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Abstract 

Benthic macroinvertebrates are often used bio-indicators of pollution as they 

readily respond to changes in their environment.  However, within estuaries 

natural variation in macrofaunal assemblages can be extensive, inhibiting our 

ability to detect changes that occur as a result of human impact.  For effective 

management of threats and for developing cost effective monitoring programs 

a clear understanding of both natural and anthropogenic factors affecting 

macrofaunal communities is required.  In this study natural variation in 

macrofaunal assemblages and that which can be attributed to anthropogenic 

disturbance is examined in twelve Tasmanian estuaries.  Two common 

geomorphologically different estuarine types (seven mesotidal river dominated 

estuaries and five permanently open barrier estuaries) were surveyed on one 

occasion in November 2008.  The first aim of this study is to gain a greater 

understanding of the natural processes driving macrofaunal assemblages in 

both estuarine types, to assess how similar or dissimilar they are and whether 

these patterns are dependent on the location of sampling.  This information is 

important as it provides information on biogeographical patterns in the 

distribution of macrofaunal assemblages and the mechanisms that drive these 

patterns.  This information can also be used to ascertain whether the same or 

separate management strategies can be implemented for the two different 

estuarine types.  To assess changes in the composition of macrofaunal 

assemblages along natural gradients each estuary was divided into upper, 

mid and a lower location that were broadly comparable across estuaries.  This 

allowed a comparison of similar locations across estuaries, reducing the 

effects of natural variation within each estuary.  At  each location, a suite of 

variables commonly used in monitoring programs were collected, which 

included macroinvertebrates, seagrass extent, dissolved oxygen in the water 

column, pore water salinity, sediment nutrients (total nitrogen and 

phosphorus) and sediment for particle size analysis, stable isotope analysis 

(used only in the second data chapter) and microphytobenthos.   Using the 

same macrofauna and environmental data the second aim of this study 

investigated the effects of anthropogenic impacts in mesotidal river estuaries, 
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relating the composition of macrofaunal assemblages to nutrient loads 

generated from catchment landuse activities.  As each estuary was divided 

into an upper, mid and lower location it also provided an opportunity to assess 

where in the estuary greatest impacts are likely to occur providing valuable 

information to managers for developing cost effective monitoring programs.    

 

Differences in macrofaunal assemblages between estuarine types occurred at 

the lower and mid sampling locations; however no difference was detected 

between the upper macrofaunal assemblages.  The variation in macrofaunal 

assemblages between estuarine types were related to differences in salinity, 

seagrass extent and dissolved oxygen concentrations.  Macrofaunal 

assemblages in mesotidal river estuaries differed between upper, mid and 

lower locations.  In contrast, the macrofaunal assemblages of open barrier 

estuaries were similar in the upper and mid location, but these differed from 

macrofaunal assemblages in the lower location.  The natural variation in 

macrofaunal assemblages within estuaries corresponded with a strong 

downstream sediment grain size gradient that covaried with changes in total 

nitrogen, % organic carbon and microphytobenthos concentrations.   

 

In the mesotidal river estuaries with the highest nutrient loads there was a 

shift in the composition of macrofaunal assemblages, particularly in the upper 

and mid locations.  In the upper location of estuaries with the highest nutrient 

loads there was a reduction in species diversity and assemblages were 

dominated by small, highly abundant surface deposit feeding species.  At the 

mid estuary location, differences in species richness were not evident, but 

assemblages were dominated by infaunal surface deposit feeding species in 

estuaries with higher nutrient loads.  In comparison, a more diverse 

macrofaunal assemblage that represented a range of trophic feeding groups 

was observed in estuaries with lower nutrient loads.  The shift in the 

composition of macrofaunal assemblages in the upper and mid locations of 

estuaries with high nutrient loads appears to be related to silt loading, 

elevated sediment nutrient concentration and reduced water column dissolved 

oxygen concentrations.  Also indicative of the relative influence of 
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anthropogenic loads of nitrogen, a similar pattern was observed in the 

sediment signature of δ15N, where elevated signatures were detected in the 

upper and mid locations of estuaries with highest nutrient loads.  In contrast, 

the results indicated that the lower locations were predominantly influenced by 

marine processes or by processes not measured in this study.  The low 

sediment signatures of δ15N at the lower location provide further support to 

this argument.   

 

Overall, this study demonstrates that dividing the estuaries into locations was 

essential in capturing and explaining the natural variability in the distribution of 

macrofauna, and allowed a comprehensive investigation into the relationships 

between nutrient loads and macrofaunal assemblages.  This has direct 

application to the design of cost effective monitoring programs that use 

macrofauna as an indicator of anthropogenic change. This information is 

useful in determining if similar management strategies and monitoring 

programs can be applied to both estuarine types. 
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1.1 Introduction 

Estuaries are critical transition zones linking terrestrial, freshwater and marine 

habitats.  They are the sites of important ecological processes, including 

organic matter production and decomposition, nutrient cycling, and 

transportation of nutrients, sediment and biota (Levin et al., 2001, Kennish, 

2002).  Estuaries provide essential ecosystem services, including shoreline 

protection, water quality improvement, fisheries resources, and habitat and 

food for migratory and resident animals (Levin et al., 2001).  Estuaries also 

provide foci for human activities, but have become one of the most 

anthropogenically degraded of all ecosystem types.  Numerous anthropogenic 

perturbations affect estuarine environments (for a summary see Edgar and 

Barrett, 2000, and Kennish, 2002).  Among the most severe pollution 

problems observed in estuaries are nutrient enrichment, organic carbon 

loading (e.g. sewage), oil spills and toxic chemicals (Long, 2000).  Nutrient 

enrichment and organic carbon loading can significantly compromise water 

quality by stimulating primary production, leading to widespread and recurring 

hypoxia and anoxia due to increased benthic respiration (Diaz and 

Rosenberg, 1995, Lenihan and Peterson, 1998, Gray et al., 2002, Rabalais et 

al., 2007, Tyler et al., 2009). Other adverse effects associated with increased 

nutrient supply, accelerated primary production and organic carbon 

enrichment are periodic toxic or nuisance algal blooms, shading effects of 

algae and particulate matter, build up of toxins (e.g. sulphides), reduced 

biodiversity, and diminished benthic macrofaunal communities (Brown et al., 

2000, Dauer et al., 2000, Cloern, 2001, Fleeger et al., 2003, Kennish et al., 

2007, Thrush et al., 2008). 

 

1.1.1 Importance of benthic macrofauna, their use as pollution indicators 

and patterns of distribution  

Benthic macroinvertebrates are an important functional component of 

estuarine ecosystems (Gaston et al., 1998).  They play a vital role in nutrient 

cycling, decomposition of organic matter and alter physical and chemical 

conditions at the sediment-water interface through bioturbation activities 

(deposit feeding or burrowing) (Gaston et al., 1998, Bird et al., 1999, Levin et 
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al., 2001, Katrak and Bird, 2003).  Benthic macrofauna are also important prey 

for many commercially important fish and larger macroinvertebrate species 

(Sardá et al., 1998).   

 

Their trophic position in estuarine food webs and their sedentary existence 

means they can not easily avoid contaminants making them good indicators of 

biotic integrity (Pearson and Rosenberg, 1978, Dauer, 1993, Warwick, 

1993a).  Many benthic macrofauna are relatively long lived so they 

accumulate pollutants over time.  The response of individual species as well 

as entire communities to pollution can also be useful in detecting impacts.  In 

the classical study by Pearson and Rosenberg (1978) the macrofaunal 

community response to organic enrichment followed successional stages, 

where communities consisting of all trophic feeding groups were ultimately 

replaced by opportunistic deposit feeding species.  This model has been 

validated in many investigations into the effects of catchment land use 

activities and subsequent nutrient loading on aquatic environments (Gaston et 

al., 1998, Dauer et al., 2000, Bilkovic et al., 2006). 

 

One of the most challenging aspects of using benthic macrofauna as 

indicators of pollution is that communities change along various spatial and 

temporal scales in unison with both natural and anthropogenic stressors 

(Pearson and Rosenberg, 1978, Rakocinski et al., 1997, Thrush et al., 2008), 

increasing uncertainty in our ability to detect anthropogenic impacts.  This is 

largely the consequence of estuaries exhibiting strong gradients in salinity, 

temperature, dissolved oxygen, and sediment grain size due to tidal cycles 

and changes in freshwater input from rivers, ground water and runoff 

(Montagna and Kalke, 1992, Levin et al., 2001, Magni et al., 2006, Gale et al., 

2007).  Based on changes in salinity as many as six distinct zones have been 

recognized from the head of the estuary to below the mouth in some estuaries 

(Kennish, 2002).  Thus, estuarine organisms are often restricted to particular 

sections of environmental gradients (usually salinity and sediment gradients, 

see Ysebaert and Herman, 2002, Ysebaert et al., 2003, Hirst, 2004), resulting 

in well developed distribution patterns (Nybakken, 2001). 
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There are other factors that drive the distribution of estuarine macrofauna, 

further increasing uncertainty in our ability to detect anthropogenic impacts.  

Stressful natural events such as severe droughts and floods can cause similar 

impacts as eutrophication, albeit over shorter time scales, by radically 

changing the salinity and sediment profile (MacKay et al., 2010, Neto et al., 

2010).  The interaction between natural disturbance and human impacts can 

also exacerbate natural stressors such as hypoxia.  Organic carbon loading in 

estuaries can increase the biological oxygen demand, which in turn elevates 

associated hypoxia/anoxia in the bottom water and sediments (Rabalais et al., 

2007).  Under regular hypoxic events estuarine benthic macrofauna can 

become dominated by opportunistic polychaetes, such as capitellids and 

spionids (Pearson and Rosenberg, 1978, Gaston et al., 1998, Brown et al., 

2000, Macleod et al., 2008).  Contaminants can also influence organisms 

indirectly through habitat loss and food availability, or disrupt predator prey 

interactions and competition for resources (Adams, 2005).   

 

The relationship between nutrient enrichment and organic loading on 

estuarine benthic macrofauna has been investigated in many studies in the 

United States of America, Europe (e.g. see Dauer et al., 2000, Rodrigues et 

al., 2006, Neto et al., 2010) and Australia (Loneragan et al., 1987, 

Kanandjembo et al., 2001, Deegan et al., 2010, Wildsmith et al., 2010).  Much 

of this work has focused on single estuaries that have heavily urbanised or 

have agriculturally developed catchments and is generally limited to the 

within-estuary scale.  As anthropogenic impacts intensify there is a need to 

develop cost effective monitoring programs that can be applied over much 

broader scales (i.e. across estuaries), which can only be achieved by 

determining the patterns of distribution in macrofaunal assemblages and their 

relationship with the environment at these scales.   

 

More recently considerable effort has been applied to investigate patterns in 

the distribution of estuarine invertebrates in relation to their physical 

environment over much larger spatial scales (Edgar and Barrett, 2002, Teske 

and Wooldridge, 2003, Hirst, 2004, Dethier and Schoch, 2005, Hastie and 

Smith, 2006).  Over large spatial scales the influence of salinity and sediment 
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particle size on the distribution of macrofauna remained paramount.  Thus, 

detection of anthropogenic impacts will only be achieved if the natural 

variation in the distribution of macrofaunal assemblages related to salinity and 

sediment gradients is explained.  This is achieved by having sufficient 

replication at the within estuary scale that captures the natural variation in 

macrofaunal communities inherent in estuaries (Hirst and Kilpatrick, 2007).  

Knowledge of the spatial distribution patterns of macrofauna along estuarine 

gradients will greatly assist in identifying the linkages between species 

distributions, ecological processes and anthropogenic impacts and therefore 

provide an insight into the functioning of estuarine ecosystems, which is 

essential for integrated estuarine management (Ysebaert et al., 2003).  

 

1.2 The Tasmanian context and Study Objectives 

In Tasmania, rising community and government concern about increasing 

environmental degradation has amplified the demand for effective 

management strategies and the development of monitoring programs that will 

assist in detecting and mitigating the impacts of anthropogenic disturbance.  

Thus, estuarine research in Tasmania has developed considerably in the last 

decade.   

 

Classifying estuaries into geomorphological and hydrological functional 

“groups” or “types” is an important initial step in developing monitoring 

programs over larger spatial scales.  The aim of classifying estuaries is to 

apply short-term management and mitigation strategies to each type, based 

on the premise that different estuary types would be expected to have 

different responses to similar threats, whereas the responses should be more 

similar within types (Barton et al., 2008).  In Tasmania, Edgar et al. (1999b) 

categorised 111 moderate to large size estuaries into six major 

geomorphological types based on physical attributes.  They assessed the 

conservation significance of all estuaries, and identified nine major threats to 

Tasmanian estuaries.  These included increased siltation resulting from land 

clearance and urban and rural runoff, increased nutrient loads resulting from 

sewage and agricultural use of fertilisers, urban effluent, foreshore 
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development and dredging, marine farms, modification to water flow through 

dams and weirs, acidification of rivers and heavy metal pollution from mines, 

the spread of introduced pest species and long term climate change.   

 

To determine the effects of anthropogenic impacts on macrofaunal 

assemblages it is imperative to gain an understanding of the natural variation 

displayed by communities.  This is important because human impacts are 

often less obvious than pronounced relationships with natural environmental 

variables such as salinity (Edgar et al., 2000).  The first study in Tasmania to 

explore spatial variation in the distribution of benthic macrofauna in estuaries 

was conducted by Edgar and Barrett (2002).  They found that spatial 

variability was greater between estuaries rather than within estuaries.  

However, the estuaries chosen for comparison were separated spatially (> 

500km) and were of differing geomorphological type, thereby maximising 

differences between estuaries.   The natural variation in the distribution of 

benthic macrofauna within and between estuaries of the same 

geomorphological type was later investigated by Hirst and Kilpatrick (2007) 

who showed that in three mesotidal river estuaries, most variance occurred 

within estuaries (68 – 82 %) in comparison to spatial differences between 

estuaries (14 – 24 %).  The variation within estuaries corresponded with a 

strong upstream estuarine gradient in sediment and salinity and small-scale 

spatial patchiness.   

 

The steps taken thus far to determine the scale of variation in macrofaunal 

communities reveals significant knowledge gaps.  For example, it is unknown 

if the same distribution patterns of macrofaunal assemblages in the three 

mesotidal river estuaries surveyed in Hirst and Kilpatrick (2007) study apply to 

other estuaries of the same type located along the northern coastline of 

Tasmania.  It is also unknown if macrofaunal communities in other estuarine 

types display the same or different patterns in their distribution.  The design 

used in this study (two estuarine types, twelve estuaries and three locations) 

enables an investigation into how different macrofaunal assemblages are 

between estuarine types, where the differences occur and what mechanisms 

drive the macrofaunal communities in the different estuarine types.  Thus, the 
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first objective of this study is to investigate the distribution patterns of benthic 

macrofauna in two common geomorphologically different estuarine types in 

Tasmania; mesotidal river estuaries and permanently open barrier estuaries, 

providing information on the natural variability within and between these 

estuaries.  Based on geomorphological and hydrological differences between 

the two estuarine types, I hypothesised that the patterns in the distributions of 

macrofaunal assemblages would be most similar within each of the estuarine 

types (provided that sampling sites were broadly comparable across 

estuaries) but would contrast between estuarine types.   

 

Knowledge of the natural variability in the distribution patterns of benthic 

macrofauna in Tasmanian estuaries provides the basis to determine the 

effects of anthropogenic impacts on macrofaunal assemblages.  Several 

studies using different approaches have investigated the effects of catchment 

land use activities on benthic macrofauna in Tasmanian estuaries.  The first 

was conducted by Edgar and Barrett (2000).  Using a series of disturbance 

indices they were able to show that estuaries with human population densities 

exceeding 10 km-2 in catchments possessed muddier sediments rather than 

sand and were dominated by infauna rather than epifauna.  These effects 

were also consistent within types of estuaries possessing similar hydrology 

and geomorphology.  As the researchers were more interested in observing 

general patterns in the effects of catchment activities on macrofaunal 

assemblages the majority of estuaries surveyed had just one sampling 

location.  Therefore this study could not provide any information on where in 

the estuary impacts are likely to occur.   

 

Some of these questions were partially answered by Hirst et al., (2005, 2007) 

and Hirst and Kilpatrick (2007) who investigated spatial and temporal variation 

on macroinvertebrate community structure in three north west Tasmanian 

mesotidal river estuaries.   Using a spatially replicated design, they tested a 

methodology of comparing non-impacted estuaries with impacted estuaries; 

an approach taken by RIVPACS and AusRivAS where the pre impact 

condition of rivers are unknown (Turak et al., 1999, Wright et al., 2000).  Hirst 

et al., (2005, 2007) and Hirst and Kilpatrick (2007) established that estuaries 
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with highly modified catchments had reduced water quality and elevated 

levels of nutrients and silt/clay content within sediments in comparison to the 

two estuaries with less modified catchments.  However, this did not translate 

into any differences in macroinvertebrate communities between impacted and 

non-impacted estuaries.  They hypothesised that there could be potential 

differences in macroinvertebrate communities in the upper regions of these 

estuaries given the elevated levels of nutrients and silt/clay content within 

sediments.  The lack of discernable impacts were thought to be the result of 

site to site variation in macroinvertebrate communities within each region and 

that as sites were chosen arbitrarily, they may not have corresponded across 

estuaries.  Hirst and Kilpatrick (2007) suggest that “with sufficient spatial 

replication at the within estuary-scale, entire estuaries may act as whole 

reference systems, allowing studies to examine potential impacts within 

estuaries with spatially diffuse, pre-existing human impacts”.   

 

In Tasmania potential anthropogenic impacts are likely to stem from activities 

in the catchment and include nutrient enrichment, organic carbon loading and 

increased sedimentation (Edgar and Barrett, 2000, Hirst et al., 2007).  As 

sedimentation in mesotidal river estuaries is largely restricted to the upper and 

middle locations of these estuaries (Hirst and Kilpatrick, 2007) it could be 

predicted that the most discernable impacts are likely to be detected there.  

However, this remains largely untested.  Thus, the second objective of this 

study is to determine the effects of catchment landuse activities (using nutrient 

loads derived from each land use) on macrofaunal assemblages in mesotidal 

river estuaries and assessing whether the impacts are location specific.  

Accurate nutrient loads for open barrier estuaries surveyed in this study were 

largely absent, thus the same study could not be applied to these estuaries.  

When more accurate information is obtained, an investigation into the effects 

of catchment landuse activities in this estuarine type would be a worthy 

exercise.  To nullify the natural variability encountered in previous Tasmanian 

studies improvements have been made to the sampling design (greater 

replication at the within estuary-scale) allowing a direct comparison of six 

mesotidal river estuaries across three locations (upper, mid and lower).  

Reducing the confounding effects of natural variability in macrofaunal 
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assemblages within estuaries is essential in determining the variation 

associated with anthropogenic impacts.  The catchments of the selected 

estuaries vary from nearly pristine to heavily modified providing an opportunity 

to compare macrofaunal assemblages to assess for anthropogenic 

disturbance.  I hypothesised that the greatest impacts on macrofaunal 

assemblages in mesotidal river estuaries would be most discernable in 

estuaries that have highly modified catchments delivering greatest nutrient 

loads.  Measurable impacts such as lower species diversity and changes in 

trophic feeding strategies would occur in the upper and mid locations of these 

estuaries where highest sedimentation rates occur.   

 

To determine the effects of anthropogenic impacts on macrofaunal 

assemblages it is imperative to gain an understanding of the natural variation 

displayed by communities.  This is important because human impacts are 

often less obvious than pronounced relationships with natural environmental 

variables such as salinity (Edgar et al., 2000).  In this study the locations 

within the estuarine types were chosen to be broadly comparable in terms of 

salinity and sediment characteristics thereby reducing confounding effects of 

natural variation in macrofaunal assemblages.  This study provides 

information on biogeographic patterns in macrofaunal distribution and the 

mechanisms that drive estuarine structure and function, which can be applied 

to assessment of impacts and the development of cost effective monitoring 

programs.   

 

1.3 Approach and thesis structure 

A survey of 12 estuaries was conducted to examine the natural variability and 

anthropogenic impacts on benthic macrofauna.  The influence of natural 

variability was examined between two geomorphologically and hydrologically 

different estuarine types and assessed at three locations (Chapter 2).  This 

exercise separated natural differences that exist between estuary types and 

the location of sampling within estuaries.   
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Patterns in the distribution of macrofauna in mesotidal river estuaries were 

found to have clearly defined macrofaunal assemblages at each location. 

Thus, an investigation into potential anthropogenic impacts on macrofaunal 

assemblages was assessed at each location of mesotidal river estuaries 

(Chapter 3).    

 

The management implications of the findings are briefly discussed in each 

chapter and are examined in more detail in Chapter 4, in particular the 

ecological significance of natural variability within estuaries and the 

implications for developing monitoring programs. 

 

Chapters 2 and 3 are presented as manuscripts for publication.  This has 

resulted in some repetition of material in the introduction and methods 

sections. 
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 Chapter 2:   

 

 

 

 

 

Patterns in macroinvertebrate assemblages and their 

relationship with the environment in two common 

types of Tasmanian estuaries: implications for 

monitoring and management. 
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Abstract 

Quantifying the effects of anthropogenic impacts on macrofaunal 

assemblages can be difficult because impacts are often less obvious than 

pronounced relationships with natural environmental variables such as 

salinity.  Thus, it is imperative to gain an understanding of the natural variation 

displayed by communities at the scale of interest.  I examine the importance 

of environmental variables in explaining the distribution patterns of 

macrofauna in two estuary types along the northern and eastern coastline of 

Tasmania, Australia; mesotidal river estuaries (seven estuaries) and open 

barrier estuaries (five estuaries).  In order to capture the natural variability of 

macrofaunal assemblages, each estuary was sampled for macrofauna and a 

range of physico-chemical variables at a lower, mid and upper location.  

Despite the geographic distribution and geomorphological differences 

between the estuarine types, patterns in the macroinvertebrate assemblages 

and environmental variables were a function of two distinct gradients.  A 

gradient in sediment particle size, which covaried with changes in nitrogen, 

percentage organic carbon and microphytobenthos concentrations, explained 

the separation of macrofaunal assemblages among the locations.  A second 

gradient in salinity, dissolved oxygen concentrations seagrass area explained 

the differences in macrofaunal assemblages between estuarine types.  Open 

barrier estuaries typically had high salinities throughout and contained 

stenohaline marine species that were not present in mesotidal river estuaries.  

Stratifying the estuaries into upper, middle and lower locations proved critical 

in identifying the main sources of variability (sediments and salinity) in 

macroinvertebrates.  The, implications of using macroinvertebrates in 

monitoring programs over broad spatial scales is also briefly discussed.  

Macroinvertebrates can be used provided that the natural variability inherent 

in estuaries is reduced by choosing locations among estuaries that are 

broadly comparable and that sufficient replication is conducted within the 

locations to reduce the effects of small scale patchiness. 
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2.1 Introduction 

Estuaries and their catchments are vital for human activity, but have become 

one of the most degraded coastal ecosystems globally.  Anthropogenic 

activities such as agriculture, mining, forestry, urban development, and water 

abstraction (irrigation, domestic water supply and hydro electricity) within a 

catchment alter water and sediment quality in estuaries, impacting on flora 

and fauna (Jassby and Powell, 1994, Edgar and Barrett, 2000, Kennish, 2002, 

Nixon et al., 2007, Rabalais et al., 2007, Rodriguez et al., 2007).   With 

increasing pressure on estuarine systems there is a need to monitor estuaries 

and manage anthropogenic activities that impact on the ecological integrity of 

estuaries.   

 

The trophic position of macroinvertebrates in estuarine food webs and their 

generally sedentary existence means they can not easily avoid contaminants 

(Pearson and Rosenberg, 1978, Dauer, 1993).  Their sensitivity to 

contaminants and the ease at which they can be collected make them ideal 

bioindicators of pollution in monitoring studies (Warwick, 1993a). However, 

our capacity to detect anthropogenic impacts on estuarine ecosystems using 

macroinvertebrates is made difficult by substantial spatial and temporal 

variability in their patterns of distribution (Rakocinski et al., 1997, Gaston et 

al., 1998).  The inherent natural variability in the distribution of benthic 

macroinvertebrates in estuaries is primarily in response to strong gradients in 

salinity, sediments, depth, temperature and dissolved oxygen that often occur 

in a downstream fashion (Engle and Summers, 2000, Ysebaert and Herman, 

2002, Thrush et al., 2003, Rodrigues et al., 2006, Ross et al., 2006, Fujii, 

2007, Anderson, 2008, Barros et al., 2008, MacKay et al., 2010).  The 

strength of these gradients is inextricably linked to the geomorphological and 

hydrological characteristics of the estuary and can change seasonally with 

tidal cycles and changes in freshwater input from rivers, ground water and 

runoff (Levin et al., 2001, Magni et al., 2006, Gale et al., 2007).  As a result, 

the dynamic nature of estuaries complicates decisions of what and where to 

measure macroinvertebrates as part of monitoring programs that assess 

estuarine health.   
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Classifying estuaries into geomorphological and hydrological functional 

“groups” or “types” is an important initial step in developing monitoring 

programs over larger spatial scales.  The aim of classifying estuaries is to 

apply short-term management and mitigation strategies to each type, based 

on the premise that responses to anthropogenic impacts should be more 

similar within types than between types (Barton et al., 2008).  Classifications 

are usually assembled using a range of physical characteristics (Roy et al., 

2001), but little is known about how well they explain the distribution patterns 

of macroinvertebrates.  Thus, considerable effort has been applied to 

investigate patterns in the distribution of estuarine macroinvertebrates in 

relation to their physical environment within and between estuaries over large 

spatial scales (Rakocinski et al., 1997, Moverley and Hirst, 1999, Edgar and 

Barrett, 2002, Teske and Wooldridge, 2003, Hirst, 2004, Hastie and Smith, 

2006).   

 

In Tasmania, Edgar et al. (1999a) categorised 111 moderate to large size 

estuaries into six major geomorphological types (Edgar et al., 1999b).  The 

classification scheme could sufficiently distinguish macrofaunal assemblages 

between types but provided little information on the variation of assemblages 

within these groups or within estuaries.  An investigation into the distribution 

patterns of benthic macroinvertebrates at the within estuary scale was later 

conducted by Hirst and Kilpatrick (2007) who partitioned three mesotidal river 

estuaries into locations and showed that the variation within estuaries was 

greater than between estuaries.  Thus, stratifying sampling within estuaries 

according to location will help account for this natural variability in 

macrofaunal assemblages, thereby improving the efficiency of monitoring 

programs and the ability to detect anthropogenic driven change. 

 

The aim of this study is to provide a quantitative description of macrofaunal 

assemblages and their relationship with their environment in Tasmanian 

mesotidal river estuaries and open barrier estuaries.  Each estuary is 

partitioned into a lower, mid and upper location allowing a comparison of 

macrofaunal assemblages between and within estuarine types.  The 
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characterisation of macroinvertebrate assemblages and physico-chemical 

variables according to estuarine type and location within estuaries will greatly 

assist the design, effectiveness and interpretation of future monitoring 

programs in Tasmania and elsewhere.   

 

In Tasmania, mesotidal river estuaries are situated mostly along the northern 

coastline and are characterised by having a main river channel that extends 

right to the sea.  They are high energy environments dominated by river and 

tidal influences creating strong salinity/sediment gradients (Edgar et al., 

1999a, Hirst and Kilpatrick, 2007).  Northern Tasmanian mesotidal river 

estuaries have high seasonal river flow during winter/spring (May – October) 

and a tidal range of approximately 2.5 m, and are thought to closely resemble 

North American and Western European systems (Eyre, 1998).  In contrast, 

open barrier estuaries in Tasmania are located primarily along the east coast.  

They have a river flowing into a large central basin before opening to the sea 

through a relatively restricted mouth.  The central basin is a stable, low energy 

environment, affected mainly by wind.  Open barrier estuaries on the east 

coast of Tasmania generally have less seasonal river influence than northern 

Tasmanian mesotidal river estuaries, and have a smaller tidal range of 0.5 - 

1.5 m.  They can also remain marine for extended periods (Edgar et al., 

1999a).   

 

Based on geographical, geomorphological and hydrological differences 

between the two estuary types I hypothesised that macroinvertebrate 

assemblages would contrast between the estuarine types at each of the 

locations.  Also given that Hirst and Kilpatrick, (2007) found consistent 

patterns in the distribution of macrofauna in three Tasmanian mesotidal river 

estuaries I hypothesised that the pattern would be consistent within the 

estuarine types provided that sampling sites were broadly comparable across 

estuaries.  Consequently, the primary objective of this study was to 

investigate the natural variability of benthic macrofauna distribution patterns 

and to identify the primary environmental drivers in these two common 

geomorphologically different estuarine types in Tasmania.  I examine the 

differences and similarities between and within two estuarine types at three 
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locations; upper, mid and lower.  The study will provide information on 

biogeographic patterns and the mechanisms that drive estuarine structure and 

function.  This information can also be used in assessment of impacts and the 

development of cost effective monitoring programs.   

2.2 Methods and Materials  

2.2.1 Study sites and survey design  

To assess the distribution patterns of benthic macrofauna in two 

geomorphologically different estuarine types and their relationship with the 

environment, seven mesotidal river estuaries and five permanently open 

barrier estuaries were sampled in November 2008 (Fig 2.1, coordinates of 

sampling sites are given in the appendix).  As estuaries exhibit gradients in 

salinity and sediment characteristics along their extent, each of the estuaries 

were sampled at three locations: lower (close to the sea-estuary interface), 

mid and upper (close to the river-estuary interface).  The upper location was 

situated in the first third of the estuary and the lower location was positioned 

within 1 km of the estuary mouth.  It is not known where the middle of an 

estuary is located in terms of salinity and sediment gradients as the position 

shifts with seasonal rainfall, droughts and floods (Kanandjembo et al., 2001, 

Baldó et al., 2005, Neto et al., 2010).  Therefore, in mesotidal river estuaries 

the approach was to select a location equal distance between the mouth and 

headwaters of the estuaries.  Due to the high variability in form and shape of 

open barrier estuaries the mid location was situated at the depositional zone 

located in the upper portion of the central basin, which is a common feature in 

all open barrier estuaries.  Thus, locations within and between estuarine types 

were broadly comparable.   

 

Within each location three sites approximately 20 m apart were sampled for 

macroinvertebrates and environmental variables (details provided below).  

Measurements of environmental variables, except for dissolved oxygen and 

seagrass were sampled for analysis immediately above the low water mark.  
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Figure 2.1: The location of open barrier estuaries (solid squares) and 
mesotidal river estuaries (solid triangle) sampled in Tasmania. 
 

2.2.2 Field and laboratory methods  

2.2.2.1 Macroinvertebrate Assemblages 

At each site five sediment cores were collected using a hand held 150 mm 

diameter PVC pipe corer that was pushed into the sediment to a depth of 100 

mm.  Benthic sampling was restricted to shallow subtidal assemblages or just 

below the low water mark to prevent the inclusion of information relating to 

across-estuary vertical gradients in faunal assemblage structure that are 

commonly associated with tidal inundation (Edgar and Barrett, 2002, Ysebaert 

et al., 2003).  Sediment cores were taken at 0.0, 0.1, 0.2, 0.3, and 0.5 m 

depths (where applicable) along a transect line running perpendicular from the 
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low tide water mark.  Cores were collected at these depths in order to 

maximise the range of animals collected at a site.  To reduce the effects of 

sampling at different tide heights at each location the estuaries were sampled 

from lower to upper (where practical) between the hours of one and half hours 

before and one and half hours after the predicted low tide.  The five samples 

collected at each site were pooled and sieved (1 mm mesh) in the field prior to 

fixing in 10% buffered formalin.  Pooling of replicate cores within a site did not 

allow estimates of variability at this scale, but this was deemed less important 

than variability at the scales of location and estuary and allowed greater 

allocation of effort to sample at larger spatial scales (Carey and Keough, 

2002, Ross et al., 2007).  In the laboratory, macroinvertebrates were rinsed in 

freshwater and washed through a sieve stack (8, 4, 2 and 1 mm).  Material 

retained in the 1 mm sieve was divided into two or four (using a Jones riffle 

splitter) depending on the amount of material contained.  Fauna in each of the 

sieve size classes were sorted, identified to the lowest practical taxon and 

counted.  Counts from the 1 mm fraction were multiplied by either two or four 

to obtain an estimate of total abundance for that size class.   

 

2.2.2.2 Environmental Parameters 

To measure pore water salinity, three cores (diameter = 23 mm, depth = 20 

mm) of sediment were collected and amalgamated in the field. Sediment pore 

water was extracted in the field using a syringe and a wadded cotton wool 

filter.  Salinity was measured in the field using a hand-held refractometer.  

Dissolved oxygen concentrations were recorded for the bottom waters 

overlying the area of benthos sampled at each site using a dissolved oxygen 

probe (HACH HQ40d multimeter) with values presented as percentage 

saturation.   

 

Sediment samples were collected for estimates of total nitrogen and total 

phosphorus, percentage organic carbon and microphytobenthos (MPB) 

biomass (using sediment chlorophyll a as a proxy).  Sediments for the 

analysis of total nitrogen and total phosphorus were collected by scraping 

sediments into clean 300 ml glass sample jars provided by the NATA-
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accredited Analytical Services Tasmania (AST).  These samples were 

immediately frozen.  Analysis of total nitrogen (TN) and total phosphorus (TP) 

were measured in the laboratory using internal methods based on standard 

procedures: TN: Total Kjeldahl Nitrogen (TKN) present in the sample was 

determined by converting the nitrogen to ammonium sulphate in a sulphuric 

acid potassium sulphate digestion procedure.  Ammonium–nitrogen was 

subsequently determined by colorimetric auto-analyser method based on 

APHA Standard method (2005) 4500-Norg D.  Analysis was performed using 

a Lachat Flow Injection analyser.  TP: Phosphorus compounds were 

converted to orthophosphate in the Kjeldahl digest, and the resulting solution 

was analysed by Flow Injection analysis.  This method was developed by 

Lachat Instruments based on APHA Standard methods 4500-P G.  Results for 

TN and TP are reported as mg/kg DMB (dry mass basis).  Sediments retained 

for the analysis of percentage organic carbon content were collected using a 

45mm diameter core to a depth of 50 mm.  Percent organic carbon in 

sediments was calculated after drying by loss of organic carbon on ignition at 

500 °C.  

 

Sediment chlorophyll a was determined from three replicate sediment cores 

(23 mm diameter) inserted to a depth of 20 mm following the method of Light 

and Beardall (1998).  Sediments were frozen and returned to the laboratory 

for analysis.  Chlorophyll a was extracted from the sediments with acetone 

(90% v/v) over a 24 hour period in darkness at 4 °C and then centrifuged 

(4500 rpm for 15 min) to remove sediments.  The concentration of chlorophyll 

a and the breakdown product (pheophytin) where determined 

spectrophotometrically.  Concentration (mg/m2) of chlorophyll a (corrected for 

pheopigments) were obtained using the equations of Lorenzen (1967). 

 

Sediment retained after the extraction of MPB was used to determine 

sediment particle size.  The sediment was dried in an oven at 60 °C and 

organics were removed from the sample using 10 % hydrogen peroxide.  

Sediment particle size was determined using a Saturn Digisizer 5200 laser 

diffractometer and is represented as the average percentage volume 
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frequency.  Data is presented in the size fractions <0.063, >0.063, >0.125, 

>0.25, >0.5 and >1mm.   

 

The amount of seagrass was estimated qualitatively based on the amount of 

seagrass collected in macroinvertebrate cores at each site.  Each core was 

given a score of 0, 1, 2, or 3; 0= no seagrass, 1= <10 % seagrass, 2=10 – 25 

% seagrass, and 3= >25% seagrass.   

2.2.3 Statistical analysis 

2.2.3.1 Univariate analyses 

Three way mixed model ANOVA with estuarine type (fixed), estuary nested in 

type (random) and location (fixed) were used to evaluate differences between 

and within estuarine types in species diversity (the total number of taxa), total 

macrofaunal abundance and environmental data.  To assist in the 

interpretation of the patterns described in total abundance and in the 

multivariate analysis, tests on abundances of some of the important species 

were also conducted.  Details of the use of means sums of squares in the 

calculations of the F-ratios are shown in Table 2.1.  All univariate analyses 

were performed in „R' statistical package.  To meet assumptions of 

homogeneity of variances some data required transformations.  

Macroinvertebrate species data were transformed using fourth root 

transformations, TN and TP and macroinvertebrate abundance data required 

log10 transformations and data recorded as percentages were transformed 

using arcsine square root.  Significant differences between locations and type 

by location interactions were explored further using a post hoc Tukey‟s HSD 

test. 

Table 2.1: Expected mean squares for three-factor ANOVA using two 
estuarine types (fixed), estuaries nested in type (random) and three locations 
(fixed). 
 
Source df Expected mean squares 

Type (ty) 1 σe
2
 + 9*σ(es(ty)) + 52.5*σ2

(ty) 

Location (loc) 2 σe
2
 + 3*σ2

(es(ty)xlo) + 35*σ2
(lo) 

Estuary (type) (es(ty)) 10 σe
2
 + 9*σ2

(es(ty)) 

Type * Location (tyxloc) 2 σe
2
 + 3*V σ2

es(ty)xlo) + 17.5* σ2
(tyxlo) 

Estuary(type) * Location (es(ty)xloc) 20 σe
2
 + 3*V σ2

(es(ty)xlo) 

Residual 72 σe
2
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2.2.3.1 Multivariate analyses 

Macroinvertebrate assemblages were analysed using a three way mixed 

permutational multivariate ANOVA (Anderson, 2001) where variance was 

partitioned using the same model described for univariate analyses.  The 

statistical significance of each term was tested using permutations of 

residuals under a reduced model (n=9999 permutations) using Type III sums 

of squares.  All analyses were performed in the PERMANOVA+ add on 

package for PRIMERv6 (Clarke and Gorley, 2006, Anderson et al., 2008).  

Prior to analysis, abundance data were fourth root transformed and converted 

to a Bray-Curtis similarity distance matrix.  Data were analysed to test the null 

hypothesis that there were no differences between macroinvertebrate 

assemblages when comparing estuarine types and locations within types.  If 

there was a significant type by location interaction planned comparisons using 

pairwise tests in PERMANOVA+ were performed.  The investigation of type 

and location interactions were restricted to comparing estuarine types at each 

level of location (lower versus lower, mid verses mid and upper verses upper) 

and then between each location within estuarine type.  Using this method 

seven out of a possible fifteen type and location combinations were 

performed.  The level of significance obtained from pair-wise tests was left 

unadjusted as the comparisons were planned and not all combinations were 

tested (Quinn and Keough, 2002).  Patterns in macrofaunal assemblages that 

were described by PERMANOVA+ were initially viewed using MDS, cluster 

and PCO techniques.  However, the MDS analysis had a high stress value of 

0.2 and the PCO only explained 31.2% along the first two axes indicating that 

that the directions of the differences among the groups in the multivariate 

space using PERMANOVA+ were different to the directions of greatest total 

variation across the data in MDS and PCO.  Thus, significant terms in the 

PERMANOVA+ were visualised using Canonical Analysis of Principal (CAP) 

coordinates as recommended by Anderson and Willis (2003).  CAP is a 

constrained ordination procedure that initially calculates unconstrained 

principal coordinate axes, followed by canonical discriminant analysis on the 

principal coordinates to maximise separation between sites grouped 

according to the level of interest, in this case the effect of estuary type and 

location of sampling.  Macroinvertebrate species and environmental variables 
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that were associated with the observed patterns of macrofaunal assemblage 

distribution are visualised using vector diagrams of Spearman Rank 

correlations (>0.4).   

2.3 Results 

2.3.1 Macroinvertebrate abundance and total number of species 

A total of 30,300 individual invertebrates from 157 species were collected 

from the twelve estuaries surveyed in this study.  Crustaceans contributed 

34.4 % of the total, polychaetes 29.3 %, bivalves 16.6 %, gastropods 10.8 %, 

and other taxa (tunicates, insects, cnidarians, sipunculan worms, and 

nemerteans) 8.9 % of the total taxa collected.  Of the 157 species collected 63 

were found in both estuarine types, 52 species were unique to permanently 

open barrier estuaries and 42 were unique to mesotidal river estuaries.  Thirty 

four of the unique species collected were found at only one site and generally 

contained less than five individuals. 

 

Crustaceans were the most abundant group contributing 66.5 % of the total 

number of invertebrates collected.  The most abundant crustaceans were the 

amphipods Paracorophium spp, Exoedicerotidae unid sp., Urohaustorius halei 

and the burrowing shrimp Biffarius spp.  Paracorophium spp. alone accounted 

for 85 % of total crustaceans and 57 % of the total number of invertebrates 

collected.  Molluscs were the next most abundant group (16.5 %) with 

bivalves (12.4 %) comprising most of the individuals.  The most abundant 

molluscs were the bivalves Arthritica semen and Paphies erycinaea and the 

gastropod Batillaria australis.  Polychaetes contributed 15.3 % of total 

individual invertebrates with Nephtys australiensis, Capitella spp., Simplisetia 

aequisetis and Boccardiella limnicola the most numerically abundant.   

 
There was no difference detected in the total abundances of 

macroinvertebrates between estuary types (FType = 0.08, df 1, 10, P=0.781) 

and the pattern of differences among the locations was consistent among the 

two estuary types (FType x Location = 1.51, df 2, 20, P=0.247); however there was 

a significant difference among the locations (FLocation = 3.67, df 2, 20, P=0.03).  

Post hoc comparisons showed that significant differences in the mean 
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abundance of macroinvertebrates occurred between the lower and mid 

estuary with the mid estuary having twice the number of invertebrates than 

the lower estuary (Fig 2.2a).  A difference in mean abundances also occurred 

between the lower and upper estuary with a three-fold increase in individuals 

but there was no evidence of a difference in total macrofaunal abundance 

between the mid and upper locations (Fig 2.2a).    

 

The most important species driving the pattern of abundance among the 

locations was the amphipod Paracorophium spp., which were highly abundant 

in the mid and upper locations but the pattern and magnitude of the difference 

in abundance between locations depended on estuarine type (FType x Location 

=3.52, df 2, 20, P=0.045).  In mesotidal river estuaries the mean abundance 

of Paracorophium spp. was 2-3 times greater in the upper location than the 

mid location and over 300 times greater than the lower location where 

Paracorophium spp. was nearly absent (Fig 2.2b).  In open barrier estuaries 

Paracorophium spp. was most abundant in mid and upper locations (296.1 ± 

130.4 and 204.8 ± 110.1 respectively) and had greater abundances than the 

lower locations (<1) (Fig 2.2b).  There was no difference in the mean 

abundance of Paracorophium spp. between mid and upper sampling locations 

in open barrier estuaries.  Other species that were important contributors to 

the overall pattern in abundance were the bivalve Arthritica semen and the 

crustacean Exoedicerotides unid sp., which were significantly different among 

the locations (Arthritica semen: FLocation = 7.26, df 2, 20, P=0.006; 

Exoedicerotides unid sp.: FLocation = 3.38, df 2, 20, P=0.040).  Arthritica semen 

was most abundant in the upper and mid locations but was near absent in the 

lower locations (Fig 2.2c) and the crustacean Exoedicerotides unid sp. was 

mostly found in the mid locations (Fig 2.2d).  The polychaete Simplisetia 

aequisetis (not shown) was also most abundant in the upper and mid 

locations of estuaries, but there was no evidence of differences in 

abundances among locations (FLocation = 3.03, df 2, 20, P=0.070).   

 

No patterns in the total number of species were found between estuarine type 

(FType = 2.25, df 1, 10, P= 0.176), locations (FLocation = 1.51, df 2, 20, P=0.247) 

or locations within type (FType x Location = 0.61, df 2, 20, P=0.609).  Patterns in 
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the difference of total number of species was highly variable and was 

observed at the smallest spatial scale of locations within estuaries nested in 

type (FEstuary(Type) x Location = 5.120, df 20, 72, P=0.0001).   

 

Figure 2.2: The mean (± SE) for the effect of location for (a) total 
abundance, (b) Arthritica semen, (c) Exoedicerotides unid sp., and (d) 
Urohaustorius halei; the effect of type and location for (e) Paracorophium spp. 
and (f) Batallaria australis, (●) open barrier estuaries, (○) mesotidal river 
estuaries; and the effect of estuarine type for (g) Capitella sp. and (h) Paphies 
erycinea.   Means with the same letters are not significantly different from one 
another. 
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2.3.2 Environmental variables 

2.3.2.1 Sediment grain size distribution. 

Sediments in the estuaries were dominated by the size fractions <0.063 mm 

(silt), >0.125 mm (sand) and >0.25 mm (coarse sand) and to a lesser degree, 

>0.063 mm (fine sand).  The particle sizes >0.5 mm and >1 mm constituted 

only a small component of the sediments sampled and are not considered any 

further.  Generally the upper locations of estuaries contained muddier 

sediments and the lower locations comprise mostly sand.  This was evident in 

the univariate analysis for silt and sand where there was a difference among 

the locations but the nature of the difference was dependent on estuary type 

(< 0.063 mm: FType x Location = 4.65, df 2, 20, P=0.022; >0.125 mm: FType x Location 

= 3.68, df 2, 20, P=0.040).  In mesotidal river estuaries the upper locations 

had greater volumes of silt than the mid and lower locations, but there was no 

difference between mid and lower sampling locations (Fig 2.3a).  In open 

barrier estuaries the upper locations had four times the volume of slit than 

lower locations (Fig 2.3a).  There was no difference found in the volume of silt 

between mid and upper or mid and lower sampling locations.  A difference 

occurred between estuary types among the upper locations with mesotidal 

river estuaries having twice the volume of silt (Fig 2.3a).  

 

Greatest volumes of sand in mesotidal river estuaries were found at lower 

sampling locations and were three times greater than upper locations.  Mid 

locations also had greater volumes of sand than the upper locations, but no 

difference was found between lower and mid locations (Fig 2.3b).  In open 

barrier estuaries no difference in the average percentage volumes of the sand 

was detected among locations.  A difference between estuarine types 

occurred at the lower and the mid locations with river estuaries having twice 

the volume of sand than open barrier estuaries (Fig 2.3b).  

No pattern in the distribution of coarse sand was detected between estuarine 

types (FType =2.60, df 1, 10, P=0.140), location (FLocation =1.30, df 2, 20, 

P=0.292) or locations within types (FType x Location =0.47, df 2, 20, P=0.640).  

The distribution was highly variable and was detected at the smallest spatial 
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scale of locations within estuaries nested in type (FEstuary (Type) x Location =14.385, 

df=2, 20, P=0.0001).   

 

Fine sand contributed less than 20% of the sediments, a pattern that was 

consistent across all estuaries; however there was a significant location effect 

(FLocation = 7.59, df 2, 20, P=0.002).  Upper and mid locations had three and 

two times more fine sand than lower locations respectively.  No difference 

was observed between the mid and upper locations (Fig 2.3c). 
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Figure 2.3: The mean (± SE) for the effect of type and location for sediment 
particle sizes measured as the average % volume frequency for (a) <0.063 
mm, (b) >0.125 - <0.25 mm; (●) open barrier estuaries, (○) mesotidal river 
estuaries, and the effect of location for (c) >0.063 mm.  Means with the same 
letters are not significantly different from one another. 

2.3.2.2 Pore water salinity, nutrients, dissolved oxygen and seagrass 

extent 

Pore water salinity, total nitrogen (TN) concentration and percentage organic 

carbon (%C) in the sediments differed between locations, but the pattern of 

these differences depended on estuarine type (Pore water salinity: FType x 

Location =3.88, df 2, 20, P=0.040; TN: FType x Location =3.84, df 2, 20, P=0.033; %C: 
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FType x Location =3.79, df 2, 20, P=0.036).  In open barrier estuaries pore water 

salinities were greater in the lower and mid locations than in the upper 

locations (Fig 2.4c).  No difference was found between lower and mid 

locations of permanently open barrier estuaries.  In mesotidal river estuaries 

each location had very different pore water salinities decreasing in an 

upstream fashion (Fig 2.4c).  Differences in salinities between estuarine types 

occurred at the mid and upper locations.  On average the mid locations of 

open barrier estuaries was one and a half times more saline and the upper 

location was twice as saline at the corresponding locations of mesotidal river 

estuaries (Fig 2.4c).   

 

TN and %C were highly positively correlated (r = 0.97, n =108, P<0.001) in 

the estuaries surveyed.  Upper locations of mesotidal river estuaries had up to 

three times more nitrogen and organic carbon than in other locations of both 

estuarine types (Fig 2.4 a, c).   

 

Significant differences in total phosphorus (TP) concentrations and the 

biomass of microphytobenthos (MPB) were observed among the locations 

(TP: FLocation = 5.09, df 2, 20, P=0.017; MPB: FLocation = 9.27, df 2, 20, 

P=0.002).  TP concentration was approximately four times greater in the 

upper compared to the lower location sediments, and approximately one and 

a half times greater in the upper compared to middle location sediments (Fig 

2.4d).  There was no evidence of a difference in TP concentration between 

lower and mid locations.  Differences in concentration of MPB were detected 

between the mid and lower sampling locations and the upper and lower 

sampling locations.  Mid and upper locations had twice as much MPB than 

lower locations (Fig 2.4e).  There was no difference in the levels of MPB 

between mid and upper locations.   
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Figure 2.4: Mean (± SE) for the effect of type and location for (a) total 
nitrogen, (b) % organic carbon, (c) pore water salinity; (●) open barrier 
estuaries, (○) mesotidal river estuaries, and the effect of location for (d) total 
phosphorus, (e) microphytobenthos and the effect of estuarine type for (f) 
dissolved oxygen.  Means with the same letters are not significantly different 
from one another. 
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Differences in the concentrations of dissolved oxygen (percentage saturation) 

in water column occurred between estuarine types (Dissolved oxygen: FType = 

7.24, df 1,10, P=0.015).  Permanently open estuaries typically had greater 

dissolved oxygen concentrations (Fig 2.4f)  

 

Seagrass was present in all open barrier estuaries and was found in all 

locations.  In mesotidal river estuaries, seagrass was near absent but when 

present it was restricted to the mid and lower locations (Fig 2.5).   

 

 

Figure 2.5: Average (± SE) for seagrass rank volumes at each location 
within each estuary type; (●) open barrier estuaries, (○) mesotidal river 
estuaries, 0= no seagrass, 1= <10 % seagrass, 2=10 – 25 % 3= >25%.  . 
 

2.3.3 Macroinvertebrate assemblages and their relationship with 

environmental variables 

Differences in the composition of the macroinvertebrate assemblages were 

observed between the estuarine types (FType = 1.90, df 1, 10, P=0.033) and 

the locations (FLocation =4.35, df 2, 20, P <0.001); however the pattern of 

differences among the locations was not consistent between the two estuarine 

types (FType x Location =1.53, df 2, 20, P =0.040).  Pair wise comparisons 

(p<0.05) revealed that in mesotidal river estuaries each location had very 

different macroinvertebrate assemblages (Fig 2.6a).  In contrast the upper 

and mid locations of open barrier estuaries had very similar macroinvertebrate 
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assemblages but these comprised of different species to the lower locations 

(Fig 2.6a).    

 

The separation of macrofaunal assemblages among the locations (dependent 

on the estuarine type) was captured on the first canonical axis in the CAP 

analysis and is associated with a strong estuarine gradient in sediments that 

covaried with concentrations of nitrogen, organic carbon and 

microphytobenthos (Fig 2.6a,c).  The macroinvertebrate species that were 

restricted in their distribution to the upper locations of mesotidal river estuaries 

and the mid and upper locations of open barrier estuaries were locally 

common estuarine species such as the crustaceans Paracorophium spp. (Fig 

2.2e) and Paracalliope australis, the polychaete Simplisetia aequisetis, and 

the bivalves Arthritica semen (Fig 2.2b), Tellina deltoidalis and Laternula cf. 

tasmanica (Fig 2.6b).  These species were associated with muddy sediments 

(<0.063 and >0.063 mm), and higher concentrations of total nitrogen, organic 

carbon and microphytobenthos in the sediment (Fig 2.6c).  The patterns in the 

distribution of Paracorophium spp. (Fig 2.2e) and Arthritica semen (Fig 2.2b) 

were fully described when interpreting the pattern of total macroinvertebrate 

abundance (see section 2.3.1) and support the patterns in the distribution 

captured in the multivariate analysis.   

 

The crustaceans Urohaustorius halei, Exoedicerotides latrans and Mictyris 

platycheles, the bivalve Mysella donaciformis and the polychaete Nephtys 

longipes were found mostly in the lower locations.  These species were 

associated with sandy sediments (>0.125 mm), and low concentrations of 

nitrogen, organic carbon and microphytobenthos (Fig 2.6b,c).  The distribution 

patterns of Urohaustorius halei captured in the multivariate analysis is also 

supported by the univariate analyses on abundances of these species.  

Differences in the abundance of Urohaustorius halei were found among the 

locations (FLocation =5.41, df 2, 20, P =0.006) and was most abundant in the 

lower locations, near absent in the mid locations and not found in the upper 

locations (Fig 2.2c).  There was no difference in the abundances of these 

species between mid and upper locations.   
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Figure 2.6: Macrofaunal assemblage relationships maximising the 
interaction between estuarine type (OBE: open barrier estuaries, MRE: 
mesotidal river estuaries) and the location in Tasmanian estuaries using 
canonical analysis of principal (CAP) coordinates.  Correlations (spearman 
rank ≥ 0.4) between the first two canonical axis and macroinvertebrate 
species are shown (b), as are the association between environmental 
variables and the first two canonical axes (c). Length of the lines indicates the 
strength of the correlation. 
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Differences in macroinvertebrate assemblages between the estuarine types 

occurred at the lower and mid locations; however no difference was evident 

between assemblages at the upper locations.  This pattern was captured on 

the second canonical axis and is related to a gradient in pore water salinity, 

concentrations in dissolved oxygen and the rank volumes of seagrass (Fig 

2.6a,c).  Open barrier estuaries typically had higher pore water salinities 

(dependent on location) and dissolved oxygen concentrations (Fig 2.4c,f) and 

appear to have greater volumes of seagrass than mesotidal river estuaries 

(Fig 2.5), supporting stenohaline marine species that were absent or in low 

abundances in mesotidal river estuaries.  Many of these species are also 

partially correlated with the first gradient in sediment forming two groups of 

stenohaline species; one group were associated with sandy sediments and a 

second group were related to muddy sediments containing seagrass (Fig 

2.6a,b,c).  The amphipod Tipimegus sp. and the bivalve Cyamiomactra sp. 

were abundant in the lower sampling locations of open barrier estuaries and 

are associated with sandy sediments (Fig 2.6b,c).  In contrast the gastropods 

Batallaria australis and Pseudoliota micans and the polychaetes Capitella 

spp. and Microspio occipitalis were abundant in the mid and upper locations 

of open barrier estuaries that had muddy sediments containing seagrass (Fig 

2.6b,c).  The pattern in the distribution of Batallaria australis captured in the 

multivariate analysis is also supported by the univariate analysis of 

abundance on this species.  Differences in the abundances of Batallaria 

australis were detected between estuary types (FType = 3.02, df 1, 10, 

P=0.046) and among the locations (FLocation = 3.66, df 2, 20, P=0.035); 

however the pattern of differences among the locations was not consistent 

between the two estuary types (FType x Location = 3.66, df 2, 20, P = 0.029).  

Batallaria australis was absent from mesotidal river estuaries but within open 

barrier estuaries, differences in abundances were found between the mid and 

lower locations and between the upper and lower locations (Fig 2.2f).  No 

differences in the abundances of Batallaria australis were detected between 

the mid and upper locations of open barrier estuaries (Fig 2.2f).  The pattern 

in the distribution of Capitella sp. captured in the multivariate analysis is not 

fully supported by the univariate analysis of abundance on this species. 

Differences in the abundances of Capitella sp. were detected between the 
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estuarine types (FType = 5.46, df 1, 10, P=0.038) with open barrier estuaries 

having greater abundances than mesotidal river estuaries (Fig 2.2 g).  

However, abundances of Capitella sp. within the estuarine types were 

consistent among the locations (FType x Location = 0.81, df 2, 20, P = 0.462) 

indicating that abundances were evenly spread among the locations within 

type.  

 

Species negatively correlating with the salinity gradient are the bivalve 

Paphies erycinea and the crustacean Biffarius spp.  These species were most 

abundant in mesotidal river estuaries and are associated with lower salinities, 

lower dissolved oxygen and sediments not containing seagrass.  The 

univariate analysis on abundances of Paphies erycinea revealed a difference 

between the estuarine types (FType = 8.12, df 1, 10, P=0.004) with mesotidal 

river estuaries having greater abundances than open barrier estuaries (Fig 

2.2h).  The multivariate analysis shows Paphies erycinea to be restricted to 

the mid and lower locations of mesotidal river estuaries that contain mostly 

sandy sediments.   

 

2.4 Discussion 

2.4.1 Patterns in macrofaunal assemblages and the role of 

environmental variables 

The multivariate analysis, based on macrofaunal abundance confirmed that 

mesotidal river estuaries and permanently open barrier estuaries had very 

different macrofaunal assemblages but the difference was dependent on the 

location of sampling.  Surprisingly the upper locations of both estuarine types 

had a similar macrofaunal assemblage comprising of locally common 

estuarine species tolerant of a wide range of salinities.  Also, macrofaunal 

assemblages were most similar within each estuarine type showing distinct 

distribution patterns.  This indicates that the classification scheme for 

Tasmanian estuaries developed by Edgar et al., (2000) using physical 

attributes is supported in this study for mesotidal river estuaries and 

permanently open barrier estuaries.  The distribution patterns observed within 

and between the estuarine types can be related to two natural gradients.  The 
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primary gradient related to changes in sediment particle size and 

concentrations in total nitrogen, organic carbon and microphytobenthos in the 

sediment and confirms the observations from the univariate analyses on these 

variables (Fig 2.5 and Fig 2.6a,b,e).  This gradient may explain the differences 

in macrofaunal assemblages between the sampling locations (differences 

between locations were depended on the estuarine type).  A second gradient 

in salinity, which covaried with seagrass extent and dissolved oxygen 

concentrations, was important in determining some of the differences in the 

species composition of macrofaunal assemblages between the estuarine 

types.   

 

The relationship between sediment particle size and the distribution patterns 

in macrofaunal assemblages observed in this study are similar to those 

described by Teske and Wooldridge (2001, 2003) for South African estuaries.  

They found three major habitat zones for benthic macrofauna, two relating to 

substrate (a sand zone and a mud zone) and a third zone characterised by 

low salinity.  These zones were inhabited by four major groups of 

macrobenthos with two of these relating to sediments (sand and mud) and the 

other two limited by salinity (marine and oligohaline).  Many of the Tasmanian 

estuarine species were associated with sediment grain size and were not 

restricted in their distribution by salinity.  This is not surprising given that the 

distribution of many species can be predicted using deterministic relationships 

between sediment particle size and species abundances (Ysebaert et al., 

2002, Thrush et al., 2003, Thrush et al., 2005, Anderson, 2008).  

Species/sediment relationships may explain the most surprising result in this 

study, where similar macrofaunal assemblages were found between the upper 

locations of mesotidal river estuaries and the mid and upper locations of 

permanently open barrier estuaries despite clear differences in salinities.  This 

pattern was driven primarily by the presence of highly abundant and locally 

common estuarine species such as, Paracorophium spp, Paracalliope 

australis, Arthritica semen, Tellina deltoidalis, Laternula cf. tasmanica and 

Simplisetia aequisetis.  These species were found in locations consisting of 

mostly silt and fine sand particles and were tolerant of a wide range of 

salinities (10 - >37).  Also they were near absent from the lower locations 
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where the sediments contain mostly large sand particles despite salinities 

being within their range of tolerance.  This indicates that sediment may be 

more important than salinity in restricting the distribution of these estuarine 

species and supports the findings of other studies in Tasmania and southern 

Australia (Edgar et al., 1999b, Hirst, 2004, Macleod and Helidoniotis, 2005, 

Hirst et al., 2006, Hirst and Kilpatrick, 2007).   

 

A second group of eurytolerant estuarine endemic sand (>0.125 mm) fauna 

separated the lower locations from the mid and upper locations of both 

estuarine types.  These include the crustaceans Urohaustorius halei, 

Exoedicerotides latrans and Mictyris playtcheles, the bivalves Mysella 

donaciformis and Paphies erycinaea, and the polychaete Nephtys longipes.  

As these species can tolerate a range of salinities their distribution range can 

extend into mid sampling locations of estuaries if sandy sediments are 

present.  Similar distribution patterns for some of these species have been 

described in other studies in Tasmania and Australia (Poore, 1982, Edgar et 

al., 1999b, Hirst, 2004, Hirst and Kilpatrick, 2007).   

 

The differences in the composition of macrofaunal assemblages between the 

two estuarine types was captured on the second gradient relating to salinity 

covarying with seagrass extent and dissolved oxygen concentrations.   

Overall, permanently open barrier estuaries had high salinities in the mid and 

upper locations, permitting the intrusion and survival of stenohaline marine 

species that were absent or in low abundances in mesotidal river estuaries, a 

pattern found in similar estuaries of south eastern Australia (Poore, 1982, 

Hirst, 2004, Hastie and Smith, 2006) and South Africa (Teske and 

Wooldridge, 2001, Teske and Wooldridge, 2003).  In contrast the lack of 

marine species in the upper and mid locations in mesotidal river estuaries is 

thought to be the result of high river flows during winter and spring preventing 

their establishment (Hirst and Kilpatrick, 2007).  One interesting aspect of the 

marine fauna found in open barrier estuaries was that they were also partially 

correlated with sediments.  For example Batallaria australis was restricted to 

the mid and upper locations of open barrier estuaries that had high salinities 

and muddy sediments.  This same distribution pattern for Batallaria australis 
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has been described in the Swan River, Western Australia where it is often 

associated with muddy sediments that contain seagrass or that receive drift 

algae from surrounding areas (Thomsen and Wernberg, 2009).  In contrast 

the amphipod Tipimegus sp. was generally found in sandy sediments in the 

lower locations of open barrier estuaries.  This species is also commonly 

recorded along exposed beaches where salinity rarely deviates from marine 

conditions (Phillips and Lavery, 1997).   

 

The findings are different to that of the many estuarine studies in Australia 

and elsewhere, which relate macrofaunal assemblages primarily to depth (not 

tested in this study) and salinity gradients and consider sediment to be of 

second or third importance (Jones et al., 1986, Dauer, 1993, Rakocinski et al., 

1997, Edgar et al., 1999b, Ysebaert et al., 2003, Hirst, 2004).  Ysebaert et al. 

(2003) suggest that the relative importance of either salinity or sediment 

gradients in determining macrofaunal species distributions in estuaries may 

be related to the scale at which the study is performed.  Teske and 

Wooldridge (2003) and Hirst and Kilpatrick (2007) show that within estuaries 

these gradients are difficult to distinguish because these two environmental 

gradients are often spatially co-correlated.  This was evident in mesotidal river 

estuaries where increasing sediment particle size heading down estuary 

corresponded with a salinity gradient that increased in the same direction.  

Although there was a similarly strong sediment gradient in open barrier 

estuaries, the corresponding changes in salinity were weak.  It appears then 

that the strength of co-linearity between sediment and salinity may separate at 

broader, geographical scales (Hirst, 2004) and may also depend on the type 

of estuary under consideration (Ysebaert et al., 2003).  At the broader spatial 

scales, the results in this study show that sediments were of primary 

importance in the distribution of macrofaunal species in both mesotidal river 

estuaries and open barrier estuaries, characterising assemblages in a 

downstream gradient from estuarine mud fauna to sand fauna.  In mesotidal 

river estuaries the macrofaunal assemblages were very different at each 

sampling location indicating the strength of the estuarine gradient in 

sediments.  The strong gradient in sediments has been attributed to the 

interaction between strong river flows and large tidal exchange (see Hirst and 
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Kilpatrick, 2007).  In open barrier estuaries macrofaunal assemblages were 

similar between the mid and upper locations but these were different from the 

lower locations, which broadly reflect the distribution of mud (mid and upper 

locations) and sand (lower locations).  The zonation patterns of sediments in 

these estuarine types is fully supported by estuarine classification schemes 

(Edgar et al., 1999a, Roy et al., 2001).     

 

Although sediments were found to be the primary variable influencing the 

distribution of species in Tasmanian estuaries salinity was also important for 

the group of marine species found only in open barrier estuaries.  Salinity may 

also be of secondary importance in the distribution of many of the estuarine 

species found in both estuarine types.  Hirst and Kilpatrick (2007) found a 

reduction in the abundances of Paracorophium spp in mesotidal river 

estuaries during summer and autumn when the influence of freshwater in the 

estuary is significantly reduced.  They suggest that freshwater input into these 

estuaries may be an important factor in maintaining populations of 

Paracorophium spp.  This has also been demonstrated for Arthritica semen 

where elevated salinities for prolonged periods cause significant mortality of 

this species in the Peel-Harvey estuary in Western Australia (Wells and 

Threlfall, 1982).  Thus, the reduction or absence of Paracorophium spp, 

Arthritica semen and some of the other estuarine species in open barrier 

estuaries could possibly be related to long periods of elevated salinities.  

Although previous studies in Tasmanian estuaries have shown  that 

macrofaunal assemblages are remarkably stable over seasons (Edgar and 

Barrett, 2002, Hirst et al., 2005), changes in abundances of estuarine species 

may be more noticeable during prolonged periods of drought (MacKay et al., 

2010, Neto et al., 2010).  This suggests that during times of drought temporal 

variation in macrofaunal assemblages, particularly in the upper estuaries may 

have important implications for monitoring programs.  Temporal variation and 

the effects of drought on estuarine macrofaunal assemblages is an area of 

research that requires further investigation. 
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2.4.2 Patterns in abundance and species richness  

Patterns in abundance have been shown to vary between estuarine types 

(Dye and Barros, 2005), between locations (Edgar and Barrett, 2002, Hirst 

and Kilpatrick, 2007) or not at all (Ysebaert et al., 2003).  In this study the 

pattern in abundance was similar to that described by Edgar and Barrett 

(2002) and Hirst and Kilpatrick (2007) where upper and mid estuaries 

supported larger populations than the lower locations.  This pattern was 

driven by small highly abundant estuarine species that had a preference for 

silty sediments found predominantly in the mid and upper locations of 

Tasmanian estuaries.   

 

The pattern of species richness and diversity declining with decreasing salinity 

is a recurring one in many estuarine studies (Kinne, 1964, Jones, 1987, Edgar 

and Barrett, 2002, Ysebaert et al., 2003, Hirst, 2004, Lercari and Defeo, 

2006).  Edgar and Barrett (2002) also related species richness to the 

presence of seagrass where increased macrophyte beds and marine localities 

had more diverse faunas than unvegetated and freshwater influenced 

habitats.  However, our data do not support the pattern described for species 

richness in relation to salinity or seagrass habitat.  In this study species 

richness was found to be highly variable despite distinct salinity gradients 

occurring within the estuarine types (Fig 2.6c) and the presence of seagrass 

in open barrier estuaries.  The lack of a pattern in species richness may be 

the result of other factors not considered in this study such as the variety and 

area of habitats, calmness of water, food, shelter, protection from predators 

(Roy et al., 2001), and anthropogenic impacts.  In this survey some of the 

catchments of these estuaries have been extensively modified for agriculture 

(Edgar and Barrett, 2000), which may be impacting on species diversity.   

 

2.4.3 Implications for the management and monitoring of estuaries 

The results of this study support the separation of mesotidal river estuaries 

from open barrier estuaries on the basis of physical and biological attributes 

(Edgar et al., 1999a).  Although the estuarine types share many of the 

estuarine species, the high salinities and large areas of seagrass in the mid 
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and upper locations of open barrier estuaries supported a range of marine 

species that were not found in mesotidal river estuaries.  Thus a monitoring 

program could be established for each of the estuarine types provided that 

locations within estuaries are broadly comparable and that sufficient 

replication is conducted within the locations to reduce the effects of small 

scale patchiness. 

 

As little is known about how environmental variables affect macrofaunal 

species (Edgar and Barrett, 2002) the choice of variables to monitor is 

difficult, although some of these relationships are being investigated (Posey et 

al., 2006, O'Brien et al., 2010).  Given the dynamic nature of estuarine 

environments and their associated macrofauna, monitoring programs should 

focus on a range of ecological processes (Fairweather, 1999) and include 

biological and physico-chemical variables (Scanes et al., 2007). 

 

Where to monitor in these medium sized estuaries to ascertain anthropogenic 

impacts remains an unanswered question and requires further investigation.  

Given the distinct separation of macrofaunal communities along estuarine 

gradients in both estuarine types the investigation of anthropogenic impacts 

on macrofauna will need to be tested at each of the locations.  A previous 

study by Edgar and Barrett (2000) indicated that impacts on benthic 

macrofauna were associated with increased siltation in estuaries.  On this 

basis it could be predicted that impacts are likely to occur in the upper 

locations of mesotidal river estuaries and the mid and upper locations of open 

barrier estuaries where silt loads were the greatest.  Thus, monitoring 

programs should take a cautionary approach and investigate all sampling 

locations to determine the extent of anthropogenic impacts in these estuaries. 
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Chapter 3:  

 

 

 

 

 

Relationships between land use, nutrient loads and 

estuarine macrofauna: a case study from northern 

Tasmania. 
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Abstract 

Associations between macrofaunal assemblages, environmental parameters 

and nutrient loads derived from catchment land use activities were 

investigated in six permanently open mesotidal river estuaries located in 

northern Tasmania.  It was hypothesised that high nutrient loads would enrich 

estuarine sediments and have a widespread impact on macrofaunal 

assemblages.  Mesotidal river estuaries in Tasmania also exhibit strong 

salinity and sediment gradients.  As a consequence it was predicted that the 

effects of high nutrient loads on estuarine macrofauna would be restricted to 

the mid and upper locations of these estuaries where greatest sedimentation 

occurs.  The condition of the macrofaunal assemblages were indicated using 

species richness indices and trophic feeding strategies.  These were tested on 

macrofaunal assemblages in three locations; upper, mid and lower to 

determine the extent of impacts within estuaries.   The impacts were most 

pronounced in the upper and mid sampling locations but the lower estuary 

appeared to be less influenced by nutrient loading from the catchment.  The 

upper and mid locations of estuaries that had high nutrient loads had high 

concentrations of nutrients (N, C, and P), microphytobenthos, and enriched 

δ
15N signatures in the sediment.  The sediment consisted mostly of silt/clay 

particles and the water column had reduced dissolved oxygen concentrations.  

The response of the macrofauna was primarily linked to salinity and sediment 

gradients that covaried with the other environmental variables; however, in 

estuaries receiving high nutrient loads the macrofauna consisted of low 

species diversity comprising of mostly opportunistic, highly abundant surface 

deposit feeding species.  The species richness indices were only effective in 

detecting impacts in the upper estuary whereas trophic feeding strategies 

where useful in describing changes in trophic structure of macrofaunal 

assemblages in response to high nutrient loads at the upper and mid 

locations.  There clearly is a need to develop biotic indices that incorporate 

natural variation and that are sensitive enough to detect anthropogenic 

disturbances.    

 



 42 

3.1 Introduction 

Benthic macroinvertebrates are important functional components of estuarine 

ecosystems.  They play a vital role in nutrient cycling through bioturbation 

activities, promote decomposition of organic matter, transfer energy to higher 

trophic levels, and alter physical and chemical conditions at the sediment-

water interface (Gaston et al., 1998, Levin et al., 2001).  Their trophic position 

in estuarine food webs makes them ideal pollution indicator organisms.  They 

are relatively long lived and are mostly sedentary leaving them vulnerable to 

stressors (Pearson and Rosenberg, 1978, Dauer, 1993, Warwick, 1993a).  

 

Interpreting disturbance effects on benthic macroinvertebrates in estuaries is 

often complex and confounding.  Estuarine communities vary in response to 

physical, chemical and geological processes that include natural and human 

induced effects (Gaston et al., 1998, Adams, 2005).  Naturally occurring 

gradients such as depth, salinity and sediment within estuaries most often 

determine the spatial distribution of macroinvertebrates (Edgar and Barrett, 

2002, Ysebaert and Herman, 2002, Teske and Wooldridge, 2003, Ysebaert et 

al., 2003, Thrush et al., 2005, Hirst and Kilpatrick, 2007).  Anthropogenic 

stressors that can impair macrofaunal communities include eutrophication, 

heavy metal pollution, invasive species, overfishing, habitat alteration and 

climate change (Levin et al., 2001, Kennish, 2002).  Untangling anthropogenic 

effects from natural variability in macrofaunal assemblages is a constant 

challenge faced by benthic ecologists.  

 

Natural variability at multiple spatial scales can also exacerbate efforts to 

identify anthropogenic effects.  At larger spatial scales, variability in 

macrofaunal assemblages can be greater between estuaries than within if 

they are geomorphologically and hydrologically different (Edgar and Barrett, 

2002).  When comparing estuaries that are of the same geomorphological 

type, within estuary variation can be greater than between estuaries (Hirst and 

Kilpatrick, 2007).  However, the distribution patterns of macrofaunal 

assemblages within and between estuaries are not mutually exclusive.  In 

Tasmania, mesotidal river estuaries and open barrier estuaries have 
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macrofaunal assemblages that vary according to location (upper, middle and 

lower estuary), but the pattern of differences among locations is dependent on 

estuarine type (see Chapter 2).  Thus, the key drivers of within estuary 

variability, salinity and sediments, need to be carefully considered when 

assessing impacts over larger spatial scales. 

 

The first study in Tasmania to investigate the effects of catchment land use 

activities on estuarine macrofauna over large spatial scales was conducted by 

Edgar and Barrett (2000).  Using disturbance indices they found that estuaries 

with catchments having human population densities > 10 individuals km-2 had 

sediments that consisted of silt rather than sand and macrofaunal 

communities were dominated by infauna rather than epifauna.  This is 

consistent with numerous studies that have identified relationships between 

human activities in catchments and increased sediment loads (Comeleo et al., 

1996, Rakocinski et al., 1997, Basnyat et al., 1999, Brown et al., 2000, Dauer 

et al., 2000, Edgar and Barrett, 2000, Paul et al., 2002, Hale et al., 2004, 

Houlahan and Findlay, 2004, Bilkovic et al., 2006, Hollister et al., 2008).  As 

Edgar and Barrett (2000) were more interested in observing general patterns 

in the effects of catchment activities on macrofaunal assemblages the majority 

of estuaries surveyed had just one sampling location.  Therefore this study 

could not provide any information on where in the estuary impacts are likely to 

occur.   

 

Some of these questions were partially answered by Hirst et al., (2005, 2007) 

and Hirst and Kilpatrick (2007) who investigated spatial and temporal variation 

on macroinvertebrate community structure in three north west Tasmanian 

mesotidal river estuaries.   Using a spatially replicated design, they tested a 

methodology of comparing non-impacted estuaries with impacted estuaries 

and established that estuaries with highly modified catchments had reduced 

water quality and elevated levels of nutrients and silt/clay content within 

sediments in comparison to estuaries with less modified catchments.  

However, this did not translate into any differences in macroinvertebrate 

communities between impacted and non-impacted estuaries.  The lack of a 

difference was thought to be the result of site to site variation in 
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macroinvertebrate communities within each region and that as sites were 

chosen arbitrarily, they may not have corresponded across estuaries.  Thus 

with sufficient spatial replication at the within estuary-scale, it may be possible 

to separate the effects of natural variation on macrofaunal assemblages from 

those attributed to anthropogenic impacts.   

 

In Tasmania potential anthropogenic impacts are likely to stem from activities 

in the catchment and include nutrient enrichment, organic carbon loading and 

increased sedimentation (Edgar and Barrett, 2000, Hirst et al., 2007).  Thus 

the purpose of this study is to examine the links between modelled nutrient 

loads (derived from catchment land use data), estuary environmental 

variables and macrofaunal assemblages in mesotidal river estuaries.  I 

hypothesise that estuaries with the greatest nutrient loads will contain muddier 

sediments that are enriched with nutrients and have impacted macrofaunal 

assemblages.  The catchments of the selected estuaries vary from nearly 

pristine to heavily modified providing an opportunity to compare macrofaunal 

assemblages for assessment of anthropogenic disturbance.  As sedimentation 

in mesotidal river estuaries is largely restricted to the upper locations of these 

estuaries it could be predicted that the most discernable impacts are likely to 

be detected there (Hirst and Kilpatrick, 2007).  However, hydrological forces 

and the extent of nutrient loading in the estuary may extend impacts into the 

mid locations or beyond. This remains largely untested.  Thus, the second 

objective of this study is to determine the effects of catchment landuse 

activities (using nutrient loads derived from each land use) on macrofaunal 

assemblages in mesotidal river estuaries and assess whether the impacts are 

location specific.  I hypothesise that impacts are most likely to be detected in 

the upper estuary where greatest sedimentation occurs.  Impacts may also be 

detected in the mid locations depending on the extent of hydrological forces.  

Thus, I examine the effects of nutrient loading on macrofaunal assemblages 

at each of the locations to determine where in the estuary greatest impacts 

are occurring.  I apply commonly used species richness indices and trophic 

feeding strategies that have been successful in detecting changes in 

macrofaunal assemblages as a consequence of land use impacts in similar 

studies (Rakocinski et al., 1997, Gaston et al., 1998, Brown et al., 2000).    
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This study significantly contributes knowledge needed by land-use managers 

about the condition and function of estuaries around Tasmania.  If impacts in 

mesotidal river estuaries are location specific then a more cost effective 

monitoring program could be developed by managers targeting resources to 

those areas most affected.     

 

3.2 Methods and Materials 

3.2.1 Study sites and survey design 

In six mesotidal river estuaries in northern Tasmania (Fig 3.1), the relationship 

between nutrient loads, environmental variables and macrofaunal 

assemblages where assessed separately for the upper, mid and lower 

locations.  Northern Tasmanian mesotidal river estuaries were chosen 

because their catchments have varying degrees of land use from near pristine 

to heavily modified and have similar physical and biological attributes 

minimising confounding effects of natural differences between estuaries 

(Chapter 2).  All sampling was undertaken in November 2008. 

 

As mesotidal river estuaries exhibit gradients in salinity and sediment 

characteristics along their extent, each estuary was sampled at three 

locations: lower (close to the sea-estuary interface), mid and upper (close to 

the river-estuary interface).  The upper location was situated in the first third of 

the estuary and the lower location was positioned within 1 km of the estuary 

mouth.  It is not known where the middle of an estuary is located in terms of 

salinity and sediment gradients as the position shifts with seasonal rainfall, 

droughts and floods (Kanandjembo et al., 2001, Baldó et al., 2005, Neto et al., 

2010).  Therefore, the approach was to select a location equal distance 

between the mouth and headwaters of the estuaries.     

 

Within each location three sites approximately 20 m apart were sampled for 

macroinvertebrates and environmental variables (details provided below).  

Measurements of environmental variables, except for dissolved oxygen were 

sampled for analysis immediately above the low water mark.  
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Figure 3.1: The location of the six Tasmanian river estuaries surveyed in 
this study. 
 

3.2.2 Field and laboratory methods 

3.2.2.1 Macroinvertebrate assemblages 

At each site five sediment cores were collected using a hand held 150 mm 

diameter PVC pipe corer that was pushed into the sediment to a depth of 100 

mm.  Benthic sampling was restricted to shallow subtidal assemblages or just 

below the low water mark to prevent the inclusion of information relating to 

across-estuary vertical gradients in faunal assemblage structure that are 

commonly associated with tidal inundation (Edgar and Barrett, 2002, Ysebaert 

et al., 2003).  Sediment cores were taken at 0.0, 0.1, 0.2, 0.3, and 0.5 m 

depths (where applicable) along a transect line running perpendicular from the 
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Black River 

Detention River 

Duck River 

Port Sorell 
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low tide water mark.  Cores were collected at these depths in order to 

maximise the range of animals collected at a site.  To reduce the effects of 

sampling at different tide heights at each location the estuaries were sampled 

from lower to upper (where practical) between the hours of one and half hours 

before and one and half hours after the predicted low tide.  The five samples 

collected at each site were pooled and sieved (1 mm mesh) in the field prior to 

fixing in 10% buffered formalin.  Pooling of replicate cores within a site did not 

allow estimates of variability at this scale, but this was deemed less important 

than variability at the scales of location and estuary and allowed greater 

allocation of effort to sample at larger spatial scales (Carey and Keough, 

2002, Ross et al., 2007).  In the laboratory, macroinvertebrates were rinsed in 

freshwater and washed through a sieve stack (8, 4, 2 and 1 mm).  Material 

retained in the 1 mm sieve was divided into two or four (using a Jones riffle 

splitter) depending on the amount of material contained.  Fauna in each of the 

sieve size classes were sorted, identified to the lowest practical taxon and 

counted.  Counts from the 1 mm fraction were multiplied by either two or four 

to obtain an estimate of total abundance for that size class.   

 

3.2.2.2 Environmental variables 

To measure pore water salinity, three cores (diameter = 23 mm, depth = 20 

mm) of sediment were collected and amalgamated in the field. Sediment pore 

water was extracted in the field using a syringe and a wadded cotton wool 

filter.  Salinity was measured in the field using a hand-held refractometer.  

Dissolved oxygen concentrations were recorded for the bottom waters 

overlying the area of benthos sampled at each site using a dissolved oxygen 

probe (HACH HQ40d multimeter) with values presented as percentage 

saturation.   

 

Sediment samples were collected for estimates of total nitrogen and total 

phosphorus, percentage organic carbon and microphytobenthos (MPB) 

biomass (using sediment chlorophyll a as a proxy).  Sediments for the 

analysis of total nitrogen and total phosphorus were collected by scraping 

sediments into clean 300 ml glass sample jars provided by the NATA-
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accredited Analytical Services Tasmania (AST).  These samples were 

immediately frozen.  Analysis of total nitrogen (TN) and total phosphorus (TP) 

were measured in the laboratory using internal methods based on standard 

procedures: TN: Total Kjeldahl Nitrogen (TKN) present in the sample was 

determined by converting the nitrogen to ammonium sulphate in a sulphuric 

acid potassium sulphate digestion procedure.  Ammonium–nitrogen was 

subsequently determined by colorimetric auto-analyser method based on 

APHA Standard method (2005) 4500-Norg D.  Analysis was performed using 

a Lachat Flow Injection analyser.  TP: Phosphorus compounds were 

converted to orthophosphate in the Kjeldahl digest, and the resulting solution 

was analysed by Flow Injection analysis.  This method was developed by 

Lachat Instruments based on APHA Standard methods 4500-P G.  Results for 

TN and TP are reported as mg/kg DMB (dry mass basis).  Sediments retained 

for the analysis of percentage organic carbon content were collected using a 

45mm diameter core to a depth of 50 mm.  Percent organic carbon in 

sediments was calculated after drying by loss of organic carbon on ignition at 

500 °C.  

 

Sediment chlorophyll a was determined from three replicate sediment cores 

(23 mm diameter) inserted to a depth of 20 mm following the method of Light 

and Beardall (1998).  Sediments were frozen and returned to the laboratory 

for analysis.  Chlorophyll a was extracted from the sediments with acetone 

(90% v/v) over a 24 hour period in darkness at 4 °C and then centrifuged 

(4500 rpm for 15 min) to remove sediments.  The concentration of chlorophyll 

a and the breakdown product (pheophytin) where determined 

spectrophotometrically.  Concentration (mg/m2) of chlorophyll a (corrected for 

pheopigments) were obtained using the equations of Lorenzen (1967). 

 

Sediment retained after the extraction of MPB was used to determine the 

mean particle size and the percentage silt/clay content of the sediments.  The 

sediment was dried in an oven at 60 °C and the organics in the sample were 

removed by adding 10 % hydrogen peroxide.  The mean particle size and 

percentage silt/clay content was determined using a Saturn Digisizer 5200 

laser diffractometer.  The mean particle size was provided in the output of the 
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Digisizer and converted to the phi (Ф) scale for further analysis.  The 

percentage of the sample comprising the silt/clay component in the samples 

was calculated by pooling the percentage volume frequencies of particle sizes 

<0.063 mm calculated by the Digisizer.   

 

Sediments for stable isotope analysis were collected using five 23 mm 

diameter cores inserted to a depth of 20 mm and were subsequently 

amalgamated for analysis.  In the laboratory, sediment samples were rinsed 

through a 315 µm sieve with deionised water (Milli – Q ≥ 18 MΩ.cm) and dried 

in an oven at 60 °C for at least 48 h.  Dried samples were pulverised in a 

mortar with a pestle until the sample had been reduced to a fine powder.  

Sediments were transferred to a clean 5 ml glass vial and treated with 10% 

hydrochloric acid to remove carbonates to provide a more accurate 

assessment of δ13C.  

 

Stable isotope samples were analysed using a continuous flow-isotope ratio 

mass spectrometer (GV Isoprime Eurovector EA 3000, Manchester UK) at 

Griffith University.  Isotopic ratios of samples are expressed in conventional 

notation as δ values (δ13C or δ15N) and were calculated using the equation: 

 

δ
13C or δ15N = [(Rsample/Rstandard) – 1] x 1000 

 

where R is the corresponding isotopic ratio 13C: 12C or δ14N: δ15N.  Reference 

material was PeeDee Belemnite (PDB) for carbon, and atmospheric air for 

nitrogen. 

 

3.2.3 Catchment land use and annual average nutrient loads  

Up to date land use data (all catchments, Fig 3.2) and annual catchment 

nutrient loads (5 catchments) for total nitrogen and total phosphorus were 

provided by Broad and Corkrey (2011).  The remaining nutrient loads for 

nitrate, NOx (Nitrite + Nitrate), ammonia, dissolved reactive phosphorus and 

average river turbidity (a proxy for sediment loads) were supplied by Shane 

Broad (unpublished data).  Estimates of nutrient loads were calculated using 
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the Catchment Management Support System (CMSS) (Davis and Farley, 

1997).  CMSS assumes that nutrient exports are dependent on land use, 

where each land use has a specific nutrient generation rate.  The generation 

rate is defined as a mass of a pollutant generated from a given land use area 

during a specified time interval, usually a year, and expressed in kg/ha/yr 

(Marston et al., 1995).  For a more detailed methodology on the estimation of 

nutrient loads using the CMSS and calculations of nutrient generation rates for 

each land use see Broad and Corkrey (2011).   

 

Annual catchment nutrient loads were unavailable for the Detention River as 

there was insufficient data (nutrient and stream flow data) to apply the CMSS 

model.  Thus, a different approach was required to estimate annual nutrient 

loads for the Detention River.  Firstly, nutrient data collected within the estuary 

over the past 12 years (collected by the Institute for Marine and Antarctic 

Studies) was used to estimate the freshwater concentration of nutrients for the 

Detention River.  As nutrients are generally negatively correlated with salinity 

in estuaries (as the nutrient-rich freshwater is mixed with nutrient-poor marine 

water) the nutrient data collected from the Detention River were plotted 

against the corresponding values of salinity for each sampling date.  The y-

intercept (i.e. salinity = 0) was deemed to be the concentration of the nutrient 

from the river source before entering the estuary.  Plotting these values 

against time showed seasonal variation, with highest values in winter. The 

data appeared to fit a sine wave, so the values were then fitted to the 

equation:  

 

f=y0+a*sin(2*π*x/365+c) 

 

where y0 is average concentration throughout the year and a and c are 

constants to give an estimate of daily concentrations for each nutrient over a 

calendar year. 

 

Annual catchment loads (tonnes/yr) for the Detention River were calculated by 

multiplying the daily nutrient concentrations with average daily flow data (from 

1961 - 2007) derived from the Black River (supplied by the Water Information 
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Services of Tasmania).  As the Detention River drainage basin has similar 

rainfall to the Black River basin, daily stream flow was estimated to be 41 % of 

the Black River basin based on the size of their respective catchments (Table 

3.1).  This method is clearly not ideal but the loads are within the range seen 

for the other catchments (Table 3.2).  How realistic the values are is unknown. 

 

Table 3.1: The catchment area and average rainfall for the six northern 
Tasmanian river estuaries.  Data obtained from Edgar et al.,(1999a) 

Catchment Name Area (ha) Average Rainfall (mm) 

Montagu 34,029 1156 

Duck 53,972 1202 

Black 35,718 1267 

Detention 14,774 1243 

Port Sorell 64,319 897 

Pipers 46,683 896 

 

 

Table 3.2: The average annual nutrient loads (tonnes/yr) and the average 
river turbidity (NTU) for the six northern Tasmanian catchments surveyed.  
Data for TN and TP supplied by Broad and Corkrey (2011).  The remaining 
nutrient loads were supplied by Shane Broad (unpublished data).  Values for 
the Detention River catchment was estimated by another means (see section 
3.2.3 for more details). 
Parameter Montagu Duck Black Detention Port Sorell Pipers 

Average turbidity (NTU) 13.98 28.42 4.91 5.86 14.52 14.80 

Total phosphorus (TP) 41.54 92.90 3.47 3.06 5.97 6.17 

Total nitrogen (TN) 228.05 336.31 128.99 108.05 79.39 75.19 

NOx 69.69 127.68 14.47 18.60 15.03 24.06 

Dissolved reactive 
Phosphorus (DRP) 

20.79 36.23 0.92 0.76 1.43 0.89 

Ammonia (Amm) 19.38 48.72 3.72 5.95 1.59 2.26 
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Figure 3.2: The proportion of different land uses of six northern Tasmanian 
estuarine catchments.  Data supplied by Broad and Corkrey (2011)  
  

3.2.4 Macrofaunal trophic group assignments 

Macrofauna were assigned to the following trophic groups based on feeding 

strategies: surface deposit feeders (SDF), deposit feeders (DF), suspension 

and filter feeders (SF), opportunistic scavengers (OS), and algal/detrital 

feeders (ADF).  Some of the taxa have facultative (split) feeding strategies 
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and these species were given a combination of the above groups (e.g. 

DF/ADF or SDF/SF).  The trophic group OS incorporates species that are 

carnivores that can also switch feeding strategies (e.g. deposit feeding) 

depending on the available resource.  The trophic group SDF includes sub - 

surface deposit feeders that live and feed in the first 2 cm of sediment but are 

not deep burrowers.  Where the feeding strategy is not specifically known for 

a given species it was inferred using information from the next closest species 

or taxonomic group.   

 

3.2.5 Statistical analysis 

To investigate the differences and similarities between macroinvertebrate 

assemblages that may be attributable to catchment land use effects, analyses 

of macrofaunal assemblages were conducted separately for data from the 

upper, mid and lower locations using a Principal Coordinate Analysis (PCO), 

as calculated by the PERMANOVA+ add-on package for PRIMER 6 

(Anderson et al., 2008).  At each location, individual vector overlays of 

macroinvertebrate species data, environmental variables, species richness 

indices (total abundance, total species, species diversity (Margelef), Shannon 

diversity index (loge), Simpson Index, and eveness), feeding strategies and 

annual nutrient loads were used to assess the effects of land use.  Vector 

overlays were assessed by calculating Pearson correlation coefficients 

between the above parameters and each of the first two principal coordinate 

axes.  The species richness indices were calculated for macrofaunal 

assemblages at each location using PERMANOVA + add on package.   

 

To correlate annual nutrient loads with the macrofaunal data sets, the 

replicates for macrofaunal assemblages (sites) were pooled to provide a 

mean value for each estuary and an additional PCO analysis was conducted.  

This was necessary because the number of replicates between comparative 

data sets need to be the same for vector diagrams. The pooling of sites 

increased the amount of variation explained by the first two principal 

coordinates because variation among sites was removed; however the 

distribution of means along the two axes did not change visually for any of the 
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tests at each location.  Thus the vector diagram for catchment nutrient loads is 

displayed along with the other metrics correlated to the full dataset of 

macrofaunal assemblages with the caveat that the vector diagram and 

correlation coefficients calculated are based on a PCO calculated from pooled 

macrofaunal data sets.   

 

To reduce the effects of highly abundant species and to avoid violating the 

assumption of variance heterogeneity the macrofaunal abundance data were 

fourth root transformed prior to analysis.  Potential co-correlations between 

environmental parameters were explored using a draftsman plot in PRIMER 6.  

Many of the variables shared some co-linearity but were retained for the 

analysis as they did not exceed r > 0.9.  The environmental variables, total 

nitrogen and total phosphorus were log transformed and data recorded as 

percentages were transformed using arcsine square root.  Due to sample 

processing errors some erroneous values were present in the δ13C signatures 

in the lower estuary of Port Sorell and Pipers River data sets; therefore δ13C 

signatures were not included in the lower estuary data analysis. 

 

3.3 Results 

3.3.1 Relationships between macrofauna, environmental variables and 

average annual nutrient loads in the upper locations of river estuaries. 

A total of 41 macroinvertebrate species comprising of 10,481 individuals were 

collected in the upper estuary locations, with crustaceans, polychaetes, 

bivalves and gastropods comprising the richest taxonomic groups (16, 13, 9 

and 9 species respectively).  These groups with the exception of gastropods 

also contributed the most to the total abundance (crustaceans 72 %, 

polychaetes 15 %, bivalves12 % and gastropods, insects and nemerteans <1 

%).  Very few other groups were collected in the upper estuary with insects 

contributing just three species and nemerteans one and both were rare.   

 

The sites within each upper estuary were tightly aggregated, indicating that 

there was little variation in the species composition within estuaries and that 
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greatest variation occurred between estuaries (Fig 3.3 a).  Most of the 

variation (approximately 77%) in the upper location macrofaunal assemblages 

among the estuaries was due to Port Sorell and Pipers River, which were very 

different from one another and the other four estuaries (Fig 3.3 a).  The upper 

location of Port Sorell differed from the other estuaries in having greater 

abundances of the large deep burrowing crustaceans Macrophthlamus 

latifrons, Alpheus sp., Biffarius spp., and Heloecius cordiformis (Fig 3.3 a), 

that were either absent or in lower abundances in the other estuaries, while 

Pipers River had greater abundance of Limnoporeia spp, Capitella spp., and 

Dimorphostylus colefaxi (Table 3.3).   

 
The primary environmental variables that correlate most strongly with the 

position of the estuaries on PC1 were salinity, δ13C signatures, total nitrogen 

and percentage organic carbon (Fig 3.3 c).  The sediment environment in the 

upper estuary of Port Sorell was atypical in that it had much higher salinity, 

and lower δ13C signatures and lower concentrations of total nitrogen and 

percentage organic carbon in comparison to the other estuaries (Fig 3.3 c and 

Fig 3.4 a, c, d,& j).   

 
The environmental variables that were negatively correlated with PC1 and 

characterised the upper locations of the Montagu, Duck and Pipers River 

estuaries were greater concentrations of total nitrogen and % organic carbon 

in the sediments and lower salinity (Fig 3.3 c, Fig 3.4 a, c, d).  The species 

most strongly correlating with these estuaries include the polychaete 

Simplisetia aequisetis and the crustacean Paracorophium spp (Fig 3.4 a, b), 

which were absent in the upper location of the Port Sorell estuary (Table 3.3).   

 

The macrofauna of the Duck, Montagu and Detention River were 

characterised by a mostly surface deposit feeding assemblage comprising of 

species such as the bivalve Arthritica semen, the gastropod Ascorbis viatariae 

and the polychaetes Boccardiella limnicola and Nephtys australiensis (Fig 3.3 

a, b & e).  These estuaries were characterised by greater concentrations of 

total phosphorus (TP) and microphytobenthos and to a lesser extent enriched 

δ
15N signatures in the sediment and lower concentrations of dissolved oxygen 
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in the water column (Fig 3.3 c & f).  In contrast Pipers River and the Black 

River, which have lower annual nutrient loads had less TP and 

microphytobenthos concentrations, and less enriched δ15N ratios in the 

sediment and greater dissolved oxygen in the water column (Fig 3.3 C, Fig 3.4 

b, e, f, i).   

 

The effects of annual nutrient loads on the macroinvertebrate assemblages 

can be further highlighted by the species indices and the trophic feeding 

strategies of the macroinvertebrates (Fig 3.3 d, e & f).  The macroinvertebrate 

assemblages of the Duck and Montagu River estuaries had few species but 

those that were present were very abundant.  The species found in these 

estuaries were mostly comprised of surface deposit feeders.  By comparison, 

the other estuaries had a much more diverse macrofauna with taxa present 

from a variety of trophic feeding strategies (Fig 3.3 e).   

 
Table 3.3: The taxon, trophic feeding group and mean abundances of 
selected taxa collected in the upper locations of estuaries.  Taxonomic groups 
are listed as bivalves (B), crustaceans (C), gastropods (G) and polychaetes 
(P).Trophic groups are listed as surface deposit feeders (SDF), deposit 
feeders (DF), algal detrital feeders (ADF), suspension feeders (SF) and 
opportunistic scavengers (OS). 

Species Taxon 
Trophic 
group Montagu Duck Black Detention 

Port 
Sorell Pipers 

Arthritica semen B SDF 307 641 19 127 0 1 

Ascorbis viatariae G SDF 18 11 0 0 0 0 

Biffarius spp. C DF/ADF 0 0 32 0 8 0 

Boccardiella limnicola P SDF 205 933 1 0 0 2 

Capitella spp. P DF 0 0 0 0 0 7 

Dimorphostylus colefaxi C SF 0 0 0 0 0 8 

Heloecius cordiformis C DF 0 0 0 0 11 0 

Limnoporeia spp C SDF/SF 2 0 15 4 0 10 

Macrophthalmus latifrons C DF 0 0 0 3 18 0 

Nephtys australiensis P OS 0 46 14 20 6 0 

Paracorophium spp C SDF/SF 1053 3109 1524 1564 0 130 

Simplisetia aequisetis P SDF 260 18 0 1 0 51 
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Figure 3.3: Estuary relationships shown as plots of the first two principal 
components calculated by PCA using abundance of upper estuarine 
macrofauna (a).  Correlations between the first two principal components are 
shown for highest Pearson correlations for (b) species (r > 0.6), (c) 
environmental variables - %C: % organic carbon; TP: total phosphorus; TN: 
total nitrogen; DO % sat: dissolved oxygen % saturation; mean phi: mean 
sediment particle size (Ф), (d) diversity indices, (e) feeding strategies - SDF: 
surface deposit feeder; SF: suspension feeder; ADF: algal detrital feeder; DF: 
deposit feeder; OS: opportunistic scavenger and (f) nutrient loads -  DRP: 
dissolved reactive phosphorus; amm: ammonia; NOx: dissolved nitrate + 
nitrite.   The lengths of the lines indicate the strength of the correlation to the 
PCO axes. 
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Figure 3.4: Mean (+ SE) for sediment environmental parameters and 
dissolved oxygen in the water column at the upper location within each 
estuary; MR = Montagu River, DR = Duck River, BR = Black River, DET = 
Detention River, PS = Port Sorell and PR = Pipers River. 

(e)

MR DR BR DET PS PR

M
ic

ro
p
h
y
to

b
e
n
th

o
s
 (

m
g
/m

2
)

0

50

100

150

200

250

300

350

(c)

MR DR BR DET PS PR

%
 o

rg
a
n
ic

 c
a
rb

o
n

0

20

40

60

80

100

(f)

MR DR BR DET PS PR

D
is

s
o
lv

e
d
 o

x
yg

e
n
 (

%
 s

a
tu

ra
ti
o
n
)

0

20

40

60

80

100

120

(d)

MR DR BR DET PS PR

P
o
re

 w
a
te

r 
s
a
lin

it
y

0

5

10

15

20

25

30

(b)

MR DR BR DET PS PRT
o
ta

l 
p
h
o
s
p
h
o
ru

s
 (

m
g
/k

g
 s

e
d
im

e
n
t)

0

1000

2000

3000

4000

5000

6000

7000
(a)

MR DR BR DET PS PRT
o
ta

l 
n
it
ro

g
e
n
 (

m
g
/k

g
 s

e
d
im

e
n
t)

0

1000

2000

3000

4000

5000

6000

7000

(i)

Estuary

MR DR BR DET PS PR


1

5
N

0

1

2

3

4

5

6

(g)

MR DR BR DET PS PR

M
e
a
n
 p

a
rt

ic
le

 s
iz

e
 (

)

0

1

2

3

4

5

(j)

Estuary

MR DR BR DET PS PR


1
3
C

-30

-25

-20

-15

-10

-5

0

(h)

MR DR BR DET PS PR

%
 s

ilt
/c

la
y
 c

o
n
te

n
t

0

20

40

60

80

100

 



 59 

3.3.2 Relationships between macrofauna, environmental variables and 

average annual nutrient loads in the mid locations of river estuaries. 

A total of 58 species comprising of 3967 individuals were collected from the 

mid locations.  Crustaceans (38 %) were the most species rich group followed 

by polychaetes (31 %), bivalves (19 %), gastropods (7 %) and other taxa (5 

%), which included cnidarians, nemerteans, insects and sipunculan worms.  

The most abundant group was the crustaceans contributing 73% of the total 

faunal abundance and was dominated by a single species Paracorophium 

spp. found in high abundances in the Montagu River estuary (Table 3.4).  The 

next most abundant groups were bivalves (17 %), polychaetes (8 %) and 

gastropods (2 %). 

 
Greatest variation in mid estuary assemblages occurred between estuaries; 

however, the sites within each estuary were less tightly aggregated than seen 

in the upper estuary, indicating that there was some variation in the species 

composition and abundance (Fig 3.5 a).  Most of the variation (approximately 

50 %) in macrofaunal assemblages was due to differences in the composition 

of macrofaunal assemblages between Port Sorell, Duck, Pipers and Detention 

River estuaries.  The mid location of Port Sorell had a greater abundance of 

the polychaetes Lumbrineris spp and Scoloplos simplex, and a lower 

abundance of the crustaceans Biffarius spp., Birubius cf. mayimayi, compared 

with the other estuaries (Table 3.4).  The Duck was characterised by the 

deposit feeding bivalve Tellina deltoidalis and the polychaete Dipolydora 

penicillata (Fig 3.5 b), which were absent or in low abundance in the other 

estuaries (Table 3.4). In contrast Pipers River and the Detention River 

contained large suspension feeding bivalves such as Paphies erycinaea and 

Katelysia scalarina and the deposit feeding polychaete Scoloplos normalis 

that were absent from the Duck River and Port Sorell (Fig 3.5 b, Table 3.4).  

The cnidarian Edwardsia sp and the bivalve Anapella cycladea were also 

common in the Detention River but not found in the other estuaries at the mid 

location (Table 3.4). 
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The primary environmental variables that correlate with the position of Port 

Sorell and the Duck River estuary on PC1 include salinity, the mean sediment 

particle size and to a lesser extent the concentrations of microphytobenthos 

and the nutrients TN, TP and % C (Fig 3.5 a & c).  The sediments of Port 

Sorell had greater salinities than all the other estuaries but lower 

concentrations of nutrients and microphytobenthos than the Duck River (Fig 

3.6 a-e & g).  The sediments of the Duck River were comprised of small 

particles and had the greatest concentrations of nutrients and 

microphytobenthos in comparison to the other estuaries.  In contrast the 

sediments in the Detention River and Pipers River comprised of much larger 

particles and were lower in salinity, concentrations of nutrients and 

microphytobenthos (Fig 3.6 a – e & g).   

 

Greater abundances of the surface deposit feeding species Arthritica semen 

and Paracorophium spp. were important in differentiating the Montagu and the 

Duck Rivers from the other estuaries on PC2 (Fig 3.5 a & b, Table 3.4).  The 

primary environmental variables that correlate most strongly with the position 

of estuaries on PC2 were concentrations of dissolved oxygen and to a lesser 

extent % silt/clay in the sediment and the nutrient variables, TN, TP and % C 

(Fig 3.5 a & c).  The Montagu River also had high concentrations of nutrients 

and microphytobenthos and % silt clay content in the sediments but these 

were not as high as those found in the Duck River (Fig 3.6 a – e, f).  Lower 

dissolved oxygen concentration was also found in the water column of these 

two estuaries (Fig 3.6 a – e, f).  In contrast greater dissolved oxygen 

concentrations in the water column and lower silt/clay content in the sediment 

was common in the Detention River. 

 

The Duck and Montagu sites, which had sediments that were siltier with 

higher concentrations of nutrients and microphtybenthos were characterised 

by deposit feeding and surface deposit feeding species.  By comparison the 

Detention River and Pipers River estuary, which were characterised by sandy 

sediments and lower sediment nutrient concentrations, were dominated by 

large filter feeders that were nonexistent in the Duck and Montagu Rivers.  

Port Sorell and the Black River had a diverse species assemblage 
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representing most functional feeding groups.  Species richness indices could 

not detect patterns of disturbance on mid estuary sites, as evident by only 

weak correlations with the mid estuary macrofaunal assemblages (Fig 3.5 d).   

 

Table 3.4: The taxon, trophic group and mean abundances of selected taxa 
collected in the mid locations of estuaries.  Taxonomic groups are listed as 
bivalves (B), crustaceans (C), gastropods (G) and polychaetes (P).Trophic 
groups are listed as surface deposit feeders (SDF), deposit feeders (DF), 
algal detrital feeders (ADF), suspension feeders (SF) and opportunistic 
scavengers (OS). 

Species Taxon 
Trophic 
group Montagu Duck Black Detention 

Port 
Sorell Pipers 

Anapella cycladea B SF 0 0 0 43 1 0 

Arthritica semen B SDF 22 9 13 0 1 4 

Biffarius spp. C DF/ADF 1 1 54 2 82 2 

Birubius cf mayimayi C SDF/SF 0 0 2 0 21 1 

Dipolydora penicillata P DF 0 16 1 0 0 0 

Lumbrineris spp. P DF 0 1 0 0 7 0 

Macrophthalmus latifrons C DF 1 3 0 0 3 0 

Nephtys australiensis P OS 17 33 36 29 38 6 

Paphies erycinea B SF 10 0 1 390 0 60 

Paracorophium spp. C SDF/SF 2523 48 1 0 2 0 

Scoloplos normalis P DF 14 0 10 4 0 4 

Scoloplos simplex P DF 4 0 5 0 29 0 

Tellina deltoidalis B DF 0 7 0 0 1 0 
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Figure 3.5: Estuary relationships shown as plots of the first two principal 
components calculated by PCA using abundance of middle estuarine 
macrofauna (a).  Correlations between the first two principal components are 
shown for highest Pearson correlations for (b) species (r > 0.6), (c) 
environmental variables - %C: % organic carbon; TP: total phosphorus; TN: 
total nitrogen; DO % sat: dissolved oxygen % saturation; mean phi: mean 
sediment particle size (Ф), (d) diversity indices, (e) feeding strategies - SDF: 
surface deposit feeder; SF: suspension feeder; ADF: algal detrital feeder; DF: 
deposit feeder; OS: opportunistic scavenger and (f) nutrient loads -  DRP: 
dissolved reactive phosphorus; amm: ammonia; NOx: dissolved nitrate + 
nitrite.   The lengths of the lines indicate the strength of the correlation to the 
PCO axes. 
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Figure 3.6: Mean (+ SE) for sediment environmental parameters and 
dissolved oxygen in the water column at the mid location within each estuary; 
MR = Montagu River, DR = Duck River, BR = Black River, DET = Detention 
River, PS = Port Sorell and PR = Pipers River. 
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3.3.2 Relationships between macrofauna, environmental variables and 

average annual nutrient loads in the lower locations of river estuaries. 

A total of 60 species comprising of 1872 individuals were sampled from the 

lower locations.  Crustaceans (45 %) were again the most species rich group, 

followed by polychaetes (28 %), bivalves (12 %), gastropods (10 %) and other 

taxa (5 %), which included cnidarians and sipunculan worms.  Bivalves were 

the most abundant group, contributing approximately 50 % of the total faunal 

abundance.  This group was dominated by a single species Paphies 

erycinaea, which was found in high abundances in the Duck, Detention and 

Black River estuaries (Table 3.5).  The next most abundant groups were 

crustaceans (32 %), polychaetes (9 %), other taxa (7 %) and gastropods (2 

%). 

 

Macrofaunal assemblages were similar amongst the Black, Detention and 

Pipers River forming one group, the Duck and Montagu River form another 

and Port Sorell (third group) was different to all the other estuaries (Fig 3.7 a).   

The variation (approximately 65 %) in the lower location macrofaunal 

assemblages was largely due to the differences between the three groups.  

The Black, Detention and Pipers River were characterised by Scoloplos 

normalis (Fig 3.7 b), which was absent in the other estuaries (Table 3.5).  Port 

Sorell had high abundances of the bivalve Lepron trigonale and the 

crustacean Biffarius spp. which were absent or rare in other estuaries at the 

lower location (Table 3.5).  The Duck and Montagu River had a diverse 

assemblage and contained numerous species that were not found in the other 

estuaries.  These include Aricidea pacifica, Birubius sp., Bornia trigonale, 

Katelysia scalarina, and Oedicerotidae sp A (Fig 3.5 b, Table 3.5). 

 

The environmental variables with the exception of % organic carbon and total 

phosphorus in the sediments correlate with the position of estuaries on PC1 

(Fig 3.7 c).  The analysis detected higher concentrations of total nitrogen (TN) 

and silt clay content in the Duck and Montagu Rivers in comparison to the 

other estuaries.  However, inspection of these values (Fig 3.8 a, c, h) indicate 

that concentrations of total nitrogen in the sediments were low (< 100 mg/kg 
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of sediment) and the percentage of silt/clay comprised < 1 % of the 

sediments, similar to the other estuaries (Fig 3.4 a, h).  The correlation 

coefficients used in the analysis were able to detect subtle variations in the 

environmental parameters measured in these estuaries despite the relatively 

low concentrations of nutrients.   

 

Despite elevated annual average nutrient loads in the Duck and Montagu 

River estuaries the macrofaunal assemblages at the lower locations had a 

diverse and abundant macrofaunal species assemblage in comparison to the 

Black, Detention and Pipers River estuaries (Fig 3.7 b, d).  Also, the 

assemblages comprise of a diverse range of trophic feeding groups (Fig 3.6 

E), a relationship opposite to that described in the upper estuary sites. 

 
 

Table 3.5: The taxon, trophic group and mean abundances of selected taxa 
collected in the lower locations of estuaries.  Taxonomic groups are listed as 
bivalves (B), crustaceans (C), gastropods (G) and polychaetes (P).Trophic 
groups are listed as surface deposit feeders (SDF), deposit feeders (DF), 
algal detrital feeders (ADF), suspension feeders (SF) and opportunistic 
scavengers (OS). 
 

Species Taxon 
Trophic 
group Montagu Duck Black Detention 

Port 
Sorell Pipers 

Aricidea pacifica P DF 20 1 0 0 0 0 

Biffarius sp. C ADF/DF 2 1 0 1 61 0 

Birubius cf mayimayi C SDF/SF 5 10 0 0 1 0 

Birubius sp C SDF/SF 5 9 0 0 0 0 

Bornia trigonale B SF 18 0 0 0 0 0 

Katelysia scalarina B SF 17 0 0 0 0 0 

Lepron trigonale B SF 0 0 0 0 30 0 

Mictyris platycheles C ADF 0 5 1 7 0 1 

Nassarius spp G OS 4 25 1 17 0 0 

Nephtys australiensis P OS 20 17 1 1 1 1 

Nephtys longipes P DF 0 0 8 7 13 3 

Oedicerotidae sp A C SDF/SF 35 23 0 0 0 0 

Paphies erycinea B SF 0 606 74 119 3 1 

Scoloplos normalis P DF 0 0 3 17 0 18 
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Figure 3.7: Estuary relationships shown as plots of the first two principal 
components calculated by PCA using abundance of lower estuarine 
macrofauna (a).  Correlations between the first two principal components are 
shown for highest Pearson correlations for (b) species (r > 0.6), (c) 
environmental variables - %C: % organic carbon; TP: total phosphorus; TN: 
total nitrogen; DO % sat: dissolved oxygen % saturation; mean phi: mean 
sediment particle size (Ф), (d) diversity indices, (e) feeding strategies - SDF: 
surface deposit feeder; SF: suspension feeder; ADF: algal detrital feeder; DF: 
deposit feeder; OS: opportunistic scavenger and (f) nutrient loads -  DRP: 
dissolved reactive phosphorus; amm: ammonia; NOx: dissolved nitrate + 
nitrite.   The lengths of the lines indicate the strength of the correlation to the 
PCO axes. 
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Figure 3.8: Mean (+ SE) for sediment environmental parameters and 
dissolved oxygen in the water column at the lower location within each 
estuary; MR = Montagu River, DR = Duck River, BR = Black River, DET = 
Detention River, PS = Port Sorell and PR = Pipers River. 
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3.4 Discussion 

3.4.1 The effects of nutrient and sediment loading on macrofaunal 

assemblages at each location 

Increased nutrient loading in the Duck and Montagu Rivers was associated 

with changes to estuarine sediments and macrofaunal assemblages.  

Greatest changes in the sediments were detected in the mid and upper 

locations of these estuaries.  The sediments contained higher concentrations 

of nutrients (in particular phosphorus) and microphytobenthos and elevated 

δ
15N signatures.  Sediments were also generally siltier and the water column 

had lower dissolved oxygen concentrations.  Increased siltation and nutrient 

loading in the sediments of the Duck and Montagu River as a consequence of 

catchment activities is consistent with other studies investigating land use 

impacts (Comeleo et al., 1996, Dauer et al., 2000, Hale et al., 2004, Bilkovic 

et al., 2006).  In contrast estuaries that have relatively low nutrient and 

sediment loads (Detention, Pipers, and Black Rivers) had much sandier 

sediments with lower nutrient concentrations.   

 

Macrofaunal assemblages in the upper estuary of the Duck and Montagu 

River estuaries had low species diversity and were dominated by highly 

abundant small surface and sub surface deposit feeding species.   Dominance 

by these groups is generally indicative of numerous or constant disturbances 

(Pearson and Rosenberg, 1978, Gaston et al., 1998, Brown et al., 2000).  The 

species common in the upper estuary of the Duck and Montagu River include 

the gastropod Ascorbis viatariae, the bivalve Arthritica semen, the 

polychaetes Boccardiella limnicola and Simplisetia aequisetis and the 

crustacean Paracorophium spp.  These species are common in estuaries 

around southern Australia and have been found to dominate assemblages in 

estuaries that receive high sediment loads and/or nutrients from sewage 

outfalls or the catchment (Dorsey, 1982, Edgar and Barrett, 2002, Morris and 

Keough, 2002, Macleod and Helidoniotis, 2005).   
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In the mid location of the Duck and Montagu estuaries, the greater catchment 

loads (Table 3.2) were associated with changes in the composition of trophic 

feeding groups; species diversity indices where only weakly correlated.  The 

reduced power of species diversity indices to elucidate the impacts of nutrient 

loads at this location is largely the result of mudflats and sandflats having 

faunas of similar species richness (Edgar and Barrett, 2000).  The trophic 

feeding strategies at the mid location where dominated by sub-surface deposit 

feeders.  This pattern is similar to that described for the upper estuary, 

indicative of a disturbed assemblage (Pearson and Rosenberg, 1978, Gaston 

et al., 1998, Brown et al., 2000).  Species associated with the Duck River 

estuary included the crustacean Macrophthlamus latifrons, the bivalve Tellina 

deltoidalis and the polychaete Dipolydora penicillata.  Tellina deltoidalis and 

the polychaete Dipolydora penicillata have previously been identified as 

potential indicators of estuaries with high sediment loading (Edgar and Barrett, 

2000).   The Duck and Montagu River estuaries shared two common surface 

deposit feeders; Paracorophium spp. and Arthritica semen, which were also 

highly abundant in the upper location.   There is growing evidence to suggest 

that Paracorophium spp. and Arthritica semen could be used as potential 

indicator species.  Their distribution appears to be limited by sediments rather 

than salinity as they were present in muddy habitats and absent from sandy 

locales and have been shown to tolerate a wide range of salinities (0 – 55) 

(Edgar et al., 1999b, Macleod and Helidoniotis, 2005, Hirst et al., 2006, Hirst 

and Kilpatrick, 2007).  These species also tend to dominate the benthos in 

estuaries that have high concentrations of nutrients and microphytobenthos in 

sediment comprised of silt.   

 

In contrast estuaries that have lower nutrient and sediment loads (Detention, 

Pipers and Black Rivers) had a diverse range of species that represented all 

trophic groups.  The greatest difference between these estuaries and the 

Duck and Montagu Rivers was the presence of the large filter feeding bivalves 

Anapella cycladea and Paphies erycinaea.  The presence of large suspension 

feeding bivalves is generally indicative of a healthy, stable environment 

(Pearson and Rosenberg, 1978, Gaston et al., 1998). 
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The macrofaunal assemblages of the upper and mid estuary of Port Sorell 

had little in common with the other estuaries.  Port Sorell supported many 

stenohaline marine species that were largely absent in the other estuaries or 

found only in the lower locations.  High salinities and low δ13C signatures in 

the mid and upper estuary sediments provides further evidence to suggest 

that Port Sorell is largely dominated by marine processes.  Catchment 

processes were evident in the upper estuary where sediments comprised of 

mostly silt/clay particles that contained elevated microphytobenthos 

concentrations and δ15N signatures (Fig 3.4 e & i).  These conditions are 

indicative of catchment impacts (McClelland and Valiela, 1998 , Martinetto et 

al., 2006, Catford et al., 2007).  However; the environmental conditions in this 

estuary and the supporting macrofaunal assemblages preclude any 

comparison with the other estuaries.  Thus, the assessment of land use 

impacts in the Port Sorell estuary will need to be considered independently 

through further scientific research or compared to estuaries that have similar 

environmental conditions.   

 

The results of this study indicate that the lower reaches of Tasmanian 

mesotidal river estuaries remain largely unaffected by catchment activities.  

This was evident in that the Duck and Montagu River estuaries, which despite 

high nutrient loading from the catchment, had the most diverse macrofaunal 

assemblages with all trophic feeding groups represented.  The sediment 

particle size composition and nutrient content was also comparable with the 

other estuaries. These findings are in agreement with Hirst et al., (2007) who 

found a more diverse assemblage in the lower locations of the Duck and 

Montagu Rivers in comparison to the Black and Detention Rivers.  The higher 

species richness at the lower locations of the Duck and Montagu River 

estuaries in comparison to the Black, Detention and Pipers River estuaries 

may be explained by geomorphological differences between the estuaries.  

The Duck and Montagu River estuaries can be compared to open barrier 

estuaries in shape, which open out into a large bay before entering the sea.  

Although the lower location was situated near the mouth of these estuaries 

the sampling location was within this bay, which may provide a low energy 

stable environment suitable for a more diverse macrofaunal assemblage 
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(Defew et al., 2002, Gray, 2002, Wildsmith et al., 2005).  By comparison, the 

Black, Detention and Pipers River estuaries are relatively narrow having a 

river channel that flows straight out to sea.  The channel is a high energy 

environment with shifting sands and during storm events severe scouring is 

common place; an environment that would be challenging for sessile 

invertebrates.   

 

Sediment δ15N signatures provide further support to the relationships 

described between catchment inputs and macrofaunal assemblages.  

Martinetto et al., (2006) examined a range of estuaries on the east coast of 

the US with differing levels of anthropogenic N inputs, and found that the δ15N 

signatures of dissolved inorganic nitrogen entering estuaries increased with 

increasing N inputs.  In this study patterns in sediment δ15N signatures 

reflected those of Hirst et al., (2007), where sediments in the mid and upper 

locations had enriched δ15N signatures in estuaries with high nutrient loading 

from the catchment.  The lower reaches of in Northern Tasmanian mesotidal 

river estuaries had significantly reduced δ15N signatures in the sediment, 

indicating that the lower estuary is less influenced by catchment processes. 

 

3.4.2 Conclusions 

The results of this study provide valuable insight into the effects of catchment 

nutrient and sediment loads on the benthos in northern Tasmanian mesotidal 

river estuaries.  Greatest impacts were observed in the mid and upper 

locations of estuaries with highly modified catchments.  The benthos of 

estuaries with impacted catchments were characterised by fine sediments 

containing high concentrations of nutrients.  The macrofaunal assemblages 

had low species diversity and were comprised of highly abundant surface 

deposit feeding species that were presumably taking advantage of increased 

food supply.  In contrast, the sediments of estuaries with less modified 

catchments generally contained less silt and nutrients.  The macrofaunal 

assemblages were more diverse with representatives from all trophic feeding 

groups.  
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The impacts on macrofauna were best described by trophic feeding strategies 

rather than species diversity indices commonly used in ecology.  This was 

largely the result of mudflats and sandflats in the mid locations of northern 

Tasmanian mesotidal river estuaries having faunas of similar species richness 

(Edgar and Barrett, 2000).  The macrofaunal assemblages of impacted 

estuaries at the mid locations typically contained surface deposit feeding 

species such as Paracorophium spp. and Arthritica semen that were found in 

the upper estuary.  These species were largely absent from the corresponding 

location in estuaries with less modified catchments.  The key environmental 

drivers of impacts were difficult to separate from naturally occurring gradients 

such as salinity and sediment, however, total phosphorus, δ15N signatures 

and dissolved oxygen may be useful indicators, particularly in the upper 

estuary where these parameters remained independent of salinity.  This 

information will greatly assist resource managers in designing cost effective 

monitoring programs; guiding the choice of where and what to monitor.  

Macroinvertebrates and environmental variables proved useful indicators in 

detecting anthropogenic impacts.   

 

An increase in the number of mesotidal river estuaries sampled, spanning a 

range of catchment land uses would undoubtedly provide greater insight into 

the relationships between catchment activities and macrofaunal responses.   

There is a real opportunity for this in northern Tasmania, with a number of 

similar estuaries available for comparison. 
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General Discussion 
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4.1 General Discussion 

With increasing pressure on estuarine and coastal areas the development of 

management strategies and monitoring programs aimed at detecting and 

mitigating impacts has become an important area of estuarine research.  The 

greatest challenges facing managers when developing monitoring programs 

for estuaries is knowing what and where to monitor, particularly over larger 

spatial scales.   Many of the problems arise from the dynamic nature of 

estuaries, which means that no two estuaries are exactly the same.  The 

differences within and between estuaries in terms of the flora and fauna 

composition and their response to changes in anthropogenic impacts is often 

confounded by natural geomorphological and hydromorphological variation 

making predictive modelling approaches such as those used in freshwater 

(e.g. RIVPACS and AusRivAS, see Turak et al., 1999, Wright et al., 2000) 

difficult to achieve.    

 

A monitoring program in estuaries must have an effective experimental design 

that captures the inherent natural variability in abiotic and biotic variables.  

This is achieved by incorporating appropriate levels of replication at spatial 

and temporal scales relevant to the scale of both the system and the 

perceived impacts (Hirst and Kilpatrick, 2007).  In the present study sufficient 

spatial replication was achieved by partitioning estuaries into distinct 

locations, choosing a number of sites within locations and by pooling the 

replicate samples of biological and environmental data at each site, thereby 

reducing the variability at that scale.  The method used in this study of 

separating estuaries into locations, provided a meaningful way of exploring 

relationships between estuarine benthic macrofauna and natural and 

anthropogenic disturbance and could be integrated into a monitoring program. 

Although temporal variation in macrofaunal assemblages was not measured 

in this study due to time and financial constraints it must be considered when 

designing and implementing monitoring programs.  Temporal variation has 

been previously investigated in other Tasmanian studies and was found to 

contribute only a small component of variation among macrofaunal 

assemblages despite seasonal differences in water chemistry (e.g. see Edgar 
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and Barrett, 2002, Hirst et al., 2005, Hirst and Kilpatrick, 2007, Hirst et al., 

2007); however this information does not apply elsewhere (e.g. see Montagna 

and Kalke, 1992).  Seasonal rainfall, floods and droughts can all have a 

marked effect on the distribution and abundance of macrofauna, which 

respond to corresponding changes in the salinity and sediment profile of the 

estuary (Montagna and Kalke, 1992, MacKay et al., 2010, Neto et al., 2010).   

 

Knowing what to monitor is also a problem for managers, as there are 

numerous abiotic and biotic variables that can be measured.  Not all of these 

will provide a meaningful way of detecting anthropogenic impacts.  As 

resources both human and financial are often limited, managers need to know 

which variables provide the most meaningful information for an effective 

monitoring program.  A trap for managers developing monitoring programs is 

to simply measure water quality parameters and infer a biological response. 

This approach is likely due to the cost of collecting and processing biological 

indicators such as macroinvertebrates compared to the relative ease of 

collecting water column variables (Scanes et al., 2007).  The danger of this 

method is that some of the variables measured can have a wide range of 

values naturally, which could lead to an unnecessary management response, 

wasting valuable resources.   Without a biological component it will be unclear 

if mitigation strategies are improving the environment.   

 

In this study it was decided to focus research on the benthos, as Hirst et al. 

(2007) showed that anthropogenic disturbance in mesotidal river estuaries 

was difficult to detect using water column variables as they exhibited high 

temporal variability in comparison to sediment variables.  They found that 

benthic macroinvertebrates were far less variable in time, despite substantial 

changes in salinity and other abiotic variables.  This suggests that 

macroinvertebrates and sediment variables may be a more robust measure of 

estuarine condition than water quality parameters.  In this study, 

anthropogenic impacts on benthic macrofauna were detected in the upper and 

mid sampling locations in mesotidal river estuaries.  Impacts were related to 

sedimentation, nutrient enrichment and reduced dissolved oxygen 

concentrations.  Many of the environmental variables measured in this study 
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where highly co-correlated making it difficult to distinguish which of these were 

important drivers of macrofaunal distribution.  Despite this, early indications 

are that total phosphorus, dissolved oxygen and δ15N signatures may be 

useful environmental indicators, where concentrations of these variables were 

independent of salinity.   Concentrations of total phosphorus maybe a better 

indicator of environmental health than total nitrogen in Tasmania, as 

catchments are generally rich in nitrogen but deficient in phosphorus (Broad et 

al., 2010).  Thus, any change in this nutrient may imply an anthropogenic 

source, triggering a management response.  Although the response of 

macrofauna to nutrient loading was not tested in open barrier estuaries, the 

sediment characteristics in the upper and mid locations were consistent with 

depositional zones and from this it could be inferred that the greatest impacts 

would occur at these locations.  Thus, managers could develop monitoring 

programs that target these locations for both estuarine types. 

 

This study has shown that with an appropriate sampling design, 

macroinvertebrates and sediment variables are cost effective bio-indicators of 

anthropogenic impacts.  The survey design used in this study and the 

composting and sub-sampling replicates in the laboratory significantly 

reduced costs in time and financial resources and may be applicable to the 

design of monitoring programs.  Given the broad application and success of 

macroinvertebrates as indicators of pollution in estuaries around the world 

(Warwick, 1993b, Rakocinski et al., 1997, Gaston et al., 1998, Neto et al., 

2010, Wildsmith et al., 2010), macroinvertebrates and abiotic variables can be 

used to detect anthropogenic impacts in Australian estuaries.   

Ultimately, what is measured in estuarine monitoring programs will be 

determined by the source of pollution and the perceived impacts on the biota.  

The environmental variables measured need to reflect the source of the 

pollutants and the response of the biological variable needs to be sensitive 

enough to detect changes in the concentrations of the pollutant. 
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4.2 Future research 

Although this study was limited by a lack of replication at the estuary level it 

has provided some valuable information on the distribution patterns in 

estuarine macrofauna and the effects of natural variation between and within 

mesotidal river estuaries and open barrier estuaries in Tasmania.  This study 

has also provided information on the response of macrofauna to nutrient 

loading in mesotidal river estuaries.   

 

One of the problems with the investigation of nutrient loads in mesotidal river 

estuaries was the lack of estuaries from the eastern parts of the north coast of 

Tasmania.  Only one estuary was represented (Pipers River) and as a 

consequence it is unclear whether the differences detected in the macrofaunal 

assemblages are a consequence of nutrient loading or simply geographical 

differences.  To improve the effectiveness of this design a survey with greater 

replication of estuaries spanning the entire north coast would be necessary.  A 

survey of this nature would greatly improve the statistical power to detect 

anthropogenic impacts on macrofaunal assemblages in Tasmanian mesotidal 

river estuaries and would also greatly assist in determining the geographical 

differences, if any, between these estuaries.  One positive aspect of this study 

was the use of pore water salinity instead of water column salinity.  It was 

found to be far less variable and provide a true indication of the salinity in the 

benthos.   

 

As most agricultural activity in Tasmania occurs in the north of the state, and 

with plans in place to expand these activities, a monitoring program urgently 

needs to be implemented.  There is a great opportunity to examine the effects 

of nutrient loads in Tasmanian mesotidal river estuaries as northern Tasmania 

has many estuaries that would be suitable for a similar study.  Also a larger 

study would greatly assist with the development of suitable biotic indices of 

anthropogenic disturbance and potential indicator species of pollution.  

 

One area of research in estuarine ecology that greatly needs attention is 

determining how environmental variables effect macroinvertebrates 
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(Snelgrove and Butman, 1994, Edgar and Barrett, 2002).  This is largely 

achieved through manipulation experiments where the level of anthropogenic 

impact (e.g. nutrients) is measured independently of changes in physical 

factors.  Understanding biological responses to nutrient enrichment under 

different environmental conditions is integral for the effective management of 

eutrophication in estuaries (Posey et al., 1999, Posey et al., 2006, O'Brien et 

al., 2010).    

 

4.3 Conclusions 

The investigation into anthropogenic impacts on estuarine benthic macrofauna 

requires careful consideration of natural variation in the distribution patterns of 

macrofauna.  The distribution of macrofaunal communities are driven primarily 

by sediment and salinity gradients, which are in turn driven by 

geomorphological and hydrological forces.  A consequence of the strong 

relationship between macrofauna and the environment can make the 

detection of anthropogenic impacts difficult as the impacts inevitably covary 

along a sediment and salinity gradient.  This can be overcome by examining 

the effects of anthropogenic activities on macrofauna along salinity and 

sediment gradients using multivariate techniques and having sufficient 

replication at the within estuary scale.  Understanding these processes is 

essential if the environmental impacts of anthropogenic activities are to be 

determined and managed effectively.   

 

Clearly, this study has markedly advanced our knowledge of the key 

environmental drivers in the distribution of benthic macroinvertebrates in 

Tasmanian mesotidal river estuaries and open barrier estuaries.  The impacts 

on benthic macrofauna as a consequence of nutrient and sediment loading 

from catchment land use activities were evaluated in mesotidal river estuaries, 

providing valuable information on where the impacts in these estuaries are 

likely to occur.  This information will prove invaluable to resource managers in 

reducing the impacts of catchment land use activities and developing cost 

effective monitoring programs targeting the problem areas in these estuaries 

that were flagged in this study.  Also the methodology developed in this study 
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can be applied elsewhere and could prove particularly effective in sampling 

small to medium sized estuaries, similar to those surveyed in Tasmania.   
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Appendix 

The location of sampling sites surveyed in this study using WGS84 GPS 

coordinates systems. 

Estuary Sites Latitude Longitude 

Montagu River MRL1  40°45'7.63"S 144°55'58.34"E 

Montagu River MRL2  40°45'8.25"S 144°55'58.00"E 

Montagu River MRL3  40°45'8.85"S 144°55'57.66"E 

Montagu River MRM1  40°46'8.49"S 144°55'32.88"E 

Montagu River MRM2  40°46'8.71"S 144°55'33.69"E 

Montagu River MRM3  40°46'8.77"S 144°55'34.56"E 

Montagu River MRU1  40°46'19.03"S 144°55'49.19"E 

Montagu River MRU2  40°46'19.60"S 144°55'48.75"E 

Montagu River MRU3  40°46'20.29"S 144°55'48.52"E 

Duck River DRL1  40°48'23.72"S 145° 6'45.18"E 

Duck River DRL2  40°48'24.33"S 145° 6'45.34"E 

Duck River DRL3  40°48'24.99"S 145° 6'45.48"E 

Duck River DRM1  40°50'12.71"S 145° 7'16.77"E 

Duck River DRM2  40°50'13.16"S 145° 7'17.30"E 

Duck River DRM3  40°50'13.56"S 145° 7'17.95"E 

Duck River DRU1  40°50'35.93"S 145° 5'41.15"E 

Duck River DRU2  40°50'36.52"S 145° 5'40.69"E 

Duck River DRU3  40°50'37.11"S 145° 5'40.21"E 

Black River BRL1  40°50'22.01"S 145°18'44.13"E 

Black River BRL2  40°50'22.60"S 145°18'43.79"E 

Black River BRL3  40°50'23.10"S 145°18'43.23"E 

Black River BRM1  40°50'46.68"S 145°18'34.46"E 

Black River BRM2  40°50'47.32"S 145°18'34.42"E 

Black River BRM3  40°50'47.96"S 145°18'34.28"E 

Black River BRU1  40°50'50.50"S 145°17'54.82"E 

Black River BRU2  40°50'51.15"S 145°17'54.75"E 

Black River BRU3  40°50'51.73"S 145°17'54.98"E 

Detention River DNL1  40°52'36.75"S 145°26'47.54"E 

Detention River DNL2  40°52'37.33"S 145°26'47.16"E 

Detention River DNL3  40°52'37.88"S 145°26'46.84"E 

Detention River DNM1  40°53'4.32"S 145°26'52.29"E 

Detention River DNM2  40°53'4.95"S 145°26'52.32"E 

Detention River DNM3  40°53'5.66"S 145°26'52.16"E 

Detention River DNU1  40°53'20.99"S 145°26'10.96"E 

Detention River DNU2  40°53'21.55"S 145°26'10.37"E 

Detention River DNU3  40°53'22.05"S 145°26'9.88"E 

Port Sorell PSL1  41° 9'49.09"S 146°33'28.22"E 

Port Sorell PSL2  41° 9'49.72"S 146°33'28.54"E 

Port Sorell PSL3  41° 9'50.32"S 146°33'28.91"E 

Port Sorell PSM1  41°12'49.63"S 146°34'48.88"E 
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Estuary Sites Latitude Longitude 

Port Sorell PSM2  41°12'50.32"S 146°34'49.01"E 

Port Sorell PSM3  41°12'50.99"S 146°34'49.13"E 

Port Sorell PSU1  41°14'2.20"S 146°34'3.76"E 

Port Sorell PSU2  41°14'2.70"S 146°34'4.20"E 

Port Sorell PSU3  41°14'3.16"S 146°34'4.82"E 

Pipers River PRL1  41° 0'58.22"S 147° 9'31.69"E 

Pipers River PRL2  41° 0'58.60"S 147° 9'30.98"E 

Pipers River PRL3  41° 0'59.01"S 147° 9'30.25"E 

Pipers River PRM1  41° 2'1.35"S 147° 8'36.36"E 

Pipers River PRM2  41° 2'1.72"S 147° 8'35.65"E 

Pipers River PRM3  41° 2'1.81"S 147° 8'34.74"E 

Pipers River PRU1  41° 1'51.48"S 147° 7'36.59"E 

Pipers River PRU2  41° 1'51.77"S 147° 7'35.79"E 

Pipers River PRU3  41° 1'52.10"S 147° 7'35.02"E 

Ringarooma River RRL1  40°52'23.03"S 147°52'55.64"E 

Ringarooma River RRL2  40°52'23.71"S 147°52'55.88"E 

Ringarooma River RRL3  40°52'24.34"S 147°52'55.79"E 

Ringarooma River RRM1  40°52'42.52"S 147°52'59.21"E 

Ringarooma River RRM2  40°52'43.17"S 147°52'58.94"E 

Ringarooma River RRM3  40°52'43.83"S 147°52'58.85"E 

Ringarooma River RRU1  40°52'39.11"S 147°53'26.91"E 

Ringarooma River RRU2  40°52'38.51"S 147°53'27.03"E 

Ringarooma River RRU3  40°52'37.91"S 147°53'27.33"E 

Ansons Bay ABL1  41° 3'38.16"S 148°17'29.22"E 

Ansons Bay ABL2  41° 3'37.95"S 148°17'28.26"E 

Ansons Bay ABL3  41° 3'37.81"S 148°17'27.37"E 

Ansons Bay ABM1  41° 3'5.87"S 148°15'4.12"E 

Ansons Bay ABM2  41° 3'6.23"S 148°15'3.43"E 

Ansons Bay ABM3  41° 3'6.48"S 148°15'2.63"E 

Ansons Bay ABU1  41° 3'24.01"S 148°14'45.73"E 

Ansons Bay ABU2  41° 3'24.07"S 148°14'44.83"E 

Ansons Bay ABU3  41° 3'23.93"S 148°14'43.95"E 

Georges Bay GBL1  41°17'24.07"S 148°19'31.47"E 

Georges Bay GBL2  41°17'24.74"S 148°19'31.42"E 

Georges Bay GBL3  41°17'25.52"S 148°19'31.00"E 

Georges Bay GBM1  41°18'40.31"S 148°16'45.27"E 

Georges Bay GBM2  41°18'40.76"S 148°16'44.58"E 

Georges Bay GBM3  41°18'41.30"S 148°16'44.02"E 

Georges Bay GBU1  41°18'50.04"S 148°16'14.76"E 

Georges Bay GBU2  41°18'50.04"S 148°16'13.83"E 

Georges Bay GBU3  41°18'49.97"S 148°16'12.92"E 

Little Swanport LSL1  42°19'7.67"S 147°58'58.88"E 

Little Swanport LSL2  42°19'8.18"S 147°58'58.23"E 

Little Swanport LSL3  42°19'8.52"S 147°58'57.39"E 

Little Swanport LSM1  42°20'28.44"S 147°57'31.92"E 
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Estuary Sites Latitude Longitude 

Little Swanport LSM2  42°20'28.99"S 147°57'31.40"E 

Little Swanport LSM3  42°20'29.57"S 147°57'30.92"E 

Little Swanport LSU1  42°20'31.57"S 147°56'28.88"E 

Little Swanport LSU2  42°20'31.05"S 147°56'28.22"E 

Little Swanport LSU3  42°20'30.44"S 147°56'27.90"E 

Carlton River CRL1  42°52'36.96"S 147°38'47.18"E 

Carlton River CRL2  42°52'37.13"S 147°38'48.09"E 

Carlton River CRL3  42°52'37.33"S 147°38'49.03"E 

Carlton River CRM1  42°51'48.88"S 147°41'21.50"E 

Carlton River CRM2  42°51'49.52"S 147°41'22.21"E 

Carlton River CRM3  42°51'49.81"S 147°41'23.25"E 

Carlton River CRU1  42°52'15.05"S 147°42'6.13"E 

Carlton River CRU2  42°52'14.39"S 147°42'6.57"E 

Carlton River CRU3  42°52'13.73"S 147°42'6.74"E 

Pitt Water PWL1  42°47'50.46"S 147°34'44.73"E 

Pitt Water PWL2  42°47'50.06"S 147°34'43.81"E 

Pitt Water PWL3  42°47'49.64"S 147°34'43.02"E 

Pitt Water PWM1  42°46'31.31"S 147°27'31.66"E 

Pitt Water PWM2  42°46'30.74"S 147°27'31.25"E 

Pitt Water PWM3  42°46'30.18"S 147°27'30.69"E 

Pitt Water PWU1  42°45'9.82"S 147°26'41.09"E 

Pitt Water PWU2  42°45'9.20"S 147°26'40.99"E 

Pitt Water PWU3  42°45'8.57"S 147°26'41.16"E 

 


