model between a variance in a 

major organic carbon component ‘contaminated’ by a minor organic component, in which the major organic 

component’s δ
13

Corg can be calculated by extrapolating the carbon content to infinite addition (Fry, 2006).  
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sample contaminated by the 2002 depositional flood facies. The resultant baseline fine 

fraction MAR was then corrected to give the sediment load according to Almroth et al. (2009 

[Equation 6.2]).  
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Figure 6.2. The baseline sedimentation velocities down the Upper Middle Basin sediment core LSPMB206 

calculated by 
210

Pb sediment isotope tomography (see Chapter 4).  

The errors bars represent the standard deviations about their means. 

 

Equation 6.2.                   985.0584.1  NTUSed                          

The equation was taken from a relationship within a marine environment subject to wind re-suspension (Almroth 

et al., 2009). NTU is Normal Turbidity Units, and Sed is the sediment load (mg L
-1

).  

The calculation assumes that:  

1. there had been no re-suspension of deep-water sediments into surface waters (cf. 

sediment traps [Kozerski, 1994]), as implied from a persistent water column haline 

stability within this region (see Chapter 4); 

2. there had been no significant changes in the sediment’s particle size, outside the range 

of the 3 to 4 years of seasonal turbidity measurements (i.e. due to changes in micro-

agal standing crop, river sources, wind and tide resuspension) as indicated a muddy 

sediment and no correlation of the results with long term wind proxies (see Chapter 5). 

A muddy sediment supports the view that there was no significant change in the modal 

particle size to a larger sandier fraction. Particle sorting of shallow muddy sediments 
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is primarily by the action of wind (Smith, 1975), thus, no correlation with wind fetch 

supports the view of no significant changes to particle sorting within the mud fraction;  

3. there had been no slumping of sediments from shallow waters direct to the deep spot, 

as implied by no evidence of long-term sediment focusing (see Chapter 4).  

 

The sediment load was then transformed to Secchi depth using a general relationship for 

shallow estuarine waters (Morris, 1983): 

 

Equation 6.3.                       Sed
Secchi

04.01.0
1

          

 

The water column light extinction coefficient (Kd) was calculated from the Secchi depth for 

estuarine waters according to Holmes (1970): 

 

Equation 6.4.                        
Secchi

Kd
44.1

        

   

Finally, the depth to which ambient light is reduced to 22 % was calculated from the first 

order decay in light intensity with depth (Parsons et al., 1984): 

 

Equation 6.5.                        
DkdeLL .

22.00

         

Where L0 is ambient light fraction at the surface (100 %), L0.22 is 22 % of ambient light, D is the depth at which 

the light is reduced to 22 % of the ambient for the value of the extinction coefficient kd. 

6.2.6. Data analysis 

6.2.6.1. Regime change 

Andersen et al. (2008) recognised that identifying ecosystem regime thresholds requires a 

two-stage process of exploration and inference, that is, an exploration of dissimilarity and a 

inference from a rapid change in the biome variables in relation to its external driver. The 

reasons are two fold: (1) a constrained cluster analysis may force a graded series into discrete 

structures, and (2) any rapid in the biome that is accompanied by rapid changes in external 

driver is consistent with a change driven by the driver and not the result of a threshold change 

to another biome regime (see Andersen et al., 2008 for a range of hypothetical examples).  

 

A constrained cluster analysis (PAST™) of the biome and process components proxies (see 

Section 6.2.1) was used for exploration. A change point analysis (Pettit, 1980; Taylor, 2000 
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[Variance™]) as the cumulative sum of the mean within an ordered series (CUSUM) of the 

two principal component’s MAR
26

 (seagrass pieces >315 μm and DBSi) was used for 

inference in relation to changes in the CPN (see Andersen et al., 2008 for a survey of different 

methods). 

 

6.2.6.2. The cause, stability and type of regime 

The causes of regime transitions and the type of regime were determined by correlating 

changes in relationships between annual imputed time-series of the CPN (see Chapter 5), 

micro-algal proxies MAR, seagrass proxies MAR with the major events and changes to 

inferred nitrogen fixation or nitrogen mineralisation (i.e. δ
15

Norg signatures [see Chapter 3]). 

Imputation of the interrupted time series was determined by singular spectrum analysis for 

missing data (SSAM) according to Golyandina and Osipov (2007 [Caterpillar™]). The 

changes of relationships between the CPN, micro-algal and seagrass proxies of MAR were 

calculated by a modified increasing window analysis of the type used for the estuary’s surface 

sediment transect (see Chapter 3). The modifications were: (1) a change from a two-way to 

one-way best linear model from past to the present, and (2) the use of a minimum in the 

residual mean square error as a measure of fitness in place of the strength of a good 

correlation. In this way, changes in the bi-variant relationship as a regime changes from one 

of dependence to independence can be marked over time. 

 

6.3. Results and discussion 

6.3.1. Sediment signal depth profiles: Diagenetic corrections 

6.3.1.1. Sediment content variables 

Both the TOC and BSi had complex depth and dynamic profiles (see Figure 6.3), in which 

diagenetic corrections indicated that relative losses due to dissolution of BSi (DBSi) and 

particularly, losses due to mineralisation of TOC and POC (DTOC, DPOC) were only 

significant for the first 20 years. Indeed, without the corrections, the impression was that OM 

content had increased from around 1986 to the present (2006) in contrast to a more stationary 

BSi variance over this time. 

 

                                                 

26
 The MAR for micro-algae is a measure of a water body’s net micro-algal production (e.g. Zimmerman and 

Canuel, 2002). However, MAR of seagrass pieces is a measure of seagrass abundance–basin coverage and/or 

productivity, as the two categories do not necessarily change in concert (e.g. Hauxwell et al., 2003). 
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All the diagenetically corrected elemental content profiles within the baseline sediments 

(DBSi, DTOC and DPOC) while complex throughout the sediment core were marked by a 

clear transition from a smaller post-1960 content, to a larger content pre-1960 (see Figure 

6.3). However, the relative differences of pre- and post-1960 DBSi and were noticeably 

greater for DBSi (173 %) than for DTOC (143 %). 

 

The post-1938 baseline LOI 950 °C profile (calcareous epifauna [see Chapter 3]) broadly 

followed the profiles of DBSi and DTOC as far back as 1938, where the LOI 950 °C 

remained relatively high but invariant with respect to DBSi and DTOC (see Figure 6.3). This 

was in contrast to the post-1938 epifaunal density variance (LOI 950 °C/seagrass pieces >315 

μm), which fell with increasing seagrass content towards the present (2006) after a generally 

higher but noticeable chaotic pre-1938 density. 

 

The copepod faecal pellet content of base line sediments (100 μm and 150 μm) was a 

significant proportion of the fine fraction content and displayed a broad inverse relationship 

with each other down throughout the sediment core (see Figure 6.3). However, the faecal 

pellet content only varied inversely with the inferred planktivore predation (100 μm/150 μm) 

post-1938 but not pre-1938 (see Figure 6.3). The pre-1938 relationships appeared to alternate 

between a broad proportional response (1938 to 1929) and then back to a broad inverse 

response (1929 to 1923 [see Figure 6.3]). 

 

6.3.1.2. Sediment quality variables 

Overall, the δ
13

Corg profiles of the total and fine fraction (<76 μm) followed each other with 

the same pre- and post-1960 flood transitions as DBSi and organic carbon content variables 

(DTOC and DPOC [see Figure 6.3]). δ
13

Corg for baseline sediments post-1960 were 

noticeably isotopically lighter by 1.9 ‰ and 2.7 ‰ for the TOC and the fine fractions POC 

respectively. In contrast, the baseline total POC–PON ratios remained relatively constant (see 

Figure 6.3) but with a suggestion of a fall in the fine fraction’s ratio post-1960 (CUSUM 

change from 9.4 to 8.4). The total POC–PON ratios (14.33, standard deviation 0.53) were 

significantly greater than the fine fraction’s (8.9, standard deviation 0.56). The total fraction 

being closer to values represented by soils and seagrass leaves (see Chapter 3) and a fine 

fraction that lay within the range for both estuarine micro-algae (Cloern et al., 2002; see 

Chapter 3) and the estuary’s SPM.  
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Figure 6.3. Sediment and fossil seagrass leaves (>315 μm) content and quality variables down the Upper Middle 

Basin and Lower Middle Basin sediment cores. 

(Top) Sediment core LSPMB206: (▲) DBSi, DPOC and DTOC contents corrected for loss dissolution and 

mineralisation (see text); epifaunal density and faecal pellets refers only the baseline sediments. (Middle) 

Sediment core LSPMB206 quality variables: (●) Suess corrected δ
13

Corg; (●) for C/N ratios and δ
15

Norg represent 

the fine fraction (<76 μm); (●) for C/N ratios and δ
15

Norg  represent the total sediment. (Bottom) Seagrass pieces 

(>315 μm) quality variables down the two Upper Middle Basin sediment cores (LSPMB206 and LSPMB2B08) 

and the fine fraction’s δ
15

Norg down the Lower Middle Basin sediment cores LSPM106. (●) Suess corrected 

δ
13

Corg. The chronologies was based on events evaluated by 
210

Pb SIT chronology (upper cores) and SIT 

chronology evaluated by events (lower core); see Chapter 4.  
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The baseline total POC–PON ratios, however, did not fall with the absence of seagrass pieces 

(pre-1938) nor did the fine fraction and  POC–PON ratio’s increase (see Figure 6.3). Such a 

pattern was consistent with the transport of seagrass with high POC–PON ratios >14 (see 

Chapter 3) to the deep sediment core extraction sites predominantly within a size fraction 

between <315 μm and >76 μm. The few reliable baseline examples of the faecal pellet 

fraction’s δ
13

Corg and PON–POC ratios (see Figure 6.4) also suggested that there was an 

increased supply of seagrass over that of soils to this fraction sometime before 1953. This was 

in contrast to the heavier δ
13

Corg and PON–POC ratios for faecal pellet fraction (150 μm and 

100 μm) post-1953, which fell within the range of a mixture dominated by soils and micro-

algae (see Figure 6.4 (○)). 

 

The baseline δ
15

Norg for the total and fine fractions was different in both value and profile 

variance (see Figure 6.3). Overall, there was little change in the total δ
15

Norg down the 

sediment column; with the possible exception of a lighter δ
15

Norg between the 1923 and 1929 

floods (see Figure 6.3). In contrast, the fine fraction’s δ
15

Norg depth profile had a relatively 

complex set of potential transitions. Between 1960 and 1970, during the postulated entrance 

restriction period (see Chapter 4), the fine fractions δ
15

Norg was lighter by 1.2 ‰ than all 

remaining sediment horizons. There were other noticeable periods of lighter δ
15

Norg for the 

fine fraction between the 1923 and 1929 floods (mean 3.1 ‰) and after the 1970 flood (mean 

3.5 ‰) compared to periods between the 1938 and 1960 floods (mean 4.4 ‰; see Figure 6.3). 

The latter were within the range of the coastal SPM and the fine fraction (mean 4.4.‰ [see 

Figure 6.3]) from a core adjacent to the Marine Flood/Tidal Delta coastal boundary (see 

Chapter 3) during the Anthropocene. The implication being that between 1938 and 1960 the 

supply of inorganic nitrogen for the upper estuary’s primary production was ostensibly from 

coastal waters, that is, coastal waters with an invariant annual average δ
15

NDIN reflected by its 

micro-algal’s annual average δ
15

Norg (Francois et al., 1997). 

 

6.3.1.3. Seagrass quality variables  

The compilation from reliable seagrass pieces (>315 μm) stable isotopes analysis and their 

TOC–TON ratios are shown Figure 6.3 for the two Upper Middle Basin sediment cores 

LSPMB206 and LSPMB2B08. It can be seen the data variance between the two cores 

appeared to be paired with their respective dated sediment horizons (see Chapter 4). The main 

point of difference between the sediments was that seagrass δ
13

Corg and POC–PON ratios 

broadly followed each other down the core, with a heavier and greater post-1970 δ
13

Corg and 

POC–PON ratios. Such a broad inverse relationship between the seagrass and sedimentary 
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δ
13

Corg was seen across the estuarine surface sediment transect. Such a variance was found to 

be consistent with changes of carbon fixation between micro-algae (sediments) and seagrass, 

and not synonymous with changes in salinity (see Section 3.4.3.3). This contention is also 

supported by no common variance between sediment or seagrass δ
13

Corg and the reconstructed 

surface salinity (c.f. Figure 5.4). 

 

Like the sediment δ
15

Norg, the profile dynamics of seagrass δ
15

Norg also differed from their 

δ
13

Corg and POC–PON ratios. The seagrass δ
15

Norg profile appeared to be noisier pre-1986 

than post-1986. Further, the post 1986 δ
15

Norg were on the average lighter than pre-1986. The 

impression was confirmed by a CUSUM change point analysis that also marked the change at 

1986 from mean of 1.3 ‰ (pre-1986) to 0.7 ‰ (post-1986). 

 

6.3.2. The palaeo-reconstruction 

6.3.2.1. Seagrass and micro-algae ternary mixing models  

Aside from possible diagenetic variance down the sediment core, the accuracy of the model 

depends on the accuracy of the value of the organic component signals. For example, the 

range of possible ternary mixing boundaries, illustrated in Figure 6.4, indicates that the 

traditional reliance on a statistical average of contemporary end-point (e.g. Gonneea et al., 

2004; Turner et al., 2006) would result in most of the post-1960 sediments lying outside the 

model boundaries. Consequently, with the exception the old catchment soils, the organic 

components signatures were selected to closely represent their sediment horizons.  

 

The mean δ
13

Corg and PON/POC signals for seagrass component (see Figure 6.4) were chosen 

to reflect the seagrass pieces (>315 μm) profile transitions down the core (see Figure 6.3). For 

the micro-algal component, the mean δ
13

Corg and POC–PON ratios were calculated from the 

fine fraction by using δ
13

Corg vs. 1/DPOC Keeling plots (see Figures 6.5d) and the POC–PON 

down the sediment core (see Figure 6.5d). The Keeling plot removes the contamination of the 

δ
13

Corg signal from the major organic fraction, assuming the fine fraction was dominated by 

micro-algae. The above assumption was supported by: (1) the close variance between the total 

BSi and the fine fraction’s POC (see Figure 6.3), (2) most of the BSi residing within the fine 

fraction (see Figure 6.5a), (3) POC–PON ratios for the pre- and post-1960 flood (calc. 10 and 

9.7, respectively) that were located within the range found for estuarine benthic micro-algae 

(see Chapter 3; Cloern et al., 2002) as highly silicified diatoms (molar DBSi–POC calc. 0.35 

and 0.46; Brzezinski, 1985; see Chapter 3). 
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Figure 6.4. δ
13

Corg—PON/TOC linear ternary mixing models illustrating the different model boundaries that result from different choices of plausible organic component signals. 

Live Zostera spp and detrital Zostera spp leaves pre- and post-1970, together with soil and salt marsh sediments, and contemporary SPM samples across the estuarine transect (see Chapter 

3). The benthic micro-algal data was taken from Cloern et al. (2002) for San Francisco Bay (USA). The error bars represent the standard deviation about the mean. 
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Figure 6.5. Organic carbon stable isotope Keeling plots and major elemental ratios down the Upper Middle Basin sediment core LSPMB206. 

(a) The proportions of BSi within gently wet sieved size fractions from six baseline horizons haphazardly selected down through sediment core LSPMB206 indicating that 

most of the BSi resides in the <76 μm fraction; the box plots represent the medians and 95 % confidence limits. (b) Pre-and post-1960 flood baseline sediments DPOC (<76 

μm)–DBSi ratios. (c) Pre- and post -1960 flood baseline sediment PON–POC ratios (<76 μm); the red circles represent baseline sediments over the period of entrance 

restriction. (d) Keeling plot δ
13

Corg extrapolations of the baseline sediment’s fine fraction to infinite addition of carbon from the major micro-algal components; the dashed 

lines (─ ─ ─ ) represent the 95 % confidence limits. 
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All the baseline sediment Rp index/TN–TOC ratio signals lay within the boundaries defined 

by the means of the organic components’ signals (see Figure 6.6), in contrast to the deviation 

from a simple mixing criteria found for most of the flood shell and clay deposits (see Chapter 

4). However, in contrast to the isotope and elemental ratio model, this model showed poor 

separation between the organic components as a group. In other words, a separation similar to 

the difference between the points of an equilateral and isosceles triangle. As a consequence, 

the sensitivity of the model was reduced for sediments dominated by the micro-algal 

component that would lead to greater errors for seagrass and soil proportions. 
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Figure 6.6. The Rp index/TN–TOC ratio ternary mixing model for baseline sediments and depositional facies 

down the Upper Middle Basin sediment core LSPMB206.  

The error bars represent standard deviation about the mean for all organic source samples. The error bars for the 

mineralised Chlorella pyrenoidosa are too small to be displayed on the figure. 
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Figure 6.7. Organic matter mixing model time series for soil (●), micro-algae (●), and seagrass (●), within the total and fine fractions of baseline sediments down the Upper 

Middle Basin sediment core LSPMB206 

(a) The log10 Rp index/TN–TOC ratio model; (b) δ
13

Corg/TON–TOC ratios for the total fraction; (c) δ
13

Corg/PON–POC ratios for the fine fraction (<76 μm ); (d) Seagrass 

pieces content < 315 μm: DBSi; (e) seagrass proxy as DTOC/DBSi. The small negative seagrass values in (d) result from the repositioning of the micro-algal TOC/TON end-

point after optimisation of the micro-algal result to the DBSi variance.  
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6.3.2.2. Seagrass, micro-algal and soil content down baseline sediments: A convergence 

and divergence of independent model solutions 

All the models produced a similar time-series of micro-algal content (see Figure 6.7). 

However, there was a disagreement between the pre- and post-1960 flood ternary mixing 

models (see Figure 6.7a,b,c) and the remaining content and content ratio seagrass models (see 

Figure 6.7d,e). The ternary mixing models suggested that there was a larger seagrass content 

pre-1960 than post-1960, in contrast to a significantly larger seagrass content post-1960, as 

suggested by the abundance of seagrass pieces (>315 μm) and the seagrass DTOC–DBSi 

index. 

 

Two lines of evidence suggest that the total sediment ternary mixing models were in error, at 

least concerning the concepts the measurements were assumed to represent. There was 

evidence that was counter to IBE, based on the standard model that increases in micro-algal 

production (pre-1960) are usually accompanied by falls rather than increases in seagrass 

productivity and coverage (Duarte, 1995; Borum and Sand-Jensen, 1996), and observations 

that the current shoot density and meadow coverage is already near its maximum (see Chapter 

3). Given the latter scenario, it is unlikely that seagrass coverage and shoot density would 

have been much greater during pre-1960 than today. 

 

The disagreement, however, is based on the assumption that the proxies represent a living  

seagrass meadow. The divergence does not rule out that all models are correct but that there 

was a change from a larger to a smaller seagrass size fraction (see Section 6.3.1.3 [Figure 

6.4]) over the pre-1960 period. A change that has not been observed post-1960. This 

contention is further supported by the absence of significant seagrass content within the pre-

1960 fine fraction (see Figure 6.7c) and a smaller proportion within the >315 μm fraction (see 

Figure 6.7d), thus implying that the seagrass signal lies somewhere between.  

 

The explanation behind a smaller pre-1960 seagrass fragment size can be abductively 

reasoned by first setting an axiom of what has been observed. From the axiom, a series of 

hypothetical consequences can then be deducted and supported by further observations within 

the estuary and within the literature. 

1. The Axiom: seagrass leaves from living Zostera spp. are damaged from physical 

processes of wind and tide that results in as a uni-modal size distribution >315 μm 

(Robertson and Mann, 1980).  
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Hence: 

2. Postulate: seagrass detrital size variance peaked mainly between >76 μm and <315 

μm and the faecal pellet fraction, and again at >315 μm
27

. Hence, seagrass was not 

supplied from the physical breakage of living seagrass leaves. 

3. Inductive support: isopods and amphipods grazing on Zostera spp. leaves produced 

the above characteristic fragmentation spectra by grazing on dead leaves from the 

littoral zone (Robertson and Mann, 1980).  

4. Support from constraints or prior knowledge: anoxic sediments within the deep spot 

do not harbour grazers.  

5. Deduction: during the pre-1960 period, most of the seagrass meadow was dead. 

6. Support from constraints or prior knowledge: transported detrital material within 

living seagrass meadows by wind re-suspension was restricted by a healthy shoot 

density (Ward et al., 1984).  

7. Inductive support: 1923 saw the largest flood of the century; with enough strength and 

duration to kill Zostera spp. by exposing the meadow to freshwater for over a month 

(see Chapter 4). 

 

Consequently, it appears that the most appropriate set of proxies for describing the changes in 

the living primary productivity assemblage are the corrected total biogenic silica content 

(DBSi) and the seagrass fraction >315 μm. However, this is conditional on knowing carbon 

content of seagrass pieces or assuming it to be constant. Otherwise, the seagrass DTOC–DBSi 

ratio index should be used if most of the organic content within the fine fraction follows the 

DBSi content (i.e. relationship that is consistent with no significant contribution to the 

variance from soils [see Figure 6.7b]). 

 

6.3.3. The synthesis: Ecosystem regimes 

The results from the constrained cluster analysis identified a pair of regimes that were 

separated by what appeared to be separated by a period of transition set after 1937, and ended 

sometime between 1948 and 1962 (see Figure 6.8). An exploratory analysis of the timing of 

the regime changes with the major flood events suggested that floods might have been the 

cause of regime change. It appeared that the loss of the seagrass meadow occurred 

immediately after the 1923 flood and the major regime transitions, marked by the 1931, 1938 

and 1962 horizons (see Figure 6.8) were close to the major 1929, 1938 and 1960 flood events 

                                                 

27
 Material captured on the 250 μm sieve down the sediment cores was a minor fraction of the total, an average 

of 3.1 % (standard deviation 1.8 %). 
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that were large enough to leave a depositional record.  In contrast to these earlier horizons, 

however, the more recent regime change, marked by the 1989 horizon (see Figure 6.8), was 

separated by a large gap in chronological record. Consequently, the range of possible reasons 

is also extended. For example, the expansion of the entrance to increased coastal exchange by 

the 1969/1970 floods, the start of the drought (1979) or the development of the lower 

estuary’s shellfish aquaculture immediately after the 1986 flood (see Chapter 4). 

Figure 6.8. A constrained cluster analysis of biome and process proxies for times associated with their baseline 

sediments for the Upper Middle Basin sediment core LSPMB206. 

See Section 6.3.2 for a list of inputs use to construct the constrained cluster analysis. 

Individually, the CUSUM change points to the MAR of the two principal productivity 

components (i.e. seagrass pieces and micro-algae [DBSi]) did not completely converge nor 

did they conform to all of the above major cluster regimes (see Figure 6.9). The DBSi 

thresholds were located at the 1924, 1926, 1936, 1966, 1968 and 1973 horizons. The seagrass 

thresholds were located at the 1926, 1941 and 1962 horizons. Nevertheless, as a pair, the 

number and timing of the regime changes correlated to most of the cluster regimes and 

transitions. The notable exception being the regime change sometime between 1973 and 1989 

marked by the cluster analysis, in spite of the suggestion of a fall in micro-algal and seagrass 

MAR's. The inability of CUSUM to recognise the earliest threshold might reflect the small 

quantity of data at the end of the series (e.g. see Chapter 5; Andersen et al., 2008). 

Alternatively, the regime change recognised by the cluster analysis might not have been 

change to the structure of seagrass–micro-algal assemblage, but rather a switch in function to 

seagrass-mediated nitrogen fixation that maintained seagrass coverage close to previous levels 

(see Chapter 3). 
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Figure 6.9. CUSUM change point analysis of the mean primary productivity assemblage for the baseline 

sediments down the Upper Middle Basin sediment core LSPMB206. 

The diagonal lines linking the regimes highlight the uncertainty in the timing of the transitions due to both 

sediment erosion and the low annual sampling resolution and were not were part of the CUSUM analysis. 

6.3.3.1. Causation 

Clearly, the above transitions are suggestive but not sufficiently conclusive as to the causes of 

regime change owing to the relatively low temporal resolution and eroded baseline sediments 

(see Chapter 4). To help overcome the poor temporal resolution, best least square linear 

models between seagrass and micro-algal MAR were constructed from their annual imputed 

time-series. The SSAM imputation method has the advantage of being model independent, in 

that it does not force the variance to a assumed construct. Nevertheless, it can produce 

reasonable postulate of variance as it relies on information taken from the complete 

autoregressive time series (Kondrashov et al., 2005). In this way, by using a narrative of 

unfolding events (i.e. floods, drought, and anthropogenic disturbance) a more precise test and 

explanation can made for intra-regime and inter regime changes. 

 

The Narrative. After the death of the seagrass meadow, marked by the pivotal 1923 flood, the 

regimes productivity was clearly dominated by falling micro-algal production (see Figure 

6.9), despite an increase in the external supply of inorganic nitrogen availability (CPN) (see 

Figure 6.10a,c). By 1946 micro-algal production had fallen to its lowest (see Figure 6.10b 

(●)) and marked the beginning of a recovery for both the seagrass meadow and micro-algal 

production (see Figure 6.10b (●)). Hence, based on the imputation of the two time-series, it 

appeared that a smaller but significant 1946 flood (see Figure 4.21), not placed within the 

sedimentary record, might have been responsible for the recovery of the seagrass meadow and 
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not the larger pivotal 1938 flood. Alternatively, the 1946 flood may be the last of a series of 

similar smaller floods in which the recovery was the result of their accumulative effects.  

 

By 1960 the seagrass meadow had fully recovered and remained invariant to changes in 

micro-algal productivity (see Figure 6.10b (●)) and the CPN; in contrast to micro-algal 

productivity that continued to responded to changes in the CPN (see Figure 6.10a,c). The 

functional transition was coincident with the 1960 flood–tsunami confluence (see Chapter 4), 

events that were postulated as the cause of near closure of the estuary until it was re-opened 

by the 1969/70 pivotal floods (see Chapter 4).  

 

Figure 6.10. Imputed time-series and best least squares linear models for assemblage of primary producers and 

the CPN for the Upper Middle Basin sediment core LSPMB206. 

(a) Annual imputed time series of seagrass, microalgae, and CPN estuary (SSAM). (b) Best least squares linear 

models between the seagrass and micro-algal (DBSi) MAR: (●) 1923 to 1945;(●) 1946 to 1959; (●) 1960 to 

1985; (●) 1986 to 2006. (c) Best least squares linear models between micro-algae (DBSi) and the CPN: ▼ 1923 

to 1945,    1964 to 1986, ▲ 1960 to 1963 and ▲ 1987 to 2006; (d) Best least squares linear models between 

seagrass (>315 μm) and the CPN:    1923 to 1946,      1946 to 1960 and      1960 to 2006. 
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By 1986 and not 1969/70 (reopening of the entrance) or the start of the drought (1979) the 

regime had changed once more (see Figure 6.10b (●)) to a time when the CPN variance was 

decoupled from both seagrass and micro-algal production. However, 1986 was a time of two 

closely linked events, that is, a flood had forced the newly introduced shellfish aquaculture to 

re-locate to the Marine Flood/Tidal Delta (see Figure 4.2). Nevertheless, it is more likely to be 

the result of the shellfish aquaculture moderating supply of coastal nitrate to the upper estuary 

(Chapter 3). For the alternative, it is difficult to reconcile how the third largest flood of the 

20
th

 century could have changed the regime function without any apparent impact on seagrass 

shoot productivity (i.e. δ
13

Corg [see Figure 6.3 and Section 3.4.3.3]) or abundance of the 

system contingency on a healthy seagrass state other than its destruction.  

 

6.3.3.2. Stability and nature of the regime between 1923 and 1946 

The traditional view is that a water body which changes to a more turbid state from the loss of 

seagrass, and is dominated by micro-algal production, is indicative of an alternative micro-

stable state (Duarte, 1995; Scheffer and Carpenter, 2003; Kemp et al., 2005). These states are 

stabilised through eutrophication and sediment wind suspension that leads to light attenuation 

sufficient to arrest the recovery of its previous seagrass meadow. Indeed, the relatively 

depleted δ
15

Norg within the fine fraction during this time (see Figure 6.3) suggests an 

additional supply of nitrogen from the dead seagrass meadow (see Figure 6.3) over the usual 

coastal nitrate supply (see Chapter 5). 

 

According to Kemp et al., (2005) light attenuation >22 % of surface irradiance, as 

reconstructed over this period, is sufficient for the recovery of Zostera spp seagrass meadows 

(see Figure 6.11b). The reconstructed light attenuation could not be directly evaluated; 

nevertheless, the value is robust because conditions were consistent with the model’s 

constraint. A constraint of no long-term correlation between light attenuation and long-term 

changes in wind fetch (c.f. Figure 5.5) supports the assumption of no significant particle 

sorting of the pre-1960 muddy fine fraction (see Section 6.2.5).  

 

The regime state at this time does behave, however, in the manner of a seagrass transient 

regime. A seagrass transient regime can be expected to be partially maintained by the supply 

of nutrients from the sediments from the years of excess accumulation of organic material 

(Scheffer and Carpenter, 2003; Knowlton, 2004). For the Upper Middle Basin, it is a sudden 

deposition of organic material from the death of a seagrass meadow that had accumulated 

from years of shoot recruitment and expansion. The role of floods then becomes one that 
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initiates the seagrass transient state but also one that may also accelerate it towards full 

recovery by removing remnants of the dead seagrass meadow (e.g. Morris and Virnstein, 

2004). 

 

Figure 6.11. MAR of the fine fraction and critical depth light levels for the Upper Middle Basin sediment core 

LSPMB206.  

(a) Diagenetically corrected MAR for the <76 μm fraction (●), uncorrected MAR for the <76 μm fraction 

(●). (b) Secchi depth (●), depth at 22 % of incident light (●), the 75 % and 25 % quartiles about the 

median 22 % incident light depths from the contemporary surface water turbidity statistics (─ ─ ─). 

The reasons behind the maintenance of relatively high pre-1960 light levels are not clear. 

Perhaps re-suspension was kept in check by the dead seagrass meadow covering the sediment. 

Alternatively, the relatively high light levels are also consistent with evidence of an efficient 

rate of sestonic clearance by copepod egestion. The faecal pellet content represents a 

significant fraction of the total and is inversely correlated with the sestonic fine fraction 

throughout the baseline sediment horizons; although on a larger background turbidity than 

post 1960 (see Figure 6.12e). Such a change to a greater mean sestonic background suggests 

more efficient selective feeding on micro-algae during a time when there was a greater 

contribution of micro-algae to the seston. Further, the reason behind the greater copepod 

sestonic egestion is consistent with a low rate of planktivorous fish predation during the early 

existence of the transient (see Figure 6.12a). However, predation became weaker as the state 

aged towards the beginning of period of seagrass recovery (1946 to 1960). 

 

6.3.3.3. Stability and nature of the regime between 1946 and 1960 

The relative variance between the seagrass MAR, as a measure of meadow production, with 

DBSi MAR, as micro-algal production, is not consistent with the standard model of a seagrass 

light limited state at equilibrium with its nitrogen supply (i.e. an inverse relationship between 
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seagrass and micro-algal organic carbon production due to micro-algal shading of seagrass 

leaves [Borum and Sand-Jensen, 1996]). Nor is there evidence that the increase in the 

seagrass pieces MAR was a time of relatively high rates of carbon fixation in comparison to a 

time of stable seagrass MAR post 1960 (i.e. a lighter seagrass δ
13

Corg pre-1960 than post-1960 

[see Figure 6.3; see Section 3.4.3.3]). On the other hand, MAR of seagrass pieces during this 

may have been a proxy for seagrass abundance, when shoot recruitment and growth is greater 

than mortality (vice versa), a process irrespective of an increase in individual shoot 

productivity (e.g. Hauxwell et al., 2003). Nevertheless, the continued inter-annual increase in 

micro-algal productivity does not appear to conform to the other tenet of the standard 

equilibrium model that there is constant carbon productivity for all coastal macrophyte–

micro-algal systems (Borum and Sand-Jensen, 1996).  

 

Clearly, this period of seagrass recovery did not behave in a manner that conforms to a regime 

state at equilibrium with it external nitrogen supply. Further, the constrained cluster analysis 

indicated that it is a regime that is separated from the others as a set of apparent transitions 

between pre- and post- 1960 regimes states (see Figure 6.8). The question remains what was 

driving the seagrass meadow expansion, as the CPN was relatively invariant during this time 

(see Figure 6.10). 

 

The CPN did appear to be relatively invariant and the heavier fine fraction δ
15

Norg indicated 

that there was no significant contribution of inorganic nitrogen from either nitrogen fixation, 

soil extracts or sedimentary mineralisation of organic matter over that of coastal supply (see 

Figure 6.3. and Section 6.3.1.2). Nevertheless, the fall in epifaunal density (see Figure 6.12d) 

might indicate that its availability to the seagrass leaves had increased over the period of 

seagrass recovery. However, the link between the planktivorous fish trophic cascade and its 

control over epifuanal coverage, as postulated in Chapter 3, appeared to be broken. The 

increase in MAR of sestonic turbidity with total micro-algae would have otherwise led to an 

increase in epifaunal coverage (see Figure 6.12c,d). This break in the relationship, however, 

need not imply that epifaunal production was no longer dependent on its micro-algal food 

supply. It is more likely that either the micro-algal population during this time (e.g. epiphytes) 

was increasingly unavailable for epifaunal bryozoan growth and/or the rate of growth of 

seagrass leaves was sufficient to overcome epifaunal production. Such a response is consistent 

with both nutrient limitation of seagrass meadow growth (e.g. Zieman et al., 1999) and a role 

for top down control by a planktivorous fish trophic cascade (i.e. fish–copepods–seston–

calcareous epifauna) in the progress of the nutrient limited transient regime.  
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Figure 6.12. A time-series of elements consistent with a planktivorous fish trophic cascade and their relationship to each other down the Upper Middle Basin sediment core 

LSPMB206. 

Top: (a) inferred planktivore predation as the ratio of the 100 μm and 150 μm copepod faecal pellet content; (b) copepod activity as the sum of the 100 μm and 150 faecal 

pellet content; (c) seston as the remaining fine faction content <76 μm; (d) the epifaunal seagrass leaf density as ratio of the LOI 950 °C: seagrass >315 μm. Bottom: the 

sequence of relationships between the above elements of the trophic cascade. (▲) post-1960 and (●) pre-1960. The smoothing procedure is based on a least squares criterion 

to a β-spline as a sequence of third-order polynomials continuous up to the second derivative (PAST™).  
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Reasons behind the large changes in the net predation of planktivorous fish were not clear. 

The lack of clarity results from a combination of no continuous and repeatable patterns over 

time or examples from other similar systems. The large periodic variance of planktivorous 

fish predation and copepod egestion may have forced the SSAM algorithm to fit only one 

major continuous symmetrical periodic component and trend (unpublished) and thus remove 

any temporal asymmetry (see Section 5.4.7), which may exist out phase with the assemblage 

of primary producers. Consequently, it is difficult to distinguish between two possible reasons 

behind the changes to the trophic cascade—stochastic variance in the external supply of 

planktivorous fish to the Upper Middle Basin or planktivorous fish predation that is coupled 

to the state and type of the regime. 

 

Why micro-algal productivity should continue to increase was not clear. Certainly light 

attenuation increased to its highest levels over the period of study and this might indicate a 

form of co-limitation with nitrogen. Under these circumstances, the nitrogen requirements for 

the cell growth as less (i.e. greater POC–PON ratio) with increased light attenuation (e.g. 

Philippart and Cadee, 2000) and with it presumably BSi (see Figure 6.3). 

 

6.3.3.4. Stability and nature of the regime between 1960 and 1986 

It was not possible to know if or when the planktivorous fish trophic cascade started to 

strengthen during the latter period of the previous seagrass transient phase. Nevertheless, by 

1960 and through to 1970—the postulated period of a reduced coastal exchange restriction—

(see Chapter 4) saw a fall in epifaunal density (see Figure 6.12d). The fall in epifaunal 

density, however, did not reflect the factors previously synonymous with its previous seagrass 

recovery (transient regime state) a variable rate of micro-algal production, which was 

correlated to CPN, relatively high rates of planktivorous predation and low rates of copepod 

egestion (see Figure 6.12a,b,c), no change in seagrass abundance, and a switch to relatively 

high rate seagrass carbon fixation (heavier δ
13

Corg  [see Section 6.3.1.3]). In contrast to the 

previous increase of inorganic nitrogen availability for a constant ambient CPN variance, at a 

time of low sestonic turbidity, relatively low rates of planktivorous predation and high rates of 

copepod egestion at a time of low sestonic turbidity, increasing rates of seagrass abundance 

and micro-algal production and (i.e. MAR) a relatively low rate of seagrass shoot carbon 

fixation (lighter δ
13

Corg). 

 

Interestingly, the mean micro-algal response to the CPN immediately after the 1960 was 

greater than other times after 1946 and before 1987 (see Figure 6.10c (▲)). The change to the 
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response parameter might be the result of the partial blockage of the entrance by the flood–

tsunami confluence (see Chapter 4). The blockage would have increased the water residence 

time and consequently in the net basin micro-algal production. Indeed, an increased residence 

time is consistent with the lighter δ
15

Norg micro-algal dominated fine fraction (see Figure 6.3) 

supplied from the undiluted mineralisation remnants of the dead seagrass meadow. 

 

The reasons behind the regimes states ecosystem patterns were not clear, again, possibly the 

result of no information regarding changes to micro-algal forms (see Section 6.3.3.3). 

Alternatively, seagrass abundance may have simply reached its maximum extent within the 

confines and shallow depths of the basin, and with it a maximum shoot density (Duarte et al., 

2006). Under these conditions the meadow becomes subject to the combination of stabilising 

factors that emerge at high shoot densities. For example, leaf self-shading leads to an overall 

increase in the meadow’s light attenuation of emerging shoots (Enriquez et al., 2002), thereby 

maintaining individual shoot productivity but at the expense of an increase in mortality over 

recruitment (Hauxwell et al., 2003). Alternatively a high shoot density may also lead to 

reduction in water exchange for the supply of waterborne micro-algae for epifaunal 

production (see Koch, 2001, also for a review of other mechanisms by which a reduction in 

water exchange limits seagrass growth).  

 

Whichever stabilising mechanism or combination of the above predominates, the invariance 

with relatively large fluctuation with the CPN suggests that a seagrass meadow at its basin’s 

full capacity might be a more resilient state to the effects of eutrophication than a meadow 

with a relatively low coverage and low shoot density.  

 

6.3.3.5. Stability and nature of the regime between 1986 and 2008. 

After 1986, both micro-algal MAR and seagrass MAR were invariant to the CPN variance, 

the largest variance currently experienced since 1923, and at a time the seagrass switched to  

light mediated nitrogen fixation, a time of a previously health seagrass meadow at full 

capacity (see Section 6.3.1.3). Such a pattern is consistent with the shellfish aquaculture 

hypothesis of system juvenilisation—an abundant seagrass meadow’s switch to a near 

complete reliance on nitrogen fixation—because of the upper estuary’s nitrogen 

impoverishment due to the drought (1979 to >2006) and the placement of the lower estuary 

shellfish aquaculture, which moderated the only other nitrogen supply from coastal waters.  
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It was not clear, however, if this response was specific to the previous state of the seagrass 

meadow. That is, a time of low epifaunal density and relatively high rates of carbon fixation 

for sugars to the bacterial nitrogen fixing symbiont (Welsh, 2000). For example, there may 

have been no similar response on the previous seagrass transient regime state because of:  (1) 

a smaller seagrass nitrogen requirement for a smaller meadow, and (2) a reduced ability to fix 

nitrogen because of a higher epifaunal density and a lower rate of carbon fixation. 

 

6.4. Summary and conclusions 

The palaeo-reconstruction verified the postulate that nitrogen fixation within the Upper 

Middle Basin during 2006 was not a natural state, but rather an anthropogenic state consistent 

with the timing and location of the lower estuary shellfish aquaculture (1986) during the 

drought (1979 to <2006). During this time, the only other available nitrogen source from 

coastal resources appeared to be ‘soaked up’ by aquaculture production and harvesting (e.g. 

Songsangjinda et al., 2000). This highlights the importance of coastal nitrate supply to the 

upper estuary ecosystem, as it also highlights the importance of historical contingency. It 

remains uncertain whether nitrogen fixation would have played such a significant role in 

maintaining seagrass abundance and/or production if the seagrass meadow coverage were 

smaller and/or less productive than its current state. 

 

The palaeo-reconstruction also indicated that the Upper Middle Basin’s long-term ecosystem 

variability was consistent with a sequence of three natural regime states and one 

anthropogenic regime state: a natural seagrass transient regime state, nitrogen limited and 

dominated by micro-algae; a natural seagrass transient regime state as seagrass meadow 

recovered, which may also be limited by nitrogen; a natural seagrass regime state at full basin 

capacity that is resilient to the effects of nitrogen eutrophication, possibly because of leaf self 

shading and reduction in the supply of micro-algae for epifaunal production; and an 

anthropogenic juvenilisation of the previous regime state, maintained by light mediated 

nitrogen fixation.  

 

The presence of flood events, droughts, and anthropogenic disturbances was very informative 

as to the causes and mechanisms of regime change and produced a clear demonstration of 

historical contingency (i.e. floods were responsible for the death and recovery of the seagrass 

meadow). However, their interruption of a contiguous ecosystem time-series, together without 

a consideration of the variance between different micro-algal habitat forms made it difficult to 

postulate a general theory of seagrass variance. It was not possible to discern the reason 
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behind a fall in epifaunal growth as sestonic supply increased during the progression of the 

transient regime, without considering the role of epiphyte abundance. In addition, the low 

temporal resolution, loss of baseline information by erosion, together with the large changes 

in the strength of planktivorous fish cascade led to an uncertainty in correlating regime 

thresholds with changes in their top-down control. More importantly, it was not possible to 

ascertain the reasons behind the large asymmetric variance in the strength of the planktivore 

trophic cascade. In essence, the uncertainty is between changes in planktivorous fish 

predation as a function of changing numbers of migrating fish to and from the estuary or the 

rate of predation was the result of a long-term emergent property of the seagrass ecosystem. A 

property, which in some-way reflected the apparent, yet unproven, long-term asymmetry of 

planktivorous fish predation and the rate of copepod egestion.  

 

Clearly, the development of general long-term theory of seagrass variance will require an 

continuous palaeo-reconstruction uninterrupted by events and erosion, long enough to oversee 

a number of complete cycles of decline and recovery of the seagrass–micro-algal assemblage 

stable state driven by the long-term cycles in inorganic nutrient supply (CPN). In this way, it 

may be possible to distinguish stochastic variance in the planktivore trophic cascade from 

variance due to some postulated long term emergent property associated with the meadows 

temporal and spatial landscape (see Section 1.3). In addition, a future study will need to 

examine the role of variance between epiphytes and water borne and micro-algal habitat 

forms for calcareous epifaunal production to determine any role for top down control of 

planktivorous fish trophic cascade (i.e. fish→copepods→trypton–water borne micro-algae→ 

calcareous epifauna) in relation to changes in bottom up eutrophication (i.e. CPN variance). It 

is such a future study, and the relation to an evolving landscape configuration, that frames the 

final data chapter of this thesis.  
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Chapter 7. Evidence of a neutral model for a general theory 

of seagrass meadow dynamics 

 

7.1. Introduction 

Seagrass ecosystems provide a high-value service to communities around the world, rivalling 

or exceeding that of many cultivated terrestrial systems (Costanza et al., 1997; Orth et al., 

2006). Therefore, it is of concern that current data suggests a long-term global decline in 

seagrass meadows (Waycott et al., 2009). Consequently, long-term theories of seagrass 

meadow dynamics have been developed to predict future impacts and remediation strategies. 

Outside of nebulous theories focusing on sequences of changes in natural historical conditions 

that might lead to stress and die off (Zieman et al., 1999), current theories, at the 

landscape/meadow scale, focus on two seemingly disparate hypotheses of bottom-up control. 

These are: (1) algal eutrophication, leading to leaf shading and light limited seagrass meadow 

growth (Livingston, 1984; Duarte, 1995; Marbà and Duarte, 1997; Duarte et al., 2006) and (2) 

a seagrass meadow that is limited by nutrient availability (Fourqurean and Zieman, 2002).  

 

The current theories have not always been adequate to account for observed long-term 

changes in the size of a water body’s seagrass meadow. For example, in Arcachon Bay 

(Western France), Martin et al. (2010) noted a significant decline in seagrass meadow 

coverage from 1988 to 2005, but could find no definitive reason for the decline. Similarly, 

faced with no significant change in water quality (temperature, salinity, dissolved inorganic 

nitrogen, suspended sediment and chlorophyll), Nienhuis et al. (1996) could find little 

evidence that environmental variables were responsible for the wax and wane of the eelgrass 

coverage (Zostera marina) in Grevelingen lagoon (The Netherlands) over 25 years. Further, 

periodic changes in eelgrass coverage in Danish coastal waters did not appear to directly 

correlate with the available long-term records of either natural or human-induced disturbance 

(Frederiksen et al., 2004a). Indeed, the response of the seagrass abundance to external 

nitrogen supply and micro-algal productivity within the Little Swanport estuary’s Upper 

Middle Basin was not always consistent with a strict delineation between the affects of algal 

eutrophication and external nitrogen forcing (see Chapter 6). 

 

The above descriptions indicate that, in isolation, standard environmental variables and/or 

external disturbance parameters, tested by laboratory and limited field experiments, do not 

always account for seagrass ecosystem dynamics. This may be either due to a failure to 

account for long-term emergent properties or changes in external parameters. For example, 
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within lakes a large planktivorous fish year class can alter herbivory rates over the medium 

term (around 5 years) and subsequently net micro-algal production that reflects the lifespan of 

the fish population (Carpenter and Kitchell 1988; Carpenter and Leavitt, 1991). Alternatively, 

in more open estuarine systems, adult planktivorous fish or grazers may simply vary in 

numbers due to natural changes to the larger coastal ecosystem (Southward et al., 1975; 

Southward, 1980; Jackson, 2001).  

 

Irrespective of reasons behind the numbers of planktivorous fish, the inclusion of a 

planktivorous fish trophic cascade into seagrass dynamics is currently considered the most 

likely and universal mechanism, with sufficient power, to explain the failure of the above 

long-term studies. Indeed, based on open studies at the seagrass patch level (e.g. Jorgensen et 

al., 2007; Macreadie et al., 2009, 2010), it has been suggested that seagrass nutrient or light 

limited seagrass meadow growth may depend on the balance between the strength of a 

planktivorous fish trophic cascade and seagrass epibiont eutrophication. For example, low 

rates of planktivorous fish predation on mesograzers or copepods leads to a low rate of net 

epiphyte and gross epifaunal production respectively (top down control [e.g. Jorgensen et al., 

2007; see Chapter 6]), and thus maintains sufficient light resources for nutrient stimulation of 

seagrass growth (Baird and Middleton, 2004). Conversely, high rates of planktivorous 

predation leads to insufficient light resources for seagrass growth (bottom up control 

[Livingston, 1984; Heck et al., 2000; Heck and Valentine, 2006; Jorgensen et al., 2007; 

Moksnes et al., 2008; see Chapter 6]).  

 

Outside of changes in fishing pressure or introducing piscavores, no study has sufficiently 

addressed if endogenous or exogenous factors determine the numbers of planktivorous fish 

and the rate of planktivorous fish predation over the long term, despite empirical evidence 

from paleo-reconstructions within closed ecosystems (McGowan et al., 2005). McGowen et 

al., (2005) found that the planktivorous fish proxy varied with macrophyte coverage as 

integrated over the lakes and over the long-term.  

. 

7.1.1. A postulate for an emergent property: The role of landscape configuration 

It is important to test for the long-term emergent properties that determine the true dynamics 

of the system before considering the affects of changes to external parameters. Indeed, there is 

anecdotal evidence from the long-term data set of Morris and Virnstein’s (2004) to suggest an 

underlying emergent property. Morris and Virnstein (2004) recorded a repeatable series of 

natural recovery and decline phases of seagrass meadow (Turnbull Bay in Indian River 
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lagoon, Florida, USA), that did not appear to be linked to changes in external nitrogen 

forcing
28

. Each recovery phase, initiated by a hurricane, filled the Turnbull Bay’s littoral zone 

with a homogenous seagrass meadow unencumbered by epiphyte or macrophyte shading (i.e. 

nitrogen limitation; e.g. Fourqurean and Zieman, 2002) and was immediately followed by an 

inevitable loss caused by the smothering of seagrass shoots by ephemeral macrophyte and 

micro-algal (i.e. light limitation; Duarte, 1995).  

 

Morris and Virnstein’s data also indicated an asymmetry in seagrass landscape configuration, 

as expressed by differences between seagrass patchy zones and homogenous zones within the 

bay during recovery and decline. Their data indicated that during recovery there were small 

homogenous zones and large patchy zones but during decline the homogenous zones with 

relatively larger and patchy zones were relatively smaller. Kendrick et al., (2005) suggested 

that such natural changes in seagrass landscape patch configuration may be the result of self-

organisation due to an accelerated growth of patches as an emergent property of seagrass 

ramet growth. Such results highlight that any theory of long-term variance of a rooted plant 

landscape will be incomplete without consideration of its landscape configuration (for aquatic 

modelling hypotheticals see van Nes and Scheffer, 2005; Dakos et al., 2010, and for terrestrial 

systems see Hastings and Higgins, 1994; Kareiva and Wennergren, 1995; Pastor et al., 1997; 

Dieckmann et al., 2000; Rietkerk et al., 2004). More specifically, it was the judgment of 

Robbins and Bell (1994) that ‘[g]given that marine researchers are investigating questions 

over large scales as well as examining patch characteristics, the stage is set for landscape-

level analyses to emerge’. More recent reviews concluded, ‘[w]while knowledge at the 

molecular, organism, patch and community scale is pervasive, understanding of seagrass 

landscape ecology is more fragmentary and has not yet been synthesized’ (Connolly and 

Hindell, 2006). ‘[C]Consequently, a better understanding of faunal–seascape relationships and 

threshold affects is urgently needed to support the holistic management actions in restoration, 

site prioritisation, and forecasting the impacts of environmental change’ (Boström et al., 

2006; Boström et al., 2011).  

 

Current research continues to advance the realisation that there might be an internal 

reorganisation of planktivorous fish top-down control as a function of landscape configuration 

                                                 

28
 Morris and Virnstein’s (2004) study did not have long-term nutrient data from within the bay. Nevertheless, 

their historical nutrient data set outside the bay indicated that the system was always eutrophic and that the 

periodicity was not a function of a periodicity in nutrient loading, but rather the result of hurricanes that had 

swept the sediment clean, restarting the natural cycle.  
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in unexpected and non-linear ways. Jelbart et al. (2007) found that smaller patches invite 

larger numbers and densities of planktivorous fish. Macreadie et al. (2009, 2010) showed that 

planktivore abundance did not fall as expected with smaller artificial seagrass patchy areas. It 

would be expected that rates of planktivorous fish predation are proportional with patch 

perimeter length because copepods swarm immediately outside the patch perimeter (e.g. Ueda 

et al., 1983; Hicks, 1986) and are preyed upon by planktivorous fish from within the patches 

(Smith et al., 2008; Macreadie et al., 2009, 2010). 

 

A similar edge affect between small and large submerged aquatic vegetation patch sizes, with 

respect to copepods numbers, was observed within a freshwater lake (Lauridsen et al., 1996). 

Lauridsen et al. (1996) found a significantly greater density of free-swimming cladocerans 

around the edges of smaller patches (3430 indiv L
-1

; 2 m diameter) compared with around 

larger patches (202 indiv L
-1

; 25 m diameter). Scheffer (2004) commented on Lauridsen et 

al.’s (1996) result by suggesting that this would lead to a greater rate of planktivore predation 

on cladocerans around the smaller patches, given that freshwater planktivorous fish also feed 

at the edges from within the vegetation. Assuming that copepod behaviour between fresh and 

marine systems is axiomatic or mostly universal, smaller patches with longer perimeters 

would result in a greater predation rate, conceivably further amplified by higher planktivorous 

fish patch densities and copepod patch perimeter densities. 

 

However, observations of individual seagrass patch dynamics are insufficient to explain the 

affect of such an emergent property across the landscape; that is, there is no evidence for a 

mechanism of a global connection
29

. Other studies (Habeeb et al., 2007) have demonstrated a 

global connection between seagrass patches by a space–time semi-variogram procedure that 

determines the landscape characteristic length scale. However, the literature appears not to 

have discussed or suggested a vector for transferring information between the finer patch 

spatial–temporal scales to and from the broader spatial–temporal scales of landscape. 

Consequently, aquatic landscape modelling has relied on empirical coefficients, which only 

represent connection strength between individual units of patch ecologies (e.g. van Nes and 

Scheffer, 2005; Dakos et al., 2010).  

 

                                                 

29
 Global connection is a term used in landscape ecology to describe a well connected structural and or biological 

landscape. In this study it is used to convey an unimpeded transfer of information between patch ecologies 

within a landscape unit.  
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For aquatic systems, horizontal advective dispersion of water and motile organisms are 

obvious candidates for transferring information across individual patch ecologies (Gouhier 

and Guichard, 2007). However, to fulfil the conditions of information transfer, there must be a 

net redistribution of the organism across the landscape. For example, planktivorous fish may 

swim freely around a seagrass meadow, but if there is no net movement among patches there 

will be no physical or chemical potential between individual patches and therefore no 

information transfer to effect change across the landscape. In other words, the patch ecologies 

are open to movement, but remains an effectively dynamically closed system, much like a 

chemical process at equilibrium. Indeed, the evidence suggests that planktivore abundance 

does appear to be at equilibrium with its available niche (i.e. number of patches and patch 

size). For example, Jelbart et al. (2007) found that individual fish numbers were related to 

patch size, did not significantly change between day and night and net movements of 

individual species were mixed and small. Macreadie et al. (2009, 2010) found that newly 

introduced artificial seagrass patches were quickly colonised to a constant fish density. 

 

In contrast to planktivores, copepods migrate and disperse across open water for the night 

before returning to the perimeter of seagrass patches for the day (e.g. Hicks, 1986). Copepods 

also respond to changes in micro-algal primary productivity, but at a finer seasonal scale than 

the decadal scale of meadow dynamics (Scheffer, 2004). The mixing and dispersion of 

copepods within the main water body during the night, after various local planktivorous and 

copepod predation impacts during the day, could be expected to return a lower number to 

individual patches but in similar proportions to the previous total. The result is a change 

across the landscape (defined by copepod dispersion) in net water-borne micro-algal 

productivity and thus, epifaunal production (see Chapter 6). The result of copepod mediation 

is that information gained at fine scales can conceivably be extrapolated to broader temporal 

and spatial scales, and vice versa, across one organisational level to another via a 

planktivorous fish trophic cascade and from patch to meadow dynamics. Notwithstanding 

wave and water current structure (Fonseca et al., 2002), how the growth, mortality and 

configuration of seagrass patches evolve in response to changes in available limiting nitrogen 

and light resources then arguably is common feature of a rooted aquatic angiosperm meadow 

(Duarte et al., 2006). 

 

7.1.2. Aims  

The aims of the study were to:  
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 To construct complete range of natural patterns that are necessary to describe the 

seagrass ecosystem (i.e. bottom up and top down control on the seagrass–micro-algal 

assemblage) from an uninterrupted sediment core palaeo-reconstruction of the Lower 

Middle Basin (circa 1890 to 2007), and thereby identify its neutral model’s unit of 

variance (see Section 1.2.1, foot note 2);  

 Test for affects of shellfish aquaculture on the seagrass ecosystems unit of pattern and 

process (see Section 1.2.1); 

 Determine any role for landscape configuration in the stability of the light and 

nitrogen limiting function regimes and; 

 Develop a general theory of seagrass dynamics based on the neutral models’ 

ecosystem’s patterns and processes by testing a series of hypotheses relating to the 

balance between top down and bottom up control for predicting the seagrass meadow–

micro-algal response in relation to changes to the natural evolution of a seagrass 

meadow’s patch configuration. 

 

7.1.3. Hypotheses 

The aims were achieved using a series of expected ecosystem patterns, to test the conditions 

and the axiom on which the theory can be easily expressed and the hypotheses that are 

embedded in the theory’s postulates. That is, conditions of no significant advective 

contribution to the basin’s micro-algal production and a regime at equilibrium (i.e. no 

dynamic transient regimes [hypotheses 1 and 2]); postulates that relate to the type of top down 

control [hypotheses 3 and 4]); postulates that describe the relationship between the seagrass 

and the CPN to constrain the interpretation as either a light limited (inferred bottom up 

control) or a nitrogen limited regime (inferred top down control [hypotheses 5 and 6]); and 

postulates that connect the patterns and processes across a seagrass landscape (hypotheses 6 

and 7). 

 Hypothesis 1. The current standard model (Borum and Sand-Jensen, 1996). There is 

an inverse correlation down the sediment core between seagrass and micro-algal 

content as nitrogen resources are distributed between seagrass and micro-algal 

production, because of the constraint of a constant organic carbon productivity for a 

benthic–pelagic system at equilibrium with it nitrogen supply. 

 Hypothesis 2. Seagrass epifaunal density down the sediment core is inversely 

correlated with seagrass content as effect (nitrogen limitation) and/or a cause (light 

limitation) of seagrass growth.  
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 Hypothesis 3. A stepwise multi-linear regression model of epifaunal density that 

excludes epiphytes from its dependence on waterborne micro-algae (facultative 

epipelics and phytoplankton) and seagrass growth is consistent with conditions of 

seagrass meadow nutrient limitation (e.g. Frankovich and Fourqurean, 1997). 

 Hypothesis 4. A stepwise multi-linear regression model of epifaunal density that 

excludes seagrass and epiphytes suggests that changes in seagrass abundance down 

the sediment core depends on clean seagrass leaves relatively free from epifauna for 

sufficient light and nitrogen absorption (see postulates in Chapters 3 and 6). 

 Hypothesis 5. Positive or negative correlations between CPN and seagrass or total 

micro-algae are consistent with patterns of nitrogen limitation and light limitation 

respectively. 

 Hypothesis 6. A series of inverse relationships between inferred planktivorous fish 

predation, copepod feeding and sestonic turbidity (faecal pellets and the fine 

fraction), as a significant proportion of the total sediment content, is consistent the 

both the presence and ecological importance of a planktivorous fish trophic cascade 

(potential top down control [see Chapter 6]). 

 Hypothesis 7. Any changes between nitrogen and light limited regime states 

connected by top down and bottom-up vectors are marked by peaks and troughs of 

elements of the planktivorous fish trophic cascade (as far as sestonic grazing [see 

Chapter 6]) at the same temporal scale. It should be noted, however, that this 

statement is not a strongly testable hypothesis because it is not a falsifiable statement, 

but rather a parsimonious expectation for an inference to the best explanation (see 

Chapter 1). In other words, it is conceivable that the control of epifaunal productivity 

may have equivalent degrees of top-down and bottom-up control. For example, a 

moderate trophic cascade with a moderate micro-algal production may be equivalent 

to a high trophic cascade and a low micro-algal production and so on.  

 Hypothesis 8. Planktivorous fish predation correlations with total seagrass coverage 

within the sediment record converge with similar correlations of total edge length to 

total seagrass coverage from an ‘ideal’ seagrass configuration model (see below).  

 

7.1.4. A Robustness Analysis 

Hypothesis 7 and its relationship to hypotheses 6 is a test based on the logic of scientific 

justification of mixed Robustness Analysis ([RA] Bycroft, 2009; see Chapter 1). RA argues 

that the convergence of two plausible independent models/hypotheses, structured to test 

postulates to predict a common outcome of a common theory (see Section 7.1.1), will confirm 
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the core structure of each model as generally robust. In this case, the two lines of evidence 

(Model 1 and Model 2; see below) were structured to predict a common variance with a 

common temporal and spatial scale between total seagrass coverage and total meadow edge 

length. That is, by comparing relative planktivorous fish predation rates with total seagrass 

abundance (the Little Swanport estuary paleo-reconstruction) to a landscape configuration 

model, constructed from data across a similar seagrass landscape with landscape patch 

parameters taken from other similar systems. While each prediction is specific for their own 

systems, the convergence of the result from similar systems reinforces the two models core 

structures to give support as a general model for all similar systems.  

 

Evidence to suggest that the strength of top down control is connected and controlled 

across a naturally evolving seagrass landscape (Model 1 [see section 7.1.1]). Planktivorous 

fish predation and seagrass proxies, integrated from their immediate surrounds (supply to the 

deep spot [see Section 2.1]) that significantly vary in strength over a number of recovery and 

decline phases, and at the same temporal scale suggests: (1) total seagrass edge length will 

vary in the same way with coverage (the model prediction [see Figure 7.1]), (2) the scale of 

the planktivorous fish behavioural response to seagrass coverage, and the inferred edge 

length, is integrated across the seagrass landscape (Greig-Smith, 1979; Schneider and Piatt, 

1986), and (3) the relationships are likely to be the result of a natural internal re-organisation 

(evolution) of the seagrass landscape as a potential vector for controlling the relative 

importance of top down control, which may explain the switch from seagrass nitrogen 

limitation to light limitation.  

 

Evidence to suggest that the seagrass patch perimeter length, connected across an 

evolving seagrass landscape, is greater during a recovery phase than the decline phase 

and thus, with the strength of top down control (Model 2 [see Section 7.1.1]). A total 

meadow edge length that varies significantly out of phase with total seagrass coverage 

(calculated for Tully Bay using data from Morris and Virnstein, 2004; Fonseca and Bell, 

1998; Frederiksen et al., 2004b) over a number of natural recovery and decline phases (the 

model prediction [see Figure 7.1]) suggests: (1) a long-term link between patchiness and top 

down control, consistent with the inferred switch from nitrogen stimulation to light inhibition 

of the seagrass meadow, and (2) the patch dynamics are connected across the seagrass 

landscape (i.e. adherence to a neutral model of edge density/number of patches [Fortin et al., 

2003]). 
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Robustness argument. A convergence between evidence of planktivorous fish predation 

over declines and recovery with the total edge length and seagrass abundance/coverage 

evidence from Model 1 and Model 2 reduces the likelihood that the common result (a link 

between landscape edge length and planktivorous fish predation) is due to some error that 

both techniques have in common, and consequently increases confidence in the evidence and 

both the models’ underlying assumptions (see Figure 7.1). In other words, there was a process 

of self-organisation of seagrass patch configuration across the Tully Bay’s seagrass meadow, 

and that planktivorous fish predation was part of the same landscape process of self-

organisation.  

 

Generalisation. Given the mutual support for each of the models assumptions, taken from 

evidence across two different times and two different seagrass meadows, then the 

convergence supports a result which is tentatively generally correct across similar seagrass 

ecologies within similar embayments and periods (see Figure 7.1).  

 

Plausible model 1 

Site1 temporal variance 1

Integrated planktivore 

predation 

& seagrass abundance

Plausible model 2 

Site 2 temporal variance 2

Patchy and homogenous

zones  

Common prediction

total edge length to

total meadow coverage

General model 

for similar sites 

and various times

2

1 1

3 3

Robust support Robust support 

Robust support Robust support 

 

Figure 7.1. A logic schematic of a mixed Robustness Analysis used in the study. The schematic shows how site-

specific plausible lines of evidence, in different spaces and times, converge to a spatial and temporal common 

result.  

The convergence then supports the assumptions behind each individual theory for a general theory from different 

seagrass embayments and at various times, within the confines of their theories domain.  

 

7.2. Materials and methods  

The palaeo-reconstruction was carried out on sediment core (LSPMB106) from the Lower 

Middle Basin of the Little Swanport estuary (see Figure 7.2), immediately above the 1868 

tsunami depositional facies. For site selection, sediment core extraction, processing and 

analysis of sediment components, see Chapter 2. See Chapter 4 for details of the 

geochronology and Chapter 5 for the reconstruction of CPN. 
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Figure 7.2. A habitat map of the Little Swanport estuary showing the boundaries for the Upper Middle Basin, the 

adjacent Marine Flood/Tidal Delta and the sediment core extraction site in the heterotrophic deep central basin 

(8 m).  

 

7.2.1. Biome palaeo-reconstruction 

The choice of plausible proxies was restricted to those successfully tested for the Upper 

Middle Basin (see Chapter 6): (1) total diagenetically corrected biogenic silica (DBSi), 

corrected for dissolution, to represent the total micro-algal population; (2) the washed >315 

μm fraction, leaving the remnants of seagrass leaf pieces for live seagrass abundance, 

contingent on a constant OM content; and (3) the ratio of diagenetically corrected total 

organic carbon (DTOC) to DBSi as an index of seagrass abundance, assuming a relative 

constant BSi–C across the diatom population.  

 

The DBSi was further divided between the proportion of micro-algal diatomaceous habitat 

forms: epiphytes, epipelics and facultative phytoplankton, according to Round et al. (1990). 

See Appendix B for the abundance of each species down the sediment column. Centric 

diatoms were not separated from the facultative phytoplanktonic pennates because the ratio of 

centric to pennate was found to be too small for statistical assessment (0.015 to 0.045). 
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Epifauna was represented by the total sediment loss of material on ignition between 550 °C 

and 950 °C (LOI 950 °C) without a diagenetic correction (see Chapter 6). Calanoid copepod 

feeding activity was represented by total faecal pellet content captured in 150 μm and 100 μm 

sieves, their ratios were used as an index of inferred planktivorous fish predation, and sestonic 

turbidity was then represented by the remains of the fine fraction content (<76 μm; see 

Chapter 6) not egested as copepod faecal pellets.  

 

7.2.2. An ideal configuration model for a seagrass meadow (model 2; Section 7.1.3)  

The model was expressed at a traditional landscape scale (1 km
2
). However, the exact value is 

arbitrary. The construction of the model was based on data taken from an isolated embayment 

of the Indian River Lagoon (Florida, USA; Morris and Virnstein, 2004). The data was 

digitally extracted from a pdf file of Morris and Virnstein’s figures (FindGraph™) as average 

changes in seagrass homogenous and patchy zones over a number of decadal cycles. The 

embayment was of a similar size and structure to the Little Swanport’s Lower Middle Basin, 

in that the water bodies supported an extensive seagrass meadow located within their shallow 

littoral zones, surrounding a deeper central basin, postulated as needed for a copepod global 

transfer of information across the heterogeneous patchy seagrass meadow. 

  

It was assumed that within the patchy zones, the seagrass coverage was 60 %. The percentage 

is a value that defined a break in benthic assemblage connectivity within a patchy seagrass 

meadow of Tampa Bay (USA; Fonseca and Bell, 1998). The size of the patches was fixed at 

0.001 km
2
 to set the number of patches on a scale of 100 within an arbitrary 1 km

2
 landscape 

unit. Frederiksen et al. (2004b) found that circa 100 patches occupied 87 % of the seagrass 

meadow over an similar landscape range (around 0.5 km
2
 to 2.5 km

2
). Calculations of patch 

coverage and perimeter length were based on a circle, and the total seagrass edge across the 

landscape was calculated, as circles, by combining the homogenous zone and patchy zones. 

 

7.2.3. Data analysis 

All biome content depth profiles were optimally smoothed down the sediment core to 

facilitate pattern recognition between the ecosystem components. The smoothing procedure 

was carried out in PAST™ by fitting a least squares criterion to a β-spline, as a sequence of 

third-order polynomials continuous up to the second derivative.  

 

A reduced major axis (RMA) linear regression was used for paired correlations between 

ecosystem components to minimise both the x and the y errors (PAST™). Stepwise 
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regressions were used to identify cause and effect of epifaunal densities from postulated 

selections of the independent biome components (Sigmaplot™). 

 

Free-phase sinusoidal models (PAST™), based on the major periodic components, were fitted 

to the stationary sediment content time series to construct the temporal patterns between the 

long-term periodicities of concentration of potential inorganic nitrogen (CPN; see Chapter 5), 

the non-tautological representatives of the primary productivity assemblage and the 

planktivorous fish trophic cascade. The major inter-decadal frequencies were identified using 

a Lomb periodogram procedure for uneven sampling (PAST™). The presence of significant 

higher frequencies at the decadal scale (around 13 years) was not considered in the synthesis 

because not all time series could distinguish them as significant (p <0.05 level) from white 

noise.  

 

7.3. Results  

7.3.1. Total edge length to total coverage model 

The calculated variables for the construction of total edge length to total seagrass coverage 

periodicity over two cycles are presented in Table 7.1. The landscape reconstruction 

illustrated that patchy asymmetry, and thus the total edge length, between a declining and 

recovery phase, was primarily due to the differences in the number of patches, rather than the 

difference between the sizes of homogenous and patch zones (c.f. meadow areas at 0.4 km
2
, 

see Table 7.1). Consequently, the edge density not only increased with the number of patches 

but also reached a maximum patch number asymptote near the completion of meadow 

recovery. Such a relationship between edge density and patch numbers was consistent with a 

neutral model simulation of a globally connected landscape (Fortin et al., 2003) that supports 

a connection around Tully Bay’s littoral zones and/or across the open water of its deeper 

central basin (see Morris and Virnstein, 2004). 

 

The lag between the total meadow edge length and total seagrass coverage is clearly 

illustrated in Figure 7.3. The significance of the total edge asymmetry and lag reiterates that, 

based on the selected patch parameters, the loss of the homogenous zone was not primarily 

due to internal fragmentation (see Table 7.1), but to a loss from the edges from the deeper 

parts of the estuary (Morris and Virnstein, 2004). The recovery of the seagrass meadow was 

preceded by patch formation (see Table 7.1) and subsequent coalescence in a manner 

consistent with seed dispersal followed by rhizome expansion, as was the case for Tully Bay 

(Morris and Virnstein, 2004). 
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Table 7.1. Variables and parameters used in the construction of a seagrass landscape configuration ideal model. 

The relative extent of the meadow and the proportions of homogenous and patchy zones during a decadal 

recovery and decline phase were taken from Tully Bay (Morris and Virnstein, 2004). The median patch size was 

fixed at 0.001 km², as a circle, to match the maximum patch number within a landscape (Frederiksen et al., 

2004a), assuming that the seagrass coverage within the patchy zones was set at a maximum of 60 % (Fonseca 

and Bell, 1998). For the purpose of illustration, time is arbitrary and will depend on the species of seagrass and 

local conditions in question. 
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Figure 7.3. An ideal model of a seagrass landscape expressed as a time series of total edge length (─ ─) with 

total coverage (──) for a 1 km² unit.  

The proportions of homogenous and patchy zones during a recovery and decline phase were taken from Morris 

and Virnstein (2004). Individual circular patch areas were assumed to be constant (0.001 km²) based on a 

maximum median patch number over a landscape unit (Frederiksen et al., 2004b) occupying 60 % of the patchy 

zone (Fonesca and Bell, 1998). 

7.3.2. Palaeo-reconstruction of the primary productivity assemblage 

There were clear differences in the early dynamics from the last 15 years between TOC and 

DTOC (see Figure 7.4). These differences included an early fall in DTOC in contrast to a 

relatively invariant concurrent trend for uncorrected TOC. The same reversal of trends applied 

to a lesser extent for uncorrected total biogenic silica (TBSi) and corrected TBSi for losses 

from dissolution (DBSi). The difference between the above relative changes reflects the more 

variable BSi surface profile and thus content gradient dependence (see Chapter 6; Equation 6) 

buffered any changes in trend over the last 15 years or so.  
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Both the >315 μm fraction, dominated by seagrass pieces, and the DTOC–DBSi seagrass 

index recorded a large peak as seagrass content that was centred around 15 cm. However, the 

OM content within the >315 μm fraction was not constant (see Figure 7.4). Consequently, this 

precluded the use of dry weight as a reliable proxy for seagrass carbon productivity, given 

that there was insufficient reliable OM data for a contiguous profile. Therefore, as a value 

judgment, seagrass proxy index (DTOC–DBSi), which assumes a constant BSi–C ratio (see 

Chapter 3), was chosen in preference to >315 μm content to represent seagrass variance for 

the ecosystem synthesis of events and theory. 

 

 

Figure 7.4. Total organic carbon and total biogenic silica before and after diagenetic corrections together with 

seagrass proxies for Lower Middle Basin sediment core LSPMB106.  

(a) TBSi corrected for dissolution as TDBSi; (b) TOC correction for dissolution as DTOC; (c) organic carbon 

content (LOI 550 °C) of the >315 μm seagrass fraction; (d) proxies for live seagrass meadows based on seagrass 

content from the >315 μm fraction and the ratio of DTOC–DBSi. See Chapter 6 for details of the diagenetic 

models. The date of sediment horizons were determined by 
210

Pb sediment isotope tomography (see Chapter 4). 

7.3.3. Relative changes of biome components down the sediment column 

A cross-correlation analysis with depth indicated that seagrass and total micro-algal proxies 

down the sediment core were negatively correlated to each other without any lag with depth 

(see Figure 7.5 [top panel]; Table 7.1). Inverse correlations of that nature were consistent with 

patterns that result from a transfer of excess nitrogen resources from seagrass to micro-algae, 

dictated by a constant total carbon primary production (Borum and Sand-Jensen, 1996). 

Although, in the deeper sections of the sediment core, below 60 cm, the seagrass index was 

c a d b 
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relatively invariant. This invariance was probably not the result of a break down in the theory 

of benthic/pelagic coupling, but rather due to an increasing proportion of epipelic diatoms 

below 60 cm (see Figure 7.5) with a heavier silicon to organic carbon content (Brzezinski, 

1985).  

 

Figure 7.5. Content variance down sediment core LSPMB106 from the Lower Middle Basin of the Little 

Swanport estuary.  

►faecal pellets captured on 100 μm sieves, ● faecal pellets on the 150 μm sieve. The dotted lines refer to 

approximate positions of high and low relative abundance of seagrass and total micro-algae as TDBSi, and the 

apparent alternating relationships between micro-algal epiphytes and epifauna. The non-linear trend lines were 

calculated with an optimal β-spline smoothing procedure (see Section 7.2). 

Interestingly, the total micro-algal variability adherence to theory (i.e. the best inverse 

relationship to seagrass productivity; see Table 7.1, Figure 7.6a) was the result of a complex 
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succession between epiphytes and the relative contributions from other diatom habitat forms 

(see Figure 7.5 [bottom panel]). The epiphytes diverged from a peak in total diatom content 

during a period of relatively low seagrass content, whereas the remaining habitat forms were 

synchronous with the seagrass–micro-algal couple, but only as a pair did they represent all of 

the total micro-algal peaks and troughs. Most of the large-scale variability of the total micro-

algal fraction was represented by centric/facultative pelagic forms and the finer scale 

variability from the epipelics and epiphytes. 

 

Table 7.2. Non-tautological examples of synchronistic Spearman rank (r) correlations between the primary 

productivity assemblage and the tropic cascade, identified as such from cross correlations with sampling depth 

(PAST™) 

 
Total micro-

algae 

(DTBSi) 

Facultative 

and centric 

micro-algae 

(%DBSi) 

Epipelic 

micro-algae 

(%DBSi) 

Epiphytic 

micro-algae 

(%DBSi) 

Epiphytic 

micro-algal 

density 

(%DBSi–

Seagrass 

index) 

Epifaunal 

density 

(LOI 950 

°C–Seagrass 

index) 

Seagrass proxy 

(DTOC/DTBSi) 
-0.88 -0.69 -0.74 -0.81 -0.84 -0.80 

 Copepod feeding (faecal pellets) Sestonic turbidity (<76 μm) 

Planktivorous fish predation -0.41 0.52 

 

 

In contrast, a first impression of the two seagrass leaf epibiont contents, sessile calcareous 

epifauna and epiphytes, showed little similarity at the whole sediment core scale, despite their 

high-density correlations to seagrass content (see Table 7.2). However, in terms of effective 

coverage, the transect study (see Chapter 3) indicated that sessile epifauna, as bryozoans
30

, 

was likely to be a more effective in light attenuation and nitrogen sorption inhibition than 

micro-algal epiphytes. Nevertheless, both epifaunal and epiphyte densities had strong 

synchronistic negative correlations between seagrass abundance and their seagrass densities 

(see Table 7.2). 

 

The inverse relationship between epifaunal density and seagrass abundance cannot distinguish 

between cause and effect, or as to whether there was a change from effect to cause along the 

time series. A cursory increasing window examination from the past to the present (see 

                                                 

30
 The occasional remnants of bryozoans down sediment core LSPMB106 were found to survive seagrass on 

seagrass pieces (>315 μm) in accord with what had been observed from seagrass leaves across the transect. 
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Section 6.2.5 for further explanation of the construction) indicated a functional regime change 

transition, which may have some bearing on the driver of seagrass variance. The epifaunal 

and epiphyte contents were relatively proportional to each other during a period of quite low 

seagrass content (dotted lines from 13 cm to 30 cm, Figure 7.5). However, during a period of 

relative high seagrass content (dotted lines from 30 cm and 48 cm, Figure 7.5) the epifaunal 

and epiphyte content were inversely proportional.  
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Figure 7.6. Synchronistic correlations between a) the primary productivity assemblage and b) the sessile 

epifaunal density (b) down sediment core LSPMB106, extracted from the Lower Middle Basin of the Little 

Swanport estuary.  

The timing of the above transition and the nature of the regime change was tested from the 

dependence of epifaunal density on micro-algal forms and seagrass by stepwise multi-linear 

regression models. Table 7.3 shows the summary statistics of the two best models that 

explored the dependency of epifaunal density down the whole core. The models of seagrass 

and micro-algal habitat forms both rejected epiphytes as an independent variable. It appeared 

that epiphyte variance was a consequence or epifaunal and seagrass production, rather than 

the cause. 

 

Table 7.3. Selected summary statistics from backwards stepwise multiple linear regression within sediment core 

LSPMB106, extracted from the Lower Middle Basin of the Little Swanport estuary.  

The first column represents the two independent variables for predicting epifaunal density. In both models 

epiphyte variance was rejected as a necessary independent variable. 

Significant independent variables for 

epifaunal density 
Adjusted r

2 
Mean square error 

Seagrass and micro-algae bar 

epiphytes 
0.577 13.142 

Micro-algae bar epiphytes 0.676 10.726 
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Both epifaunal density models were independent of epiphyte production, and both had strong 

correlations (adj. r
2
) and similar residual errors in spite of a different set of independent 

variables (see Table 7.2). The observation that there were two good plausible models that 

spanned one to two complete cycles of seagrass–micro-algal periodicity suggested an 

equivalence borne of a switch between seagrass dependence and independence distributed 

over half of the time series. 

 

Indeed, a ‘re-analysis’ of the above two models’ de-trended depth profiles showed the 

transition was located half way between maximum and minimum epifaunal density (see 

Figure 7.7). There was a transition from a 1:1 high correlation below seagrass and epifaunal 

density mean abundance during the seagrass recovery and subsequent decline by the removal 

of seagrass growth as an independent variable on epifaunal density. Thus, the temporal unit of 

seagrass variance (i.e. complete description of two functional regimes) was bordered not by 

maximum and minimum seagrass abundance, but by half the potential maximum seagrass 

abundance between a decline and recovery phase. During the decline phase, seagrass growth 

was limited by epifaunal coverage, which was fed from waterborne micro-algae, consistent 

with significant light attenuation. During a recovery phase, epifaunal density was a 

consequence of seagrass growth, consistent with nitrogen availability for seagrass meadow 

growth.  

 

Figure 7.7. Relationship between two stationary model predictions of epifaunal density (see Table 7.3) down the 

sediment core LSPMB106, extracted from the Lower Middle Basin of the Little Swanport estuary.  

LL and NL represent relative states of epifaunal density during potential light limitation and nitrogen limitation, 

respectively.  
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7.3.3.1. Trophic cascade variance  

The faecal pellet elements of the planktivorous fish trophic cascade (i.e. the inferred 

planktivorous fish predation, copepod faecal pellet egestion and sestonic turbidity; see 

Chapter 6) were synchronous down the sediment cores (see Figures 7.6) and similar to those 

found in the Upper Middle Basin of the Little Swanport estuary (see Chapter 6). The inferred 

planktivorous fish predation proxy was supported by agreement with the observed dominance 

of the larger copepod Paracalanus indicus over the smaller morph form Arcatia tranteri 

(Crawford et al., 2005; Swadling K., 2006, unpublished data, University of Tasmania) over 

the same period in the core stratigraphy (1999 to 2006).  

 

Figure 7.8. Correlations between the elements of a planktivorous fish trophic cascade down the Lower Middle 

Basin sediment core LSPMB106 within the Little Swanport estuary.  

The total faecal pellet content is the combined content of the 150µm and 100µm fractions after they had been 

corrected for their individual faecal pellet content (see Figure 7.5). 

 

7.3.4. Pattern and process: A neutral model for seagrass ecosystem 

The planktivorous fish trophic cascade was not synchronous with the periodicity of the 

primary productivity assemblage down the sediment core. Cross correlations with depth 

indicated the average depth lag of 10.2 cm produced the maximum correlation within a 

variable sedimentation velocity. Figure 7.9 shows the results of the time-series analysis and 

puts the planktivorous fish predation lag with the seagrass–micro-algal abundance, as 

approximated by a simple sine wave model, as an average of 13 years. Further, the 

planktivorous fish trophic cascade had a similar long-term inter-decadal temporal variance as 

the seagrass–micro-algal abundance, consistent with the hypothesis of a global connection 

between individual patch ecologies.  
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Figure 7.9. Time series models and stratigraphy of ecosystem periodicity as resented by proxies of planktivorous 

fish, micro-algae and the availability of inorganic nitrogen down the Lower Middle Basin sediment core 

LSPMB106.  

(a) Shows the ecosystem components fitted to a floating sine wave model, evaluated by a Fourier analysis of its 

major periodic components (see Section 7.2): (▬) the CPN, (▬) inferred planktivorous fish predation, (▬) total 

micro-algal content. (b) smoothed (optimal β-spline) biome components of the primary productivity assemblage 

and the planktivorous fish predation down the sediment core: (▬) seagrass content, (▬) inferred planktivorous 

fish predation, (▬) total micro-algal content. (c) three ecosystem variables that determine the state of the 

ecology: elements of the planktivorous fish trophic cascade, inorganic nitrogen availability as the CPN and 

representative of the micro-algal–seagrass couple as its  3-D attractor in phase space. Note the timing of the 

largest peak in inferred planktivorous fish predation is referenced to its position down the sediment core by the 

dotted line (---). 

The time-series sine wave models gave further support for the contention that the broad-scale 

variance of the seagrass–micro-algal couple alternated between seagrass meadow growth 

limited by CPN (i.e. a proportional relationship with seagrass) and one controlled by net 

micro-algal nitrogen eutrophication as food for epifaunal production (i.e. a positive 

relationship with micro-algae; DBSi). Because the regime transition occurred at around half 

the maximum seagrass–micro-algal abundance during recovery and decline, the pattern of 

response resulted in a CPN variance that was synchronous with the primary productivity 

assemblage peaks and troughs, but at twice frequency (27 years c.f. 57 years; see Figure 7.9a). 

In other words, the regime switch depended not only on a particular dynamic state of the 

seagrass meadow, but on a historical sequence of its ecosystem and not its absolute 
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abundance/coverage. It should be noted there was some suggestion of a significant finer scale 

intra-decadal periodicity for both the seagrass and micro-algae (unpublished analysis) as seen 

in the residual variability about the sine wave (see Figure 7.9). However, there was sufficient 

resolution to link their dynamics with the other ecosystem components. 

 

7.3.5. A general theory of seagrass variance 

The planktivorous fish trophic cascade lag with the seagrass–micro-algal abundance, as 

approximated by a simple sine wave model (around 13 year), was synonymous with the 

globally connected evolving ideal landscape configuration model (see Figure 7.3). Further, 

the lag in the total edge length and the trophic cascade marked a specific patch ecotone at the 

time of ecosystem thresholds between seagrass nitrogen and light limitation. In other words, 

thresholds were synonymous with two ecotones with different combinations of planktivorous 

fish predation and CPN with the same total seagrass abundance/coverage; that is, (1) a low 

CPN together with a strong planktivorous fish trophic cascade and a long total edge within a 

relatively patchy landscape and (2) a low CPN together with a weak planktivorous fish 

trophic cascade and a short total edge length within a relatively less patchy environment than 

the previous ecotone. 

 

7.3.5.1. A mechanism of regime stability  

Outside the ecotones, it is important to understand the feedbacks that maintain the regime’s 

stability at the landscape scale, should society wish to remediate or maintain coverage under 

pressure from eutrophication, fishing, introduction or removal of additional trophic levels, 

direct damage that leads to loss of total coverage and, importantly, changes to the patchiness 

of the meadow (anchor drag, boat moorings, dredging). Figure 7.10 outlines the details of a 

proposed mechanism. For brevity, the proportional relationship of the seagrass meadow’s 

configuration to planktivorous fish predation was omitted but assumed. In the construction, 

care was taken to assure that none of the feedbacks were contradictory. However, the 

exception was a fall in copepod grazing that offset the fall in available phytoplankton 

productivity (facultative and obligate phytoplankton) within the light limitation regime (see 

Figure 7.10A). However, value judgment was required to determine whether (1) the fall in 

phytoplankton was more than offset by an increase in the supply of epipelics in an 

increasingly patchy landscape and/or (2) light co-limitation of micro-algae reduced their 

nitrogen quota at low substrate concentrations and vice versa (e.g. Philippart and Cadee, 

2000). 
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A light limited regime (see Figure 7.10A) illustrates a reinforcement of water micro-algal 

variability on nitrogen availability via two potential feedbacks: (1) the fall in seagrass 

coverage by increased epifaunal shading caused by nitrogen stimulation of waterborne micro-

algal productivity, reinforced by the supply of obligate epipelics as coverage becomes more 

patchy; or (2) an increase in the planktivorous fish predation within the patchy landscape, 

which in turn increases the availability of waterborne micro-algae for epifaunal production by 

reducing the copepod population. Overall, the effect was to maintain a light limited state by 

maximising epifaunal coverage. 

 

The nitrogen limited regime (see Figure 7.10B) illustrates how the nitrogen stimulation of 

seagrass coverage results in a fall in planktivorous fish predation, contingent on the natural 

evolution of the landscapes total edge length, and how it sets up feedbacks that maintain a low 

epifaunal production. The fall in planktivorous fish predation results in an increase in copepod 

feeding, thereby reducing the available micro-algal forms and maintaining epifaunal 

production at a minimum for efficient nitrogen absorption and seagrass growth. Note that no 

feedback of seagrass abundance with obligate epipelic re-suspension variance was included. 

The exclusion was a value judgment, based on parsimony, the relatively high seagrass 

abundance and large homogenous zones within this state (see Table 7.1). In other words, re-

suspension of sediments was mostly invariant with shoot density, as found for other Zostera 

meadows above a certain low shoot density threshold (Ward et al., 1984). 
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Figure 7.10. Stochastic nitrogen forcing and feedbacks leading to the transfer of nitrogen and light resources between seagrass and total micro-algae within the water column 

leading to a seagrass light limited growth regime and a nitrogen limited growth regime. 

The half arrow in regime B refers to the relative strength of planktivorous fish predation at this time as a consequence of its temporal asymmetry with edge length (see text). 

Epipelics and phytoplankton refer to micro-algae re-suspended from the sediments and both facultative phytoplanktonic and obligate phytoplanktonic habitat forms, 

respectively.
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7.4. Effects on the ecosystem’s pattern and process by the lower estuary’s 

aquaculture 

There was no doubt that shellfish aquaculture activities had increased the rate of deep-water 

sedimentation (see Chapter 4). Indeed, the resultant increase in supply of re-suspended viable 

or detrital micro-algae might serve to supply food for both oyster production and seagrass 

epifaunal production. However, this was only one of many possible effects on individual 

ecosystem components and processes, with others including changes to zooplankton and 

micro-algal species, rates of sediment denitrification, net basin micro-algal productivity and 

the removal of nitrogen during harvesting and burial (Dumbauld et al., 2009). Nevertheless, 

in spite of the above potential effects, the results of the study suggested that aquaculture, at 

the current intensity, did not appear to effect the sequence of patterns and processes that 

defined the nitrogen limited seagrass regime state at the time of impact (1986 to 2007). This 

was a robust conclusion. The assessment was based on a complete cycle of CPN variance, and 

was consistent with the conclusions of a recent review (Dumbauld et al., 2009) that bivalve 

aquaculture has not been implicated in shifts to alternate states or reduced adaptive capacity 

of the larger ecological system by replacing seagrass or degrade water quality. 

 

The Lower Middle Basin ecosystem appeared to have sufficient buffer capacity to moderate 

epifaunal production. It appeared that there was a proportional response in copepod 

feeding/production, with similar content within an increasing rate of sediment accretion (see 

Chapter 4), and a subsequent increase in planktivorous fish predation that locked 

microbiological organic carbon away from the leaf epifauna. Ironically, the only apparent 

impact from shellfish aquaculture was postulated as on the Upper Middle Basin, which was 

not a site of shellfish aquaculture, by moderating its supply of coastal nitrogen resources, 

contingent on a drought (see Chapter 6).  

 

7.5. Conclusions  

A general theory of long-term landscape seagrass variance was developed, expressed as a 

temporal neutral model of ecosystem patterns and processes within an evolving landscape 

configuration. It was found that the neutral model’s patterns and processes were not 

interrupted by the presence of the lower estuary’s oyster aquaculture, in spite of it 

contributing the greatest increase in the supply of all destabilising ecosystem components 

over the last 20 years (i.e. the CPN and seston supply; see Chapter 4). 
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It was postulated that the evolving landscape configuration, with its extent determined by 

copepod dispersion, was responsible for a threshold change in the strength of a planktivorous 

fish trophic cascade, which was necessary to maintain one or the other of the seagrass 

meadow light and nitrogen limited regimes via epifaunal production. The patterns were 

consistent with a weak planktivorous fish trophic cascade, which led to relatively low 

epifaunal production and nitrogen limitation, and a strong trophic cascade, which led to 

relatively high epifaunal production and seagrass light limitation. The functional thresholds 

were marked by ecotones of equivalent moderate seagrass abundance, differentiated by 

relatively homogenous and patchy meadows at times of low CPN. The result was a long-term 

seagrass–micro-algal abundance periodicity (57 years) at half the frequency of CPN (27 

years), synchronous with the peaks in maximum and minimum seagrass coverage.  

 

The postulated theory for the first time unified the two disparate approaches for predicting 

and understanding long-term seagrass meadow variance by the inclusion of landscape 

configuration on a planktivorous fish trophic cascade in determining the switch between two 

forms of bottom-up control: light limited growth and nitrogen limited growth. Consequently, 

for a long-term predictive ecology of seagrass meadow variance, the state of the ecosystem 

along its attractor needs to be identified by considering a significant proportion of its past 

long-term variance, and that the future changes need to be framed with respect to predictions 

of decadal long-term nitrogen supply. Further, the study highlighted that any affect to the 

seagrass ecosystem from the onset of a potential anthropogenic disturbance must assessed on 

the basis of long term deviations from its biphasic dynamic attractor and not just to changes in 

the primary productivity assemblage. This can be best achieved from temporal patterns of 

functionally coupled units (neutral model), that is, planktivorous fish predation, nutrients and 

the targeted seagrass—micro-algal couple. Alternatively, more accessible proximate 

covariants with the above variables may be used as proxies in place of more difficult 

planktivorous fish predation rates, for example, the aerial determination of total edge length of 

the seagrass meadow, turbidity and copepod abundance. 
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Chapter 8. Discussion and conclusions 

 

8.1. Chronology 

The study has demonstrated the value of applying palaeoecological techniques to a dynamic 

shallow estuary to better understand long-term variability in the system. Long-term 

environmental conditions at the landscape scale were reconstructed to test the impacts of 

shellfish aquaculture on the ecosystem patterns and processes and to postulate the effects of 

the long-term emergent properties of landscape configuration. Central to the study’s success 

was the development of an accurate geochronology within a non-ideal sedimentological 

environment using the convergence of event-based dating and a robust 
210

Pb geochronological 

model; namely, sediment isotope tomography. In this way, the reconstructed internal 

dynamics could be untangled from the effects of external nitrogen supply.  

 

8.2. Pattern and process 

It was found that shallow bar-built estuaries such as the Little Swanport estuary should be 

managed with the recognition that the estuary’s upper and lower zones have two functionally 

separate sets of regimes determined by different sets of historical events. Nevertheless, there 

was strong evidence that persistent decadal regime changes caused by flood events, in the 

upper estuary, still exhibited the same underlying processes of competing top down and 

bottom up stabilisation directed towards eventually reaching seagrass stable state. That is, the 

micro-algal standing crop, fed through the mineralisation of the dead seagrass meadow killed 

by a previous flood, was ameliorated by weak planktivorous fish predation on copepods, thus 

maintaining a seagrass dynamic transient state. This state then appeared to be accelerated 

through a series of punctuated flood induced flushing periods, which led to a stable light 

limited lush seagrass regime. 

 

The study also highlighted that anthropogenic changes to patterns and processes that operate 

on decadal scales only became apparent after the seagrass system had been impacted over a 

similar decadal scale for both dynamic transient states and to changes in the seagrass stable 

state. That is, in the upper estuary a lush seagrass regime originally supported by external 

supply of inorganic nitrogen, as the concentration of potential inorganic nitrogen (CPN), 

appeared to fall into juvenile state maintained by nitrogen fixation, due to a period of drought 

and the presence of the lower estuary shellfish aquaculture (i.e. from the late 1980’s to 2007). 

This was consistent with the moderating effects of lower estuary shellfish aquaculture on the 
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supply of coastal nitrogen resources to the upper estuary. In other words, anthropogenic 

impacts were highly dependent on historical contingency, which suggests that Vollenweider 

predictive models, based on compilation of contemporary responses to nitrogen loading 

across different shallow estuarine systems (e.g. Peters 1991), may not be sufficiently precise 

or accurate when applied to individual systems. 

 

The importance of historical contingency was further highlighted by the lower estuary 

ecosystem reconstruction. The evidence was consistent with the lower estuary’s stable 

seagrass state being affected by the asynchronous changes in the strength of the planktivorous 

fish trophic cascade (13 years) within a periodic naturally evolving seagrass landscape (57 

years). This led to a switch from seagrass light limited growth to nitrogen limited growth 

caused by a long-term coastal nitrogen periodicity at twice the frequency (27 years) of the 

biome. There was also some evidence to suggest an inter-annual periodicity in the biome. 

However, the sediment core temporal resolution was insufficient to correlate with other 

possible inter-annual internal or external forcing factors such as the periodicity of El Niño 

southern oscillation index or internal factors such as the life history of planktivorous fish that 

can determine the periodicity of the lower components of the food web (Carpenter and 

Leavitt, 1991). 

 

Interestingly, it was the position of the shellfish aquaculture relative to coastal waters that 

determined the its impact only the upper estuary and only during extended periods of drought. 

Direct effects by the shellfish aquaculture on the lower estuary were not apparent, despite an 

increase in sestonic sediment accretion consistent with increased aquaculture activity. The 

cause of this regime stability was not clear from the data; nevertheless, within the framework 

of the developed general theory, it was postulated to be due to the ability of copepods to 

maintain a clear water state from either an increase in population or grazing efficiency. 

 

8.3. A general theory of seagrass variance 

The temporal patterns and processes associated with the upper estuary and lower estuary were 

used in conjunction with data from similar systems to develop a testable general theory that; 

(1) recognises the importance of known biome feedbacks for the persistence of seagrass 

transient states and (2) the importance of an evolving seagrass landscape configuration on top 

down control in the switch from the seagrass meadows nitrogen limitation to light limitation 

In essence, long-term nutrient variance is the driver of change to seagrass meadow abundance 

that leads to changes in edge length that controls the rate of planktivorous fish predation of 
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copepods, which in turn controls the amount of seston available for calcareous epifaunal 

growth. It is the extent of epifaunal growth that determines the availability of light resources 

over nutrient resources for seagrass production and its response to external nutrient supply 

(see Figure 8.1).  

                                     

Figure 8.1. A conceptual diagram of the seagrass landscape and its ecosystem elements at the two extreme 

positions of light and nutrient limited regimes. 

(a) The seagrass light limited regime at a minimum seagrass abundance and maximum nitrogen supply; (b) the 

seagrass nitrogen limited regime at a maximum seagrass abundance and maximum nitrogen supply. The top 

figure illustrates the ideal temporal unit of ecosystem patterns (i.e. the neutral model) in relation to changes in 

landscape configuration, that is, a homogenous average coverage followed by a patchy sparse coverage, a patchy 

average coverage and a homogenous maximum coverage). 
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The type of inter-dependence between bottom up and top down control with respect to an 

evolving landscape configuration is characteristic of a dynamically stable non-point 

ecosystem. In other words, its future states are determined largely by its own current state, 

with little or no reference to outside (e.g. disturbance by the shellfish aquaculture). 

Furthermore, there is anecdotal evidence to suggest that the theory may apply to other types 

of macrophyte landscapes. McGowan et al. (2005) paleo-reconstruction of total planktivorous 

fish and macrophyte abundance proxies of a number of freshwater lakes showed similar lags 

as the Little Swanport estuary seagrass meadow, although no explanation was volunteered.  

 

The theory is limited, however, in that is does not include a mechanism by which the 

landscape configuration changes or the effects of seagrass grazing by animals in non detrital 

systems. Nevertheless, there was anecdotal evidence from the modelled configuration metrics 

to suggest that the changes in patch configuration were a naturally evolving process of self-

organisation (see Section 7.3.1) and any long-term affects due to animal grazing should be 

evident from a change in the neutral models ecosystems temporal patterns. Any such affect 

can then be used as starting point to postulate underlying mechanisms behind grazing, on 

those patterns and processes.  

 

The study indicates that managers of seagrass meadows should be cogent of coastal climatic 

periodicities and trends before assigning changes to local anthropogenic impacts (see also 

Glémarec et al., 1997; Marbà and Duarte, 1997) and cautious of using nitrogen loading as a 

predictor of a particular stable seagrass or micro-algal regime state or its effect on seagrass 

meadow dynamics, without a priori knowledge of its ecosystem history or the current 

landscape configuration. For example, in undisturbed systems there is a positive or negative 

cyclic trajectory in to nitrogen loading on the seagrass meadow, which is dependent on the 

state of the seagrass meadow’s patch configuration (see Figure 8.1). In disturbed systems, 

however, the biome response (i.e. transient and stable regimes) is dependent on its previous 

state that is determined by its history of nitrogen loading and external perturbations on the 

biome, from either direct damage by events or estuary use on the seagrass meadow, over 

fishing of planktivorous fish or the indirect impacts of aquaculture.  

 

The theory also highlights that there may be unexpected consequences to ecosystem services 

on popular recreational catch by not taking into account seagrass landscape configuration, 

irrespective of a successful prediction of meadow coverage with external nutrient loading (see 

Figure 8.1). In other words, a reduction in nitrogen loading can lead to different degrees of 
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patchiness for the same level of coverage and lead to different levels of fish abundance and 

diversity. For example, Salita et al. (2003) found that there was a difference in dominant fish 

species but little difference in the total fish abundance between a homogenous and a broken 

landscape (100 m
2
), possibly similar to the light limited ecotone (see Figure 8.1(top) and 

Table 7.1) comprising of relatively small and numerous patches with a moderate seagrass 

coverage. Salita et al. (2003) and Jelbart et al. (2007) also found, however, a landscape with a 

high seagrass coverage with a few large patches, possibly similar to the nitrogen limited 

ecotone; (see Figure 8.1 (top) and Table 7.1) contained a significantly smaller fish abundance. 

Nevertheless, any falls in coverage need to be treated with caution and the total loss may still 

still overwhelm compensating non-linear responses to fish dynamics, such as the 96 % fall in 

juvenile cod that led to a loss of about 6 million individuals per year associated with a 60 % 

fall in seagrass coverage from the Swedish Skagerrak coast (Pihl et al., 2006).  

 

8.4. Future work 

The paleo-reconstruction led to the formulation of a testable theory of long-term ecosystem 

variance for shallow estuaries within a sub-aquatic vegetation regime state. However, to 

corroborate or falsify a general theory of seagrass variance that involves such long, 

undisturbed periods over relatively large areas is a formidable task. Nonetheless, the 

predictions from its postulates can be used to test the underlying structure without the need to 

follow the full temporal sequence (Ford, 2000). Before such an undertaking, postulates need 

to be linked within a formally constructed theory that has a name, a narrative, a domain in 

which the theory sits, a list of the theory’s necessary axioms and postulates, and possibly a 

mechanism. Although, it has been argued that a detailed mechanism is not necessary for a 

predictive ecology (Peters, 1991), it can conceivably be used to identify possible engineering 

solutions for management of the biome ecosystem services. 

 

The name. Seagrass landscape theory  

The narrative. Biome periodicity is driven by external DIN by stimulating seagrass coverage 

or inhibiting seagrass coverage due to calcareous epifaunal growth fed by micro-algal 

productivity at twice the biome frequency but asynchronous with a planktivorous fish trophic 

to sestonic cascade in proportion to the evolving seagrass meadow’s edge length.  

 

The domain. A planktivore-dominated detrital system (i.e. no significant loss caused by 

direct seagrass grazing) and bounded by a continuous regime shift within a single stable state. 

The system can be considered at equilibrium (dynamically closed), meaning that micro-algal 
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productivity is mainly autochthonous, planktivorous fish are always at capacity within patches 

and are not totally reliant on copepod resources. Copepods are, however, significantly 

affected by planktivorous fish predation. There should be sufficient room for meadow 

expansion in order to restrict top down and or bottom up parameters changes associated with 

high shoot densities (see Section 6.3.3.4) and homogenous coverage on fish abundance 

dynamics (Salita et al., 2003). The temporal unit of the seagrass ecosystem pattern and 

process is expressed with external DIN forcing as the same scale of the seagrass meadow 

dynamics. Biome variance is driven by new DIN supply via seagrass leaf and micro-algal 

absorption. 

 

Postulate 1. There is an intrinsic self-organising seagrass landscape configuration over a 

decline and recovery that is expressed as temporal asymmetry in the total landscape edge area 

to total landscape coverage. 

 

Postulate 2. Landscape planktivorous fish predation is proportional to total landscape edge 

length, as planktivorous fish feed from within patches on copepods distributed outside patch 

perimeters. 

 

Postulate 3. There is an inter-annual synchronous planktivorous fish/copepod/sestonic 

cascade that integrates local patch ecologies to the whole of the landscape via copepod diurnal 

dispersal and migration between the seagrass littoral zones and the deeper water body. Thus, 

the extent of copepod dispersal defines the size and shape of the meadow landscape. 

 

Axiom 1. Carbon primary productivity of the biome is always constant and distributed 

between seagrass and micro-algae by external DIN availability (CPN) as a consequence of 

different C/N stoichiometry between that of seagrass and micro-algae (Borum and Sand-

Jensen, 1996). 

 

Postulate 4. The total net micro-algal productivity’s temporal variance is an expression of a 

succession between epiphytic, epipelic and facultative phytoplanktonic forms. 

 

Postulate 5. Calcareous epifaunal density is dependent on the availability of water borne 

micro-algae or seagrass growth resulting in seagrass light limitation or nutrient limitation 

respectively. 
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Postulate 6. The temporal unit of ecosystem patterns and processes is marked by a relatively 

low CPN, a moderate seagrass coverage and net micro-algal productivity but with relatively 

low and high sestonic turbidity, synchronous with planktivorous fish–copepod predation, for 

seagrass light and nutrient limited growth respectively.  

 

The mechanism. Biome periodicity depends on the existence of both bottom-up (external 

DIN availability) and top-down control (planktivorous fish–copepod–sestonic cascade), 

leading to a DIN and light resource transfer between the total micro-algae and seagrass 

meadow at twice the biome frequency. The transfer is driven by the dynamics of an evolving 

seagrass meadow configuration at the landscape scale, globally connected by the dispersal of 

copepods, where intrinsic self-organisation leads to a changing total edge length that 

determines the strength of top down control over bottom up control.  

 

8.4.1. Testing hypotheses 

The most striking change, in both space and time, was the switch of the seagrass to nitrogen 

fixation, as indicated by the seagrass leaf δ
15

Norg signature close to 0 ‰. It was suggested that 

the upper estuary’s dependence on nitrogen fixation was due to loss of catchment nitrogen 

resources during the extended drought and coastal resources moderated by the lower estuary’s 

oyster aquaculture. Indeed, seagrass-mediated nitrogen fixation in the lower estuary to 

maintain seagrass coverage during low coastal supply was also a necessary construct to 

explain the determinacy of the long-term pattern and process.  

The hypotheses are:  

1. During sustained baseline flows over the lifetime of seagrass shoots (70 days), the 

δ
15

Norg of seagrass shoots within the upper estuary should become heavier than their 

presently depleted nitrogen fixation signatures. 

2. The seagrass δ
15

Norg in the upper estuary should be currently lighter than its heavier 

signature (around +5 ‰) due to the long-term falls in coastal nitrate concentrations 

over the present El Nino phase, as well as the general trend towards more consistent, 

warmer and less productive waters of the East Australian Current (Hill et al., 2008). 

 

In addition to the long-term coastal monitoring program east of Maria Island, there is 

currently an ongoing water quality monitoring program within the Little Swanport estuary. 

Consequently, a number of hypotheses can be tested, based on the expected changes in water 

quality, meadow coverage, configuration and the type of functional regime (light or nitrogen 

limitation). Two of these are: (1) a post-2007 fall in the lower estuary seagrass coverage (light 
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limiting regime) and total edge length, contingent on an expected increase in coastal annual 

average nitrate, (2) an increase in the relative abundance of the smaller copepod Acartia 

tranteri, with an increase in water column turbidity caused by an increase in planktivore 

predation. 

 

Unfortunately, inconsistent water column clarity and the intermittent low frequency of aerial 

photographs mean a lack of sufficient data to measure patch configuration as it defines the 

landscape unit (Habeeb et al., 2007), let alone coverage. The use of remote-controlled drones, 

blimps and kites may provide enough flexibility for sufficient data collection. However, aerial 

observations need to be regularly validated by measurements on the ground. SeagrassNet is an 

example of a program designed to involve the local community in monitoring water quality 

and seagrass coverage to identify long-term trends. It is also conceivable that aerial 

surveillance can encourage a new level of engagement and interest in those on the ground 

monitoring activities, as the results become immediately apparent.  

 

8.5. Conclusions 

Both landscape spatial and temporal approaches are needed as convergent lines of evidence to 

evaluate the theory, to identify ecotone regime instability in order to manage a seagrass 

meadow. This convergence approach has been the central theme of the palaeo-reconstruction, 

but it can also be a powerful way of managing risk to an ecosystem by increasing confidence 

when multiple risk assessments based on different lines of evidence yield similar qualitative 

results (Nagy et al., 2007). In this way changes to Little Swanport estuary’s ecology should be 

based on testing the effects of two separate external forcing factors on the future spatial and 

temporal patterns and processes from its current regime state: future long-term nitrogen 

loading from the catchment to the upper estuary, contingent on the continued presence of the 

lower estuary’s shellfish aquaculture; and future long-term nitrogen loading to the lower 

estuary from coastal waters.  

 

The amount of monitoring data needed to detect changes to the seagrass landscape will 

require several years of past and future data. Long-term past data are needed to identify the 

landscape’s position on the ecosystem’s attractor trajectory and the present functional state of 

the seagrass (light or nitrogen limited) in relation to previous flood events and anthropogenic 

stressors (droughts and aquaculture). Several years of annual average coastal and river-flow 

nitrogen data are also required to identify the direction of the long-term trend from the inter-

annual periodicity (e.g. for coastal waters around 7 years; see Chapter 4). Moreover, with a 
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long-term record available for coastal inorganic supply, the main driver of nitrogen variance, 

the recent developments in time-series analysis used in this study (Singular spectrum analysis 

of missing data; Golyandina and Osipov, 2007) can potentially be applied to predict several 

years into the future. This is invaluable, both as part of a long-term adaptive management 

program for the environment, and for the users of the estuary for the ecosystem services that a 

seagrass meadow and its evolving landscape coverage and configuration provides. 
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Appendices 

 

Appendix A. Mineralogical examination of sediment 

 

Little Swanport 

An unpublished Mineral Resources Tasmania report  

 

for J B Gallagher 

 

University of Tasmania 

MRT Min/Pet Job No. M08/063 

5/07/13 [sic] 

 

Introduction 

 

Two sediment samples from the above area were submitted for analysis with respect to their 

mineral content and colour change during heating. Sample details are: 

  

21 (sediment) 21 (heated) 

LSP MB2 

(sediment) LSP MB2 (heated) 

Results 

The samples were examined by X-ray diffraction in the MRT laboratories, MRT. 

 

The raw samples are quite similar mineralogically: mixtures of quartz, halloysite (clay), halite 

(salt), pyrite and plagioclase, with traces of clinopyroxene and possibly K-feldspar. The major 

difference between the two samples is that sample 21 (yellow on heating) contains aragonite 

and sample 2 (red on heating) does not. The aragonite probably represents shell detritus.  

 

The heated samples are complex and difficult to determine fully but both contain plagioclase 

(NaAlSi3O8), quartz and clinopyroxene ((Ca,Na)(Mg,Fe)Si2O6). There is much more 

pyroxene in sample 21, probably reflecting the calcium content, and this and other 

unidentified Ca +/- Al silicates are perhaps causing the yellow colour. The red colour is due to 

hematite (ferric oxide), more prevalent in sample 2. 
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 R.S. Bottrill 

Disclaimers 

While every care has been taken in the preparation of this report, no warranty is given as to 

the correctness of the information and no liability is accepted for any statement or opinion or 

for any error or omission. No reader should act or fail to act on the basis of any material 

contained herein. Readers should consult professional advisers. As a result the Crown in 

Right of the State of Tasmania and its employees, contractors and agents expressly disclaim 

all and any liability (including all liability from or attributable to any negligent or wrongful 

act or omission) to any persons whatsoever in respect of anything done or omitted to be done 

by any such person in reliance whether in whole or in part upon any of the material in this 

report.  

 

This and other data collected in MRT laboratories may enter the MRT databases but every 

attempt will be made to ensure it remains closed file and not be available externally, unless at 

your request.  
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Appendix B. Diatoms species and transfer function for salinity and pH, within Little Swanport estuary for sediment 

core LSPMB106 
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All diatom species found down the Lower Middle Basin sediment core (LSPMB106) of Little Swanport estuary 
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Species occurring ≥ 10 % maximum relative abundance in ≥ 1 sample, down the Lower Middle basin sediment core (LSPMB106) of Little Swanport estuary 
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