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Abstract:
Understanding the causes of estuarine eutrophication requires knowledge of benthic
biogeochemical processes and the factors influencing them. Currently there is limited
information on benthic biogeochemical processes in shallow, wave-dominated
estuarine lakes and lagoons of south-eastern Australia. The first objective of this
dissertation was to understand how metabolic processes such as benthic community
respiration (BCR), benthic primary productivity (GPP), trophic state, and sedimentwater nutrient fluxes respond and interact to increased catchment development and
nutrient loading in small, shallow intermittently closed and open lakes and lagoons
(ICOLLs) along and the Otway Coast of Victoria and the Northern Illawarra Coast of
NSW.
In the shallow, light replete lagoons along the Otway Coast, benthic respiration and
primary productivity were low compared to temperate estuaries worldwide. BCR and
GPP were tightly coupled and increased linearly with increasing catchment
development. The daily balance of these processes (trophic state) rendered the
sediments net autotrophic and the sediments were a net sink/low source of inorganic
nitrogen and phosphorus with respect to the water column due to the assimilative
demands of the photosynthetically active benthic microalgae situated on the sedimentwater interface. The sediments were also predominantly a net sink for N2 indicating
that N-fixation exceeded denitrification suggesting that the nitrogen demand of the
sediment complex could not be met from supplies in the water column.
Similarly, BCR rates in the Northern Illawarra ICOLLs generally increased with
increasing catchment development and N-loading and this relationship was further
supported when rates were integrated and compared across a larger set of published
N-loading and benthic metabolism data for NSW estuaries. BCR rates in the Northern
Illawarra ICOLLs were considerably higher than BCR rates measured in the Otway
coast ICOLLs and this was attributed to the Northern Illawarra ICOLLs having higher
rainfall, warmer water temperatures, greater levels of catchment development and
greater retention of organic matter and nutrients due to the ICOLLs being
predominantly closed to the sea. The most developed Northern Illawarra ICOLLs (i.e.
Towradgi and Tramway) had high BCR rates (-2499 to -3769 O2-µmol.m-2.h-1)
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compared to temperate estuaries worldwide and they were significantly greater than
BCR rates measured in larger estuaries of NSW that are permanently open to the sea
(i.e. Wallis Lake, Parramatta River, Lane Cove River, Botany Bay).
Like trends found for the Otway coast ICOLLs, benthic primary productivity (GPP)
rates in the Northern Illawarra coast ICOLLs generally increased with increasing
catchment development and nutrient loading. The exception to this occurred in
Towradgi lagoon which was very turbid during summer and the benthic microalgal
production was light limited. Excluding Towradgi lagoon in summer, BCR and GPP
rates generally under light replete conditions across the Northern Illawarra coast
ICOLLs increased linearly when BCR rates were less than -2000 O2-µmol.m-2.h-1.
However, GPP rates then approached to a maximum as BCR rates increased and
exceeded -2500 to -3000 O2-µmol.m-2.h-1. This result suggested that there were
factors other than light limiting BMA productivity (i.e. H2S toxicity, carbon limitation,
self-shading) as organic matter and nutrient loading to the ICOLLs increased. This
result had important implications on the benthic trophic state as the sediments shifted
from autotrophy to heterotrophy as BCR rates became large (i.e. > -2500 O2-µmol.m2.h-1)

and the sediments concomitantly shifted from a low source/sink to a significant

(large) source of inorganic nutrients to the water column.
The other objective was to understand how metabolic processes such as benthic
community respiration (BCR), benthic primary productivity (GPP), trophic state and
sediment-water nutrient fluxes vary and interrelate across a depth gradient in two bays
(Coomba and Pipers Bays) in a large coastal lake (Wallis Lake). This study also
investigated how these metabolic processes relate to seasonally variable factors such
as water quality (e.g. temperature, turbidity), light climate and sediment properties
such as carbon (13C) and nitrogen (15N) stable isotope ratios, benthic pigments (e.g.
chlorophyll-a) and organic carbon and nitrogen content.
In Wallis Lake, BCR rates in the deeper basins (2.5-2.8 m) of both bays were similar
across seasons whereas seasonal patterns in the mid-depth (1.5 metres) of Coomba
Bay were less clear with a large increase in BCR rates in late summer (February)
2007. The shallow depths (0.5 m) of Coomba Bay exhibited a distinct seasonal pattern
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with least and greatest GPP occurring in August (winter) and February (summer)
respectively. The shallows of Pipers Bay had the least and greatest benthic GPP
occurring in November (spring) and February (summer) respectively. Benthic
microalgal productivity generally decreased with increasing depth in both bays with
greatest rates occurring in the deeper basins in late autumn-late winter. In contrast,
greatest benthic GPP rates occurred in spring to late summer in the shallower depths.
Seasonal differences in benthic productivity rates in the deeper basins corresponded
to factors affecting water column light attenuation such as pelagic chlorophyll-a
concentrations and turbidity which were generally greater in the spring-summer than
late autumn-late winter period due to stronger wind driven currents and resuspension.
Estimates of benthic trophic state showed a distinct pattern across the depth gradient
with the shallow (0.5 m) and deeper (2.5 - 2.8 m) basin sites being respectively
autotrophic and heterotrophic across seasons. In contrast, the mid-depth (1.5 metres)
of Coomba Bay varied seasonally between autotrophy and heterotrophy but was
‘balanced’ over the year. Averaged across seasons, net daily sediment-water
dissolved silicate effluxes in Coomba Bay increased with depth indicating decreasing
uptake by photosynthesising BMA (diatoms). In contrast, inorganic nitrogen and
phosphorus fluxes across the gradient were low to negligible whereas there was a net
efflux of N2 from the sediment to the water column at all depths.
In Pipers Bay, there were significant differences for sediment-water DSi and N2 fluxes
with a net influx at the shallow depth (0.5 m) and a net efflux in the deeper basin (2.5
m). Sediment-water DIP fluxes were negligible at both 0.5 and 2.5 m depths whereas
there was a net efflux of DIN in the deeper basin and negligible fluxes in the shallows.
Across the depth gradient in both bays, seasonally averaged estimates of net benthic
metabolism (e.g. trophic state) were highly correlated to sediment concentration ratios
chlorophyll-a:pheophytin, TOC:chlorophyll-a and TN:chlorophyll-a indicating that
these multi-proxies are potentially useful indicators to assess benthic trophic state and
determine the depth threshold where the unvegetated benthos transitions from
autotrophy to heterotrophy.
In summary, this dissertation demonstrated that increased catchment development
and nutrient loading increased both benthic respiration and primary productivity rates
linearly in shallow, light replete lagoons of south-eastern Australia, however, benthic
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primary productivity rates did not continue to increase and approached a maximum
when respiration rates were high. This shifted the daily balance of these processes
(trophic state) from net autotrophy to net heterotrophy and concomitantly transformed
the sediments from being a sink/low source of nutrients to a significant/large source to
the water column. The trophic state of the benthos similarly shifted from autotrophy to
heterotrophy with increasing depth and the transition depth was influenced by
seasonal factors affecting light attenuation through the water column. Similarly, the
trophic state across the depth gradient was the major determinant of whether the
sediments acted as a sink or source of nutrients to the water column.
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GPP

Gross Primary Production
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N
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NO2-

Nitrite
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NOx
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O2

Oxygen

OM
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P

Phosphorus
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Chapter 1: General Introduction
Background:
Eutrophication of coastal water ways has been highlighted as a national and
international problem requiring urgent action (Anon., 1990; Zann, 1995). In recent
years there have been numerous national and state government initiatives (Coastal
Catchment Initiative (CCI), NSW Comprehensive Catchment Assessment (CCA),
Coastal Eutrophication Risk Assessment Tool (CERAT)) that have and will continue
to develop coupled catchment-estuarine response models (ERMs) that will be used to
predict how changes of land use and land management practices in the catchment will
impact on biogeochemical function in the receiving waters. The knowledge gained
from this thesis will further aid the conceptual understanding that underpins the ERMs
being currently developed for both small and large shallow lakes and lagoon systems
that occur along Australia’s south-eastern coastlines.
This dissertation aims to provide scientists, environmental managers, policy makers
and the broader community with a greater conceptual understanding of how shallow
estuaries along the New South Wales and Victorian coasts of Australia function.
Currently there is a paucity of scientific literature relating to biogeochemical functioning
in shallow coastal lakes and lagoons along these coasts, which is surprising
considering the degraded state that many are in due to land based activities within
their catchments. This thesis aims to provide insights into how shallow wavedominated coastal lakes and lagoons may behave in the future with increased
development of their catchments and subsequent nutrient and organic matter (OM)
enrichment. It is especially important to understand benthic metabolism and nutrient
cycling in shallow wave-dominated systems such as Intermittently Closed and Open
Lakes and Lagoons (ICOLLs), which are common in south eastern and south-western
Australia as they have high surface area to volume ratios and long water residence
times and as such are regarded as being highly sensitive to increases in nutrients and
suspended solids inputs from the catchment.
This dissertation also aims to provide a better understanding of how benthic
microalgae (BMA), a major primary producer in shallow estuaries, contribute to and
affect many important biogeochemical processes across a range of depth-dependent
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light regimes. Understanding how changes to nutrient and OM supply effects BMA
primary production and how this affects important processes such as organic carbon
and nutrient remineralisation and assimilation, sediment-water nutrient fluxes and
nitrogen loss pathways such as denitrification in Australian temperate systems will aid
in the development of better conceptual and numerical tools (i.e. estuarine nutrient
budgets and coupled catchment-estuarine ecological response models (ERMs), to
make better decisions related to managing estuarine systems and their catchments
that are under threat from cultural eutrophication.

1.2 How is this study different?
Most knowledge of benthic metabolism and sediment-water nutrient cycling in
Australian systems has been derived from natural field-based studies (Berelson et al.
1998, Heggie et al. 1999, Eyre and Ferguson 2002, Cook et al. 2004a, Cook et al.
2004b, Ferguson et al 2004, Spooner and Maher, 2009) that have made comparisons
between systems and sites within systems by using experimental designs that haven’t
considered depth a determining factor (Cook et al. 2004a, Cook et al. 2004b, Cook et
al. 2004c, Ferguson et al., 2004, Sutherland et al., 2016). Limited emphasis has been
placed on understanding how process rates change due to increases in organic matter
supply to the sediment across a range of depths (primarily as a function of light and
benthic primary production). Furthermore, there has been few studies focussing on
benthic metabolism and sediment-water nutrient cycling in small intermittently open
closed lakes and lagoons (ICOLLs) (Eyre and Ferguson 2002; Spooner and Maher,
2007), particularly as they are the most numerically dominant coastal system type in
southern Australia and are under pressure for greater development of their
catchments.
There is also a clear absence in Australia of studies examining the relative importance
and interaction of factors such as depth dependent light regime and organic matter
supply to benthic nutrient cycling in estuaries. This study addresses this deficiency by
using a combination of natural experiments (Chapters 3 - 5) to further develop and
refine existing conceptual models of how benthic processes are affected due to
differences to depth dependent light regimes and nutrient and organic matter loading.
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1.3 Thesis Structure
The body of this dissertation is divided into 6 chapters. Chapter 1 provides a general
introduction and outlines the main objectives and scope of the thesis. Chapter 2 is a
literature review outlining the current state of understanding of the role and importance
of benthic processes in ecosystem functioning in estuaries in both Australia and
abroad with a focus on benthic microalgal production and its role in both nutrient
cycling and eutrophication. Chapters 3 and 4 assess whether there are any
discernible relationships between increased catchment development, benthic and
pelagic microalgal biomass (as proxies for autochthonous organic matter), benthic
metabolism (benthic community respiration and benthic primary production), benthic
trophic state (net benthic metabolism) and sediment-water nutrient fluxes in shallow
ICOLLs along the Illawarra Coast of NSW (Chapter 3) and the Otway Coast of southwestern Victoria (Chapter 4). The rationale for these two studies is based on the
paradigm that increased catchment development (i.e. urbanisation) increases
allochthonous organic matter and nutrient loading to receiving waters which then leads
to concomitant increases in benthic and pelagic primary production and benthic
community respiration rates. Both studies also examine how benthic trophic state (i.e.
balance between benthic community respiration and primary production rates = net
benthic metabolism) in ICOLLs varies with increasing nitrogen loading and catchment
development and how this affects cycling of nutrients between the sediment and
overlying waters. Chapter 5 examines how benthic metabolism measures (benthic
community respiration and BMA gross primary productivity) vary seasonally across a
depth gradient in two bays in Wallis Lake, NSW. The premise of the study is that light
is a major control on benthic primary production and trophic state, thus I hypothesise
that increasing depth will shift the net balance between benthic community respiration
and BMA gross primary production rates (=net benthic metabolism (NBM) rates) from
net autotrophy (NBM>0) to net heterotrophy (NBM<0). I also hypothesise benthic
trophic state will also be a strong determinant of whether the sediments are net sinks
or sources of inorganic nutrients to the overlying water column. In the final Chapter
(6) I have synthesised the main results of chapters 3-5, to draw some final conclusions
and to indicate areas where future research is needed.
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Chapter 2: Literature Review – Estuaries, threats, benthic
metabolism and nutrient cycling
This literature review aims to provide a general description of estuaries with emphasis
on dominant types found along the coastlines of NSW and Victoria, Australia. The
review will also explain why estuaries are both ecologically and economically important
and give an overview of some of the major threats facing them particularly with respect
to the causes and manifestation of cultural eutrophication. The review will discuss the
importance of sediments in shallow estuarine ecosystems particularly in context to
major factors influencing and controlling nitrogen and phosphorus cycling pathways,
the main macronutrients implicated in limiting productivity in both the benthos and
water columns of estuarine systems. Finally, the review will give a brief description of
a major estuarine primary producer, benthic microalgae (BMA), identifying where they
occur, their ecological relevance, and an overview of the main factors controlling their
productivity (i.e. depth-dependent light, organic matter and nutrient supply) and in turn
how BMA productivity influences benthic trophic state and sediment-water nitrogen
and phosphorus dynamics.

2.1 What are estuaries?
An estuary is "a semi-enclosed body of water connected to the sea as far as the tidal
limit or the salt intrusion limit and receiving freshwater runoff; however the freshwater
inflow may not be perennial, the connection to the sea may be closed for part of the
year and tidal influence may be negligible" (Wolanski 2007). Broad examples of
estuaries throughout the world include fjords, coastal embayments, lakes, lagoons,
riverine estuaries and coastal creeks. Compared to other coastal systems in Australia,
estuaries are relatively small and typically shallow and are made up of a diverse range
of sub-habitats including salt marshes, mangroves, sandy and muddy shores and
shoals, seagrasses and other macrophyte beds, shallow and deep mud basins, rocky
shores and reefs.
Estuaries form a transition zone between river and marine environments and are
subject both to marine influences such as tides, waves, and the influx of saline water
and to riverine influences such as flows of fresh water and sediment. The inflows of
both sea water and fresh water provide high levels of carbon and nutrients both in the
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water column and in sediment, making estuaries among the most productive natural
habitats in the world (Boynton et al. 1996).

2.2 Estuaries in NSW and Victoria, Australia:
The Australian coastline is vast, extending approximately 37,000 kilometres and
including more than 700 major estuaries (Digby et al., 1998). Approximately 85% of
the Australian population resides within fifty kilometres of the coast (ABS 2004) and
ports and other coastal infrastructure are pivotal in supporting primary industries and
tourism. The New South Wales (NSW) and Victorian coastlines are approximately
2,137 and 2,512 km in length respectively and range latitudinally from 28° to 39° south.
NSW is situated north of Victoria and is characterised by a diverse array of coastal
water bodies including bays, drowned valley estuaries, wave-dominated estuaries,
intermittently closed and open lakes and lagoons (ICOLLs), and freshwater bodies
(Roy et al. 2001). 130 systems are regarded as major having a waterway area greater
than approximately 1 hectare (Heap et al 2001); however, the number of estuaries
exceeds 900 with the inclusion of many smaller creek and lagoon systems. Along the
Victorian coast, there are 112 major estuarine waterways from the South Australian to
the New South Wales borders (Barton et. al 2008).

2.3 Why are estuaries important?
Ecologically, estuaries are important as they provide critical habitat for many animals
such as birds, fish, amphibians, invertebrates, and other wildlife depend on estuaries
to live, feed, nest, and reproduce as well as provide invaluable ecosystem services
(Barbier et. al, 2011). There are numerous animals that rely on estuarine waters to
complete their life cycles and others, such as migratory shore birds, visit estuaries to
feed and rest. Many fish, including American shad, Atlantic menhaden and striped
bass, spend most of their lives in the ocean, but return to the brackish waters of
estuaries to spawn (Ross et al. 1993; Stegmann et al. 1999). Similarly, fish such as
the Australian bass (Macquaria novemaculeata) that live primarily in freshwater
migrate to the estuary to spawn (Harris, 1986). Others, such as the recreationally and
commercially important species cobbler (Cnidoglanis macrocephalus) and black
bream (Acanthopagrus butcheri) spend the whole of their life cycles in estuaries
(Steckis et al., 1995; Sarre and Potter, 1999).
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Estuaries support a broad range of primary producers including phytoplankton,
epilithic microalgae growing attached to rocks and stones, drift and attached
macroalgae, macrophytes such as seagrasses, epiphytic microalgae attached to
macrophytes and macroalgae, saltmarshes, mangroves and benthic microalgae
(Sand-Jensen and Nielsen, 2004). Many of these plant groups have high rates of
primary production and as such are an important source of nutrition to the broader
food web both within the estuary and offshore. Annual phytoplankton production alone
has been shown to be important by being highly correlated with fishery landings (Nixon
and Buckley, 2002), biomass of benthic invertebrates (Herman et al., 1999), and
sustainable yield of cultured shellfish (Bacher et al., 1998).
Estuaries are important to humans in providing economic, cultural and ecological
benefits to communities, as well as delivering invaluable ecosystem services such as
water filtration and habitat protection which are fundamental life-support processes
upon which all organisms depend (Daily, 1997; Barbier, 2011). Of the thirty-two largest
cities in the world, twenty-two are located on estuaries (Ross, 1995), examples of
which include New York City on the Hudson River and Shanghai on the mouth of the
Yangtze River. Human communities are dependent on estuaries for a myriad of
benefits including transport, recreational use, safe anchorage, transport hubs and
food. Many fish species spend all or part of their life in estuaries and thus estuaries
support diverse and productive commercial and recreational fisheries including the
oyster industry (Barbier et. al., 2011). In the United States alone, estuaries are
estimated to be worth billions of dollars to the country’s economy each year
(Pendleton, 2008). In Australia, 89% of the population lives in an estuarine catchment
area (Wolanski, 2014).

2.4 What are the major threats facing estuaries?
Estuaries worldwide, including those along coasts of Australia, are under threat due
to a range of phenomena including, dredging, land reclamation, bank erosion,
overfishing, sea-level rise, exotic species, toxicants, acidification, increased organic
matter, nutrients and suspended solid loads being delivered from the catchment
(Zann, 1995; Young et al. 1996; Harris 1999, Barbier et al., 2011). Deterioration of
their habitats due to human activities is intense and increasing; 50% of salt marshes,
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35% of mangroves, and 29% of seagrasses are either lost or degraded worldwide
(Barbier et al. 2011, and references therein). At least three critical ecosystem services
have been significantly impacted: the number of viable (non-collapsed) fisheries (33%
decline); the provision of nursery habitats such as oyster reefs, seagrass beds, and
wetlands (69% decline); and filtering and detoxification services provided by
suspension feeders, submerged vegetation, and wetlands (63% decline) (Worm et al.
2006). The loss of biodiversity, ecosystem functions, and coastal vegetation in these
ecosystems are implicated to have contributed to biological invasions, declining water
quality, and decreased coastal protection from flooding and storm events (Barbier et
al. 2011, and references therein).
Zann (1995) identified, in the State of the Marine Environment Report (SOMER), that
increasing sediments and nutrients from catchments were threats to water quality and
biodiversity in Australian estuaries. Delivery of increased loads of nutrients and
organic matter to aquatic systems from both diffuse and point sources commonly
manifests itself as the phenomenon commonly termed as ‘eutrophication’ (Davis and
Koop, 2006).

2.5 What is eutrophication?
The precise definition of eutrophication has been the subject of much past and ongoing
debate (Andersen et al. 2006). Essentially, eutrophication is the process of increasing
organic enrichment of an ecosystem (Nixon, 1995) and is characterized by excessive
plant and algal growth due to the increased availability of one or more ‘growth limiting’
factors needed for photosynthesis such as sunlight, carbon dioxide, and nutrients
(Schindler 2006). Eutrophication can occur naturally over centuries as water bodies,
such as lakes, age and are filled in with sediments (Carpenter 1981). However,
anthropogenic activities have accelerated the rate and extent of eutrophication (i.e.
cultural eutrophication), through both point-source discharges and non-point (diffuse)
loadings of limiting nutrients such as nitrogen and phosphorus, into aquatic
ecosystems with dramatic consequences for drinking water sources, fisheries, and
recreational water bodies (Carpenter et al. 1998).
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2.6 What causes cultural eutrophication?
The main drivers of cultural eutrophication are increases in population density,
industrial processes and the use of fertilisers. Cultural eutrophication of river systems,
estuaries and seas occurs due to nutrient (nitrogen and phosphorus) loadings from
point sources (i.e. outfall discharges of industrial plants and sewage treatment works)
and of human-influenced ‘diffuse sources’ (i.e. run-off from agricultural, urban and
industrial catchments) (De jonge et. al. 2002). Development of estuarine catchments,
through deforestation and the introduction and expansion of agriculture, industry and
urban areas increase inputs of contaminants including fine sediments, nutrients and
organic matter to receiving waters (Deeley and Paling 1999; Hale et al. 2004; Radke
et al. 2004; Paerl, 2009). Expansion of urbanisation of estuarine catchments increases
nutrient loads through increases in impervious surfaces, natural water course
alterations, water and sewer infrastructure, fossil fuel combustion and fertiliser use
(Edgar and Barrett, 2000). This has led to many urbanised estuarine systems
becoming eutrophic (Fong and Zedler, 2000; Nedwell et al., 2002).

2.7 How does cultural eutrophication manifest in an aquatic
system?
The known consequences of cultural eutrophication are numerous and include
changes in patterns of primary production such as blooms of both toxic and non-toxic
cyanobacterial and eukaryotic microalgae (Burkholder et al. 1992; Ajani et al., 2001;
Ajani et al., 2013), loss of macrophytes such as seagrasses (Hauxwell et al., 2003;
Hauxwell and Valiela 2004), structural changes in the macroalgal assemblages
(Duarte 1995; Borum and Sand-Jensen 1996; Valiela et al. 1997; Kraufvelin et al.
2006; Kraufvelin et al., 2010) and associated increase in the ratio of pelagic to benthic
production (Borum and Sand-Jensen, 1996; Ferguson and Eyre, 2010) leading to
shifts from benthic to pelagic dominance (Hauxwell and Valiela, 2004). Eutrophication
is also known to affect changes in habitat structure and trophic dynamics (McGlathery
et al., 2004, and references therein); increase the probability of death of benthic and
pelagic animals including recreationally and commercially important fish and
invertebrate species; reduce water transparency and light availability; invoke
perceived changes in the aesthetic value of the water body and degrade recreational
opportunities (Davis and Koop, 2006).
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Other effects

of

eutrophication

on coastal

ecosystems

include

increased

sedimentation of organic matter and oxygen consumption leading to hypoxia (Boynton
et al. 1995). Inputs of organic matter to the estuarine and coastal systems include
autochthonous sources such as seagrass beds, salt marshes, mangroves,
phytoplankton, benthic microalgae and macroalgae, as well as allochthonous sources
from riverine, atmospheric and marine sources, terriginous-blown material and
anthropogenic inputs such as sewage (De jonge et. al. 2002). The mineralization of
labile organic matter (OM) often drives the biogeochemical processing in the
sediments and water column of shallow lagoons (Martens, 1982) and can affect
dominance of specific microbially mediated pathways and thus influence nutrient
dynamics within and between the benthos and the water column (Eyre and Ferguson,
2010).

2.8 Why is it important to understand the role of benthic
metabolism and nutrient cycling in shallow estuarine ecosystems?
Understanding the underlying causes of coastal eutrophication and using this
information for management practices requires a sound knowledge of coastal and
estuarine benthic metabolism and nutrient cycles and the factors influencing them
(Cornwell et al. 1999). Sediments play an important role in estuarine ecosystems due
to their role in both autotrophic and heterotrophic production (Ferguson et al., 2004)
and in mediating the recycling and removal of carbon and nutrients (McGlathery et al.,
2004). Benthic processes often dominate ecosystem functioning in shallow rivers,
lakes and lagoons (Nixon, 1981; Martens, 1982; Nowicki and Nixon, 1985; SandJensen and Borum, 1991) as they have a much higher surface area to volume ratio
than deeper systems.
Sediments are the primary sites for the mineralisation of autochthonous and
allochthonous organic matter through microbially mediated processes (Fisher et al.,
1982; Jorgensen and Revsbech, 1989; Jørgensen 1996). These processes can
contribute, in conjunction with external catchment discharges, to ambient inorganic
nutrient concentrations in the water column and this can subsequently provide a large
proportion of the requirements for pelagic primary production (Boynton and Kemp
1985; Cowan and Boynton 1996). In shallow marine ecosystems for example, benthic
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regeneration and release of dissolved inorganic nitrogen has been reported to account
for 20-80% of the nitrogen required for phytoplankton production (Herbert, 1999;
Rysgaard et al., 1996).
In addition, because most the sediment surface lies within the photic zone, much of
the primary production in shallow systems can occur in the benthos, carried out by
seagrasses, macroalgae, and BMA as opposed to phytoplankton in the pelagic zone
(Nixon et al. 2001; McGlathery et al. 2001; McGlathery et al. 2007) providing a
significant input of organic carbon to the whole estuarine system (Colijn and de Jonge
1984; MacIntyre et al. 1996).
Benthic sediments can also effectively remove organic carbon and ‘growth limiting’
nutrients, nitrogen and phosphorus, from the estuary through biogeochemical
processes such as burial, particulate adsorption (ie. binding of inorganic P to iron) and
production of N2 gas (denitrification) that is eventually lost from the estuary to the
atmosphere.

2.9 Why is nitrogen biologically important and why is it important to
understand the role of nitrogen in estuarine systems?
Nitrogen is biologically important because it is an essential major element for life,
accounting for a significant proportion of the dry weight of most living cells (Hu, 2004).
In organic tissues, nitrogen is distributed primarily in proteins and nucleic acids, but is
also an important constituent of bacterial cell walls (as muramic acid), energy transfer
compounds such as nucleotides, photosynthetic pigments including chlorophylls and
phycobilins, nucleic acids, vitamins and selected storage products (i.e. cyanophycin
granules) (Karl et al 2002).
Nitrogen is of importance in most estuarine and marine systems (Smith, 1984;
Howarth and Marino, 2006), including those in Australia (Harris, 2001; Davis and Koop
2006), because it is regarded as the major macronutrient limiting primary production
although limitation by other nutrients such as phosphorus is probable (Smith and
Atkinson, 1983; Thompson, 1998; Davis and Koop, 2006; Haese et al., 2007). Nitrogen
enters estuaries in several ways including freshwater flow (Peierls et al. 1991),
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atmospheric deposition (Paerl et al. 2002), groundwater discharge (Santos et al.
2008), and nitrogen fixation (Gardner et al. 2006, Fulweiler et al. 2007). The nitrogen
species that have been shown to be particularly important to aquatic primary
production are the readily bioavailable inorganic forms NH4+, nitrate and nitrite (NOX)
(Herbert, 1999), though it is becoming increasingly more recognised that constituents
of the dissolved organic nitrogen (DON) pool can be utilised by algae for growth and
by bacteria as electron donors (Tyler 2003). However, carbon bound nitrogen inputs
to estuaries can be high and become readily bioavailable through remineralisation in
both the water column but more predominantly in the benthos.
Early models of benthic nitrogen cycling in coastal waters were based on heterotrophic
sediments with fluxes as primarily nitrogen sources to the water column (Billen, 1982).
Flux measurements of oxygen and inorganic nutrients (N and P) were commonly made
in the dark (Rowe et al. 1975; Callender and Hammond 1982; Hopkinson and Wetzel
1982; Boynton, and Kemp, 1985) since there was significant attenuation of light at the
sediment surface and benthic metabolism was driven by the heterotrophic breakdown
of organic matter sourced from the water column. In these models, denitrification was
assumed to form the main removal pathway of bio-available nitrogen from the
estuarine ecosystem (Seitzinger, 1980, Billen, 1982), although the potential role for
movement up the food chain was recognised but largely discounted (Nixon 1981). The
potential importance of benthic primary producers such as benthic microalgae (BMA)
as a sink for nutrients in euphotic sediments was suggested (Blackburn and
Henriksen, 1979), and later studies showed benthic autotrophic production to have
direct and indirect effects on benthic nutrient fluxes (Sundback and Graneli 1988; Reay
et al., 1995). These included direct assimilation by autotrophs as well as influencing
microbial metabolism through modification of sediment biogeochemistry (Underwood
and Kromkamp 1999). The concept of autotrophic benthic production influencing
biogeochemical processes added a new level of complexity to the role of sediments
and benthic fluxes in estuarine ecology, especially in shallow systems where euphotic
shoals represent a significant fraction of the total shoal area. Ensuing models of
eutrophication and nitrogen cycling in coastal systems needed and began to
differentiate between deep (Scavia and Hagy, 2006) and shallow systems (McGlathery
2007). Shallow systems differ from deep systems in that primary production does not
respond in a predictable or clear linear fashion to nitrogen inputs, even after adjusting
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for water residence time (Nixon et al. 2001), though total system production does
increase with very low rates of nitrogen input.

2.10 What is the nitrogen cycle and what are the main process
pathways in aquatic systems?
The nitrogen cycle is a series of biological and non-biological processes by which
nitrogen and its various chemical forms are interconverted in the environment and in
living organisms. The Earth's atmosphere is made up by 79% dinitrogen gas (N2)
however atmospheric nitrogen has limited bioavailability leading to a scarcity of usable
nitrogen in many types of ecosystems. Nitrogen cycling in aquatic systems is
extremely complex and involves a series of primarily microbiological transformations
occurring in both the sediment and the water column. These processes include
ammonification, dissimilatory nitrate reduction, nitrification, denitrification, anaerobic
ammonia oxidation (anammox), N2 fixation and biological assimilation (Figure 2.1).
Most of these nitrogen pool inter-conversions affect the oxidation state of N, and
therefore the free energies of the various molecules and compounds. Consequently,
most of these biological inter-conversions are either energy-yielding (e.g. nitrification)
or energy-demanding (i.e. nitrogen fixation) and are fundamental processes in
microbial biosynthesis and bioenergetics (Karl et al 2002).

2.11 Major benthic nitrogen cycling processes
2.11.1 Ammonification
The release of ammonium from nitrogenous matter is referred to as ammonification
(Herbert 1999). This reaction can either be a simple deamination reaction or a complex
series of metabolic steps involving several hydrolytic enzymes. Proteins are
hydrolysed by proteinases to amino acids that are then deaminated to release
ammonium (Herbert 1999).
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Figure 2.1: The nitrogen cycle showing the chemical forms and key processes involved in the
biogeochemical cycling of nitrogen. Sourced from Herbert (1999).

Ammonium is the most reduced dissolved inorganic nitrogen species and is
biologically available for use in metabolic processes. Ammonification plays a vital role
in nitrogen recycling within coastal marine environments as it provides bioavailable
remineralised N to both sediments and the water column that can be assimilated by
pelagic and benthic autotrophs and/or further processed and released to the
atmosphere as N2 via nitrification-denitrification and anammox pathways (Rysgaard et
al., 1996; Herbert 1999).
Bacterial sulfate reduction in marine sediments has also been identified as an
important microbial oxidation process during diagenesis of organic carbon and
nitrogen. During anoxic conditions in marine sediments sulfate reduction dominates
organic matter mineralisation, resulting in increased benthic fluxes of sulfides and
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ammonium to bottom waters. Sulfide reduction is rarely inhibited by sulfate supply due
to the relatively high background in the water.
2.11.2 Dissimilatory nitrate reduction to ammonium (DNRA)
Denitrification is often viewed as an important ecosystem service that removes
reactive N from the ecosystem. However, there is a competing nitrate reduction
process, dissimilatory nitrate reduction to ammonium (DNRA), that conserves N within
the ecosystem.
DNRA is the direct reduction from nitrate to ammonium (An and Gardner 2002;
Roberts et al, 2012; Roberts et al, 2014). It differs from assimilatory reduction of NO3to NH4+, which occurs via planktonic food web processes, in that it requires reduced
conditions with an electron donor and does not involve an organic N intermediate
(Gardner et al. 2006). DNRA is performed both by heterotrophic organisms, which use
organic

carbon

as

the

electron

donor

(fermentative

DNRA),

and

by

chemolithoautotrophic organisms, which use nitrate to oxidize sulfide or other reduced
inorganic substrates (Giblin et al. 2013; Robertson et al, 2016). Until recently, DNRA
was generally thought to be a minor fate of nitrate entering coastal systems with
biological assimilation and gaseous nitrogen (N) loss through denitrification being
regarded as the dominant processes (Giblin et al. 2013). Recent measurements
comparing the importance of denitrification vs. DNRA in 55 coastal sites found that
DNRA accounted for more than 30% of the nitrate reduction at 26 sites and was the
dominant pathway at more than one-third of the sites (Giblin et al. 2013).
2.11.3 Nitrification
Nitrification is the process of converting reduced nitrogen (as ammonia or ammonium)
to its more oxidized forms (nitrite or nitrate) and plays a key role in the N cycle, as it is
a source of nitrate for denitrifying bacteria and permanent removal of nitrogen from the
ecosystem (Herbert 1999). The process is mediated by bacteria of the family
Nitrobacteraceae that grow chemolithoautotrophically, meaning that they derive
energy from the oxidation of inorganic compounds (N) and use CO 2 as a sole carbon
source (Risgaard-Petersen 2004). It is a two-step process, with each step carried out
by two different types of chemolithoautotrophic organisms, distinguishable by their
substrate utilization (Herbert, 1999). The first step is the oxidation of NH4+ to NO2− and
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is facilitated by ammonia-oxidizing bacteria (AOB) belonging to the β- and γproteobacteria. The second step is the oxidation of NO2− to NO3− and is performed by
nitrite-oxidizing bacteria (Risgaard-Petersen 2004).
The process is summarized in the equations:
NH4+ + OH− + H+ → NO2−+ 2 H2O (ammonium oxidation)
NO2− + 0.5 O2 → NO3− (nitrite oxidation)
In shallow coastal marine systems Nitrosomonas spp. and Nitrobacter spp. are the
principal organisms responsible for the two nitrification steps respectively (Herbert
1999). A number of physicochemical and biological conditions are important in
regulating nitrifying activity in coastal sediments (Joye and Hollibaugh, 1995). These
include temperature, ammonia concentration, oxygen concentration, pH, dissolved
CO2 concentration, salinity, light, macrofaunal activity and presence of macrophyte
roots. In marine and coastal sediments, nitrification and denitrification are associated
with the sediment-water interface. Nitrification takes place in the upper oxic zone of
the sediment and denitrification in the sub-oxic zone just below the oxic/suboxic
interface (Jensen et al. 1994).
2.11.4. Denitrification
Denitrification is a critical process regulating the removal of bioavailable nitrogen (N)
from natural and human-altered terrestrial, freshwater, and marine systems
(Seitzinger, et al., 2006). Global models of denitrification suggest that continental shelf
sediments account for the largest portion (44%) of total global denitrification, followed
by terrestrial soils (22%) and oceanic oxygen minimum zones (OMZs; 14%);
freshwater systems (groundwater, lakes, rivers) account for about 20% and estuaries
1% of total global denitrification (Seitzinger, et al., 2006).
Denitrification is a microbially facilitated process (Carlson and Ingraham, 1983) of
dissimilatory nitrate reduction that can produce molecular dinitrogen (N2) through a
series of intermediate gaseous nitrogen oxide products (Cornwell et al. 1999). There
are two main sources of nitrate for sediment denitrification: nitrate diffusing into the
sediment from the water column and nitrate produced by nitrification in the sediment
(Jenkins and Kemp 1984; Seitzinger 1988; cited in Risgaard-Petersen et al., 1994).
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Generally, several species of bacteria are involved in the complete reduction of nitrate
to molecular nitrogen, and more than one enzymatic pathway has been identified in
the reduction process (Atlas and Barthas, 1998).
Denitrification in general, occurs where oxygen, a more energetically favorable
electron acceptor, is very low or depleted (O2 concentrations <0.2 mg O2/L; completely
anoxic conditions are not required), and bacteria reduce oxidized forms of nitrogen as
a substitute terminal electron acceptor (Seitzinger et al. 2006). The preferred nitrogen
electron acceptors in order of most to least thermodynamically favorable include
nitrate (NO3-), nitrite (NO2-), nitric oxide (NO), and nitrous oxide (N2O).
Denitrification generally proceeds through some combination of the following
intermediate forms (Payne 1973):
NO3− → NO2− → NO + N2O → N2 (g)
The complete denitrification process can be expressed as a redox reaction:
2 NO3− + 10 e− + 12 H+ → N2 + 6 H2O
In estuarine and marine systems, denitrification may be controlled by complex
interactions between temperature, oxygen, organic carbon (OC) supply, other
microbial processes such as nitrification and benthic microalgae (BMA) photoproduction and respiration, bioturbation, sediment properties and water column nitrate
concentrations (Seitzinger 1988; Risgaard-Petersen 1994; Cornwell et al. 1999, Eyre
and Ferguson 2009). Of these, the supply of NO3- controls the reaction, as NO3- is
utilised for metabolic respiration, after oxygen, by facultative anaerobic bacteria
(Herbert, 1999). The dominant source of nitrate in many coastal systems is sediment
based mineralisation of nitrogenous compounds (coupled nitrification-denitrification)
(Seitzinger, 1987; Rysgaard et al.,1994), although many have reported pelagic NO3as a major source (Rysgaard et al., 1995; Tomaszek, 1995).
2.11.5 Anaerobic ammonia oxidation (anammox)
For many decades, heterotrophic denitrification was considered as the only important
process for bacterial removal of fixed nitrogen from aquatic environments into the
atmosphere. This view however, has been changed since the discovery of anaerobic
ammonium oxidation (anammox) which oxidizes ammonium via reducing nitrite into
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dinitrogen under anaerobic conditions. This process was observed first in a
wastewater treatment plant in the Netherlands in 1995 (Mulder et al., 1995).
Subsequently, the anammox process was observed in various natural ecosystems
including freshwater sediments (Penton et al., 2006; Zhu et al., 2013), marine and
estuarine sediments (Trimmer et al. 2003; Thamdrup and Dalsgaard, 2002; Kuypers
et al., 2003; Trimmer and Nicholls, 2009; Jetten et al., 2010), and anaerobic water
columns (Schubert et al., 2006; Jensen et al., 2011).
Anammox is a biologically mediated process (van de Graaf, et al., 1995) where nitrite
and ammonium are reduced under anoxic conditions into dinitrogen gas (N2).
The reaction can be summarised by the following equation:
NH4+ + NO2− → N2 + 2 H2O
This process makes up a major proportion of dinitrogen conversion in the oceans
accounting for 30 to 70% of oceanic N2 production (Devol 2003) thus is a major sink
for fixed nitrogen and limiting oceanic primary productivity. The extent and importance
of anammox activity in estuaries is still developing (Rich et al. 2008; Plummer et al.
2015; Fernandes et al. 2016) and it has been reported for anammox to make up <10%
of benthic N2 production in estuarine sediment from the Thames estuary, UK (Trimmer
et al. 2003).
2.11.6 Nitrogen fixation
In contrast to denitrification and annamox, biological nitrogen fixation introduces ‘new’
nitrogen into the biogeochemical cycles of ecosystems. It is the process by which
atmospheric dinitrogen gas (N2) is converted into ammonia which is subsequently
available for production of many important biological molecules such as amino acids,
proteins, vitamins, and nucleic acids (Postgate, 1998).
The biological reduction of N2 to ammonia is a very energy demanding process due to
the strong stability of the N2 triple bond and requires a significant amount of cellular
energy in the form of ATP, and an appropriate electron donor, usually as reduced
ferredoxin (Postgate 1987; Karl et al, 2002). Generally, a minimum of sixteen moles
of ATP per mole of N2 are directly required (Herbert 1999). The reaction can be
represented by the following equation, in which two moles of ammonia are produced
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from one mole of nitrogen gas, at the expense of 16 moles of ATP and a supply of
electrons and protons (hydrogen ions):
N2 + 8H+ + 8e- + 16 ATP = 2NH3 + H2 + 16ADP + 16 P
The required energy is a mixture of the direct costs of N-fixation and the energy
requirements to maintain an appropriate cellular environment (e.g. low oxygen, traceelement incorporation, resynthesis of enzymes, etc) (Karl et al., 2002). Most of this
energy is required to split the dinitrogen molecule (4 ATP molecules for each pair of
electrons), not to reduce it. The thermodynamic investment to reduce NO 3 to NH4+ is
larger than that needed to reduce N2 to NH4+ thus the higher energetic costs
associated with nitrate reduction may be one reason that some N 2 fixation can occur
even when NO3 is present.
Biological nitrogen fixation is performed exclusively by prokaryotes (bacteria and other
related organisms), commonly referred to as diazotrophs, and includes free living and
endosymbiotic types and both autotrophs and heterotrophs (Herbert 1999).
All diazotrophs use an enzyme complex termed nitrogenase. This enzyme consists of
two proteins - an iron protein and a molybdenum-iron protein (Wiig et al., 2014). The
enzyme requires a great deal of chemical energy to convert N 2 to ammonia which is
released from the hydrolysis of ATP, and reducing agents, such as dithionite in vitro
or ferredoxin in vivo (Wiig et al., 2014). All major groups of cyanobacteria found in the
marine environment have nitrogen fixing representatives including unicellular and nonheterocystous species (Herbert 1999).

2.12 Why is phosphorus biologically important and why is it
important to understand the role of phosphorus in estuarine
systems?
Phosphorus is an essential nutrient for plants and animals (Correll, 1998). It is a major
component of adenosine triphosphate (ATP) that serves as the major energy source
within cells by driving several biological processes such as photosynthesis, muscle
contraction, and the synthesis of proteins (Campbell et al. 2006). Phosphorus is also
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a key component of biological molecules such as deoxyribonucleic acid (DNA) which
carries the cell's genetic information and hereditary characteristics; and ribonucleic
acid (RNA) which is a polymeric molecule essential in various biological roles in
coding, decoding, regulation, and expression of genes (Corbridge, 1995). Phosphorus
is found in complex organic compounds in the blood, muscles, and nerves, and in
calcium phosphate, the principal material in bones and teeth (Dorozhkin and M. Epple,
2002). It is also found in the exoskeleton of insects, and in all biological membranes
as phospholipids (Peterson and Cummings, 2006).
Phosphorus is regarded as the major macronutrient limiting primary production in fresh
water systems and has been shown to be limiting in estuarine systems as well (Gurel
et al, 2005). Phosphorus in water can be found into both particulate and dissolved
inorganic and organic forms (Thomson-Bulldis and Karl 1998). Particulate organic
phosphorus (POP) includes phosphorus in living and dead organic matter and
in/sorbed to mineral phases of rock and soil. Dissolved inorganic phosphorus (DIP) is
composed of protonated forms of orthophosphate (PO 4-3). Dissolved organic
phosphorus (DOP) is of biological origin and includes nucleic acids, polyphosphates,
organic colloids, and phosphorus combined adsorptive colloids and low-molecularweight phosphate esters (Karl and Bjorkman, 2002). While DIP has been generally
regarded as the most significant form of phosphorus available for phytoplankton
growth it has been demonstrated in recent years that DOP is available to both
phytoplankton and bacteria for production.
With few exceptions surface waters receive most of their phosphorus in surface flows
rather than in groundwater, since phosphates bind to most soils and sediments. The
exceptions are where catchments are of volcanic origin or where soils are waterlogged and anoxic (Correll, 1998). The clear majority of phosphorus enters the waters
of the estuary from the catchment via tributaries and rivers. Bioavailable phosphorus
entering the estuary is then rapidly taken up by both pelagic and benthic primary
producers and incorporated into biomass. Algal growth produces an increase in
particulate organic phosphorus (POP), and the death of algae release dissolved
organic phosphorus (DOP). Some of the POP is directly transformed into DIP as
particles decay in the water column, but some of the POP settles onto the bottom
sediment. Through hydrolysis, POP in the sediment can be converted into dissolved
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organic phosphorus, and/or remineralised back into dissolved inorganic phosphorus
(Gurel et al, 2005). DIP can be assimilated and incorporated into microbial, animal and
plant biomass, or it can remain bound to the sediment through many sorption and
mineral exchange processes. The release of phosphorus from the sediments is
controlled by physio-chemical processes and affected by temperature, pH and redox
potential. BMA productivity can control the release of phosphorus from the sediment
to the water by direct uptake and by increasing the oxygen penetration and redox
potential in the sediment (McGlathery et al, 2004). Oxidation results in the formation
of iron and manganese oxides that effectively bind phosphorus in the solid phase
(McGlathery et al, 2004; Gurel et al, 2005). Unlike nitrogen, the main loss pathways of
phosphorus from the system are through burial and export to the ocean (Correll, 1998).
The phosphorus cycle differs from the other major biogeochemical cycles in that it
does not include a gas phase (Ji, 2008).

2.13 Why is silicon biologically important and why is it important to
understand the role of silicon in estuarine systems?
Silicon is considered generally as a minor nutrient, though it is important in the
dynamics of benthic microalgae and phytoplankton because of its role as a structural
element in the cells of diatoms, a dominant microalgal group in many aquatic systems.
Diatoms are an abundant alga that requires silica in the form of dissolved monosilicic
acid (H4SO4) (Norris and Hackney, 1999) to build tiny microskeletons (frustules) to
support their cell walls. Because silicon is used in large quantities for diatom microskeletons, it can be a limiting element for benthic and pelagic primary producers where
diatoms are the predominant algae. The silicon cycle is generally simpler than that of
nitrogen or phosphorus, as it is generally more conservative, and is not influenced by
the presence of oxygen in the sediments.
Dissolved silicon entering the estuary from the catchment is generally sourced from
the weathering of rocks. Dissolved silicon in the water column is converted into
particulate biogenic silicon through incorporation into diatom biomass as amorphous
silicon dioxide (H4SO4.nH2O), otherwise known as silica (Norris and Hackney, 1999).
Silica can dissolve in the water column and the sediment following the death of the
organism. Dissolution of silica is influenced by a range of factors including pH,
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temperature and salinity. The rate of dissolution of silica increases with salinity (Gurel
et al, 2005).

2.14 Benthic microalgae (BMA) and their ecological relevance
Benthic microalgae (BMA) are microscopic, photosynthetic eukaryotic microalgae and
cyanobacteria that occupy the superficial layer (µm to mm thick) of sediment in salt
marshes, estuaries and photic coastal zones (MacIntyre et al., 1996; Miller et al., 1996;
Porubsky et al. 2009). They are sometimes referred to by several terms including
epipsammon, epipelon, periphyton and microphytobenthos (MPB) (Round et al 1990).
BMA occur across a vast geographic range extending from the northern and southern
polar regions (Gilbert 1991; Glud et al. 2002) to the tropics (Alongi, 1994). They also
occur across a broad range of water column depths ranging from inter-tidal shoals of
estuaries (Pinckneyand Zingmark 1991) to depths of up to 190 metres on the upper
slope regions of continental shelves (McGee et al. 2008). Across these latitudinal and
depth ranges they occupy a diverse suite of habitats including coral reefs, polar ice
shelfs, shallow seas, riverine estuaries, coastal lakes, lagoons and embayments
(Hillebrand et al. 2000; Ferguson et al. 2003; Werner et al. 2008; Spooner and Maher
2009).
In estuaries, coastal lakes and lagoons, benthic microalgal communities generally
occupy sandy beaches, inter-tidal mudflats, shallow sub-tidal substrates and on the
understoreys of mangroves, macrophytes and macroalgae (Pinckney and Zingmark
1993). Their productivity and distribution is dependent upon factors such temperature,
sediment type, grazing pressure, hydrodynamics, nutrient and organic matter supply
and light climate (Hillebrand et al. 2000; Sundback et al., 2000; Blackford, 2002; de
Jonge et al. 2012). The ensuing paradigm is that light availability is the primary factor
regulating benthic microalgal growth (Heip et al., 1995; Spivak et al., 2007; Stutes et
al., 2006). In contrast, control of BMA production through nutrient limitation is generally
considered to be rare due to high remineralisation rates and subsequent high nutrient
availability in the sediments (MacIntyre et al. 1996; Underwood and Kromkamp 1999),
though benthic nutrient limitation can occur in coarse nutrient poor sediments,
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calcareous sediments where phosphate is precipitated as apatite (Sand-Jensen and
Nielsen 2004).
BMA depth distribution within the sediment is relative and is also associated with the
penetration of light into the sediment, which depends on granulometry and organic
content (MacIntyre et al., 1996). Most of the cells are present in the top 2 cm, although
they can reach depths of 15 cm (de Jonge and Colijn, 1994). The relative contribution
of cells at depths of more than 4 cm is insignificant, since 30 to 60% of all BMA cells
inhabit the top 0.5 cm of the sediment (de Jonge and Colijn, 1994).
Apart from environmental factors, benthic microalgal primary production is also
determined by its packing density (de Jonge et al. 2012). Blanchard et al. (2001, 2002,
2006) found that net primary production only occurred when the chlorophyll-a
concentrations in the top 1 cm sediment layer were less than ~160 to 170 mg m −2.
Higher chlorophyll-a densities mostly resulted in net algal respiration.

2.15 How are benthic microalgae important?
The importance of benthic microalgal production in shallow marine and coastal
ecosystems throughout the world is well documented (MacIntyre et al. 1996; Cahoon
1999; Underwood and Kromkamp 1999). BMA contribute significantly to the total
primary production of estuaries ((Colijn and de Jonge 1984, de Jonge 1992, MacIntyre
and Cullen 1995; Baird et al. 2004) and production can be very high contributing a
major proportion (greater than 50%) of the annual autochthonous carbon production
(Underwood and Kromkamp 1999; Cahoon 1999, de Jonge 1992 MacIntyre and
Cullen, 1995). BMA production also supports significant secondary production (Kang
et al. 2003) supplying organic matter for the benthic (Hillebrand et al. 2000; Middelburg
et al. 2000; Moncreiff and Sullivan 2001) and planktonic food webs (De Jonge and
Van Beusekom 1992). More specifically, BMA contribute significantly to both the
quantity and quality of food for suspension feeders (Miller et al., 1996). The high
density and elevated nutritional value due to the availability of proteins and lipids make
the BMA an excellent food for deposit-feeding benthic infauna (cited in Araújo et al,
2010). Moreover, benthic diatoms are a good source of fatty acids and are a preferred
food source for many deposit-feeders (Araújo et al, 2010).
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Photo-productive BMA also produces and exudes extracellular polymeric substances
(EPS). It has been suggested they do this for several reasons including locomotion
and adhesion to sediment particles (Underwood and Paterson 2003). EPS are an
important carbon source for bacteria and grazers, and aid in the structural stabilization
of the sediment bed (Smith and Underwood 1998, 2000; Wolfstein and Stal 2002).
This sediment stabilization helps to reduce sediment resuspension and thus the
erosion of estuarine bottoms (Miller et al. 1996; Underwood and Patterson 2003,
Gerbersdorf et al. 2009) and thus having positive effects on water column turbidity and
light penetration.

2.16 What are the main factors controlling BMA productivity?
Several factors have been identified as controls on BMA productivity and these include
temperature, light, and nutrient limitation and grazing effects (Barranguet et. al. 1998),
however, the persisting paradigm is that light is the main factor regulating benthic
microalgal productivity growth (Heip et al., 1995; Stutes et al., 2006; Spivak et al.,
2007). Nutrient limitation of BMA productivity is generally considered to be rare due to
high nutrient availability in the sediments particularly during high remineralisation rates
(MacIntyre et al. 1996; Underwood and Kromkamp 1999). Benthic nutrient limitation
can occur however, in coarse nutrient poor sediments, particularly calcareous
sediments where phosphate is precipitated as apatite and where benthic production
rates are high (Sand-Jensen and Nielsen 2007). More recently dissolved inorganic
carbon concentrations have been implicated in limiting BMA production (Cook and
Roy, 2006; Vieira et al. 2016) and this limitation alleviated as advective flushing of
porewaters increase (Cook and Roy, 2006). Other potential factors limiting BMA
production include BMA self-shading due to high algal biomass Blanchard et al. (2001,
2002, 2006) and toxic effects of NH4 and H2S produced because of high organic matter
loading and a shift in dominance from aerobic to anaerobic respiration (McGlathery et
al. 2007).

2.17 What role do BMA play in nutrient cycling in estuaries?
BMA play a key role in estuarine nutrient cycling as they are intermediaries in many
biogeochemical processes and thus important components of sediment carbon and
nutrient cycling and exchange with the water column (Baillie 1986, Rizzo et al. 1992).
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BMA occur at the interface of the sediment and the water column within a relatively
narrow zone and can rapidly alter the properties of shallow sediments including strong
diel variations in oxygen and dissolved inorganic carbon (DIC) concentrations over the
light-dark cycle, release of organic carbon exudates, and changing chemical gradients
such as pH (Underwood and Kromkamp 1999). In addition, assimilation of pore water
ammonium and nitrate by BMA influences the concentration and depth distributions of
pore water nitrogen (McGlathery et al. 2004) and in turn strongly influences control on
diffusive fluxes between the sediment and the water column. BMA have been
described as a ‘nutrient filter’ (McGlathery et al., 2007) as they have been shown to
limit the release of sediment-derived nutrients to the water column in both temperate
and sub-tropical ecosystems (Krom 1991, Risgaard-Petersen et al. 1994, Sundback
et al. 2003, Ferguson et al. 2004). This filtering action is ecologically significant as it
can delay or prevent the formation of macroalgal blooms in some systems (Sundback
et al. 2003). BMA can also sequester dissolved forms of inorganic and organic
nitrogen, phosphorus and silicates from the water column (Eyre and Ferguson 2002;
Tyler et al. 2003; Sundback et al. 2004; Englesen et al., 2008) effectively competing
with other benthic and pelagic primary producers (Eyre and Ferguson, 2002; RisgaardPetersen 2003).
BMA production can stimulate nitrogen removal through coupled nitrificationdenitrification, if ammonium is available, (Risgaard-Petersen et al. 1994, An and Joye
2001, Dalsgaard 2003) and thereby decreasing DIN fluxes to the water column
(Dalsgaard 2003, Sundback et al. 2004). Conversely, BMA production can inhibit
denitrifiers by increasing oxygen penetration depth in the sediment; thereby inhibit
denitrification as denitrifying bacteria require an anoxic environment to function, and
subsequently decreasing nitrogen removal by denitrification (Risgaard-Petersen et al.
1994, An and Joye 2001).

BMA have been shown to reduce nitrifying bacteria

potential activity to less than 20% by effectively competing with the nitrifiers by having
greater uptake rates of ammonia and faster growth rates (Risgaard-Petersen et al.
2004). Furthermore, BMA have also been shown to have a significant negative impact
on denitrification, most probably via competition for nitrogen (Risgaard-Petersen
2003). These findings are significant, as they suggest that a far greater proportion of
nitrogen remineralised within the sediments will be assimilated rather than denitrified,
resulting in retention of bioavailable nitrogen within the system. BMA productivity can
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also exert control on the release of phosphorus from the sediment to the water column
by direct uptake and assimilation and by increasing the oxygen penetration and redox
potential in the sediment (McGlathery et al, 2004). Oxidation results in the formation
of iron and manganese oxides that effectively bind phosphorus in the solid phase
(McGlathery et al, 2004; Gurel et al, 2005).
The benthic metabolic status in photic unvegetated sediments (i.e. devoid of
macroalgae and macrophytes) is primarily controlled by the productivity of the BMA
(Englesen et al 2008). Sediments rendered net autotrophic by BMA productivity
generally retain dissolved inorganic nitrogen (DIN) whereas net heterotrophic
sediments release DIN to the overlying water column (Eyre and Ferguson 2002; Tyler
et al. 2003; Sundback et al. 2004). Benthic trophic status has been suggested as a
versatile indicator for evaluating whether sediments are net sources or sinks of
nutrients (McGlathery et al. 2001; Sundback et al. 2003; Tyler et al., 2003). Engelsen
et al. (2008) tested this hypothesis and found that significant negative relationships
existed between both biomass of the BMA and net oxygen flux with DIN and DIP fluxes
highlighting the importance of BMA for nutrient fluxes in shallow benthic environments.
They further suggested that benthic metabolic status is a more viable parameter to
classify sediments and predict benthic nutrient fluxes in shallow water environments
than the comparatively conservative structural parameter of organic matter content.

2.18 What is known about the effects of BMA production on benthic
metabolism and nutrient processing especially in Australian
estuaries?
Even though there have been a considerable number of benthic metabolism and
sediment water nutrient flux studies along the coast of south-eastern Australia (Table
2.1), most of the understanding regarding the effects of BMA production on nutrient
cycling in temperate Australian estuaries has been drawn from studies of warmer subtropical systems (Ferguson et al. 2004; Dunn et. al. 2012) and from temperate systems
in the northern hemisphere (i.e. Sundback and Granbli, 1988; Risgaard-Petersen et
al. 1994, Sundback and Miles 2000, Dalsgaard 2003). Relatively few studies have
directly focussed on the effects of BMA production on nutrient cycling in Australian
temperate systems (Eyre and Ferguson 2002, Ferguson et al. 2004; Cook et al.,
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2004a, Cook et al., 2004b; Qu et al. 2007). No studies have been specifically targeted
to assess the effects of increased organic matter loading on BMA metabolism and
nutrient cycling in ICOLLs and across a depth gradient in Australian coastal systems.
Table 2.1: Compilation of benthic metabolism and sediment nutrient flux studies along the
Australian south-eastern coast.
Estuary

Reference

Sydney Harbour, NSW

Sutherland et al. 2016

Botany BayBotany Bay, NSW

Kelaher et al. 2013

Western Moreton Bay, QLD

Ferguson et al. 2013

Saltwater Creek, QLD

Dunn et al. 2013

Coombabah Lake, QLD

Dunn et al. 2012

Camden Haven, Hastings River, Wallis Lake

Maher and Eyre, 2011

Western Moreton Bay, QLD

Ferguson and Eyre, 2010

Corruna Lake, NSW

Spooner and Maher 2009

Gippsland Lakes, Victoria

Cook et al. 2010

Lake Illawarra, NSW

Qu et al. 2007

St Georges Basin, NSW

Haese et al. 2007

Brunswick River

Eyre and Ferguson 2005

Huon River, Tasmania

Cook et al. 2004 a and b

Bremer River, QLD

Cook et al. 2004 c

Brunswick and Sandon River, NSW

Ferguson et al. 2003

Myall Lakes, NSW
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Chapter 3: Assessing the effects of increasing catchment
nitrogen loading on benthic metabolism and sedimentwater nutrient fluxes in four Intermittent Closed and Open
Lakes and Lagoons (ICOLLs) along the Northern Illawarra
Coast of New South Wales, Australia.
3.1 Abstract
Although there is considerable knowledge of how nutrient loading affects
biogeochemical cycling in large coastal lakes and rivers, there is comparatively little
information regarding these processes in small, shallow intermittently closed open
lakes and lagoons (ICOLLs) even though ICOLLs are a common feature along many
coasts of the world including southern Australia, and are regarded as highly vulnerable
to organic matter and nutrient enrichment due to their restricted and intermittent
flushing regimes.
Benthic metabolism and sediment-water nutrient fluxes were measured under light
and dark conditions during February (summer) and August (winter) in four small
ICOLLs across a known catchment development and nitrogen loading gradient on the
Northern Illawarra Coast of NSW, Australia. It was hypothesized that increasing
nitrogen loading would correspond to greater rates of benthic community respiration
(BCR) and benthic microalgal (BMA) productivity with the balance of these processes,
net benthic metabolism (NBM) as a proxy for benthic trophic state, controlling both the
magnitude and direction of sediment-water nutrient fluxes.
Results of the study clearly demonstrated that BCR rates in the Northern Illawarra
ICOLLs increased with increasing N-loading from the catchment and this relationship
was further supported when rates were integrated and compared across a larger data
set for NSW estuaries. BCR rates for the most developed northern Illawarra ICOLLs
(i.e. Towradgi and Tramway) were high (-2499 to -3769 O2-µmol.m-2.h-1) compared to
temperate estuaries worldwide and they were significantly greater than BCR rates
measured in larger estuaries in NSW that are permanently open to the sea (i.e. Wallis
Lake, Parramatta River, Lane Cove River, Botany Bay). Trends across the N-loading
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gradient were less clear for BMA productivity; however, rates were greater in February
than in August across all four ICOLLs. Greater BCR and BMA production rates in
February than in August coincided with greater pelagic and BMA biomass and this is
likely due to the combined effects of greater inputs of nutrients and organic matter
from antecedent rainfall, greater solar radiation exposure and seasonal temperature.
In February, sediments in Wattamolla and Fairy (least N-loading) produced more
oxygen than they respired indicating that they were net autotrophic (NBM>0), whereas
Towradgi and Tramway (greatest N-loading) respired more oxygen than they
produced indicating that they were net heterotrophic (NBM<0). Net heterotrophy of the
benthos at Towradgi and Tramway in February appeared to be driven by factors
associated with BMA production becoming limited and approaching a maximum rate
at high BCR rates. In August, sediments at Wattamolla, Fairy and Tramway were net
autotrophic whereas Towradgi was net heterotrophic because of high turbidity and low
light levels reaching the sediment surface. Generally, NBM was the strongest
determinant of whether sediments were sources or sinks of dissolved inorganic
nitrogen (DIN) (mostly as NH4+) and dissolved inorganic phosphorus (DIP) to the water
column with net heterotrophic sediments tending to be large sources whereas net
autotrophic sediments were generally low source/sinks.
The results of this study demonstrate that N-loading from the catchment increases
organic matter (OM) supply and remineralisation rates in the sediments, however,
BMA production does not necessarily respond equally as it is dependent on both light
climate and the magnitude of organic matter supply and subsequent remineralisation
rates. This in turn affects the balance between assimilative and dissimilative processes
(benthic trophic state) in these shallow ICOLLs which is the major determinant of
whether the sediments act as a small or large source of inorganic nitrogen and
phosphorus to the water column. This is ecologically significant as greater supply of
nutrients to the water column can drive potentally problematic macroalgal and
microalgal blooms in the water column which can have flow on effects to the broader
foodweb.

3.2 Introduction
Estuarine systems are ecologically important, as they provide critical habitat for many
animals such as birds, fish, amphibians, invertebrates, and other wildlife depend on

54

estuaries to live, feed, nest, and reproduce. They also provide economic and cultural
benefits to human communities, as well as delivering invaluable ecosystem services
such as water filtration and habitat protection which are fundamental life-support
processes upon which all organisms depend (Barbier, 2011).
Estuaries, however, are under significant risk as they are extremely vulnerable to
anthropogenic perturbations (Boyd et al., 1992). Many are deteriorating due to
increased inputs of contaminants (i.e. nutrients, organic matter, sediment) from the
catchment as a result of human activities including land clearing, grazing, intensive
agriculture, urbanisation, sewerage overflows, stormwater discharges and fertiliser
use (Bowen and Valiela, 2001; Harris 2001). This has led many systems to become
eutrophic (Nixon, 1995) resulting in a range of undesirable consequences such as
blooms of both toxic and non-toxic cyanobacterial and eukaryotic microalgae
(Burkholder et al. 1992; Ajani et al., 2001; Ajani et al., 2013), loss of macrophytes such
as seagrasses (Hauxwell et al., 2003; Hauxwell and Valiela 2004), structural changes
in the macroalgal assemblages (Duarte 1995; Borum and Sand-Jensen 1996; Valiela
et al. 1997; Kraufvelin et al. 2006; Kraufvelin et al., 2010) and associated increase in
the ratio of pelagic to benthic production (Borum and Sand-Jensen, 1996; Ferguson
and Eyre, 2010). This has also led to shifts from benthic to pelagic dominated primary
production (Hauxwell and Valiela, 2004). Eutrophication is also known to cause
changes in habitat structure and trophic dynamics (McGlathery et al., 2004, and
references therein); increase the probability of death of benthic and pelagic animals
including recreationally and commercially important fish and invertebrate species;
reduce water transparency and light availability; invoke perceived changes in the
aesthetic value of the water body and degrade recreational, cultural and economic
opportunities (Davis and Koop, 2006).
In marine and coastal waters, increases in the supply of nitrogen is regarded as the
main factor inducing eutrophication (Howarth, 1988; Nixon 1995). Nitrogen is of
importance in most estuarine systems (Smith, 1984; Howarth and Marino, 2006),
including those in Australia (Harris, 2001; Davis and Koop 2006), because it is
regarded as the major macronutrient limiting primary production although limitation by
other nutrients such as phosphorus is probable (Smith and Atkinson, 1983; Thompson,
1998; Davis and Koop, 2006; Haese et al., 2007).
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Although the importance of organic matter and nutrient loading on biogeochemical
cycling in larger temperate and sub-tropical tidal estuaries is reasonably well
established (Heip et al., 1995; MacIntyre et al., 1996; Underwood and Kromkamp,
1999, Eyre and Ferguson, 2005 and 2006), currently there is little information
regarding these processes in Intermittently Closed Open Lakes and Lagoons (ICOLLs)
(Eyre and Ferguson 2002; Spooner and Maher 2006). ICOLLs are a subclass of
shallow coastal water bodies that are periodically separated from the ocean by a sand
beach barrier or berm (Haines et al. 2006; Perissinotto et al. 2002). This entrance
barrier forms and breaks down depending on the movement and redistribution of sand
and sediments by waves, tides, freshwater inflows and winds. ICOLLs are
conspicuous and common along many coastlines including New Zealand, South
Africa, Brazil, Uruguay, Mexico, Portugal, the south-western coasts of India and Sri
Lanka and southern Australia (Haines et al, 2006, Perissinotto et al. 2010).
No study to my knowledge has investigated the effects of increasing development (i.e.
urbanisation) of an ICOLL catchment and subsequent nitrogen loads, on benthic
metabolism and sediment-water nutrient dynamics particularly in context to
interactions with photo-productive benthic microalgae (BMA). This is surprising given
that: (1) New South Wales (NSW) has more than 950 coastal water bodies draining to
the Tasman Sea with the vast majority being small ICOLLs that are also under
pressure for future catchment development (Williams et al. 1998) and (2) ICOLLs are
much more vulnerable to organic matter and nutrient enrichment from anthropogenic
catchment development compared to permanently-open systems due to their
restricted and intermittent flushing regimes (Begg 1984; Perissinotto et al. 2002;
Ortega-Cisneros et al. 2014).
The purpose of this study was to test the hypotheses that increasing development of
the catchment and subsequent nitrogen loading will lead to: (1) increases in water
column nitrogen, phosphorus and silicate concentrations; (2) increases in pelagic and
sediment chlorophyll-a concentrations (proxies for both pelagic and benthic
microalgae biomass and autochthonous OM loading); (3) shifts in benthic versus
pelagic microalgal biomass dominance; (4) increases in rates of benthic community
respiration and benthic microalgal primary production and (5) shifts in benthic trophic
state (autotrophy versus heterotrophy) measured as net benthic metabolism (NBM) in
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four shallow ICOLLs along the Northern Illawarra coast of NSW Australia. The study
also assesses whether BMA photo-production is a major control on sediments
supplying remineralised nutrients to the water column. More specifically, I test the
hypotheses that 1) sediment-water nutrient fluxes will decrease in the light compared
to the dark due to uptake and assimilation by photo-productive BMA and 2)
heterotrophic sediments (NBM<0) will be a larger source of nutrients to the water
column than autotrophic sediments (NBM>0).

3.3: Materials and Methods
3.3.1 Climate and geography:
The Northern Illawarra Coast is situated in southern NSW (Latitude 34.4°S) between
the major urban and industrial centres of Sydney and Wollongong (Figure 3.1). The
region consists of a coastal plain, narrow in the north and wider in the south, bounded
by the Tasman Sea on the east and a steep mountainous (>440 metres), escarpment
(Illawarra range) forming the eastern edge of the Southern Highlands plateau, to the
west.
In 2004, the Northern Illawarra Coast received yearly rainfall total of 1164 mm with
lowest rainfall period between May and August (Table 3.1). Mean monthly maximum
daily temperatures ranged from 18.8 °C in June to 25.2 °C in February (Table 3.1).
Mean daily solar radiation exposure ranged from 7.8 in June to 22.4 MJ.m-2 in February
(Table 3.1).

Table 3.1: Monthly rainfall (total), temperature (daily maximum average) and solar radiation
(SR) exposure (daily average) data measured at Bellambi BOM weather station (Id. 068228)
on the Northern Illawarra coast, NSW from January to December 2004. Data were sourced
from the BOM climate database website.
Monthly rainfall
(mm)
Mean max. daily
temperature (°C)
Mean SR (MJ.m-2)

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

59.4

108.6

76.8

304.6

7.8

25.2

51.4

45.8

70.4

219.4

101

93.2

24.5

25.2

24

22.3

19.8

18.8

16.6

18.4

19.8

21.1

23.1

23.6

22.4

17.8

15.6

12.6

10.5

7.8

9.5

12.5

16.4

19.1

19.9

21.5
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Figure 3.1: Regional map of the Northern Illawarra coast showing catchment boundaries of
the four ICOLLs and their relative proximities to the cities of Sydney and Wollongong, NSW.

3.3.2 Study locations and sampling strategy
The study was undertaken in four small, shallow ICOLLs, Wattamolla Lagoon,
Tramway Lagoon, Towradgi Lagoon and Fairy Lagoon (Figures 3.1 and 3.2 A-D), in
February (late summer) and August (late winter) 2004. ICOLLs were selected to
represent a gradient of nitrogen loading delivered to receiving waters (Table 3.2).
Catchment land use varies among ICOLLs (Figures 3.2 A-D) with Fairy and Tramway
having a large proportion of urbanised land (~64 and 62% respectively) and only a
small proportion forested (14 and 0% respectively) (Table 3.2). Towradgi also has a
large proportion of its catchment urbanised (~46%) and a large proportion covered by
forest (~40% respectively) (Table 3.2). In contrast, the catchment draining into
Wattamolla is close to pristine as it lies entirely within the Royal National Park and has
negligible development (>99% natural vegetation) (Table 3.2). Estimated annual total
nitrogen (TN) loads for each ICOLL were obtained from the Coastal Eutrophication
Response Assessment Tool (CERAT) website (Littleboy et al. 2011; Roper et al. 2011)
and range from 334 to 16671 kg.y-1 (Table 3.2). Average annual TN catchment loads
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were normalised to ICOLL water surface area (ha) and range from 101 (Wattamolla)
to 2470 (Tramway) kg-N.y-1.ha-1 (Table 3.2). Sampling sites were in the unvegetated
sandy (porosities ranging from 36-43%) sections adjacent to the barrier berms that
separated each of the ICOLLs from the Tasman Sea at ~0.5 metre depth.
Table 3.2: ICOLL position, catchment and water area (km2), mean depth (m), mean annual
total nitrogen (TN) and annual TN load normalised to ICOLL water area (Roper et al. 2011).
Data sourced from Catchment Eutrophication Response Assessment Tool (CERAT).
ICOLL

Lat.°S

Long.°E

Catch.

Water

Depth

TN

TN

(km2)

(km2)

(m)

(kg.yr-1)

(kg.yr-1.ha)

Wattamolla

34.14

151.12

7.9

0.033

0.2

334

101

Fairy

34.41

150.90

20.6

0.111

0.4

16671

1501

Towradgi

34.38

150.92

8.4

0.042

0.3

7437

1770

Tramway

34.33

150.92

2.1

0.004

0.2

988

2470
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3.3.3 Ambient water quality
Three water samples were collected at each ICOLL using an integrated depth pole
sampler during sediment sampling in February and August 2004. Samples were
passed through a 0.45 µm glass fibre filter (Sartorius) into two 30-ml V-bottom
polypropylene vials and immediately frozen (-18ºC). Samples were then transported
to the laboratory and thawed. In the laboratory samples were analysed for ammonium
(NH4+), nitrate + nitrite (NOx), dissolved inorganic phosphorus (DIP), dissolved silica
(DSi) and total dissolved nitrogen (TDN) and phosphorus (TDP) using methods shown
in Table 3.3. Triplicate two-litre samples were also collected for water column
chlorophyll-a and pheophytin analysis. Samples were immediately stored in opaque
containers. In the laboratory, 500 ml from each sample was filtered through a 45-mm
GFC filter disc and then frozen in the dark. Salinity and temperature were measured
at each ICOLL during sediment sampling using a Yeo-kal® 611 multi-probe water
quality meter. Salinity and temperature data for Fairy and Towradgi were integrated
into a larger routine dataset collected monthly by Wollongong Council during 20022005 (Gangaiya 2007) to examine longer term and seasonal trends.

3.3.4 Benthic metabolism and sediment-water nutrient flux measurements
Sediment-water nutrient and oxygen fluxes for each of the ICOLLs were estimated from
changes in water chemistry in cores that were incubated under controlled conditions
following the recommendations of Dalsgaard et al. (2000). To minimise any artefacts
from inherent circadian rhythms, the “dark” incubations were done in the dark on the
evening of collection and “light” incubations were undertaken the following day during
daylight hours.
Benthic metabolism and sediment-water nutrient flux incubations were undertaken
over a fourday period in February and August 2004.

On each day, six random

sediment samples were collected from each ICOLL. Samples were collected using
transparent polycarbonate cores (width-8 cm; height-50 cm) from a water depth of
approximately 0.5 metres. Cores were pushed into the sediment by hand to a depth of
about 30 cm. The sediment level was then adjusted using foam spacers to produce a
water column height of approximately 16.5 cm above the sediment surface. Cores were
sealed at both ends and returned to shore. Two hundred and fifty litres of water were
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also collected from each ICOLL. Sediment cores and water from each ICOLL were
transported to a nearby mobile laboratory for incubation. The collected estuary water
was transferred to a 250-litre header tank and mixed to ensure homogeneity. In
addition to the cores with sediment, “blank” cores without sediment were also prepared
by filling a modified core tube with the same volume of ambient estuary water as the
sediment cores. The water in the blank cores was kept at the same level as water in
sediment cores by a perspex baffle within the core. The top of each core was then fitted
with a perspex cap that had a central port to allow insertion of Horiba temperature and
dissolved oxygen probe and small intake and out-take tubes on either side of the probe
(Figure 3.3 D). The tubes allow water to enter and leave cores during initial flushing
and collection of water samples during the incubation. Incubations were done in a
purpose built cylindrical incubation chamber (Figures 3.3 A-C) that was kept at
constant mean in situ temperatures (27°C and 19°C in February and August 2004,
respectively) by re-circulating water via a thermostatically controlled pump. To prevent
stratification, water in the core was gently mixed by a small magnetised paddle
attached to the out-take tube. The paddle was moved at a frequency of ~60 beats per
minute by magnets mounted on a rotating arm in the incubation chamber. During “dark”
incubations chambers were covered to exclude all light. In “light” incubations, cores
were illuminated by piping photosynthetically active radiation (PAR) light down a highly
reflective cylinder and convex diffuser from a 1000 W high-pressure sodium bulb
suspended directly above the centre of the chamber (Figures 3.3 C). Cores were
incubated at 530 and 400 µE light intensities in February and August 2004, respectively
which was the average light intensity measured using a LI-COR 192 underwater
quantum sensor at 0.5 m depth in the middle of the day across ICOLLs with the
exception of Towradgi (<190 µE.m-2.s-1) in August. In this study we have assumed that
light-saturated production of BMA occurs at light intensities equal to or above 300-µE
m-2.s-1 meaning that BMA were incubated at, or close to, their maximum productivity
potential at these light intensities (Sundback and Jonsson 1988; Rizzo et al. 1992;
Rizzo et al. 1996; Blakely, 2005).
Prior to commencement of both “dark” and “light” measurements, capped cores were
placed in the incubator and slowly flushed for 4 hours with the collected estuary water
via a small inline pump. At the commencement of the incubation (time zero), all cores
and blanks were sampled as follows:
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•

Inorganic and total dissolved nutrients: a 60-ml water sample was withdrawn
from the sample port using a syringe. Samples were passed through a 0.45 µm
glass fibre filter (Sartorius) into two 30-ml V-bottom polypropylene vials and
immediately frozen (-18ºC).

•

Dissolved oxygen concentrations and within core water temperature were
measured with a Horiba Oxygen/Temperature probe.

Figures 3.3 A-D: Three views of the core incubator: A. Side view of core incubator showing
cylindrical core holder with cores; B. Top view of core incubator; C. Side view of core incubator
cores, showing water driven magnetic rotor, hydroponic light source with a highly reflective
cylinder and a convex diffuser. D: Diagram of core showing modified Perspex cap with
temperature/oxygen probe, intake and outtake tubes and magnetised stirrer.

63

Cores and blanks were then checked to ensure no gaseous headspace was present,
isolated from the flushing system and sealed. They were then incubated in the
chambers and similarly sampled four hours later.
3.3.5 Sediment chlorophyll-a sampling
Immediately after the light incubation, sediment from each sediment sample was
extruded from the top of the core and the surface 5 mm sectioned and placed in a clean
pre-weighed opaque vial and frozen. In the laboratory, the surficial sediments were
homogenised and freeze dried for 72 hours.

3.3.6 Water column and sediment chlorophyll-a and pheophytin analysis
Water column and sediment chlorophyll-a and pheophytin concentrations were
determined using standard spectrophotometric methods. All actions were carried out
under low light. Samples for chlorophyll and pheophytin analysis were ground and
extracted in 90% acetone in the dark at 4C for 3.5 hours. The samples were then
centrifuged for 20 minutes and a sample of the supernatant transferred to the
spectrophotometer cell. Readings were taken at wavelengths of 750, 664, 647 and 630
nm. Two drops of 0.1N HCL were added and readings again taken at wavelengths of
750 and 665 nm. The vials containing the remaining sediment was dried overnight at
100C and weighed to determine the dry weight of sediment. Values for chlorophyll a,
b, c and pheophytin were calculated according to Standard Method (Lorenzen, 1967;
Lorenzen and Jeffrey, 1980).

3.3.7 Nutrient analysis
Ammonium (NH4+), nitrate + nitrite (NOx), dissolved inorganic phosphorus (DIP),
dissolved silica (DSi) and total dissolved nitrogen (TDN) and phosphorus (TDP)
concentrations for ambient water quality and sediment-water nutrient flux estimation
were analysed by flow injection analysis (LachatTM QuikChem 8000) at the NSW Office
of Environment and Heritage (NSW OEH) Water Studies laboratories using standard
methods (Table 3.3). Dissolved organic nitrogen (DON) and phosphorus (DOP) was
determined by difference (Table 3.3). Reference material used for nutrient analyses
was produced at the NSW OEH Water Studies Laboratories and checked against
certified material produced by the Queensland Health Scientific Services.
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Table 3.3: Methods used for inorganic nutrient analyses and detection limits. *Practical
Quantitation Limit (PQL) – units in μg.l-1.
Test ID

Methods used during testing

Units

PQL*

NH4+

APHA Method 4500 – NH3 H

μg NH3-N.L-1

2

NOx

APHA Method 4500 – NO3 F (Modified)

μg NOx-N.L-1

1

DIP

APHA Method 4500 – P F

μg PO4-P.L-1

1

DSi

APHA Method 4500 – Si F (Modified using

μg SiO2-Si.L-1

~5

μg N-N.L-1

80

μg P-P.L-1

3

Stannous Chloride as the reducing agent)
TDN

APHA Method 4500 - NO3 F (Modified) +
(Autoclave Persulfate Digestion)

TDP

APHA Method 4500 – P F + (Autoclave
Persulfate Digestion

DON

DON = TDN - (NOx + NH4+)

μg N-N.L-1

N/A

DOP

DOP = TDP - DIP

μg N-N.L-1

N/A

3.3.8 Benthic metabolism and sediment-water flux calculations:
Oxygen (O2), dissolved inorganic (NH4+, NOx, DIP, DSi) and organic (DON and DOP)
flux rates (μmol.m-2.hr-1) were determined as the difference between the final and initial
concentrations in the water column after 2-4 hours incubation (light or dark) as
calculated in Equation (3.1):

Fx 

Cf

 Ci  x V
……………… Equation (3.1)
A xt

where;
Fx = flux of oxygen or inorganic nutrient species (μmol.m-2.hr-1)
Cf = final concentration (μM)
Ci = initial concentration (μM)
V = volume of water (l)
A = surface area (m2)
t = incubation time (h)
For oxygen, benthic community respiration (BCR) and net primary production (NPP)
rates were determined from the dark and light incubations respectively. Benthic gross
primary production (GPP) for each ICOLL was then calculated by the following formula;
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GPP = NPP-BCR ……………… Equation (3.2)
For practical reasons, we have assumed that BCR in the light equalled BCR in the dark
recognising that light-enhanced respiration is recognised to occur in most autotrophs
(Falkowski and Raven 1997). Net benthic metabolism (NBM) and net sediment-water
nutrient flux rates for each core were calculated by averaging hourly flux rates obtained
during light and dark incubations.

3.3.9 Statistical Analyses
Differences between benthic community respiration and gross primary production
among ICOLLs during February and August were assessed by a two-way analysis of
variance (ANOVA) using NCSS Software (Hinze, 2001). Homogeneity of variance was
assessed using Modified-Levene Equal-Variance Test, and heterogenous data were
transformed according to Underwood (1997). Where homogeneity of variances could
not be achieved using transformed data, raw data were used. For each parameter, the
ANOVA significance test statistic was set at P<0.05. When significant differences
among ICOLLs were found, comparison of means was assessed using StudentNewman-Keul’s (SNK) post-hoc comparison tests.
Differences between hourly dissolved inorganic and organic nutrients sediment–water
fluxes under light and dark conditions were assessed by a Repeated Measures
Analysis of Variance (ANOVA) using NCSS Software (Hintze, 2001). When significant
differences among light/dark treatments were found, comparison of means was
assessed using Student-Newman-Keul’s (SNK) tests. For each parameter, the
ANOVA significance test statistic was set at P<0.05.

3.4: Results
3.4.1 Salinity
Salinity in Towradgi was highly variable fluctuating from brackish to marine salinities
over a scale of days to weeks whereas Fairy tended to be more stable with open and
closed periods differing at the scale of months (Figures 3.4 and 3.5). No routine data
was collected in Wattamolla and Tramway during this period. During sediment
sampling in February 2004, salinities at Towradgi, Tramway, Wattamolla and Fairy
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were 21, 17, 10 and 7 ppt respectively (Table 3.5). Highest salinity was at Towradgi
due, in part, to it being partially open to the sea during sampling with occasional waves
moving across the berm during high tide. In August, Wattamolla had a low salinity of
7 whereas Tramway, Towradgi and Fairy had considerably greater salinities of 23, 20
and 29 (ppt) respectively (Table 3.5). Greater salinity in Fairy compared to Tramway,
Towradgi and Wattamolla in August 2004 was also due it being partially open to the
sea during sampling.
Fairy Lagoon

35
30

30

25

25

Salinity (ppt)

Salinity (ppt)

Towradgi Lagoon

35

20
15
10

20
15
10

5

5

0

0
1/6/02

1/12/02

1/6/03

1/12/03

1/6/04

1/12/04

1/6/05

1/6/02

Date

1/12/02

1/6/03

1/12/03

1/6/04

1/12/04

1/6/05

Date

Figures 3.4 and 3.5: Routine salinity data for Fairy and Towradgi during 2002-2005. Data
sourced with permission from Wollongong Wide Water Quality Monitoring Report (Gangaiya
2007). Salinities during benthic sampling surveys are shown in green.

3.4.2 Water temperature
Water temperatures showed predictable seasonal trends in both Fairy and Towradgi
with warmest and coldest water occurring during February (summer) and August
(winter) respectively (Figure 3.6). It is reasonable to assume that these seasonal
temperature trends are consistent among ICOLLs where long term data doesn’t exist
(i.e. Wattamolla and Tramway). Temperatures among ICOLLs measured during
benthic and water sampling surveys in February and August 2004 ranged from 25 to
29 ºC and 19 to 22 ºC respectively (Table 3.5).
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Figure 3.6: Routine temperature data showing seasonal trends for Fairy and Towradgi, NSW,
during 2002-2005. Data sourced with permission from Wollongong Wide Water Quality
Monitoring Report (Gangaiya 2007).

3.4.3 Dissolved Nitrogen
Total dissolved nitrogen (TDN) concentrations ranged from 172 to 523 µg.L -1 across
surveys with TDN being greater in February than in August 2004 at all four ICOLLs
(Figures 3.7 and 3.8 and Table 3.5). There were discernible increases in TDN
concentrations across the catchment loading gradient with Tramway (highest loading)
having the greatest concentrations followed by Towradgi, Fairy and Wattamolla
(lowest loading) in February (Figure 3.7 and Table 3.5). Similar trends occurred in
August except that Wattamolla and Fairy were not different from each other (Figure
3.8 and Table 3.5). DIN (NH4+ + NOx) only made up a small proportion (1-16%) of the
TDN pool whereas DON made up to 84-99% across all four ICOLLs during both
sampling surveys (Figures 3.7 and 3.8).
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Dissolved nitrogen µg.L-1
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NH4+
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Fairy
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Figures 3.7 and 3.8: Mean (±SE) water column dissolved nitrogen (NH4+, NOx and DON)
concentrations (N=3) measured during sediment sampling at the four northern Illawarra
ICOLLs in February and August 2004.

3.4.4 Dissolved Phosphorus
Total dissolved phosphorus (TDP) concentrations ranged from 0 to 57 µg.L 1 with DIP
and DOP making up 4-72% and 28-96% respectively of the TDP pool across all four
ICOLLs during February and August 2004 (Figures 3.9 and 3.10 and Table 3.5). In
contrast to TDN, trends in TDP concentrations across the N-loading gradient were less
clear.

However, Wattamolla

(lowest

loading)

consistently had

the

lowest

concentrations during February and August 2004 (Figures 3.9 and 3.10 and Table
3.5). Furthermore, similar to TDN, TDP concentrations in February were greater at all
four ICOLLs than in August 2004 (Figures 3.9 and 3.10 and Table 3.5).
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Figures 3.9 and 3.10: Mean (±SE) water column dissolved inorganic (DIP) and organic
phosphorus (DOP) concentrations (N=3) measured during sediment sampling at the four
northern Illawarra ICOLLs in February and August-August 2004.

3.4.5 Dissolved Silica
Dissolved silica (DSi) concentrations ranged from 307 to 2737 µg.L-1 across surveys
with DSi being greater during sampling in February than in August 2004 at all four
ICOLLs (Figure 3.11 and Table 3.5). There were discernible increases in DSi
concentrations across the catchment loading gradient with Tramway (highest loading)
having the greatest concentrations followed by Towradgi, Fairy and Wattamolla
(lowest loading) in February 2004. Similar trends occurred in August except that
Wattamolla and Fairy were not significantly different from each other (P>0.05).
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Figure 3.11: Mean (±SE) water column dissolved silicate (DSi) concentrations measured
during sediment sampling at the four northern Illawarra ICOLLs in February (N=1) and August
(N=3) 2004.

3.4.6 Pelagic chlorophyll-a
Pelagic chlorophyll-a concentrations ranged from 1 to 19 and 0.3 to 2 µg.L -1 in
February and August 2004, respectively (Figure 3.12 and Table 3.6). Pelagic chl-a
concentrations were greater in February than in August 2004 at all four ICOLLs (Figure
3.12 and Table 3.6). In both February and August 2004, there were discernible trends
across the TN loading gradient with greatest pelagic chl-a concentrations occurring at
Tramway (highest nitrogen loading) followed by Towradgi, Fairy and Wattamolla
(lowest nitrogen loading) (Figure 3.12 and Table 3.6).
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Figure 3.12: Mean (±SE) pelagic chlorophyll-a concentrations (N=3) measured during
sediment sampling at the four northern Illawarra ICOLLs in February and August 2004.

3.4.7 Relationships between water column nutrients and pelagic chlorophyll-a.
There were significant relationships between pelagic chlorophyll-a and DON, DOP,
and DSi concentrations pooled from all ICOLLs in February and August 2004 (Table
3.4) In contrast, no relationships were found between pelagic chlorophyll-a and NH4+,
NOx or DIP.
Table 3.4: Linear regression of nutrient species as a predictor of ICOLL pelagic chlorophyll-a.
Significant results are in bold.
Regression

R-sq(%)

Slope

SE

F-value

P-value

0.00

-0.0100

0.1906

0.00

0.959

Chl-a vs NOx

0.00

0.0105

0.2405

0.00

0.966

Chl-a vs DIP

4.60

0.1652

0.2668

0.38

0.553

Chl-a vs DSi

70.9

0.0060

0.0014

19.53

0.002

Chl-a vs DON

80.9

0.0439

0.0075

33.90

0.000

Chl-a vs DOP

73.8

0.2581

0.0543

22.56

0.001

Chl-a vs

NH4+
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Table 3.5: Water column parameters - temperature (Temp), salinity; and mean (±SE) dissolved inorganic nitrogen (NH4+ and NOx) and phosphorus
(DIP); Total dissolved nitrogen (TDN) and phosphorus (TDP); Total nitrogen (TN) and phosphorus (TP); and dissolved organic nitrogen (DON),
Total phosphorus concentrations; dissolved silicate (DSi) concentrations (N=1-3) at the four northern Illawarra ICOLLs during sediment sampling
in February and August 2004.
ICOLL
Wattamolla
Fairy
Towradgi
Tramway

Sampled
Feb 04
Aug 04
Feb 04
Aug 04
Feb 04
Aug 04
Feb 04
Aug 04

Temp
(ºC)
28
19
25
19
25
19
29
22

Salinity
(ppt)
9.7
6.7
7.0
29.4
22.9
20.4
17.4
22.5

NH4+
(µg.l-1)
21±6
16±0
41±17
25±1
5±0
16±0
13±2
7±2

NOx
(µg.l1)
0±0
16±2
29±5
12±0
1±0
16±0
9±0
3±1

DIN
(µg.l-1)
21±7
32±2
70±22
36±2
6±0
32±0
21±2
10 ±2

DIP
(µg.l-1)
6±3
0±0
26±9
5±0
10±0
12±0
2±0
2±0

TDN
(µg.l-1)
235±32
198±14
336±76
172±4
450±10
224±4
523±82
247±9

TDP
(µg.l-1)
12±0
1±0
44±4
7±0
57±1
4±0
53±6
6±1

DON
(µg.l-1)
215±30
166±15
266±76
136±6
444±10
192±4
502±81
237±7

DOP
(µg.l-1)
5±4
0±0
18±10
2±0
47±1
2±0
51±6
4±0

DSI
(µg.l-1)
307
434±9
1751
424±26
1756
662±4
2738
1200±138
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Table 3.6: Mean (±SE) pelagic (N=3) and sediment chlorophyll-a and pheophytin-a (N=6)
concentrations sampled at each ICOLL in February and August 2004. Total chlorophyll-a
(Total Chl-a) is the sum of pelagic and sediment chlorophyll-a normalised to 0.5 m depth. Sed
chl-a:Total Chl-a is the ratio of sediment chlorophyll-a to total chlorophyll-a.
Pelagic
chl-a
(µg.l-1)

Pelagic
Pheo
(µg.l-1)

Sed
chl-a
(mg.m-2)

Sed
Pheo
(mg.m-2)

Sed chl-a:
Pheo-a
Ratio

Total
chl-a
(mg.m-2)

Sed chl-a:
Total chl-a
%

Wattamolla

1±0

0±0

20±3

12±1

1.7

21±3

97

Fairy

8±2

2±1

49±7

31±5

1.6

53±5

92

Towradgi

9±2

1±0

20±4

12±3

1.7

25±3

82

Tramway

19±2

5±0

39±16

36±13

1.1

49±6
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Wattamolla

0.3±0

0±0

12±1

3±0

4

13±1

99

Fairy

1±0

1±0

9±1

11±1

0.8

10±1

93

Towradgi

1±0

1±0

6±0

10±2

0.6

7±0

90

Tramway

2±0

2±0

23±4

10±3

2.3

24±4

95

ICOLL
February

August

3.4.8 Sediment chlorophyll-a
Sediment-chlorophyll-a concentrations ranged from 20 to 49 and 6 to 23 mg.m -2 in
February and August 2004 respectively (Figure 3.13 and Table 3.6). In February 2004,
Fairy had greater sediment chl-a concentrations than Towradgi and Wattamolla. In
August, Tramway (highest loading) had greater sediment chl-a concentrations than
Towradgi, Fairy and Wattamolla (lowest loading). There were significantly greater
concentrations of sediment chlorophyll-a in February than in August 2004 (P>0.0003)
at all four ICOLLs (Figure 3.13 and Table 3.6).
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Figure 3.13: Mean (±SE) sediment chlorophyll-a (Chl-a) concentrations (N=3) measured
during sediment sampling at the four northern Illawarra ICOLLs in February and August 2004.

3.4.9 Sediment and pelagic microalgal biomass across the N loading gradient.
All four ICOLLs had a greater proportion of sediment micro-algal biomass making up
the total microalgal biomass (sediment + pelagic) pool than pelagic micro-algal
biomass when chlorophyll-a concentrations were normalised to 0.5 metre depth
(Figure 3.14 and Table 3.6). This indicated that they were benthic-dominated with
respect to the standing crop of microalgal primary producers during February and
August 2004. Averaged across February and August 2004, however, there was a
discernible increase in the relative contribution of pelagic chlorophyll-a to the total
chlorophyll-a pool across the N loading gradient with pelagic chlorophyll-a making up
only 2% of total chlorophyll-a at Wattamolla (lowest loading) and increasing to 8, 14,
and 13% respectively in ICOLLs with developed catchments of Fairy, Towradgi,
Tramway (highest loading) (Figure 3.14).
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Figures 3.14: Percentage of sediment and pelagic chlorophyll-a making up total chlorophyll-a
concentrations normalised to 0.5 m water depth in the four northern Illawarra ICOLLs averaged
across February and August 2004.

3.4.10 Benthic community respiration
Mean benthic community respiration rates (BCR) among ICOLLs ranged from
-2056 to -3769 and -809 to -2772 O2-μmol.m-2.h-1 in February and August 2004
respectively (Table 3.8 and Figure 3.15). BCR rates were significantly different among
ICOLLs (Table 3.7, P=0.000) across the N loading gradient with Tramway and
Towradgi (highest loading) having greater BCR rates than Fairy and Wattamolla
(lowest loading) (Table 3.8 and Figure 3.15). They were also greater in February than
in August (Table 3.7, P=0.003).
Table 3.7: Summary of ANOVA for benthic community respiration rates comparing month and
ICOLL. Significance set at P<0.05. Significant results are in bold.
Source Term
DF
SS
MS
F-Ratio
P
2.945647E+07
9818823
9.39
A: ICOLL
3
0.000
1.024982E+07 1.024982E+07
9.81
B: Month
1
0.003
1777344
592448
0.57
AB
3
0.64
1045164
S
38 3.971625E+07
7.937058E+07
Total (Adjusted)
45
Total
46

76

Table 3.8: Mean (±SE) benthic metabolism rates (N=6) and benthic trophic status at the four
ICOLLs along the northern Illawarra coast during February and August 2004. All units are O2umol.m-2.h-1. Benthic trophic state (BTS) is determined as autotrophic (NBM>0), heterotrophic
(NBM<0) and balanced (NBM=0).
February
BCR
NPP
GPP
NBM
BTS
Wattamolla

-2056±139

3643±373

5699±366

794±214

Autotrophic

Fairy

-1950±595

2924±455

4874±837

487±325

Autotrophic

Towradgi

-3769±551

1748±1380

5517±1146

-1010±881 Heterotrophic

Tramway

-3744±634

3318±1241

7062±1232

-213±769

Balanced

-809±91

1165±158

1973±181

178±92

Autotrophic

Fairy

-1651±223

1831±519

3482±485

90±317

Balanced

Towradgi

-2772±518

-254±444

2518±535

-1513±401 Heterotrophic

Tramway

-2499±393

5639±895

8137±1145

1570±387

August
Wattamolla

Autotrophic

0
-500

Wattamolla

Fairy

Towradgi

Tramway

BCR (O2-µmol.m-2.h-1)
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Figure 3.15: Mean (±SE) benthic community respiration (BCR) rates (N=6) in the northern
Illawarra ICOLLs during February and August 2004. Negative values indicate an uptake of
oxygen by the sediment from the water column.

3.4.11 Benthic net primary production
All four ICOLLs had a positive benthic net primary production (NPP) rate except for
Towradgi in August 2004 ranged from 1748 to 3643 O2-umol.m-2.h-1 and -254 to 5638
O2-μmol.m-2.h-1 in February and August 2004 respectively (Table 3.8 and Figure 3.16).
NPP rates were not significantly different among ICOLLs in February (P>0.05), in
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August Tramway had the greatest rates of NPP followed by Fairy, Wattamolla and
Towradgi (P < 0.05).
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-1000
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Towradgi

Tramway

-2000

Figure 3.16: Mean (±SE) benthic net primary production (NPP) rates (N=6) in the northern
Illawarra ICOLLs during February and August 2004. A negative value indicates an uptake of
oxygen by the sediment from the water column. A positive value indicates an efflux of oxygen
from the sediment to the water column.

3.4.12 Benthic gross primary production
Mean benthic gross primary production (GPP) rates ranged from 4874 to 7062 and
1973 to 8137 O2-μmol.m-2.hr-1 in February and August 2004 respectively (Table 3.8
and Figure 3.17). Post-hoc tests showed that GPP rates were not significantly different
among ICOLLs in February (P>0.05), however, in August, Tramway had significantly
(P<0.05) greater rates of GPP followed by Fairy, Towradgi and Wattamolla.
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Figure 3.17: Mean (±SE) benthic gross primary production (GPP) rates (N=6) in the northern
Illawarra ICOLLs during February and August 2004.
Table 3.9: Summary of ANOVA for benthic gross primary production rates comparing month
and ICOLL. Significance set at P<0.05. Significant results are in bold.
Source Term
DF
SS
MS
F-Ratio
P
A: ICOLL
3
1.0717E+08
3.572418E+07
9.93
0.000
B: Month
1
3.6186E+07
3.618597E+07
10.06
0.003
AB
3
3.7914E+07
1.263824E+07
3.51
0.024
S
38
1.3674E+08
3598341
Total (Adjusted)
45
3.2616E+08
Total
48

3.4.13 Net benthic metabolism and benthic trophic state
In February, net benthic metabolism (NBM) rates (average of dark and light O2 fluxes)
indicated that Wattamolla and Fairy, with least loading from the catchment, were
autotrophic (NBM>0), whereas Towradgi and Tramway (highest loading) were
heterotrophic (NBM<0) (Table 3.8 and Figure 3.18). In August, patterns between
catchment loading and benthic trophic state were less clear as Wattamolla (least
loading) and Tramway (highest loading) were autotrophic (NBM>0), Fairy was
balanced (NBM=0), and Towradgi was heterotrophic (NBM<0) (Table 3.8 and Figure
3.18).
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Figure 3.18: Mean (±SE) net benthic metabolism (NBM) rates (N=6) in the northern Illawarra
ICOLLs during February and August 2004. A negative value indicates an uptake of oxygen by
the sediment from the water column. A positive value indicates an efflux of oxygen from the
sediment to the water column.

Table 3.10: Mean (±SE) benthic community respiration (BCR), net primary production (NPP),
gross primary production (GPP) and net benthic metabolism (NBM) rates (N=6) in the northern
Illawarra ICOLLs during February and August 2004. Rates are in O 2-µmol.m-2.h-1. A negative
value indicates an uptake of oxygen by the sediment from the water column. A positive value
indicates an efflux of oxygen from the sediment to the water column. Benthic trophic state
(BTS) defines the benthos as either autotrophic (NBM>0), heterotrophic (NBM<0) or balanced
(NBM=0).
February
BCR
NPP
GPP
NBM
BTS
Wattamolla

-2056±139

3643±373

5699±366

794±214

Autotrophic

Fairy

-1950±595

2924±455

4874±837

487±325

Autotrophic

Towradgi

-3769±551

1748±1380

5517±1146

-1010±881

Heterotrophic

Tramway

-3744±634

3318±1241

7062±1232

-213±769

Heterotrophic

-809±91

1165±158

1973±181

178±92

Autotrophic

Fairy

-1651±223

1831±519

3482±485

90±317

Balanced

Towradgi

-2772±518

-254±444

2518±535

-1513±401

Heterotrophic

Tramway

-2499±393

5639±895

8137±1145

1570±387

Autotrophic

August
Wattamolla

80

3.4.14 Sediment-water nutrient fluxes under dark and light conditions
Sediment-water nutrient fluxes showed a variety of patterns over light-dark periods
across ICOLLs during both February and August sampling surveys. The most typical
light and dark pattern for NH4+ sediment-water fluxes was an efflux in the dark and a
reduced efflux (or uptake) in the light. NOx fluxes in the light and dark were either an
efflux to the water column and equal; or there was an influx to the sediment in the dark
and an even greater influx in the light. DIP sediment-water fluxes were mostly equal
effluxes in the light and dark however there were exceptions with dark effluxes and a
reduced (or uptake) in the light. Patterns of DON fluxes were variable with both effluxes
and influxes occurring during the dark and light periods. There were however, several
occasions where DON fluxes in the light were greater than in the dark.
3.4.15 Ammonium (NH4+)
In most cases, sediment-water ammonium (NH4+) effluxes were significantly greater
in the dark than in the light (Figures 3.19 and 3.20 and Table 3.11). Furthermore, under
both light and dark conditions, sediments were sources of NH4+ to the overlying water
column (Figures 3.19 and 3.20 and Table 3.9). The exception to this pattern occurred
at Wattamolla in February 2004 where the sediment was a sink for NH4+ under both
light and dark conditions with significantly greater uptake of NH4+ occurring in the light
than in the dark (Figure 3.19 and Table 3.9).
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Figures 3.19 and 3.20: Mean (±SE) sediment-water NH4+ rates (N=6) in the Northern Illawarra
ICOLLs during February and August 2004. A negative value indicates an uptake of NH4+ by
the sediment from the water column. A positive value indicates an efflux of NH4+ from the
sediment to the water column.
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Table 3.11: Summary table for repeated measures ANOVA testing for differences between
NH4+ flux rates measured during light versus dark incubations in the Northern Illawarra ICOLLs
during February and August 2004 (N=6). Table shows mean (±SE) rates measured during
dark and light incubations. Rates are N-µmol.m-2.h-1. Significant differences between light and
dark treatments are shown in bold.
ICOLL

Dark

Light

Light

F-ratio

P-value

vs dark
February
Wattamolla

-11±7

-16±4

L<D

8.96

0.040

Fairy

301±72

162±61

L<D

9.94

0.025

Towradgi

44±42

14±14

L=D

1.21

0.321

Tramway

113±68

41±26

L=D

1.56

0.267

Wattamolla

16±5

5±2

L<D

9.92

0.025

Fairy

44±11

29±8

L<D

9.30

0.028

Towradgi

191±27

150±19

L<D

7.14

0.056

Tramway

22±8

8±8

L<D

12.24

0.017

August

3.4.16 Nitrite+Nitrate (NOx)
In general, flux rates of nitrate and nitrite (NOx) relative to flux rates of NH4+ were very
small. As a result, generalised light-dark patterns were less clear among ICOLLs for
NOx in comparison to patterns found for NH4+. None-the-less, significant differences
between light and dark treatments did occur at Wattamolla in both February and
August 2004 and at Tramway in August 2004 where there was greater influx of NO x
from the water column during the light than during the dark (Figures 3.21 and 3.22 and
Table 3.12). Sediments tended to be sinks for NOx under both light and dark conditions
at Wattamolla and Tramway during February and August 2004 whereas sediments
from Fairy and Towradgi tended to be sources of NOx to the overlying water column
(Figures 3.21 and 3.22 and Table 3.12). Overall, Figure 3.23 shows that sedimentwater dissolved inorganic nitrogen (DIN = NH4+ + NOx) effluxes measured in the light
were on average only 57% of the dark fluxes across all four ICOLLs during February
and August.
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Table 3.12: Summary table for repeated measures ANOVA testing for differences between
NOx flux rates measured during light versus dark incubations in the Northern Illawarra ICOLLs
during February and August 2004 (N=6). Table shows mean (±SE) rates measured during
dark and light incubations. Rates are N-µmol.m-2.h-1. Significant differences between light and
dark treatments are shown in bold.
ICOLL

Dark

Light

Light

F-ratio

P-value

vs dark
February
Wattamolla

-4±2

-12±2

L<D

18.31

0.013

32±33

20±27

L=D

0.91

0.384

Towradgi

0±1

2±1

L=D

4.52

0.087

Tramway

0±0

2±0

L=D

0.18

0.685

Wattamolla

-1±1

-11±3

L<D

10.11

0.024

Towradgi

-2±3

-3±2

L=D

3.13

0.15

36±18

23±17

L=D

1.30

0.306

-1±0

-4±1

L<D

37.17

0.002

Fairy

August

Fairy
Tramway
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Figures 3.21 and 3.22: Mean (±SE) sediment-water NOx (nitrate+nitrite) flux rates (N=6) in the
northern Illawarra ICOLLs during February and August 2004. A negative value indicates an
uptake of NOx by the sediment from the water column. A positive value indicates an efflux of
NOx from the sediment to the water column.
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Figure 3:23. Relationship between sediment-water DIN (NH4+ + NOx) fluxes under light versus
dark conditions. A positive value represents a net flux from the sediment to the water column.
A negative value represents a net flux to the sediment from the water column. Data shown are
individual cores taken at the four ICOLLs during both surveys in February and August 2004.

3.4.17 Dissolved Organic Nitrogen (DON)
In both February and August 2004, sediment-water dissolved organic nitrogen (DON)
fluxes across the four ICOLLs were variable in direction and magnitude and mostly not
different under dark and light conditions (Figures 3.24 and 3.25 and Table 3.13). The
exception was in August, when there were significantly greater effluxes of DON from
the sediment to the water column in the light than in the dark at Tramway (Figures
3.25 and Table 3.13).
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Table 3.13: Summary table for repeated measures ANOVA testing for differences between
DON flux rates measured during light versus dark incubations in the Northern Illawarra ICOLLs
during February and August 2004 (N=6). Table shows mean (±SE) rates measured during
dark and light incubations. Rates are N-µmol.m-2.h-1. Significant differences between light and
dark treatments are shown in bold.
ICOLL

Dark

Light

Light

F-ratio

P-value

vs dark
February
Wattamolla

-6±20

-60±39

L=D

5.32

0.082

Fairy

49±27

118±43

L=D

6.08

0.057

Towradgi

6±43

-73±10

L=D

3.03

0.142

Tramway

-131±70

106±48

L>D

4.56

0.023

-18±10

-9±18

L=D

0.14

0.728

Fairy

17±9

52±11

L=D

4.54

0.086

Towradgi

24±9

37±13

L>D

12.75

0.023

Tramway

44±20

43±28

L=D

0.00

0.993

August
Wattamolla
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Figures 3.24 and 3.25: Mean (±SE) sediment-water dissolved organic nitrogen (DON) flux
rates (N=6) in the northern Illawarra ICOLLs during February and August 2004. A negative
value indicates an uptake of DON by the sediment from the water column. A positive value
indicates an efflux of DON from the sediment to the water column.
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3.4.18 Dissolved Inorganic Phosphorus (DIP)
Light-dark patterns were even less clear among ICOLLs for sediment-water fluxes of
dissolved inorganic phosphorus (DIP) (Figures 3.26 and 3.27 and Table 3.14).
Significant differences between light and dark treatments only occurred at Wattamolla
in February and at Fairy in August 2004 where greater efflux of DIP from the sediment
to the water column occurred during the dark than in the light (Figures 3.24 and 3.25
and Table 3.14). Overall, sediments across the ICOLLs tended to be low to very low
sources of DIP to the overlying water column under both light and dark conditions in
both February and August 2004 (Figures 3.24 and 3.25 and Table 3.14).

Table 3.14: Summary table for repeated measures ANOVA testing for differences between
DIP flux rates measured during light versus dark incubations in the Northern Illawarra ICOLLs
during February and August 2004 (N=6). Table shows mean (±SE) rates measured during
dark and light incubations. Rates are P-µmol.m-2.h-1. Significant differences between light and
dark treatments are shown in bold.
ICOLL

Dark

Light

Light

F-ratio

P-value

vs dark
February
Wattamolla

1±0

0±0

L<D

19.02

0.012

Fairy

16±4

12±5

L=D

3.59

0.117

Towradgi

1±1

0±1

L=D

0.93

0.380

Tramway

9±3

4±2

L=D

2.32

0.188

Wattamolla

0±0

0±0

L=D

0.18

0.685

Fairy

3±0

1±0

L<D

103.90

0.000

Towradgi

5±2

6±1

L=D

0.78

0.427

Tramway

2±1

1±1

L=D

0.24

0.643

August
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Figures 3.26 and 3.27: Mean (±SE) sediment-water dissolved inorganic phosphorus (DIP) flux
rates (N=6) in the northern Illawarra ICOLLs during February and August 2004. A negative
value indicates an uptake of DIP by the sediment from the water column. A positive value
indicates an efflux of DIP from the sediment to the water column.
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3.4.19 Dissolved silicate (DSi)
In February, sediment water dissolved silicate (DSi) flux rates varied in magnitude
(small to large) and direction (influxes and effluxes) across ICOLLs but were not
significantly different between light and dark treatments except for Towradgi which a
had a significantly greater influx of DSi to the sediment from the water column in the
light than during darkness. In August, fluxes again varied in magnitude and direction
across ICOLLs and were not significantly different between light and dark treatments
except for Towradgi again which, in contrast to results found in February, had a
significant DSi influx in the dark and an efflux from the sediment to the water column
during the light (Figures 3.28 and 3.29 and Table 3.15).
Table 3.15: Summary table for repeated measures ANOVA testing for differences between
DSI flux rates measured during light versus dark incubations in the Northern Illawarra ICOLLs
during February and August 2004 (N=6). Table shows mean (±SE) rates measured during
dark and light incubations. Rates are Si-µmol.m-2.h-1. Significant differences between light and
dark treatments are shown in bold.
ICOLL

Dark

Light

Light

F-ratio

P-value

vs dark
February
Wattamolla

56±21

5±12

L=D

5.05

0.088

Fairy

36±87

38±96

L=D

0.04

0.944

Towradgi

-39±29

-320±61

L<D

14.75

0.012

Tramway

-70±115

-282±81

L=D

0.54

0.503

Wattamolla

-29±37

-41±15

L=D

0.07

0.802

Fairy

-81±9

-54±20

L=D

1.19

0.325

Towradgi

-68±16

23±25

L>D

13.11

0.022

Tramway

-179±37

-200±39

L=D

4.74

0.081

August
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Figures 3.28 and 3.29: Mean (±SE) sediment-water dissolved silicate (DSi) flux rates (N=6) in
the northern Illawarra ICOLLs during February and August 2004. A negative value indicates
an uptake of DSi by the sediment from the water column. A positive value indicates an efflux
of DSi from the sediment to the water column.

3.4.20 Net (average of light and dark) sediment-water nutrient flux rates
Ammonia dominated net (average of dark and light) sediment-water dissolved
inorganic nitrogen fluxes across the four ICOLLs in February and August and ranged
from -14 to 231 N-µmol.m-2.h-1 (Table 3.14). Net NH4+ fluxes were directed from the
sediment to the water column across the four ICOLLs except for Wattamolla during
February where there was a net uptake (Table 3.14). Large net effluxes occurred at
Fairy (231 N-µmol.m-2.h-1) in February and Towradgi (170 N-µmol.m-2.h-1) in August.
Net NOx (nitrate + nitrite) fluxes were considerably less than NH4+ and were variable
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in direction ranging from -8 to 30 N-µmol.m-2.h-1 across ICOLLs and sampling times
(Table 3.16). Largest NOx effluxes co-occurred with the large NH4+ effluxes at Fairy in
February and Towradgi in August (Table 3.16). Net sediment-water DON fluxes were
also variable in direction ranging from -34 to 84 N-µmol.m-2.h-1 across ICOLLs and
sampling times (Table 3.16). Net DIP fluxes were generally negligible or low effluxes
to the water column ranging from 0 to 14 P-µmol.m-2.h-1 (Table 3.16). Greatest net DIP
effluxes occurred at Fairy in February (Table 3.16). Net DSI fluxes were directed into
the sediments from the water column except for Wattamolla and Fairy in February
where there was on average a net efflux. Net DSI fluxes ranged from -189 to 37 Siµmol.m-2.h-1 (Table 3.16). There were no general differences/patterns across the four
ICOLLs for any of the net nutrient fluxes between February and August.
Table 3.16: Mean (±SE) net (average of light and dark) sediment-water nutrient flux rates
(N=6) at the four ICOLLs along the northern Illawarra coast during February and August 2004.
All rates are µmol.m-2.h-1.
ICOLL

Net NH4

Net NOX

Net DIN

Net DON

Net DIP

Net DSi

-14±6

-8±2

-24

-33±28

1±0

31±11

Fairy

231±63

26±30

257

84±33

14±4

37±90

Towradgi

29±28

1±1

30

-34±22

0±1

-179±30

Tramway

77±41

1±0

78

-13±51

7±2

-176±68

Wattamolla

11±3

-6±1

5

-14±8

0±0

-35±18

Fairy

37±10

-3±2

34

34±6

2±0

-68±9

Towradgi

170±18

30±17

200

30±11

5±1

-23±18

Tramway

15±8

-3±1

12

43±12

1±1

-189±38

February
Wattamolla

August

3.4.21 Net benthic metabolism versus net sediment-water DIN and DIP fluxes
Figures 3.30 and 3.31 shows the relationships between net (average of dark and light)
sediment-water DIN and DIP flux rates and net benthic metabolism (NBM) for
individual cores collected and incubated across the four ICOLLs during February and
August. There was a general trend where cores that were net autotrophic (NBM>0)
sediments tended to be either low sources or sinks for DIN and DIP with respect to the
water column whereas net heterotrophic (NBM<0) sediments tended to be low to large
sources with DIN and DIP fluxes to the water column generally increasing as
sediments became more heterotrophic. The exception to this pattern occurred at Fairy
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in February where four of the six cores incubated under light and dark conditions
(highlighted in the elipse) were net autotrophic (NBM>0) and had very large effluxes
of DIN and DIP from the sediment to the water column (Figures 3.30 and 3.31). There
were no general patterns between NBM and DON and DSi.
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Figure 3:30. Net (average of dark and light) sediment-water DIN (NH4+ + NOx) flux rates versus
net benthic metabolism (NBM). A positive value for both net DIN flux rates and NBM
represents a net flux from the sediment to the water column. A negative value represents a
net flux to the sediment from the water column. Data shown are pooled from cores taken at
the four ICOLLs during both surveys in February and August 2004. Data points in the ellipse
are cores from Fairy in February 2004. Red line is the predicted DIN flux rate when NBM =
BCR (i.e. no photo-production) assuming that respired material has a C:N ratio of 6.6:1
(Redfield) and respiration quotient (RQ) =1 and DON and N2 fluxes are negligible.
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Figure 3:31. Net (average light and dark) sediment-water DIP flux rates flux rates versus net
benthic metabolism (NBM). A positive value for both net DIP flux rates and NBM represents
a net flux from the sediment to the water column. A negative value represents a net flux to the
sediment from the water column. Data shown are pooled from cores taken at the four ICOLLs
during both surveys in February and August 2004. Data points in the ellipse are cores from
Fairy in February 2004. Red line is the predicted dissolved inorganic P flux rate when NBM =
BCR (i.e. no photo-production) assuming that respired material has a C:P ratio of 106:1
(Redfield) and respiration quotient (RQ) =1.
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3.5 Discussion:
3.5.1 Water column chlorophyll-a (chl-a) and nutrient concentrations
Total dissolved nitrogen (TDN), as well as total dissolved phosphorus (TDP) and
dissolved silicate (DSi) concentrations (Table 3.4) across both sampling periods
increased across the four ICOLLs corresponding to increasing annual N catchment
load normalised to water surface area (Table 3.1). This is consistent with studies in
the Northern hemisphere where strong relationships have been shown to exist
between annual nitrogen loads (normalised to water surface area) and nitrogen
concentrations in the water column (Boynton and al. 1996). The results, however, run
counter to conclusions by Scanes et al. (2007) where they compared annual nitrogen
loading estimates with water quality data for estuaries along the NSW coast and found
that few significant relationships existed for total nitrogen concentrations in the water
column. Scanes et al. (2007) suggested that either the relationships found in Northern
hemisphere estuaries did not apply to Australian systems or the range of N-loads in
Australian systems were very low compared to Northern hemisphere systems and
were not yet showing discernible effects. Scanes et al. (2007) investigated a range of
estuarine types with varying bathymetry and water area with annual N loads
normalized to waterway areas ranging up to a maximum of 120 kg.yr-1.ha-1. In contrast,
the estuaries examined in this study are small ICOLLs in relative close proximity to
one another with annual N loads spanning a much higher range from 101 (Wattamolla)
to 2470 kg.yr-1.ha-1 (Tramway).
Total dissolved nitrogen (TDN), TDP and DSi concentrations were greater in February
than in August across all four ICOLLs (Table 3.4) reflecting both seasonal rainfall
patterns (i.e. summer-autumn>winter-spring) and antecedent rainfall conditions with
78 mm of rain falling in the northern Illawarra region during the preceding 14 days of
sampling in February whereas only 0.6 mm fell in the preceding 14 days in August.
This result is consistent with patterns observed between seasonal rainfall and nutrient
concentrations (i.e. summer > winter) reported in other estuaries along the Australian
east coast (Dunn et al., 2012).
DON made up most of the water column TDN concentrations whereas DIN (NH4+ +
NOx) only made up a minor proportion across all four ICOLLs during both February
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and August 2004, which concurs with the general observation that DON makes up a
larger fraction of total nitrogen (N) than DIN in coastal systems (Sharp, 1983, Welsh
2003, Sundback et al. 2006). Similarly, DOP made up the majority of the water column
TDP concentrations whereas DIP was only a minor portion in all four ICOLLs.
Pelagic chl-a concentrations (proxy for phytoplankton biomass) averaged across
February and August also increased across the four ICOLLs corresponding to
increasing annual TN catchment loads (normalised to ICOLL water surface area).
They were also greater in February than in August at all four ICOLLs reflecting warmer
water temperatures, greater solar radiation exposure, greater antecedent rainfall and
nutrient inputs from runoff from the catchment during summer. The summer/winter
differences in pelagic chl-a concentrations observed in the four ICOLLs reflect the
general seasonal patterns observed for other NSW estuaries (Scanes et al., 2007).
3.5.2 Sediment chlorophyll-a concentrations
Sediment chl-a concentrations across the four ICOLLs in February and August (6-49
mg.m-2) were within the lower to mid ranges reported for other Australian estuarine
systems including Port Phillip Bay (0-68 mg.m-2; Light and Beardall 1998), northern
NSW estuaries (0-161 mg.m-2; Gay 2002), Sandon and Brunswick Rivers (3-45 mg.m2;

Ferguson et al., 2003), the Swan–Canning estuary (20-120 mg.m-2; Masini and

McComb 2001) and Lake Illawarra (4-74 mg.m-2; Wilson 2003). In contrast to water
column total dissolved nutrients (i.e DON and DOP) and pelagic chlorophyll-a (chl-a),
sediment chl-a concentrations did not show any discernible relationships with
catchment development and nitrogen loading rates across the four ICOLLs. There
were however, greater sediment chl-a concentrations occurring in February than in
August at all four ICOLLs (Table 3.5) suggesting that these results were reflective of
seasonal patterns of BMA biomass described in shallows of Lake Illawarra (Wilson,
2003). This difference between February and August again reflects factors influencing
pelagic chl-a such as warmer water temperatures, greater solar radiation exposure
and greater antecedent rainfall (Table 3.1) and nutrient inputs from runoff from the
catchment during February.
Sediment chl-a concentrations often exhibit a high degree of seasonal and spatial
heterogeneity within and among estuaries due to abiotic and biotic factors, including
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hydrodynamics, sediment type, temperature, predation and competition and light
climate, (Schreiber and Pennock, 1995; Sandulli and Pinckney, 1999; Spilmont et al.,
2011). Low light levels reaching the sediments are likely to be the main reason
Towradgi had the lowest sediment chl-a concentrations across ICOLLs in August as it
was very turbid. Reasons for the measured concentrations in the other ICOLLs during
February and August are less clear.
There were however, differences in the relative contribution of sediment chl-a to the
total (pelagic+sediment) chl-a pool, which decreased across the N loading gradient
during February (Table 3.5, Figure 3.14). Wattamolla (minor development within its
catchment and the lowest N loading) had sediment chl-a concentrations making up
98% of total chl-a pool and this decreased to 92, 86, and 87% respectively in Fairy,
Towradgi and Tramway (increasing N loads). This finding is consistent with the
paradigm that pelagic production and biomass increases at the expense of benthic
production as estuaries become more nutrient enriched (Kemp et al. 2005). This is an
important result as it indicates that there was a shift from benthic to pelagic production
(Borum and Sand-Jensen, 1996; Ferguson and Eyre, 2010) across the ICOLLs due to
increasing catchment development and N-loading. This finding has broader ecological
significance as there are also likely to be shifts in the relative proportions of 1 st order
consumers occurring with greater emphasis going from benthic to pelagic grazers
(McGlathery et al., 2004, and references therein). This is likely to have flow on effects
in terms of relative abundance and community structure within the broader food web.
3.5.3 Benthic community respiration (BCR)
BCR rates measured in this study, converting oxygen to carbon equivalents by
assuming a respiration quotient (RQ) of 1, ranged from low to high (809 ± 91 to 3769
± 551 µmol CO2 m-2 h-1) when compared to BCR rates reported in Hopkinson and
Smith (2006) for temperate estuaries worldwide (mean = 1420 µmol CO2 m-2 h-1; range
125-4790 µmol CO2 m-2 h-1). The BCR rates found in the northern Illawarra ICOLLs
were considerably higher than rates reported for other NSW estuaries (Figure 3.32
and Table 3.17).
BCR rates averaged across February and August in Wattamolla and Fairy (low N
loading) and Towradgi and Tramway (high N loading) were in the oligotrophic (< 2000
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CO2-µmol.m-2.h-1) and mesotrophic (2000-4000 CO2-µmol.m-2.h-1) ranges respectively
as defined by Eyre and Ferguson (2009) for Australian estuaries. It is likely that as
Towradgi and Tramway sediment O2 consumption rates were high, anaerobic
pathways were increasingly more involved shifting the respiration quotients to greater
than 1:1 (mol:mol) for CO2:O2 and thus potentially pushing both systems into the
eutrophic range (4000-6000 CO2-µmol.m-2.h-1). This is speculative, however, as RQs
can vary temporally in either direction of 1:1 (mol:mol) depending on time since
delivery of organic matter (Ferguson pers. Comm).
There was a strong significant relationship (R² = 0.54; P=0.006) between BCR rates
averaged across February and August for each of the ICOLLs and plotted against their
respective annual catchment N-loads (Figure 3.32). This relationship was improved
(R² = 0.76; P<0.05) when BCR and catchment N-loading data from other NSW
estuaries were included in the analysis (Figure 3.32 and Table 3.15). These results
confirm that increased N-loading from the catchment leads to greater remineralisation
of OM in the ICOLLs sediments (Harris, 2001).
The supply of OM to sediments is a major factor influencing BCR in estuaries and
other shallow coastal systems (Kristensen and Blackburn, 1987; Moran and Hodson,
1990). Much of the OM inputs are derived from nutrient-driven internal water column
and

benthic

primary

production

(autochthonous)

or

external

catchment

(allochthonous) sources (Paerl et al. 1998).
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Figure 3:32. Scatter plot showing the relationship between BCR rates and the natural log of
annual nitrogen loads normalised to estuary water area for NSW estuaries including the
northern Illawarra ICOLLs. Annual nitrogen loads for each of the estuaries was sourced from
Catchment Eutrophication Response Assessment Tool (CERAT). BCR rates for other NSW
estuaries were sourced from published studies and include Botany Bay, Lane Cove River,
Parramatta River, Corunna Lake, and Wallis Lake (Chapter 5).

Table: 3.17 Annual catchment nitrogen loads normalised to estuary waterway area for NSW
estuaries used in Figure 3.32. Annual nitrogen loads (kg.ha-1.y-1) as sourced from Catchment
Eutrophication Response Assessment Tool (CERAT). BCR rate (O2-µmol.m-2.h-1) data were
sourced from published studies and chapter 5 of this dissertation.
Estuary
N-Load
BCR rate
Reference
Botany Bay
5
-720
Kelaher et al. 2012
Corrunna
47
-1550
Spooner and Maher 2009
Parramatta R
49
-1315
Sutherland et al. 2016
Lane Cove R
93
-1079
Sutherland et al. 2016
Wallis Lake
24
-757
Chapter 5
Wattamolla
101
-1432
Chapter 3
Fairy
1502
-1800
Chapter 3
Towradgi
1771
-3270
Chapter 3
Tramway
2470
-3122
Chapter 3

The measured increases in pelagic chl-a concentrations corresponding to increasing
N-loading across the four ICOLLs indicated at least that autochthonous OM inputs
from the water column were increasing across the gradient and were a factor. In
contrast, contributions of benthic autochthonous OM inputs using sediment chl-a and
pheophytin concentrations as proxies across the N-loading gradient were less clear.
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Interestingly, even though there weren’t clear relationships between BCR rates and
sediment chl-a concentrations across the four ICOLLs in February and August, there
was a strong relationship (R² = 0.8184, P<0.05) between BCR rates and the
percentage of sediment chl-a to total (pelagic + sediment) chl-a. This relationship
indicated that as benthic respiration increased across the ICOLLs, the relative
biomasses of benthic and pelagic microalgae in the systems shifted from benthic to
pelagic production dominance.

Sediment chl.a/Total chl.a %
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Figure 3.33: Relationship between BCR rates and the percentage of sediment chl-a making
up total (pelagic + sediment) chl-a concentrations across the four ICOLLs in February and

August 2004.
BCR rates were greater during February (summer) than in August (winter) at all four
ICOLLs, which was probably due to warmer water temperatures (Eyre and Ferguson,
2005; Hopkinson and Smith). Another factor that likely influenced these results is the
greater OM supply derived from external catchment (allochthonous) sources and
nutrient-driven internal pelagic and benthic primary production (autochthonous) (Banta
et al. 1995; Paerl et al. 1998; Del Giorgio and Williams, 2006) occurring in February.
During the two-week period prior to benthic sampling in February and August 2004,
the Northern Illawarra coast received ~78 and 0.6 mm of rainfall (BoM) respectively
resulting in greater inputs of both bioavailable nutrients and allochthonous organic
matter during February. Both sediment and pelagic chl-a concentrations were greater
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in February than in August indicating that autochthonous OM inputs to the sediments
were also greater during February (summer).
3.5.4 Benthic gross primary production (GPP)
Mean benthic GPP rates across the four ICOLLs in February and August 2004 ranged
from 1973 to 8137 O2-μmol.m-2.hr-1 and were in the medium to high range compared
to estimates from other temperate estuaries (Cabrita and Brotas 2000, Sundback et
al. 2000, Cook et al. 2003) including NSW systems (Eyre and Ferguson 2002; Kelaher
et al. 2012; Lee, 2012; Sutherland 2016). Benthic GPP rates were greater in February
than in August at Fairy, Towradgi and Wattamolla, and this was due to a combination
of seasonally variable factors such as warmer water temperatures; greater nutrient
and inorganic carbon supply from both runoff and increased BCR rates due to greater
OM supply from allochthonous and autochthonous inputs; as well as greater solar
radiation (light) exposure (Hillebrand et al. 2000; Sundback et al., 2000; Blackford,
2002; de Jonge et al. 2012). Benthic GPP rates however, showed no significant
differences across the N-loading gradient in February with a range from 4874 to 7062
O2-μmol.m-2.hr-1. In contrast, benthic GPP rates in August spanned a wider range
(1973 to 8137 O2-μmol.m-2.hr-1) and were significantly different across ICOLLs with
greatest and least rates occurring at Tramway (highest N loading) and Wattamolla
(lowest N loading) respectively.
The lack of significant differences among ICOLLs in February may have been due to
BMA productivity in all four estuaries being high compared to other Australian
estuaries (Chapters 4 and 5; Eyre and Ferguson 2002; Kelaher et al. 2012; Sutherland
2016) with rates at all four ICOLLs close to or approaching a maximum rate. Figure
3.33 shows there was a strong linear relationship (R2 = 0.86) between BCR and
benthic GPP rates when BCR rates ranged from -809 to -2499 O2-µmol.m-2.h-1
(referred to as ‘other’), however this relationship appeared to reach a maximum range
when BCR rates increased to -3769 and -3744 O2-µmol.m-2.h-1 respectively. This
finding is important as it suggests that the relationship between BCR and BMA
productivity under non-light limiting conditions is asymptotic and has the potential to
impact the trajectory of net benthic metabolism towards net heterotrophy when BCR
rates exceed a threshold range between -2500 to -3000 O2-µmol.m-2.h-1.
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Figure 3.34: Mean benthic community respiration (BCR) versus mean (±SE) benthic gross
primary production (GPP) rates for the four ICOLLs in February and August 2004. Mean BCR
and GPP rates for Wattamolla and Fairy in both February and August and Tramway in August
are grouped together and referred to as ‘other’ in the legend.

Mean BCR and GPP rates at Towradgi in August also did not fit the observed
relationship (Figure 3.3), which could be explained by the high turbidity and low light
levels reaching the sediments. Light availability is regarded as the primary factor
regulating benthic microalgal growth (Heip et al., 1995; Spivak et al., 2007; Stutes et
al., 2006) and was likely to be the major factor for seasonal differences in GPP rates
at Towradgi as it was very turbid in August with light levels measured in the middle
part of the day less than 190 µE.m-2.s-1. This contrasts with the light levels found in
Tramway, Fairy and Wattamolla during the same period which both exceeded 400
µE.m-2.s-1 and thus the theoretical light saturation levels for BMA (Sundback and
Jonsson 1988; Rizzo et al. 1992; Rizzo et al. 1996; Blakely, 2005).
3.5.5 Benthic trophic state
In February, sediments at ICOLLs with the lowest N-loads (Fairy and Wattamolla) were
net autotrophic (NBM>0), indicating that they were producing more oxygen than they
were consuming and fixing more carbon than respiring (assuming a respiration
quotient of 1). In contrast, sediments at ICOLLs with the highest N-loads (Towradgi
and Tramway) were net heterotrophic (NBM<0) indicating they were remineralising
more organic carbon than they were fixing and/or oxidising reduced compounds (e.g.
sulfides) (Eyre and Ferguson 2002). Net heterotrophy at Towradgi and Tramway was
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not expected as the water columns in both ICOLLs were not visibly turbid and light
measurements in the middle of the day of sampling exceeded light levels of 530 µE.m 2.s-1,

which is greater than reported light saturation levels for BMA productivity

(Sundback and Jonsson 1988; Rizzo et al. 1992; Rizzo et al. 1996; Blakely, 2005). As
light didn’t appear to be a limiting factor there was an expectation that light-saturated
benthic productivity rates would increase proportionally to increasing benthic
respiration, particularly as increasing respiration rates would increase the supply of
remineralised inorganic N and P to the BMA. Possible reasons why BMA productivity
rates didn’t increase proportionally with BCR rates under light replete conditions (i.e.
>300 µE.m-2.s-1) may be due to a number of factors including toxicity effects of
increasing H2S and NH4+ concentrations in pore waters (McGlathery et al. 2007) due
to greater use of anaerobic respiratory pathways, as well as DIC limitation (Cook and
Roy 2007) and self-shading light limitation due to high packing densities (Blanchard
2002). Self-shading, seems unlikely as sediment chl-a concentrations were not high
compared to values reported in other estuarine systems (Masini and McComb 2001,
Gay 2002, Ferguson and Eyre 2003, Wilson 2003, Qu and Morrison 2007).
In August 2004, sediments at ICOLLs with the lowest N-loading (Wattamolla, Fairy)
were again net autotrophic (NBM>0) indicating that they were producing more oxygen
than they were consuming and fixing more carbon than respiring. Tramway, with the
highest N-loading, was also autotrophic (NBM>0) and this was possibly due to BCR
rate being less in August than in February. Towradgi was net heterotrophic (NBM<0)
in August and this was due to low BMA production resulting from high turbidity and
low light levels reaching the sediment surface. Chronic low light preceding sampling
in August is the most likely cause for the sediments at Towradgi to have both low
sediment chlorophyll-a concentrations and GPP rates relative to the other ICOLLs.
3.5.6 Sediment-water dissolved inorganic (DIN) fluxes
Fluxes of DIN were dominated by NH4+ and commonly there was a reduced efflux
(uptake) of NH4

+

in the light, whilst uptakes of NOx were low at all sites during both

light and dark incubations with the exceptions of Fairy in February and Towradgi in
August (Tables 3.9 and 3.10). Similar light-dark patterns have been observed in other
shallow coastal systems (Welsh et al. 2000; Sundbäck and Miles 2002), indicating the
influence of assimilation of DIN by benthic primary producers (i.e. BMA, seagrasses).
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Eyre and Ferguson (2002) similarly found that inorganic nitrogen fluxes showed a
variety of patterns between dark and light periods with the most typical pattern being
a diurnal variation with an efflux in the dark and a reduced efflux (or uptake) in the
light. Ferguson et al. (2004) proposed two possible explanations for similar light/dark
patterns of NOx and NH4+ sediment-water fluxes in riverine estuaries in northern NSW.
They proposed that either: (1) NO3– is the primary source of nitrogen for benthic BMA
and is supplemented by NH4+ during the light, or (2) that NH4+ is the preferred nitrogen
source and NO3– uptake is related to some other benthic process such as
denitrification or dissimilatory reduction of NO3– to NH4+. Large effluxes of NOx from
the sediment to the water column at Fairy in February and Towradgi in August during
both light and dark incubations corresponded to large effluxes of NH4+ though there
were no significant differences between NOx fluxes in the light and the dark at either
ICOLL. In contrast, there were significant reductions in fluxes of NH4+ in the light than
in the dark suggesting that NH4+ was the preferred nitrogen source of the BMA in these
systems. NH4+ is regarded as the favoured nitrogen source for marine autotrophs since
its assimilation is energetically favoured whereas NOx must be reduced by the algae
before assimilation (Lipschultz et al. 1986, Glibert 1993, Bronk et al. 1998, O’Donohue
et al. 2000).
BMA productivity, during light conditions reduced DIN (primarily as NH4+) fluxes from
the sediment to the water column on average by approximately 43% (Figure 3.23).
Similar differences in DIN flux rates for sediments incubated under light and dark
conditions have been found in other shallow estuaries along the NSW coast including
Lake Illawarra, Durras Lake and Sydney Harbour (NSW OEH unpublished data).
Blakely (2005), testing the hypothesis that interactions between water clarity and light
are important controls on sediment-water nutrient cycling, found that increasing light
intensities incrementally from 0 to 400 µE.m-2.h-1 to sediments of Bellambi lagoon,
caused an increase in BMA production with a concomitant decrease in the flux rate of
DIN from the sediment to the water column. Blakely (2005) concluded that water clarity
is very important in shallow ICOLLs because it influences the amount of light reaching
the sediment surface and subsequently modulates benthic microalgal production and
the amount of carbon, oxygen and inorganic inorganic nitrogen moving between the
sediment and the water column.
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The results found here support the hypotheses that BMA play a major role in regulating
dissolved inorganic nitrogen fluxes between the sediment and water in shallow coastal
systems (Sundback et al 1991). In addition, results corroborate the hypothesis that
autotrophic sediments tend to function as nitrogen sinks and heterotrophic sediments
tend to function as N sources (Eyre and Ferguson 2002, Sundback and Miles 2002,
Tyler et al. 2003, Ferguson et al. 2004; Sundback et al. 2004, Englesen et al. 2008).
Support for the latter hypothesis is provided by comparison of net DIN fluxes to net O 2
fluxes (NBM) where autotrophic sediments (NBM>0) tended to be low sources/sinks of
DIN whereas strongly heterotrophic sediments (NBM<0) were large sources of DIN to
the overlying water column. This finding concurs to patterns reported by Ferguson et
al. (2004), where they found a general cut-off of NH4+ effluxes in sediments where the
photosynthesis to respiration ratios (P/R) were greater than 1, and fluxes were found
to be reduced to close to zero, indicating a complete recycling of DIN and net
assimilation of DIN in autotrophic sediments. It is unclear why sediments at Fairy in
February were net autotrophic and very large sources of DIN to the water column. It
was observed during sampling that the sediment surface was covered in a thin orange
(i.e. oxidized iron) organic layer that may have been a factor related to why photoproductive BMA were unable to utilize the NH4+ and NOX being remineralised in the
sediments.
3.5.7 Sediment-water dissolved organic nitrogen (DON) fluxes
Sediment-water fluxes of DON varied widely and were as great as, and in some
instances greater than fluxes of DIN. DON fluxes, however, showed no consistent
patterns between dark and light periods nor were there any relationships across the
four ICOLLs. These results concur with previous studies in shallow estuaries that have
shown that magnitude and direction of DON fluxes between the sediments and the
water column to vary widely (e.g. Hopkinson, 1987; Lomstein et al., 1998;), and can in
some cases make up a large proportion of the total dissolved nitrogen (TDN) flux
(Boynton et al., 1980; Lomstein et al., 1998).
It has been reported that release of DON from sediments can occur during decay or
senescence of organic material and also through “leakage” by phytoplankton and
macroalgae during active growth (Bronk et al. 1994; Tyler, 2004). Uptake of DON by
sediments also can occur due to heterotrophic utilization of dissolved organic
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substrates in areas of maximal competition (Rondell et al. 2000). Generally, however,
it is difficult to interpret DON fluxes conclusively without knowing the flux rates of each
specific constituent (Tyler 2004). Unlike DIN that consists solely of NOx and NH4+,
DON is constituted by a large variety of compounds that can differ substantially in
molecular weight and bioavailability. These can vary from small, highly bioavailable,
low C:N compounds like amino acids and urea to very large, refractory, high C:N
polyphenolic compounds (Tyler 2004). Bioavailable compounds, such as amino acids
and urea can make up significant portion of the DON pool, and contribute to the benthic
flux of DON (i.e. Boucher and Boucher-Rodoni, 1988; Lomstein et al., 1989; Burdige
and Zheng, 1998).
Given the uncertainity of the makeup and lability of DON, future research
characterising the various constituents is required to better understand the role of DON
in estuarine waters.

3.5.8 Sediment-water dissolved inorganic phosphorus (DIP) fluxes
Sediment-water DIP fluxes ranged from negligible to low effluxes across the four
ICOLLs during both light and dark conditions and there were no discernible patterns
across the N-loading gradient other than there being no flux at Wattamolla (least N
loading) in both February and August. Greatest DIP efflux occurred at Fairy
corresponding to measured high DIN efflux in February. There were few differences
between DIP fluxes measured under light and dark conditions suggesting either BMA
generally were not taking up DIP during photo-production as they had sufficient
intracellular supplies of phosphorus to meet photo-production demands (Yamaguchi
et al. 2015) or they were taking up DIP equally during both light and dark periods.
Rizzo (1990) proposed that when phosphate concentrations within sediment are in
excess of benthic algal requirements, net sediment-water fluxes would not be
measurably affected by photosynthesis. This suggests that phosphorus regeneration
in the sediments in most of the northern Illawarra ICOLLs was sufficient to meet
production demands of the BMA. This also implies that the BMA at these ICOLLs were
not phosphorus limited. In contrast, there were significant differences for sedimentwater fluxes of DIP between light and dark treatments (dark>light) at Wattamolla in
February and Fairy in August. This indicates that DIP uptake by BMA during photo-
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production could not be met from the sediment and intracellular stores alone and
greater uptake from sediment release was needed.
Comparison of NBM and net sediment-water DIP fluxes showed that benthic trophic
state was a reasonable indicator of whether sediment acted as a source or sink.
Similar to patterns found for NBM and DIN fluxes, net autotrophic sediments tended
to be very low to negligible source of DIP to the water column whereas increasingly
more heterotrophic sediments became an increasingly greater source. Again, these
results corroborate the hypothesis that autotrophic sediments tend to function as
nutrient sinks and heterotrophic sediments tend to function as nutrient sources (Eyre
and Ferguson 2002, Sundback and Miles 2002, Tyler et al. 2003, Ferguson et al. 2004,
Sundback et al. 2004, Englesen et al. 2008). They also emphasise the importance of
BMA as a nutrient filter in limiting supply of phosphorus to primary producers in the
water column of shallow estuaries (McGlathery et al. 2007).
The flux of phosphate across the sediment-water interface was not only influenced by
direct uptake by benthic plants, it also depends upon the pH, O2 concentration, and
salinity, but each phosphate fraction responds in a particular manner (de Jonge and
Villerius 1989, Gómez et al. 1999). BMA production in the ICOLLs is likely to have
influenced the forms and availability of phosphorus by increasing the oxygen
penetration and redox potential in the sediment (McGlathery et al, 2004). Oxidation of
the sediment results in the formation of iron and manganese oxides that effectively
bind phosphorus in the solid phase (McGlathery et al, 2004; Gurel et al, 2005), thus
greatly reducing its release to the overlying water column. In the northern Illawarra
ICOLLs, the autotrophic status of the sediments combined with a well-oxygenated
water column probably maintains a permanently aerobic sediment layer with capacity
for DIP adsorption. This in combination with direct uptake and assimilation by BMA
limits the internal loading of DIP to the ICOLLs overlying water columns.

3.6 Summary and Conclusions:
The main objective of this chapter was to provide empirical evidence for how benthic
community respiration, BMA productivity, benthic trophic state and sediment-water
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nutrient nutrient flux rates in shallow ICOLLs respond and interrelate to increasing
catchment development and nitrogen loading.
I hypothesised that benthic community respiration rates in the ICOLLs would increase
with increasing catchment development and N-loading. Results of the study clearly
demonstrated that BCR rates in the Northern Illawarra ICOLLs increased with
increasing N-loading from the catchment and this relationship was strengthened when
rates were integrated into a larger data set for NSW estuaries. BCR rates for the most
developed northern Illawarra ICOLLs (i.e. Towradgi and Tramway) were high
compared to temperate estuaries worldwide and they were significantly greater than
BCR rates measured in larger estuaries in NSW that are permanently open to the sea
(i.e. Wallis Lake, Parramatta River, Lane Cove River, Botany Bay). These results
highlight ICOLLs heightened vulnerability to nutrient and organic matter enrichment
due to their small size and restricted and intermittent flushing regimes. BCR rates were
also greater during February (summer) than in August (winter) at all four ICOLLs
indicating that both antecendent and seasonal factors drive OM remineralisation rates
throughout the year and these include increased supply from external catchment
(allochthonous) sources and nutrient-driven internal pelagic and benthic primary
production (autochthonous) due to increased rainfall and runoff as well as warmer
water temperatures during summer.
I also hypothesised that BMA productivity rates in the ICOLLs would increase with
increasing catchment development and N-loading. Results of the study, however,
found relationships between annual catchment N-loading and BMA production rates
in both February and August were not clear. Compared across times, BMA productivity
rates under light saturating conditions increased with increasing BCR rates when BCR
rates were low and then appeared to approach a maximum rate asymptotically as BCR
rates increased and exceeded arrange from -2500 to -3000 O2-µmol.m-2.h-1. This
suggests that there were factors other than light limiting BMA productivity as organic
matter and nutrient loading increased. This result has important implications on
resultant benthic trophic state as it suggests the inability of BMA productivity to
increase with increasing BCR rates shifts the balance of these two processes towards
heterotrophy and organic matter loading and subsequent BCR rates become large (i.e
> -2500 O2-µmol.m-2.h-1).
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Results of this study also confirmed that light levels reaching the sediments are also
an important control on BMA productivity in these typically shallow systems reducing
BMA productivity when the water column is turbid. BMA productivity rates were also
greater during February (summer) than in August (winter) at all four ICOLLs again
indicating that both antecendent and seasonal factors drive benthic primary production
in these shallow systems throughout the year. These factors include nutrient supply
from both runoff and OM remineralisation the sediments as well as differences in
seasonal solar radiation exposure and water temperature.
There was no clear relationship between annual catchment N-loading and benthic
trophic state (i.e. NBM) and this was due to factors limiting BMA production such as
high BCR rates and turbidity across the ICOLLs. There were, however, relationships
between benthic trophic state and sediment-water nutrient fluxes where autotrophic
sediments were low sources of DIN and DIP to the water column and heterotrophic
sediments increasingly became larger source.
The results of this study are important because they demonstrate that N-loading from
the catchment increases OM matter supply and remineralisation rates in the
sediments, however, BMA production does not necessarily respond equally as it is
dependent on both light climate and the magnitude of OM supply and subsequent
remineralisation rates. This in turn affects the balance between assimilative and
dissimilative processes (benthic trophic state) in these shallow ICOLLs, which are the
major determinant of whether the sediments act as a low or large source of inorganic
nitrogen and phosphorus to the water column. This is ecologically significant as
greater supply of nutrients to the water column can drive potentally problematic
macroalgal and microalgal blooms in the water column, which can have flow on effects
to the broader foodweb.
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Chapter 4: Effects of catchment development on benthic
metabolism and sediment-water nutrient fluxes in shallow,
sandy sediments of Intermittent Closed and Open Lakes
and Lagoons (ICOLLs) of Southern Victoria Australia.
4.1 Abstract:
Intermittently closed and open lakes and lagoons (ICOLLs) are common features of
coastlines in many parts of the world, including southern Australia. In many cases,
ICOLLS and their adjacent catchments have been significantly developed, resulting in
increased loading of nutrients and organic matter into their receiving waters. This has
led to concerns about their ecological health as ICOLLs are regarded as particularly
vulnerable to enrichment due to their restricted and intermittent flushing regimes.
To date, there have been very few studies undertaken assessing the effects of
catchment development on biogeochemical processes in small, shallow ICOLLS. This
study addresses this deficiency by measuring and comparing water and sediment
parameters and benthic metabolism and sediment-water nutrient fluxes among four
ICOLLs in southern Victoria, Australia, across a known catchment development
gradient where native vegetation has been replaced by urbanisation and agriculture.
Water column inorganic nutrients (NH4+, NOx, DIP, DSi) showed no clear
concentration gradient across the four ICOLLs, however, comparison of DIN:DIP
molar concentrations to Redfield ratio (N:P=16:1) indicated that the ICOLLs’ water
columns were mostly phosphorus limited (N:P>16:1). In contrast, pelagic chlorophylla, sediment chlorophyll-a and pheophytin concentrations all increased with increasing
development suggesting that catchment development and increasing nutrient inputs
were having a positive effect on both benthic and pelagic primary production. At all
four ICOLLs, sediment chlorophyll-a contributed 93-97% of the total (sediment +
pelagic) chlorophyll-a concentration in the sediment-water compartment indicating that
the lower reaches of the ICOLLs were strongly benthic dominated with respect to
microalgal primary production standing crops. Benthic community respiration (BCR)
and gross primary productivity (GPP) rates increased across the development gradient
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and were highly correlated (R2 = 0.95; P=0.02) indicating a tight coupling between
these two important biogeochemical processes. Benthic trophic state measured as
‘net benthic metabolism’ (NBM) increased with increasing catchment development.
This indicated that sediments in the lower ICOLL reaches were increasing in net
autotrophy (NBM>0) and that inorganic nutrient and carbon supply from
remineralisation of organic matter in the sediments could not meet benthic microalgal
(BMA) production demand alone. Across all four ICOLLs, sediment-water inorganic
nitrogen (NH4+, NOx) and phosphorus (DIP) effluxes were very low to negligible
indicating that photo-productive benthic microalgae (BMA) were controlling the supply
of remineralised nutrients to the water column and thus pelagic primary production.
Dark sediment-water dinitrogen fluxes were primarily directed into the sediments
suggesting that nitrogen fixation both exceeded denitrification in these sandy net
autotrophic sediments and was potentially supplying the nitrogen shortfall required for
the photo-productive BMA.
Overall the study showed that increasing catchment development resulted in
increases in both benthic community respiration and BMA production, however the
balance of these two processes maintained the sediments being net autotrophic
resulting in low to negligible effluxes of NH4+ and NOx and DIP to the water column.
This finding is ecologically significant as it demonstrates that BMA in ICOLLs act as
an effective ‘nutrient filter’ having the capacity to control pelagic primary production as
catchment loading increases by increasing their own productivity rates and regulating
supply of remineralised nutrients to the water column. The study also indicated that a
large proportion of nitrogen remineralised within the sediments was assimilated by
BMA and further augmented by N-fixation, rather than being denitrified, resulting in
increased retention of nitrogen within the system.

4.2 Introduction:
Anthropogenic development of the coastal environment is one of the greatest threats
to the sustained health of many estuaries (Carpenter et al. 1998, Bricker et al., 2008).
This is particularly pertinent to many coastal lakes and lagoons which are considered
not only to be one of the most ecologically productive ecosystems on Earth (Boynton
et al. 1996), but also one of the most vulnerable to disturbance (Boyd et al., 1992).
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Human activities both along shorelines and within catchments modify physical,
chemical, and biological attributes of these ecosystems and interfere with ecological
and biogeochemical functioning (Edgar and Barrett 2000; Harris 2001; Gillanders and
Kingsford, 2002). Development of estuarine catchments through deforestation and the
introduction and expansion of agriculture, industry and urban areas are key factors
responsible for increased delivery of contaminants (i.e. fine sediments, nutrients,
organic matter, metals, pesticides, oils and hydrocarbons) to downstream receiving
waters (Deeley and Paling 1999; Harris, 2001; Hale et al. 2004; Radke et al. 2004;
Paerl, 2009). Urbanisation of estuarine catchments increases nutrient loads through
increases in impervious surfaces in the built environment, alterations to natural water
courses, discharges of waste water and use of fossil fuels and fertiliser (Edgar and
Barrett, 2000). As a result many urbanised estuarine systems are now eutrophic (Fong
and Zedler, 2000; Nedwell et al., 2002).
Eutrophication is typically characterised by excessive plant growth due to enrichment
of one or more of the growth factors limiting photosynthesis (i.e. macronutrients
nitrogen, phosphorus) (Schindler 2006). This can manifest in changes to key
biogeochemical functions through increases and shifts in benthic respiratory pathways
(i.e. aerobic versus anaerobic) and alteration to nutrient removal pathways (i.e.
decreased denitrification efficiency) and increased recycling of inorganic nitrogen and
phosphorus fluxes to the water column.

These changes can drive shifts in the

dominance of primary producers, from benthic microalgae, seagrasses and perennial
macroalgae to fast growing green macroalgae and phytoplankton (McGlathery et al.
2004) as well as increased frequency of undesirable ecological conditions such as
water column hypoxia, toxic algal blooms and fish kills (Davis and Koop, 2006).
Estuarine response to eutrophication is also affected by the frequency of catchment
inputs and whether they are dominated by seasonal or episodic events (Eyre 1998;
Webster and Harris 2004). Estuaries dominated by seasonal flows receive most of
their nutrient inputs over a predictable time period which is driven by regular climate
patterns such as seasonal rainfall, tropical monsoons and snow melts. Estuaries
dominated by episodic flows receive most of their catchment-derived nutrient inputs
over a very short time interval following flow events (Cook et al. 2010). In contrast to
many Northern Hemisphere estuarine systems, Australian temperate systems, apart
from some estuaries in Tasmania, are dominated by features such as overall low
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freshwater inflow, interspersed with episodic events, which deliver the bulk of water
(Davis and Koop 2006). Due to this episodicity, many shallow wave-dominated
systems such as Intermittent Closed and Open Lake and Lagoons (ICOLLs) are
frequently disconnected from the ocean retaining nutrients and organic matter
delivered from the catchment for extensive periods of time.
ICOLLs are a subclass of coastal water bodies that are periodically separated from the
ocean by a sand beach barrier or berm (Roy et al., 2001; Haines et al. 2006;
Perissinotto et al. 2002). This entrance barrier forms and breaks down depending on
the movement and redistribution of sand and sediments by waves, tides, freshwater
inflows and winds. ICOLLs are conspicuous and common along many coastlines
including New Zealand, South Africa, Brazil, Uruguay, Mexico, Portugal, the southwestern coasts of India, Sri Lanka, and southern Australia (Haines et al, 2006;
Perissinotto et al. 2010). From an anthropogenic perspective, ICOLLs are important in
providing economic, cultural and ecological benefits to communities, as well as
delivering invaluable ecosystem services such as water filtration and habitat protection
which are fundamental life-support processes upon which all organisms depend (Daily
et al., 1997; Barbier, 2011). ICOLLs are particularly vulnerable to organic matter and
nutrient enrichment from anthropogenic catchment development due to their restricted
and intermittent flushing regimes (Perissinotto et al. 2002; Newton and Mudge, 2005;
Gobler et al. 2005; Ortega-Cisneros et al. 2014).
Because of their shallow bathymetry, large areas of sediments in many ICOLLs are
within the photic zone. Photic sediments are commonly colonised by benthic
microalgae (BMA) which can be highly productive and can have high take up rates of
nutrients from the water column and sediment pore waters (Light and Beardall, 1998).
BMA can assimilate both ammonium and nitrate influencing the concentrations and
depth distributions of nitrogen in pore waters (McGlathery et al. 2004). This can affect
rates of nitrification and denitrification, with net autotrophic sediments colonised by
BMA having significantly lower rates of coupled nitrification-denitrification than netheterotrophic sediments (Risgaard-Petersen 2003; Sundback and Miles 2002).
Increased nitrogen inputs from the catchment can be retained in the system as BMA
can out-compete nitrifiers and denitrifiers for nitrogen remineralised in the sediments.
BMA can also control rates of nutrient release back into the water column and can
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therefore limit both productivity rates and biomasses of pelagic and epiphytic primary
producers (McGlathery et al. 2007). This is turn would have a positive feedback for the
BMA, since less algal productivity means greater water clarity, thereby resulting in an
overall increase in the area of photic sediments. Previous studies in Australian ICOLLs
have indicated that sediments are an important source of nitrogen and phosphorus to
the water column, potentially contributing as much as 3–4 times catchment discharges
(Fredericks and Heggie 2000; Spooner and Maher 2006). However, these estimates
have been mostly based on sediment-water flux rates measured in sediments situated
at depths below the photic zone and do not account for benthic primary producer
assimilation.
The coastline of Victoria in southeast Australia contains at least 105 bays, inlets and
estuaries, varying in water area from 1,950 km2 to less than 1 km2 (Pope et al. 2015).
Most of these estuaries are ICOLLs, and for the most part their biology and ecology
are generally poorly understood (Barton 2003). Many of these ICOLL catchments are
under increasing pressure from anthropogenic development due to the demands of a
growing population in the region (Barton 2008). In this study, I investigated four
ICOLLs along the Otway coast of southern Victoria that represent a gradient of
development ranging from St George River where the catchment consists of mostly
native forest, through to Spring Creek which has extensive areas of urbanisation and
dry land agriculture. These ICOLLs, their catchments and land use patterns are typical
of the many small coastal systems throughout south-eastern Australia.
The main objective of this study was to gain a better understanding of how benthic and
pelagic compartments in shallow ICOLLs respond in terms of pelagic and benthic
microalgal standing stocks, benthic respiration, benthic microalgal production and
sediment-water nutrient cycling rates to increasing catchment development. To do this
the study assessed if there was a discernible increase in pelagic and benthic phytopigments, as proxies for autochthonous organic matter enrichment, across the ICOLLs
during a four-month period from late spring to summer. The study also assessed if the
ratios between these benthic and pelagic OM proxies changed with increasing
catchment development to evaluate the paradigm that ‘pelagic production increases at
the expense of benthic production as systems become more nutrient enriched’ (Kemp
et al. 2005). The study also assessed if benthic community respiration and primary
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production rates increased across the gradient and whether the balance between these
important processes (i.e. benthic trophic state) shifted towards heterotrophy. The study
also assessed if increasing catchment development resulted in greater release of
inorganic nutrients from the sediment to the water column which would facilitate any
shift in the ratio of benthic to pelagic microalgal biomass. Collectively, this information
will increase our fundamental understanding of how shallow ICOLLs ecologically and
functionally respond to catchment development.
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4.3 Materials and methods:
4.3.1 Climate and Estuary Locations:
The southern coastline of Victoria (38°S) lies along the mainland of south eastern
Australia and runs predominantly west to east with only a small variation in latitude
(0.7°). The Victorian coastal climate is generally moist temperate with warm summers
and cool to cold winters, and a pronounced west to east increase in catchment runoff
and decreasing seasonality. The study was undertaken on the Otway coast in the lower
reaches of four ICOLLs (St George River, Kennett River, Painkalac Creek and Spring
Creek) which are situated within 150 km west, south west of the state capital,
Melbourne, Victoria, Australia (Figure 4.1 and Table 4.1).

Figure 4.1: Map showing the position of the four ICOLLs along the Otway coast of Victoria,
Australia (insets) with their respective fluvial (mid grey) and estuary catchment (light grey)
outlines.

4.3.2 Estuary and catchment descriptions:
The catchments of the ICOLLs are short, rising in the coastal Otway Ranges and
flowing generally eastward before emptying into Bass Strait. All but Spring Creek flow
through the Great Otway National Park for some part of their length. The St George
River catchment is the least developed (0.9% urban land use) (Table 4.1 and Figure
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4.2 A). Kennett River catchment is slightly more developed with 1.4% of the catchment
urbanised as it encompasses a small seaside town (Table 4.1 and Figure 4.2 B).
Painkalac Creek catchment is moderately developed with 4.3% of the catchment
urbanised and a small proportion of dryland agriculture 0.7% (Table 4.1 and Figure
4.2 C). Spring Creek has the most developed catchment with both urban and dry
agriculture constituting 17.4% and 26% of the catchment land use respectively (Table
4.1 and Figure 4.2 D).

A

B

[

[

T

T

y

y

p

p

e

e

a

a

q

q

u
u
D
C
o
o
[
t
t
T
e
e
y
fr
fr
p
o
o
e
m
m
a
t
t
q
h
h
u
e
e
o 4.2 A-D: Google earth images showing destuary and extent of development within each
Figures
d
ICOLL
t catchment. A. - St Georges, B. - Kennetts, C. - Painkalac, D. - Spring.
o
o
e
c
c
fr
u
u
o
m
m
m
e
e
t
n
n
h
t
t
e
o
134
o
d
r
r

Table 4.1: Latitude and longitude of the ICOLL mouth; waterway and catchment physical
characteristics with percentage land use. Est. = estuary; Conser. = Conservation; Ag. =
Agriculture. ICOLL and catchment data sourced from Barton et al. (2008). Shading from light
to dark grey indicates increasing catchment development with St George and Spring having
the least and greatest percentages (respectively) of urbanisation.
Latitude

Longitude

Est. area
2

Catchment
2

Conser

Forest

Ag

Urban

(S)

(E)

(km )

area (km )

(%)

(%)

(%)

(%)

St George

38°33’24”

143°58’31

0.02

2.16

0.3

32.8

0.0

0.9

Kennett

38°40’05”

143°51’43”

0.01

0.39

5.3

15.3

0.0

1.4

Painkalac

38°28’14”

144°05’57”

0.16

3.18

31.6

26.3

0.7

4.3

Spring

38°20’42”

144°19’02”

0.04

1.63

10.6

4.1

26.0

17.4

4.3.3 Ambient water quality sampling and analysis
Water column temperature, dissolved oxygen, salinity, chlorophyll-a and inorganic
nutrients NH4+, NOx (nitrite+nitrate) and dissolved inorganic phosphorus (DIP) were
sampled monthly at three sites in the lower reaches of each ICOLL from November
2009 to February 2010. Temperature, dissolved oxygen and salinity were measured
using a calibrated YEO-KAL YK611 water quality sonde and meter (Yeo-Kal
Electronics, Brookvale, NSW, Australia). Single samples for inorganic nutrients and
chlorophyll-a analysis were sub-sampled from four litres of water collected by plastic
bucket from each site. Inorganic nutrient samples were drawn from the bucket using
60 ml syringes and then passed through a 0.45 µm glass filter (Sartorius) into clean
30-ml polypropylene tubes and immediately frozen and stored at -20°C. One litre
samples were also sub-sampled for chlorophyll-a and pheophytin analysis. Samples
were immediately stored in opaque plastic containers on ice. In the laboratory, 1 litre
samples were filtered through a 45-mm glass fibre filter disc and then frozen in the
dark.
4.3.4 Sediment chlorophyll-a and pheophytin-a sampling
Ten 1-cm deep sediment samples (3-cm diameter, 7.07-cm2 area) were haphazardly
collected from each ICOLL for sediment chlorophyll-a and pheophytin analysis
concomitantly with water quality sampling. All cores were collected within four hours of
each other under similar light conditions, stored in the dark on ice until frozen and
analysed within one month of collection.
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4.3.5 Chlorophyll-a and pheophytin analysis
Chlorophyll-a extraction from water and sediment samples used acetone (Light and
Beardall 1998) and followed the visible spectrophotometery method with pheopigment correction of USEPA Method 446.0 (Arar, 1997). Samples were extracted in
35-mL of 100% acetone, mechanically mixed and kept at 4ºC for 24 hr. They were
then shaken and spun at 1000 rpm for 5 min. In a 1-cm glass cuvette a 2.7-mL subsample was diluted with 0.3 mL of deionised water to a final concentration of 90%
acetone. Absorbance was read (UV-265 Spectrophotometer, Shimadzu Corporation,
Kyoto, Japan) at 750 nm and 664 nm. Pheophytin was then determined by the addition
of 0.1 N HCl and absorption read at 750 nm and 665 nm (Arar, 1997). Chlorophyll-a
and pheophytin concentrations were calculated using the equation of Lorenzen
(1967). Total sediment phytopigment concentrations were derived from the sum of
sediment chlorophyll-a and pheophytin concentrations (Thiel, 1978).
4.3.6 Benthic metabolism and sediment-water nutrient flux measurements
Following the recommendations of Dalsgaard et al. (2000), sediment-water nutrient
and oxygen fluxes for each of the estuaries were estimated from changes in water
chemistry in cores that were incubated under controlled conditions. To minimise any
artefacts from inherent circadian rhythms, the “Dark” incubations were done in the dark
on the evening of collection and “Light” incubations were undertaken the following day
during daylight hours.
Benthic metabolism and sediment-water nutrient flux incubations were undertaken
over 4 days in February 2010. On each day, four random sediment samples were
collected from each of the three water quality monitoring sites within each ICOLL.
Samples were collected using transparent polycarbonate cores (width-8 cm; height50 cm) from a water depth of approximately 0.5 metres. Cores were pushed into the
sediment by hand to a depth ~30 cm. The sediment level was then adjusted using
foam spacers to produce a water column height of approximately 16.5 centimetres
above the sediment surface. Cores were sealed at both ends and returned to shore.
Two hundred and fifty litres of water was also collected from each ICOLL.
Sediment cores and water from each ICOLL were transported to a nearby mobile
laboratory for incubation. The collected estuary water was transferred to a 250-litre
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header tank and mixed to ensure homogeneity. In addition to the cores with sediment,
“blank” cores without sediment were also prepared by filling a modified core tube with
the same volume of ambient estuary water as the sediment cores. The water in the
blank cores was kept at the same level as water in sediment cores by a perspex baffle
within the core. The top of each core was then fitted with a perspex cap that had a
central port to allow insertion of Hach LDO temperature and dissolved oxygen probe
and small intake and out-take tubes on either side of probe. The tubes allow water to
enter and leave cores during initial flushing and collection of water samples during the
incubation. Incubations were done in a cylindrical incubation chamber that was kept at
constant in situ temperatures (22°C) by re-circulating water via a thermostatically
controlled pump. To prevent stratification, water in the core was gently mixed by a small
magnetised paddle attached to the out-take tube.

The paddle was moved at a

frequency of ~60 beats per minute by magnets mounted on a rotating arm in the
incubation chamber. During “dark” incubations chambers were covered to exclude all
light. In “light” incubations, cores were illuminated by piping photosynthetically active
radiation (PAR) light down a highly reflective cylinder and convex diffuser from a 1000
W high-pressure sodium bulb suspended directly above the centre of the chamber.
Cores were incubated at 400 µE light intensity which was less than the minimum light
intensity measured using a LI-COR 192 underwater quantum sensor at 0.5 m depth in
the middle of the day at all sites. In this study we have assumed that light-saturated
production of BMA occurs at light intensities equal to or above 300-µE m-2.s-1 meaning
that BMA were incubated at, or close to, their maximum autotrophy potential at these
light intensities (Sundback and Jonsson 1988; Rizzo et al. 1992; Rizzo et al. 1996;
Blakely, 2005).
Prior to commencement of both “dark” and “light” measurements, capped cores were
placed in the incubator and slowly flushed for 4 hours with the collected estuary water
via a small inline pump. At the commencement of the incubation (time zero), all cores
and blanks were sampled as follows:
•

N2: water was allowed to flow from the sample port into glass vials (due to the
very small head-pressure of the flushing water) until overflowing. Samples were
treated with 20 μl of saturated HgCl2 solution, capped with gas-tight glass
stoppers and stored submerged in water at 2°C below ambient temperature.
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•

Inorganic Nutrients: a 30-millilitre water sample was withdrawn from the sample
port using a syringe. Samples were passed through a 0.45 µm glass filter
(Sartorius) into 30-ml V-bottom vials and immediately frozen.

•

Dissolved oxygen concentrations and internal water temperature were
measured with a Hach Oxygen/Temperature probe.

Cores and blanks were then checked to ensure no gasesous headspace was present,
isolated from the flushing system and sealed. They were then incubated in the
chambers and similarly sampled four hours later.
4.3.7 Inorganic nutrient analysis
Nutrient concentrations were determined by flow injection analysis (LachatTM
QuikChem 8000) at the University of Canberra Ecochemistry Laboratory using
standard methods (Table 4.2). Ammonia (NH3-N) was analysed by the automated
phenate method, phosphate (PO43--P) by the automated ascorbic acid reduction
method and NOx (nitrite and nitrate) by the automated cadmium reduction method.
Reference material used for nutrient analyses was produced at the Ecochemistry
Laboratories. This material was cross checked against certified reference materials
(i.e. material used for the national low level nutrient proficiency program) produced by
QLD Health Scientific Services at 39 Kessels Rd, Coopers Plains, 4108, QLD.

Table 4.2: Methods used for inorganic nutrient analyses and detection limits. *Practical
Quantitation Limit (PQL) – units in μg.l-1.
Test ID

Methods used during testing

NH4+

APHA Method 4500 – NH3 H

Units

PQL*

μg NH3-N.L-1

2

NOx-N.L-1

1
1

NOx

APHA Method 4500 – NO3 F (Modified)

μg

DIP

APHA Method 4500 – P F

μg PO4-P.L-1

4.3.8 N2/Argon analysis:
Dissolved gas concentrations (O2, Ar, N2) were determined using Membrane Inlet Mass
spectrometry (MIMS) at the University of Canberra Ecochemistry Laboratories
following methods and calculation protocols described in Kana et al. (1994 and 1998)
and using the solubility constants of Weiss (1970). No N2 data was obtained for St
George due to samples degassing.
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4.3.9 Benthic metabolism and sediment-water flux calculations:
Oxygen (O2), inorganic nutrient (NH4+, NOx, DIP) and dinitrogen (N2) flux rates (μmol.m2.hour-1)

were determined as the difference between the final and initial concentrations

in the water column after 4 hours incubation (light or dark) as calculated in Equation
(1):

Fx 

Cf

 Ci  x V
……………… Equation (4.1)
A xt

where;
Fx = flux of oxygen or inorganic nutrient species (μmol.m-2.hr-1)
Cf = final concentration (μM)
Ci = initial concentration (μM)
V = volume of water (l)
A = surface area (m2)
t = incubation time (h)
For oxygen, benthic community respiration (BCR) and net primary production (NPP)
rates were determined from the dark and light incubations respectively. Benthic gross
primary production (GPP) for each ICOLL was then calculated by the following formula;
GPP = NPP-BCR ……………… Equation (4.2)
For practical reasons we have assumed that BCR in the light equalled BCR in the dark
recognising that light-enhanced respiration is recognised to occur in most autotrophs
(Falkowski and Raven 1997). Net benthic metabolism (NBM) and net sediment-water
nutrient flux rates for each core were calculated by averaging hourly flux rates obtained
during light and dark incubations.
4.3.10 Statistical Analyses:
All statistical analyses were performed using NCSS (Version 9). One-way analyses of
variance (ANOVA) were used to test differences among ICOLLs for physiochemical,
water column inorganic nutrient concentrations, and sediment and pelagic chlorophylla concentrations. Similarly, one-way analyses of variance (ANOVA) were used to test
differences among ICOLLs for benthic metabolism measures BCR and GPP and
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sediment-water nutrient fluxes. If normality and homogeneity of variance were not met,
data transformations were performed using a natural log or square root. Once
significant differences were found, a Student–Newman–Keuls (SNK) test identified the
significant differences between ICOLLs.

4.4 Results:
4.4.1 Monthly averaged weather conditions during the study period
During the study period, maximum air temperatures and solar radiation exposure were
similar ranging from 22.1 to 23.5°C and 20.6 to 25.6 MJ.m-2 respectively (Table 4.3).
Monthly rainfall was highest in November (84 mm) and then was consistently low from
December to February ranging from 42 to 51 mm per month (Table 4.3).
Table 4.3: Rainfall (total), temperature (daily average) and solar radiation (daily average) data
for each month of the study period measured at Aireys Inlet BOM weather station (Id. 090180)
on the Otway coast from November 2009 to February 2010. Mean ±SE is the average and
standard error over the 4-month study period. Data were sourced from the BOM climate
database website.
Weather measurement

November

December

January

February

Mean ±SE

Monthly rainfall (mm)

84.8

48.4

51.2

41.6

57±9

Mean max. daily temperature (°C)

22.1

22.4

23

23.5

23±0.5

23.7

25.6

24.3

20.6

24±1

Mean solar radiation

(MJ.m-2)

4.4.2 Ambient water quality:
Water temperatures were similar across the four ICOLLs ranging from 15.1°C in
November 2009 to 21.9°C in February 2010. Salinities were highly variable through
this period and not different among ICOLLs ranging between 0.4 to 33.7 ppt. Mean
water column dissolved inorganic nitrogen (DIN) concentrations differed with ICOLLs
with the more developed catchments (Spring, Painkalac and Kennett) being greater
than the least developed (St Georges) (Table 4.4). Water column dissolved inorganic
phosphorus (DIP) concentrations also differed among ICOLLs, however no pattern
across the development gradient was evident (Table 4.4). Mean molar ratios of
DIN:DIP in the water column were 427:1, 29:1 and 25:1 for Painkalac, Spring, and St
Georges. The mean ratio of DIN:DIP in the water column at Kennett was 17:1 (Table
4.4) which is close to the N:P (Redfield ratio) of 16:1 for phytoplankton.
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Table 4.4: Mean (±SE, N=12) water column chlorophyll-a (Chl-a), dissolved inorganic nitrogen
(DIN) and phosphorus (DIP) collected from November 2009 to February 2010. Units are µg.L1
. NOx = nitrate + nitrite; DIN = NH4+ + NOx; DIN:DIP is the average molar ratio.
Chl-a

NH4+

NOx

DIN

DIP

DIN:DIP

St George

0.6±0.2

26±5

53±16

78±17

7±1

25:1

Kennett

0.4±0.3

26±4

133±21

159±24

20±2

17:1

Painkalac

1.0±0.2

191±90

20±10

212±99

1±1

427:1

Spring

1.8±0.5

135±36

33±13

168±38

13±3

29:1

ICOLL

4.4.3 Pelagic chlorophyll-a concentrations
Pelagic chl-a concentrations differed across ICOLLs (P=0.000) and the lowest pelagic
chl-a concentrations occurred in ICOLLs with least developed catchments, St George
and Kennetts, at 0.6 and 0.4 µg.L-1 and highest in Spring, greatest developed
catchment at 1.8 µg.L-1 (Table 4.4).
4.4.4 Sediment chlorophyll-a and pheophytin concentrations
Sediment chl-a and pheophytin concentrations significantly differed among ICOLLs
(P=0.000), where the lowest sediment chl-a concentrations occurred in the ICOLL with
the least catchment development (St George) at 7.7 ± 3.0 mg.m-2 and highest in
ICOLLs with the greatest catchment development, Painkalac and Spring, at 28.6 ± 8.4
and 28.9 ± 6.0 mg.m-2 respectively (Table 4.5). Sediment chl-a concentrations were in
the order of Spring= Painkalac>Kennett>St George. Average total benthic pigment
concentrations for the four months preceding the metabolism experiments were
significantly different among ICOLLs (SNK: Spring > Painkalac > Kennett >St George;
P<0.05, Table 4.5).
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Table 4.5: Mean (±SE, N=40) sediment chlorophyll-a (Chl-a) and pheophytin (Pheo) (mg.m2) concentrations from November 2009 to February 2010. Total sediment pigments are the
mean (±SE) sum of sediment chl-a and pheo-a concentrations for each ICOLL. Total chl-a
concentrations (mg.m-2) were calculated by summing mean sediment chl-a (mg.m-2) to mean
pelagic chlorophyll-a concentrations normalised to 0.5 metre depth (mg.m-2). Total pigment
concentrations (mg.m-2) were calculated by summing total sediment pigments (mg.m-2) to
mean pelagic chlorophyll-a concentrations normalised to 0.5 metre depth (mg.m-2).
Sed.

Sed.

Tot. Sed.

Total

Total

Benthic:

Chl-a

Pheo

Pigments

Chl-a

Pigments

Total Chl-a

St George

8±3

2±1

10±2

8

10

93%

Kennett

21±4

3±1

23±3.

21

23

97%

Painkalac

29±8

5±1

35±7

30

36

96%

Spring

29±6

23±6

52±10

31

53

94%

ICOLL

4.4.5 Benthic metabolism
There were significant differences (P<0.001) for benthic metabolism measures (BCR,
NPP, GPP and NBM) among ICOLLs (Figures 4.3 A-D), Table 4.7). Lowest BCR,
NPP, GPP and NBM rates occurred at St George (least developed catchment) and
increased across the catchment development gradient to be highest at Spring (most
developed catchment) (Figures 4.3 A-D and Table 4.6). Spring had both significantly
greater and more variable BCR rates than Kennett, Painkalac and St George. There
were no statistical differences between Kennett and Painkalac for BCR. Mean BCR
and GPP rates were highly correlated across the four ICOLLs (Figure 4.4).
Table 4.6: Benthic metabolism and net (mean of dark and light) sediment-water inorganic
nitrogen and phosphorus flux rates (mean ±SE, N=6) in the four Victorian ICOLL’s. N2 was
only measured during dark incubations. Units for benthic community respiration, net primary
production and gross primary production are in O2-µmol.m-2.hr-1. Units for NH4+, NOx, DIN and
N2 fluxes are N-µmol.m-2.hr-1 whereas DIP fluxes are P-µmol.m-2.hr-1. ND – no N2 flux data
was collected at St George River.
BCR

NPP

GPP

NBM

NH4+

NOx

DIN

DIP

N2

St George

-114±22

1077±103

1131±116

451±46

-1±0

0±1

-1±1

0±0

ND

Kennett

-642±144

3392±514

4035±622

1375±215

3±2

-1±0

2±1

-2±3

-39±5

Painkalac

-548±44

3578±313

4125±328

1515±151

0±5

-1±0

-1±5

-1±0

-216±25

Spring

-812±143

5131±603

5943±598

2159±321

4±1

2±1

6±2

0±0

-17±23
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4.4.6 Sediment-water nutrient fluxes
Mean net (average of dark and light) sediment-water fluxes of NH4+, and DIP were
negligible (Figure 4.5) and did not differ among ICOLLs (P>0.05). Similarly, net
sediment-water fluxes of NOx were negligible at St George, Kennett and Painkalac
(Figure 4.5) and not significantly different among each other (P>0.05). In contrast, there
was a significant but small efflux of NOx from the sediment to the water column at
Spring (Figure 4.5). There was a net uptake of N2 during the dark at Kennett, Spring
and Painkalac Rivers though N2 fluxes at Spring were not significantly different from
zero.
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concentrations similarly increased across the catchment development gradient (Table
4.5) making up approximately 93-97% of the total (pelagic+sediment) microalgal
biomass (Table 4.5) in all four ICOLLs when the pelagic chl-a concentrations were
normalised to a water column depth of 0.5 metres. This trend indicated that even as
both pelagic and sediment microalgal biomass increased across the catchment
development gradient, shallow sandy reaches of the four ICOLLs continued to be
strongly benthic dominated. This result is consistent with findings from other shallow
coastal ecosystem studies, where most primary production and biomass is due to
benthic microalgae and/or macroalgae rather than phytoplankton (Barranguet et al.,
1996; Sigmon and Cahoon 1997; Snow et al. 2000; Snow and Adams 2007; Whitfield
et al. 2010). It also emphasises the need to measure both pelagic and benthic primary
producer biomasses in shallow, well lit estuarine systems to detect any changes due
to nutrient enrichment. Reliance on pelagic chlorophyll-a concentrations alone to detect
whole system increases in primary production due to nutrient enrichment in ICOLLs
may result in classifying an estuary as ‘healthy’ when in fact it may be significantly
altered.
Both total sediment pigments (sed.chl-a+sed.pheo) and total pigment (pel.chla+sed.chl-a+sed.pheo) concentrations averaged over the four month study period
(Table 4.5) showed a more discernible increase across the catchment development
gradient than each pigment alone. Sediment chl-a concentrations largely represent the
biomass of living benthic microalgae and recently deposited phytoplankton whereas
benthic pheophytin represents the biomass of decaying benthic microalgae and
deposited phytoplankton. Similarly, pelagic chl-a normalised to depth represents the
biomass of living phytoplankton in the water column. The sum of these three pigment
measures may be a more sensitive indicator of nutrient and organic matter (OM)
enrichment (eutrophication) in unvegetated sections of these shallow, well-lit ICOLLs
than either pelagic or sediment chl-a alone as it integrates the relative biomasses of
the major primary producers which drive a significant proportion of the dissimilative and
assimilative components of the system.
4.5.2 Benthic metabolism rates
The increase in mean sediment and pelagic phyto-pigments across the catchment
development gradient over the four months preceding benthic processes sampling
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corresponded to measured increases in BCR, GPP and NBM across the four ICOLLs
in February (Figures 4.7 A-D and Table 4.6). This relationship occurred because
benthic metabolism measures such as BCR and GPP tend to represent a systems
response to nutrient and OM inputs delivered over a longer time scale (i.e. weeks to
months) more so than measures such as water column nutrient and chlorophyll-a
concentrations which can vary temporally at scale of hours to days due to strong
hydrodynamic drivers such as tidal exchange and freshwater water flow. This result is
also ecologically important as it indicates photo-productive BMA capture and retain
nutrients delivered in runoff from the catchment through tight recycling and
subsequently replenish and maintain sediment organic carbon levels at the scale of
days to months (McGlathery et al. 2007).
The supply of OM to sediments is a major factor influencing benthic community
respiration in estuaries and other shallow coastal systems (Kristensen and Blackburn,
1987; Moran and Hodson, 1990). Much of the OM inputs are derived from nutrientdriven internal water column and benthic primary production (autochthonous) or
external catchment (allochthonous) sources (Paerl et al. 1998). Though we did not
directly measure OM and nutrient inputs to the ICOLLs, the measured increases in
total (pelagic and benthic) chlorophyll-a concentrations, BCR and GPP rates are both
consistent with the paradigm that increased catchment development increases
nutrient and organic matter loading to estuaries (Harris, 2001) and with estuarine
process studies demonstrating the effects of ncreased supply of nutrients and OM to
the sediments from the catchment (Chapter 3).
Converting the BCR rates measured in this study from oxygen to carbon equivalents
by assuming a respiration quotient (RQ) of 1, BCR rates across the four ICOLLs were
low to very low (114-812 µmol CO2 m-2 h-1) compared to BCR rates reviewed and
reported in Hopkinson and Smith (2006) for temperate estuaries worldwide (Mean =
1420 µmol CO2 m-2 h-1; range 125-4790 CO2 µmol m-2 h-1). The low rates measured
in this study relative to other estuaries throughout the world may in part be due to low
nitrogen and phosphorus exports from Australian catchments which are relatively low
on a world-wide scale (Harris, 2001), due to low population densities, proportionally
larger areas of native vegetation, low N deposition rates, and relatively low fertilizer
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application rates in most catchments (Caitcheon et al., 1994; Young et al., 1996;
Caraco and Cole, 2001).
The BCR rates in this study are low compared to other temperate estuaries (Eyre and
Ferguson 2002; Qu et. al. 2006; Spooner and Maher, 2009; Sutherland et al. 2016;
Chapter 3) and are within the oligotrophic range (<2000 µmol CO2 m-2 h-1) for
Australian estuaries (see Eyre and Ferguson 2009). This may due the influence of
low but steady rainfall over the study period (Table 4.3) which maintained freshwater
flows and kept the ICOLLs open to the sea facilitating bi-directional tidal flow over the
sandy sediments in the ICOLL’s lower reaches. These flows could have resuspended
and exported significant amounts of organic matter associated with the sediment fine
particulate fraction to the sea. It is well established that hydrodynamics control both
the horizontal and vertical transport of suspended and resuspended materials through
estuarine systems as well as influencing their residence time (Christiansen et al.,
1996; Vanderborght, 1977). None-the-less, the BCR results show a positive trend
indicating that ICOLL sediments were consuming more oxygen with increasing
catchment development. This is probably due to the combined effects of increased
respiring BMA biomass and increases in the amount of labile organic matter in the
sediment. Previous studies of estuarine sediments have shown positive relationships
between rates of benthic OM decomposition and retention time of organic matter
(Hopkinson and Vallino, 1995; Paerl et al., 1999; Sutherland et al. 2016). Had the
ICOLLs been closed to the sea during this study, it is likely that BCR rates would have
been considerably higher due to greater retention of allochthonous OM inputs and
greater benthic and pelagic microalgal production.
Benthic primary productivity (GPP) increased across the catchment gradient (Figure
4.3 C and Table 4.6) and was highly correlated to BCR across the four estuaries
(Figure 4.4; R² = 0.9536) suggesting that BMA in the sandy lower reaches of the
ICOLLs were nutrient limited with primary production increasing in response to both
increasing supply of inorganic nutrients from the water column and remineralisation of
organic matter (OM) in the sediments. Nutrient limitation of BMA has been reported in
sandy sediments with low organic matter content in northern Europe (Nilsson et al.,
1991; Flothmann and Werner, 1992) and it is likely that the same factors affecting BCR
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rates such as net advection of OM to the sea during tidal exchange, were similarly
limiting BMA production.
Benthic trophic status measured as ‘net benthic metabolism’ (NBM) was positive
(Figure 4.3 D and Table 4.6) and increased across ICOLLs indicating the shallow sandy
sediments in the lower reaches were increasingly more autotrophic with increased
catchment development. This result concurs with Cook et al., (2004), where increased
benthic autotrophy occurred at light replete sites that have more organic-rich matter
and higher respiration rates. Benthic trophic status is reported as a good predictor of
the size and direction of inorganic nitrogen and phosphorus sediment-water fluxes
(Eyre and Ferguson 2002, 2005; Engelsen et al. 2008) with net autotrophic sediments
(NBM>0) tending to be low sources or sinks for inorganic nutrients whereas net
heterotrophic (NBM<0) sediments being net sources (Sundback et al. 2000; Eyre and
Ferguson, 2002; McGlathery et al., 2004; Engelsen et al. 2008). Our results are
consistent with this paradigm as the sediments of all four ICOLLs sediments were net
autotrophic (Figure 4.3 D) and had low to negligible fluxes of NH4+, NOx and DIP
between the sediment and the water column (Figure 4.5 A-D). This was primarily due
to the influence of BMA which are known to regulate sediment-water nutrient fluxes
through both direct assimilation (Kelderman et al. 1988; Sundbäck and Granéli 1988;
Kelderman et al. 1988; Sigmon and Cahoon 1997; McGlathery et al. 2004); and by
driving diel variations in oxygen concentrations, dissolved inorganic carbon
concentrations and pH (Revsbech 1983).
It is important to note that there were also no noticeable differences in macroalgal
biomass across the ICOLLs which would be expected to increase with increasing
catchment development according to the current eutrophication model for shallow
systems (McGlathery et al. 2007). This indicated that the level of nutrient inputs from
catchment development combined with the ICOLLs hydrodynamic flushing regime
were such that BMA were still able to effectively out-compete macroalgae for nutrients
delivered from the catchment and remineralised in the sediments. Had the ICOLLs
been closed to the sea during the study period, the combined effects of greater organic
matter delivery and retention leading to greater benthic respiration and sediment water
nutrient efflux rates may have facilitated macroalgae to become established and their
biomass discernibly increase across the gradient.
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4.5.3 Nitrogen cycling across the four ICOLLs
In this study, we could not quantify denitrification rates as there was a net uptake of N2
by the sediments at Kennett and Painkalac and N2 fluxes were not different from zero
at Spring (Table 4.7). It is likely that denitrification rates were very low in all four ICOLLs
due to the autotrophic status of the sediments resulting in high BMA uptake rates
outcompeting nitrifiers and denitrifiers for the limited supply of remineralised NH4+ and
NOx (Risgaard-Petersen 2003; Sundback and Miles 2002). The lack of any discernible
net effux of NH4+, NOx and N2 to the water column (Table 4.7) indicates that the major
fate of remineralised nitrogen in sediments across all four ICOLLs was BMA
assimilation. Furthermore, the net uptake of N2 in Kennett and Painkalac indicates that
N-fixation was occurring and providing a significant source of nitrogen to the sediments
for BMA. The net N-fixation rates using the N2/Ar method observed are within the
ranges reported for other estuaries (Gardner et al. 2006, Fulweiler and Nixon, 2011)
indicating that the sediments in the shallow sandy lower reaches are active sites
supplying ‘new nitrogen’ to the ICOLLs.
To our knowledge net N-fixation in Australian ICOLL sediments has not been reported
before with previous studies describing ICOLL sediments as areas of net nitrogen loss
through denitrification (Eyre and Ferguson, 2002; Spooner and Maher 2009).
However, numerous estuarine studies have shown benthic N2 fixation to occur in
photosynthetic microbial mats or sediments vegetated by seagrasses and marsh
plants (Bertics et al., 2010; and references therein). The co-occurrence of
denitrification and N-fixation in unvegetated estuarine sediments has also been
reported previously (An et al, 2001; Cook et al, 2004; Murray et al., 2005; Russell et
al. 2016) and both processes may be co-occurring in the ICOLL sediments with
nitrogen fixation being facilitated by cyanobacteria such as Oscillatoria (Russell et al.
2016). However, addressing this question directly is beyond the scope of this study
and will require further research to ascertain the relative importance and relationship
related to a broad suite of factors including organic matter loading (OM) and benthic
trophic state.
That said, results in chapter 5 of this thesis found that N-fixation/denitrification
dominance varied as both a function of depth and sediment type in Pipers Bay, Wallis
Lake. N-fixation dominated in shallow, sandy net autotrophic sediments and shifted to
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denitrification as depth increased, sediments became muddier and were net
heterotrophic. These results suggested that high BMA productivity and assimilatory
inorganic nitrogen uptake in sediment at shallow depths limited coupled nitrificationdenitrification and enhanced N-fixation through NH4+ depletion and high DOC:N
exudation to pore waters. It also suggested that N fixation in the shallows was used to
meet the N shortfall of the BMA which could not be met by benthic remineralisation
alone. In shallow, sandy sediments of the Victorian ICOLLs, N-fixation may supply the
shortfall of nitrogen required by BMA which could not be met from remineralisation of
N in the sediments or uptake from the water column. Similarly, net uptake of N 2 by the
autotrophic sediments at Painkalac and Kennett Rivers (Table 4.7) suggests that BMA
demand for nitrogen may have been met in part by nitrogen fixation.
4.5.4 Phosphorus cycling across the four ICOLLs
Sediment-water phosphorus flux rates were negligible (Figure 4.5 D and Table 4.7)
and similar across ICOLLs, reflecting the DIN:DIP ratios in the water column and
indicating three of the four ICOLLs had phosphorus limited water columns. The lack of
significant phosphorus release to the water column is due to phosphorus being taken
up and assimilated by photo-productive BMA and the oxic state of the sediment surface
layer. The flux of phosphorus across the sediment-water interface is not only influenced
by direct uptake by benthic plants, but also depends upon the pH, O 2 concentration,
and salinity (de Jonge and Villerius 1989, Gómez et al. 1999; cited in Magalhães et al.,
2002). BMA production can influence the forms and availability of phosphorus by
increasing the oxygen penetration and redox potential in the sediment (McGlathery et
al, 2004). Oxidation of the sediment results in the formation of iron and manganese
oxides that effectively bind phosphorus in the solid phase (McGlathery et al, 2004;
Gurel et al, 2005), greatly reducing its release to the overlying water column. In the
four ICOLLs low BCR rates and net autotrophy in the sediments combined with a welloxygenated water column probably maintains a permanently aerobic sediment layer
with capacity for DIP adsorption. The sediments in all four ICOLLs, therefore, were
effective traps for DIP. This has been described in other Australian systems (Heggie et
al., 1990; Heggie et al., 2008).
This has broader ecological implications as inorganic carbon, nitrogen and phosphorus
captured by BMA can be assimilated into biomass or re-released as DOC, DON and
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DOP to the water column. These in turn can be processed by the ‘microbial loop’,
remineralised and transferred to higher trophic levels (McGlathery et al 2004). By
taking up inorganic nutrients from both the sediments and the water column, BMA limit
pelagic phytoplankton productivity by acting as a ‘nutrient filter’ because they retain
most of the remineralised nutrients in the sediment as free nutrients in the pore water
(McGlathery et al. 2007). This results in competition between benthic and pelagic
microalgae as BMA can control the release of remineralised nutrients to the water
column limiting further pelagic primary productivity. Dominance of benthic over pelagic
microalgal production may have ecological implications in these systems by benefiting
benthic grazers over filter feeders and pelagic grazers.

4.6 Summary and Conclusions:
The main objective of this study was to gain a better understanding of how benthic
and pelagic compartments in shallow ICOLLs respond to increasing catchment
development in terms of pelagic and benthic microalgal standing stocks as proxies for
autochthonous organic matter (OM), benthic respiration, benthic microalgal
production, benthic trophic state and sediment-water nutrient flux rates.
Pelagic chl-a and sediment phytopigments (chl-a and pheophytin) increased across
the catchment development gradient indicating that standing stocks of autochthonous
organic matter (OM) were increasing in response to increasing nutrient inputs. The
observed increasing autochthonous OM enrichment was reflected in increases in
benthic community respiration and benthic gross primary productivity across the
gradient, however, benthic community respiration rates in all four ICOLLs were in the
low range for estuaries in both Australia and worldwide. This is likely due to the
combined effects of relatively low nutrient and organic matter (OM) inputs from the
catchment and efficient export to the sea due to steady freshwater flow and tidal
exchange.
Benthic community respiration and benthic gross primary productivity rates were
strongly related indicating that dissimilative and assimilative components of the
sediment complex were tightly coupled across all four ICOLLs. Benthic trophic state
(=NBM) increased with increasing catchment development indicating that ICOLLs’
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benthoses were increasingly more autotrophic, producing more oxygen than
consuming, and fixing more carbon than remineralising in the sediment complex.
Sediment-water NH4+, NOx and DIP effluxes were low to negligible across all four
ICOLLs indicating that photo-productive BMA could maintain the sediments as net
nutrient sinks across the catchment development gradient through both direct uptake
and assimilation and changes to the sediments oxic state. These results are both
biogeochemically and ecologically significant as they indicate that BMA could increase
their production in response to increased nutrient and OM loading from the catchment
and continue to maintain control over supply of inorganic nutrients from the sediments
to the water column and thus limit pelagic primary production. Net uptake of N2 in the
ICOLLs indicates that N-fixation was occurring and was a significant source of “new
nitrogen’ to the sediments potentially meeting the BMA nitrogen demand shortfall. The
result also suggests that denitrification is only a minor fate for nitrogen inputs from the
catchment with most N being temporally retained by BMA transferred through the food
web up or exported to sea.
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Chapter 5: Relationships between benthic metabolism and
sediment-water nutrient fluxes across a depth gradient in
two bays in a large, shallow oligotrophic, wave-dominated
estuary in South-eastern Australia.
5.1 Abstract
In shallow coastal systems, benthic trophic status, the balance between benthic
primary production and respiration, has been implicated as a viable parameter to
classify sediments and predict whether they act as sinks or sources of nutrients to the
water column. This is ecologically significant as large releases of inorganic nitrogen
and phosphorus to the water column can lead to both the establishment and increased
production of potentially problematic pelagic microalgae and macroalgae. Measuring
benthic trophic status however, is experimentally cumbersome and time consuming
and as such difficult and expensive to use in routine monitoring programs thus
highlighting the need to develop easily obtainable and reliable proxies.
Though benthic trophic status has been advocated as a viable indicator, too few
studies have considered how benthic trophic status changes across a depth gradient
which is surprising given that it is well understood that coastal systems are made up
by a range of depths, and light, a major determinant of benthic primary production and
trophic state, decreases with depth and is affected by seasonally variable attenuating
factors such as turbidity in the water column.
To better understand how benthic trophic status changes across a depth gradient and
relates to seasonal trends in water and sediment quality, benthic metabolism (dark
and light oxygen fluxes) and sediment-water nutrient (nitrogen, phosphorus and
silicate) fluxes were measured seasonally across a depth gradient in two bays
(Coomba and Pipers) within a large, shallow wave-dominated Australian estuary.
Sediment parameters (chlorophyll-a, pheophytin, total organic carbon (TOC) and total
nitrogen (N) concentrations; and 13C and 15N isotope ratios) were also measured to
assess if there were any consistent relationships across depths that could be used as
proxies for determining benthic trophic state.
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Benthic community respiration (BCR) rates in the deeper basins (2.5-2.8 m) of both
bays were similar across seasons whereas seasonal patterns in the mid-depth (1.5
metres) of Coomba Bay were less clear with a large increase in BCR rates in late
summer (February) 2007. The shallow depths (0.5 m) of Coomba Bay exhibited a
distinct seasonal pattern with least and greatest benthic gross primary production
(GPP) occurring in August (winter) and February (summer) respectively. The shallows
of Pipers Bay had the least and greatest benthic GPP occurring in November (spring)
and February (summer) respectively. Benthic microalgal productivity generally
decreased with increasing depth in both bays with greatest rates occurring in the
deeper basins in late autumn-late winter. In contrast, greatest benthic GPP rates
occurred in spring to late summer in the shallower depths. Seasonal differences in
benthic productivity rates in the deeper basins corresponded to factors affecting water
column light attenuation such as pelagic chlorophyll-a concentrations and turbidity
which were generally greater in the spring-summer than late autumn-late winter
period. Estimates of benthic trophic state determined from net benthic metabolism
rates (NBM) showed a distinct pattern across the depth gradient with the shallow (0.5
m) and deeper (2.5 - 2.8 m) basin sites being respectively autotrophic (NBM>0) and
heterotrophic (NBM<0) across seasons. In contrast, the mid-depth (1.5 metres) of
Coomba Bay varied seasonally between autotrophy and heterotrophy but was
‘balanced’ over the year. Averaged across seasons, net daily sediment-water
dissolved silicate effluxes in Coomba Bay increased with depth indicating decreasing
uptake by photosynthesising BMA (diatoms). In contrast, inorganic nitrogen and
phosphorus fluxes across the gradient were low to negligible whereas there was a net
efflux of N2 from the sediment to the water column at all depths.
In Pipers Bay, there were significant differences for sediment-water DSi and N2 fluxes
with a net influx at the shallow depth (0.5 m) and a net efflux in the deeper basin (2.5
m). Sediment-water DIP fluxes were negligible at both 0.5 and 2.5 m depths whereas
there was a net efflux of DIN in the deeper basin and negligible fluxes in the shallows.
Across the depth gradient in both bays, seasonally averaged estimates of NBM were
highly

correlated

to

sediment

concentration

ratios

chlorophyll-a:pheophytin,

TOC:chlorophyll-a and TN:chlorophyll-a indicating that these multi-proxies are
potentially useful indicators to assess benthic trophic state and determine the depth
threshold where the unvegetated benthos transitions from autotrophy to heterotrophy.
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5.2 Introduction
Throughout the world: shallow bays, lakes and lagoons constitute at least 13% of the
world’s coastlines (Nixon 1982, Boynton 1996) and are highly productive habitats and
functionally important sites for organic matter (OM) and nutrient cycling (Borum and
Sand-Jensen, 1996). Key biogeochemical processes such as autochthonous and
allochthonous organic matter (OM) remineralization (dissimilation) occurs in the
surface sediments and can have a strong influence on the overlying water column
(Cowan and Boynton 1996). Photo-production (assimilation) by seagrasses,
macroalgae and benthic microalgae (BMA) can also occur introducing a significant
amount of autochthonous OM to the system (Colijn and de Jonge 1984; MacIntyre et
al. 1996).
In shallow benthic habitats where both dissimilative and assimilative processes cooccur, the balance between benthic respiration and benthic primary production
(=benthic trophic state) has been been observed to be a determinant of whether
sediments act as either a sink or source of nutrients to the overlying water column
(Eyre and Ferguson 2002; Tyler et al., 2003; Sundback et al., 2003). However, to date
only a few experimental studies have been specifically designed to examine the
relationship between benthic trophic status and nutrient fluxes in shallow-water
sediments (i.e. Sundback et al., 2003, Englesen et al. 2008). Even fewer studies have
examined how benthic trophic status and nutrient fluxes vary across a depth gradient
(Rizzo et al. 1992; Sundback et al. 2004). This is surprising given that coastal systems
are made up by range of depths, light is the key factor determining rates of photoproduction (Valiela, 1995), and light attenuates as water column depth increases (Kirk
1976). Organic matter deposition rates can also increase with depth and organic
matter supply is regarded as a major determinant of benthic respiration (Kristensen
and Blackburn, 1987; Moran and Hodson, 1990, Hopkinson and Smith 2006).
The main purpose of this study was to assess if benthic metabolic processes and
benthic trophic state varied with increasing depth subsequently affecting sedimentwater nutrient cycling in a large shallow coastal lake. More specifically, the study
assessed if benthic community respiration (BCR), benthic microalgal productivity, net
benthic metabolism (NBM) and sediment-water nutrient flux rates varied throughout
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the year across a shallow depth gradient (< 3 metres) in two large bays within Wallis
Lake, NSW. The study also investigated relationships between benthic metabolic rates
and seasonally variable water quality measures (i.e. temperature, turbidity and pelagic
chlorophyll-a concentrations) and bulk sediment properties (sediment chlorophyll-a,
pheophytin, total organic carbon (TOC), total nitrogen (TN) concentrations and stable
isotope ratios (∂13Cand ∂15N). The aim of examining relationships between bulk
sediment parameters and benthic metabolism rates across the depth gradient was to
assess if sediment parameters can be used as proxies for benthic trophic state and a
predictor of sediment-water nutrient fluxes.
I hypothesised that BCR rates will increase with increasing depth due to greater
organic matter (OM) deposition from the water column. I also hypothesised that
benthic GPP rates will decrease with increasing depth due to decreasing light levels
reaching the sediment surface. Because of these opposing patterns across the depth
gradient, I predicted that the benthic trophic state metric ‘net benthic metabolism’
(NBM) in each bay will shift accordingly from autotrophy (NBM>0) in the shallows to
heterotrophy (NBM<0) in the deeper basins with autotrophic and heterotophic
sediments being respectively net sinks and sources of nitrogen, phosphorus and
silicate to the water column.

5.3 Materials and methods:
5.3.1 Estuary location and description:
The Wallis Lake estuary (32.174°S, 152.511°E) is a large (water area = 90 km2), wave
dominated estuary located approximately 310 km north of Sydney on the mid-north
coast of New South Wales, Australia (Figure 5.1). The estuary is relatively shallow
(mean depth = 1.8 m) and is comprised of a complex system of bays, rivers and
interconnecting channels which separate the coastal towns of Tuncurry and Forster,
located north and south of Forster Inlet, respectively (Figure 5.1). The estuary is kept
permanently open to the Tasman Sea by the presence of two large rock training walls
at its mouth and experiences mean spring tidal range at the mouth of 1.5 m while the
equivalent range at Greenhill Point 10 km further upstream, are only 0.3 m. The
estuary’s benthos is also complex and diverse being made up of range of habitats
including large meadows of seagrasses including Zostera meulleri, Posidonia australis
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and Halophila ovalis (Maher and Eyre 2010). Seagrasses and the intertidal zone make
up approximately 37% and 3% of the lakes open water surface area respectively with
the rest mostly unvegetated sediments (Maher and Eyre, 2010). The lake is a state
significant commercial and recreational fishery as well as being NSW’s largest oyster
producer and a major tourist destination (Tuckerman, 2001). It is also a system under
pressure from increased urban development in its catchment and as such has been
the focus of numerous studies assessing the potential impact of future declines in
water quality (Scanes et al. 2007).

Figure 5.1: Map of Wallis Lake, NSW, Australia, showing location of Coomba and Pipers Bays
and the townships of Tuncurry and Forster at the lakes entrance to the Tasman Sea.

5.3.2 Regional Climate
The NSW mid-north coast climate is controlled by two major influences: the subtropical

high-pressure

belt

during

winter-spring

(May to

August)

bringing

predominantly cool, light (19 km/h or less) south to south westerly winds and moderate
(20-29 km/h) easterly winds during summer-autumn (September to April) bringing
warm to hot and humid conditions (Table 5.1). The average daily solar radiation
maximum (23.7 MJ.m-2.d-1) and minimum (9.3 MJ.m-2.d-1) occurs in December and
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June respectively (Table 5.1). Wallis Lake generally experiences a distinct wetter
January to June (mid-summer to early winter) rainfall period (Table 5.1), and a drier
mid-winter to early summer period (Table 5.1). Freshwater flows to Wallis Lake are
dominated by large, episodic short-lived inputs during mid-summer to early winter and
low flow in winter-spring. Estimates of nutrient and sediment inputs to the lake from
the main part of the catchment are relatively small compared to other estuaries along
the NSW coast (NSW OEH unpublished data) and the estuary is considered to be in
an oligotrophic state.
Table 5.1: Average (1999–2010) monthly climate data for Wallis Lake (NSW). Data were
measured at the Forster-Tuncurry Marine Rescue weather station (Station No. 060013) and
sourced from Australia Bureau of Meteorology (BoM) website climate database.
Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

26.4

26.3

25.5

23.8

21.2

18.9

18.2

19.5

21.6

22.8

23.8

25.5

110.9

120.7

148.1

128.7

116.7

120.3

86.2

71.6

66.9

78

84

92

23.5

21.4

18.5

14.7

11.1

9.3

10.4

14

18.1

20.4

22

23.7

21

20.1

18.1

17

15.3

14.9

16

18.9

20.7

20.2

21.7

21.5

E-NE

E-NE

E-NE

E-SE

S-SW

SW-W

SW-W

SW-S

E-SE

E-NE

E-NE

E-NE

Av. Max daily
Temp
(°C)
Av. Monthly
Rainfall
(mm)
Av. Solar
Radiation
(MJ.m-2.d -1)
Av. Wind
Speed
-1

3 p.m. (km.h )
Dominant
Wind 3 p.m.

5.3.3 Study locations:
The study was undertaken in two bays (Coomba and Pipers) in the main body of Wallis
Lake (Figure 5.1). Coomba Bay is a relatively large bay (~9% the estuary’s total open
water surface area) and includes much of the western shore of the lake’ basin (Figure
5.1). It has a surface area of approximately 713 hectares with most of this area (~85%)
ranging between 2-3 metres depth (Table 5.2) and is dominated by fine muddy
unconsolidated sediment. Only a small proportion of the bay (~3%) has a depth range
between 0-1 metres (Table 5.2) with the sediment being dominated by a mixture of
mud and fluvial sands. The Coomba Bay catchment is mainly forested, but there are
about 1600 hectares of cleared agricultural land fringing the lake in the central and
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northern parts of the bay. A small number of creeks and drainage lines cross the
agricultural land and enter the bay.
Pipers Bay is a smaller bay (3% the estuary’s total open water surface area) located
on the central eastern shore of the main body of the lake (Figure 5.1). The bay has an
approximate surface area of 261 hectares with 44, 19 and 37% of the bays surface
area having a depth ranging between 0-1, 1-2 and 2-3 metres respectively (Table 5.2).
Sediments in the 0-1 metre depth range are predominantly coarse marine sands
whereas sediments in the deeper basin (2-3 m) are dominated by fine unconsolidated
muds. Sediments in the 1-2 metre depth range of the bay are colonised extensively
by seagrass (Zostera muelleri).
Table 5.2: Surface area and volume estimates for different depth ranges in Coomba and
Pipers Bays, Wallis Lake, NSW. (%) is the area percentage of depth range for each bay.
Coomba Bay
Pipers Bay
Depth Range (m)

Area (H)

Volume (m3)

Area (H)

Volume (m3)

0-1.0

22.6 (3%)

11.3

114.6 (44%)

57.3

1.0-2.0

82.4 (12%)

123.5

50.7 (19%)

76.0

2.0-3.0

608.1 (85%)

1702.8

95.6 (37%)

267.7

713.1

1837.6

260.9

401.0

Total

5.3.4 Study design:
Ambient water quality parameters and sediments were sampled in Coomba at three
depths (0.5, 1.5 and 2.8 metres) with three random sites per depth in May and August,
November 2006 and February 2007. Similarly, water quality parameters and
sediments were sampled in Pipers at two depths (0.5 and 2.5 metres) with three sites
per depth during August, November 2006 and February 2007. Unvegetated sediment
could not be collected at 1.5 metres depth in Pipers Bay as the benthos was
completely covered by seagrass (Zostera muelleri).
5.3.5 Ambient water quality sampling
Water column physio-chemical (salinity, dissolved oxygen, temperature and turbidity);
nutrients and chlorophyll-a concentrations were measured at each site in Coomba and
Pipers Bays on the day of sediment sampling in May, August, November 2006 and
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February 2007. A second set of water column physio-chemical, nutrients and
chlorophyll-a data was collected monthly between December 2005 and March 2007 in
the main basins of Coomba and Pipers Bays. Equipment, sampling protocols and
analytical methods were identical for both datasets.
For both datasets, water was collected at each site using an integrated depth pole
sampler and transferred to a bucket. Single water samples for total, total dissolved
and inorganic nitrogen and phosphorus analysis were drawn from the bucket using a
clean 60-ml syringe. Water samples for total nitrogen and phosphorus were flushed
and passed directly into a 30-ml V-bottom vial. Samples for total dissolved and
inorganic nutrient analysis were passed through a 0.45-micron Sartorius Minisart glass
fibre filter into two 30-ml V-bottom vials. All samples were immediately frozen.
Samples were then transported back to the laboratory and thawed. In the laboratory
samples were analysed for ammonium (NH4+), nitrate + nitrite (NOx), dissolved
inorganic phosphorus (DIP), dissolved silica (DSi), total dissolved nitrogen (TDN) and
phosphorus (TDP), total nitrogen (TN) and total phosphorus (TP) using established
methods (Table 5.3). Water samples (110 ml) were also collected for chlorophyll-a and
pheophytin analysis and immediately stored in the dark. In the laboratory, each sample
was filtered through a 0.45-micron glass filter and then frozen. Profiles of salinity,
turbidity, dissolved oxygen and temperature were measured through the water column
at each site using a calibrated Yeo-kal® 611 multi-probe water quality meter.
5.3.6 Benthic metabolism and sediment-water nutrient flux measurements
Following the recommendations of Dalsgaard et al. (2000), sediment-water nutrient
and oxygen fluxes for each of the estuaries were estimated from changes in water
chemistry in cores that were incubated under controlled conditions. To minimise any
artefacts from inherent circadian rhythms, the “Dark” incubations were done in the dark
on the evening of collection and “Light” incubations were undertaken the following day
during daylight hours.
Incubations were undertaken seasonally in May, August, November 2006 and
February 2007 in Coomba Bay and August, November 2006 and February 2007 in
Pipers Bay. Sediments were collected at three depths (0.5, 1.5 and 2.8 metres) with
three sites per depth in Coomba Bay. Sediments were only collected at two depths
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(0.5 and 2.5 metres) with three sites per depth in Pipers Bay due to the presence of a
large bed of seagrass (Zostera meullerii) spanning the mid-depth range from 1 to 2
metres. Three to four sediment samples were collected randomly from each site using
transparent polycarbonate cores (width-8 cm; height-50 cm). Cores were pushed into
the sediment to a depth of about 30 cm using a pole sampler deployed from a boat.
The sediment level in the core was then adjusted using foam spacers to produce a
water column height of approximately 0.165 metres above the sediment surface.
Cores were sealed at both ends and returned to shore. Two hundred and fifty litres of
water was also collected from each depth. Sediment cores and water from were
transported to a nearby mobile laboratory for incubation. The collected estuary water
was transferred to a 250-litre header tank and mixed to ensure homogeneity. In
addition to the cores with sediment, “blank” cores without sediment were also prepared
by filling a modified core tube with the same volume of ambient estuary water as the
sediment cores. The water in the blank cores was kept at the same level as water in
sediment cores by a Perspex baffle within the core. The top of each core was then
fitted with a Perspex cap that had a central port to allow insertion of temperature and
dissolved oxygen probe (Hach LDO DO ± 0.01 mg l-1) and small intake and out-take
tubes on either side of probe. The tubes allow water to enter and leave cores during
initial flushing and collection of water samples during the incubation. Incubations were
done in a cylindrical incubation chamber that was kept at constant mean in situ
temperatures by re-circulating water via a thermostatically controlled pump. To prevent
stratification, water in the core was gently mixed by a small magnetised paddle
attached to the out-take tube. The paddle was moved at a frequency of ~60 beats per
minute by magnets mounted on a rotating arm in the incubation chamber. During
“dark” incubations chambers were covered to exclude all light. In “light” incubations,
cores were illuminated by piping photosynthetically active radiation (PAR - 400 to 700
nanometer) light down a highly reflective cylinder and convex diffuser from a 1000
Watt high-pressure sodium bulb suspended directly above the centre of the chamber.
Cores collected at each depth during each season were incubated at mean light
intensities measured in the middle part of the day (12:00 pm ±1 h) using a LI-COR 192
underwater quantum sensor.
Prior to commencement of both “dark” and “light” measurements, capped cores were
placed in the incubator and slowly flushed for 4 hours with the collected estuary water
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via a small inline pump. At the commencement of the incubation (time zero), all cores
and blanks were sampled as follows:
•

TDN, TDP, NH4+, NOx and DIP and DSi: a 60-ml water sample was withdrawn
from the sample port using a syringe. Samples were passed through a 0.45micron Sartorius glass fibre filter into two 30-ml vials and immediately frozen.

•

N2 samples were collected at the same time as nutrient samples by allowing
water to flow from the sample port into 7 ml glass vials until overflowing.
Samples were poisoned with 20 μl of 5% HgCl2 solution, capped with gas-tight
glass stoppers and stored submerged in water at 2°C below ambient
temperature until analysis.

•

Dissolved oxygen concentrations and water temperature were measured with
an Oxygen/Temperature probe (Hach LDO DO ± 0.01 mg l-1).

Cores and blanks were then checked to ensure no gasesous headspace was present,
isolated from the flushing system and sealed. They were then incubated in the
chambers and similarly sampled four hours later.

5.3.7 Sediment chlorophyll-a, pheophytin, TOC, TN, ∂13Cand ∂15N sampling
Immediately after the light incubation, sediment was extruded from the top of each core
and the surface 5 mm sectioned and placed in a clean pre-weighed opaque vial and
frozen. In the laboratory, the surficial sediments were homogenised and freeze dried
for 72 hours. Freeze dried samples collected in August, November 2006 and February
2007 were weighed and then sub-sampled for TOC, TN, ∂13C and ∂15N analysis. The
remaining sediment was then ground for acetone extraction and sediment chlorophylla and pheophytin analysis.

5.3.8 Chlorophyll-a and pheophytin analysis
Water column and sediment chlorophyll-a and pheophytin concentrations were
determined using standard spectrophotometric methods. All actions were carried out
under low light. Samples for chlorophyll-a and pheophytin analysis were extracted in
90% acetone in the dark at 4C for 3.5 hours. The samples were then centrifuged for
20 minutes and a sample of the supernatant transferred to the spectrophotometer cell.
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Readings were taken at wavelengths of 750, 664, 647 and 630 nm. Two drops of 0.1N
hydrochloric acid were added and readings again taken at wavelengths of 750 and
665 nm. The vial containing the remaining sediment were dried overnight at 100C
and weighed to determine the dry weight of sediment. Values for chlorophyll-a and
pheophytin were calculated according to standard methods (Lorenzen, 1967;
Lorenzen and Jeffrey, 1980). Total sediment phytopigment concentrations were
derived from the sum of sediment chlorophyll-a and pheophytin concentrations (Thiel,
1978).

5.3.9 Sediment Total Organic Carbon (TOC), Total Nitrogen (TN) and ∂13C and
∂15N isotope ratios analysis
A freeze dried sub-sample of homogenised surficial sediment from each core was
analysed for TN and TOC and carbon and nitrogen stable isotope ratio composition
(∂13Cand ∂15N) using a Isoprime (Micromass, Manchester) continuous flow, isotope
ratio mass spectrometer following combustion in a Eurovector EA3000 (Milan Italy).
Carbon and nitrogen isotope ratios are expressed in delta (δ) notation with units of per
mil (‰), calculated from the formula:
δ13C or δ15N (‰) = (Rsample/Rstandard−1) * 1000
Where R is the ratio of the

13C:12C

or

15N:14N.

The carbon standard was PeeDee

Belemnite limestone and the precision was 0.11‰. An automated in situ acidification
procedure was employed prior to TOC analysis (Nieuwenhuize et al., 1994) to remove
inorganic carbon. The nitrogen standard was atmospheric N2.

5.3.10 Water nutrient analysis
NH4+, NOx, DIP, DSi, TDN, TDP, TN and TP concentrations for ambient water quality
and sediment-water nutrient flux estimation were analysed by flow injection analysis
(LachatTM QuikChem 8000) at the NSW Office of Environment and Heritage (OEH)
water studies laboratories using standard methods (Table 5.3). DON, DOP, PN and
PP concentrations were determined by difference (Table 5.3). A reference water
sample used for nutrient analyses was produced at the OEH water studies laboratories
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and checked against certified material produced by the QLD Health Scientific
Services.
Table 5.3: Methods used for nutrient analyses and detection limits. *Practical Quantitation
Limit (PQL) – units in μg.L-1. N/A – Not applicable
Test ID

Methods used during testing

Units

PQL*

NH4+

APHA Method 4500 – NH3 H

μg NH3-N.L-1

2

NOx

APHA Method 4500 – NO3 F (Modified)

μg NOx-N.L-1

1

DIP

APHA Method 4500 – P F

μg PO4-P.L-1

1

SiO4

APHA Method 4500 – Si F (Modified using

μg SiO2-Si.L-1

5

μg N-N.L-1

80

μg P-P.L-1

3

Stannous Chloride as the reducing agent)
TN & TDN

APHA Method 4500 - NO3 F (Modified) +
(Autoclave Persulfate Digestion)

TP & TDP

APHA Method 4500 – P F + (Autoclave
Persulfate Digestion

DON

DON = TDN - (NOx + NH4+)

μg N-N.L-1

N/A

DOP

DON = TDN - (NOx + NH4+)

μg N-N.L-1

N/A

PN

PN = TN - TDN

μg N-N.L-1

N/A

PP

PP = TP - TDP

μg P-P.L-1

N/A

5.3.11: Dinitrogen (N2) gas analysis
Dissolved gas concentrations (O2, Ar, N2) were determined using Membrane Inlet
Mass spectrometry (MIMS) at the Geosciences Australia Laboratory, Canberra
following methods and calculation protocols described in Kana et al. (1994 and 1998)
and using the solubility constants of Weiss (1970).

5.3.12: Benthic metabolism and sediment-water flux calculations:
Oxygen (O2), dinitrogen gas (N2), dissolved inorganic (NH4+, NOx, DIP, DSi) and
organic (DON and DOP) flux rates (μmol.m-2.hr-1) were determined as the difference
between the final and initial concentrations in the water column after 4 hours incubation
(light or dark) as calculated in Equation (1):

Fx 

Cf

 Ci  x V
……………… Equation (5.1)
A xt

where;
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Fx = flux of oxygen or inorganic nutrient species (μmol.m-2.hr-1)
Cf = final concentration (μM)
Ci = initial concentration (μM)
V = volume of water (l)
A = surface area (m2)
t = incubation time (h)
For oxygen, benthic community respiration (BCR) and net primary production (NPP)
rates were determined from the dark and light incubations respectively. Benthic gross
primary production (GPP) for each core was then calculated by the following formula;
GPP = NPP-BCR ……………… Equation (5.2)
For practical reasons we have assumed that BCR in the light equalled BCR in the dark
recognising that light-enhanced respiration is recognised to occur in most autotrophs
(Falkowski and Raven 1997). Net benthic metabolism (NBM) and net sediment-water
nutrient flux rates for each core were calculated by averaging hourly flux rates obtained
during light and dark incubations.

5.3.13 Statistical Analyses
Differences between benthic metabolism and sediment-water nutrient flux rates
across depths and month for both bays were assessed by a two-factor analysis of
variance (ANOVA) using NCSS Software (Hinze, 2001). Homogeneity of variance was
assessed using Modified-Levene Equal-Variance Test, and heterogenous data were
transformed according to Underwood (1997). Where homogeneity of variances could
not be achieved using transformed data, raw data were used. For each parameter, the
ANOVA significance test statistic was set at P<0.05. When significant differences
among depths and months were found, comparison of means was assessed using
Student-Newman-Keul’s (SNK) post-hoc comparison tests.

177

5.4 Results:
5.4.1 Routine physio-chemical parameters in Coomba and Pipers basins
Routine depth profiling found that the water columns of the deeper basins in both
Coomba and Pipers Bays were well mixed and generally followed similar trends
throughout 2006 to early 2007. Water temperatures in the main basins of both bays
followed predictable seasonal trends with coolest (13.8°C) and warmest (28.4°C)
temperatures occurring during June 2006 (winter) and February 2007 (summer)
respectively (Figure 5.2 A). Salinities in the main basins ranged from 28 to 36 parts
per thousand (ppt) (Figures 5.2 B). Turbidity also followed a similar seasonal trend
with least and greatest values occurring in both bays during August 2006 and
December 2007 respectively (Figures 5.2 C).
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Figures 5.2 A-F: Temperature, turbidity, salinity, chlorophyll-a, particulate nitrogen and
phosphorus concentrations in the main basins of Coomba and Pipers Bays during 2006-2007.
Data were routinely collected each month by the Water Studies Section of NSW Office of
Environment and Heritage (OEH).
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5.4.2 Routine water column chlorophyll-a and nutrient concentrations in
Coomba and Pipers basins
Water column chl-a concentrations were generally low and ranged from 0.2 to 5.8
µg.L-1 and 0.7 to 3.2 µg.L-1 in Coomba and Pipers basins respectively (Figure 5.2 D).
There was a general seasonal trend in both bays with mean chl-a concentrations being
greatest in the period from October (mid spring) to April (early autumn) and least from
May (late autumn) to August (late winter) (Figure 5.2 D). DON was the major form of
nitrogen in the water column in the main basins of both Coomba and Pipers with
concentrations ranging from 87 to 254 μg.L-1 between December 2006 to March 2007
(Figure 5.3 E) with PN concentrations ranging from 11 to 108 μg.L -1 (Figure 5.2 E). In
contrast, NH4+ and NOx concentrations were generally very low (Figures 5.3 A and B.)
PP was the major form of P in the water column in both bays with mean concentrations
ranging from 1.8 to 15.7 μg.L-1 (Figure 5.2 F). DIP and DOP concentrations in the
water column were very low ranging from 0.0 to 2.7 μg.L-1 and 0.1 to 3.6 μg.L-1
respectively (Figures 5.3 C and D). DSi ranged between 25 to 720 μg.L-1 (Figure 5.3
F).
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Figure 5.3 A-F: Water column dissolved nutrient concentrations in the main basins of Coomba
and Pipers Bays from December 2005 to March 2007. Data were routinely collected by the
Water Studies Section of NSW Office of Environment and Heritage.
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5.4.3 Sediment chlorophyll-a concentrations and season
Sediment chlorophyll-a (sed.chl-a) concentrations (mg.m-2) at 0.5 metres depth in
Coomba (Figure 5.4 A, Table 5.4) were less in November 2006 (spring) than May (late
autumn), August (winter) and February (summer) (P<0.05). Sed.chl-a concentrations
at 0.5 m depth in Coomba were more than three-fold higher than Pipers during each
season (Figures 5.4 A and B, Table 5.4). Pipers showed a similar seasonal trend at
0.5 m depth with least sed.chl-a concentrations occurring in November (Spring)
(Figure 5.4B, Table 5.4). In contrast, sed.chl-a concentrations were greater during May
and August 2006 (late autumn-winter) than during November 2006 and February 2007
late (late spring-summer) at 1.5 and 2.8 metre depths in Coomba (Figure 5.4 A, Table
5.4). A similar seasonal pattern occurred in the main basin (2.5 metre depth) at Pipers
where sed.chl-a was greater in August 2006 (winter) than in November 2006 and
February 2007 (late spring to summer) (Figure 5.4 B, Table 5.4).

5.4.4 Sediment chlorophyll-a and pheophytin and depth
Sed.chl-a concentrations were consistently greater at 0.5 and 1.5 than at 2.8 metre
depths in Coomba during all seasons (Figure 5.4 A, Table 5.4). Greatest sed.chl-a
concentrations occurred at 1.5 metres depth in Coomba during May, August and
November 2006 and at 0.5 metres in February 2007 (Figure 5.4 A, Table 5.4).
Similarly, greatest sediment pheophytin concentrations occurred at 1.5 metres depth
in Coomba in all seasons (Figure 5.4 C, Table 5.4). In contrast to patterns seen at
Coomba, sed.chl-a and pheophytin concentrations were consistently greater at 2.5
than at 0.5 metre depths in Pipers Bay during each season (Figures 5.4 C and D,
Table 5.4).
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Figures 5.4 A-D: Mean (±SE) sediment chlorophyll-a and pheophytin concentrations and ratios
(N=9-12) at different depths in Coomba and Pipers Bays, Wallis Lake between May 2006 and
February 2007.

5.4.5 Sediment chlorophyll-a to pheophytin ratios (g:g)
Sediment chl-a to pheophytin ratios (sed.Chl-a:Pheo) consistently decreased with
depth at both Coomba and Pipers during all seasons (Table 5.4). Sed.chl-a:pheo
averaged across May, August, November and February in Coomba was 1.5:1, 0.9:1
and 0.6:1 at 0.5, 1.5 and 2.8 metres depth respectively and 1.3:1, and 0.5:1 at 0.5 and
2.5 metres depth respectively across August, November and February in Pipers.
There was a strong linear relationship (R2= 0.9732) between depth and sed.chl-a:pheo
ratios averaged across August, November and February for both bays (Figure 5.5).
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Table 5.4: Mean (±SE) sediment chlorophyll-a (Sed. Chl-a), pheophytin (Sed. Pheo)
concentrations; sediment chlorophyll-a: sed pheophytin (ratio), and sediment chlorophyll-a as
a percentage of total (sediment+pelagic) chlorophyll-a normalised to water column depth in
Coomba and Pipers Bays from May 2006 to February 2007. N=12 for each depth in May and
August and N=9 for November and February.
Depth
(m)

Sed. Chl-a
(mg.m-2)

Sed. Pheo
(mg.m-2)

Sed.Chl-a:Pheo
(g:g)

Sed. Chl-a
(% Total chl-a)

0.5
1.5
2.8
0.5
1.5
2.8
0.5
1.5
2.8
0.5
1.5
2.8

22 ± 2
36 ± 3
32± 6
20 ± 2
23 ± 3
13 ± 1
15 ± 2
17 ± 2
5±1
24 ± 6
16 ± 2
4±0

15 ± 1
32 ± 2
33 ± 3
18 ± 1
26 ± 1
20 ± 1
11 ± 2
22 ± 2
17 ± 1
12 ± 3
18 ± 2
14 ± 1

1.4
1.1
1.0
1.1
0.9
0.7
1.3
0.8
0.3
2.0
0.9
0.3

99
96
89
98
94
80
96
86
58
77
71
21

0.5
2.5
0.5
2.5
0.5
2.5

4±1
14 ± 2
2±0
6±2
8±2
7±1

3±0
17 ± 0
2±0
22 ± 0
6±0
20 ± 2
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0.8
1.2
0.3
1.3
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Figure 5.5: Mean (±SE) sediment chlorophyll-a:pheophytin ratios (sed. chl-a:pheo) versus
depth in Coomba and Pipers Bays, Wallis Lake between August 2006 to February 2007.
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5.4.6 Sediment chlorophyll-a as a proportion of total chlorophyll-a
Sediment chl-a as a percentage of total chl-a (sediment+pelagic chl-a concentrations
normalised to water column depth) consistently decreased across the depth gradient
in both Coomba and Pipers Bays during all seasons (Figures 5.6 A and B, Table 5.4).
In the deep basin (2.8 m depth) of Coomba Bay, there was a distinct seasonal trend
where sed.chl-a made up a greater proportion of the total chl-a pool in May (89%) and
August (80%) and this decreased to 58% in November and 21% in February (Figure
5.6 A and Table 5.4). Similar decreases in sediment chl-a as a percentage of total chla also occurred at 0.5 and 1.5 m depths in Coomba Bay from May 2006 to February
2007 (Figure 5.6 B and Table 5.4). In the deep basin (2.5 m depth) of Pipers Bay,
there also were seasonal differences where sed.chl-a made up a 76% of the total chla pool in August and this decreased to 45% in November and February (Table 5.4).
Seasonal patterns in sediment chl-a as a percentage of total chl-a were less clear at
0.5 m depths in Pipers Bay ranging from 88% in August, 76% in November and 86%
February (Table 5.4).
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Figures 5.6 A and B: Seasonal sediment chlorophyll-a concentrations as a percentage of total
chl-a (sediment+pelagic chl-a concentrations normalised to water column depth) across the
depth gradient in Coomba and Pipers Bays.

5.4.7 Sediment total organic carbon (TOC), total nitrogen (TN) and C:N ratios
Box and whisker plots of sediment total organic carbon (TOC), total nitrogen (TN)
content and C:N (molar) ratios pooled across August, November and February at each
depth in Coomba and Pipers show that there were clear differences among depths in
both bays (Figures 5.7 A-F). Mean sediment TOC concentrations (% Dry Weight)
ranged from 2 to 2.2, 3.6 to 4.8 and 2.9 to 3.5 % at 0.5, 1.5 and 2.8 m respectively in
Coomba between August and February (Table 5.5) Sediment TOCconcentrations in
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Coomba were significantly different among depths (P=0.000; 1.5m>2.8m>0.5m) with
the greatest TOC concentrations occurring at 1.5 m depth during each month;
(P=0.0003,

August>February=November).

At

Pipers,

mean

sediment

TOC

concentrations ranged from 0.1 to 0.4 and 4.1 to 4.5% at 0.5 and 2.5 m respectively
over the same period (Table 5.5). Sediment TOCconcentrations were significantly
greater at 2.5 than 0.5 m in Pipers (P=0.000) during each month (P=0.0004; August
>February = November).
Mean sediment TNconcentrations (%DW) ranged from 0.2 to 0.25, 0.3 to 0.4 and 0.3
to 0.3 % at 0.5, 1.5 and 2.8 m respectively in Coomba Bay between August and
February (Table 5.5). As found for sediment TOC, sediment TNconcentrations in
Coomba were significantly different among depths (P=0.0000; 1.5m>2.8m>0.5m);
during each season; (P=0.0062, August>February=November). At Pipers, sediment
TNconcentrations were less than 0.05 % and 0.4 % DW at 0.5 and 2.5 depth
respectively each month (Table 5.5). Sediment TN concentrations (DW %) were
significantly greater at 2.5 than 0.5 m depths (P=0.0000) during each season
(P=0.0075; August>February=November).
Mean sediment TOC to TN ratios (C:N) ranged from 12.9 to 13, 12.6 to 14.1 and 11.6
to 12.4 at 0.5, 1.5 and 2.8 m depths respectively in Coomba between August and
February (Table 5.5). Mean sediment C:N ranged from 13 to 13.4 and 12 to 12.6 at
0.5 and 2.5 m respectively in Pipers between August and February (Table 5.5).
Sediment C:N ratios in the deeper basins were consistently less than the shallows in
both bays (Table 5.5).
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Figures 5.7 A-F: Box and whisker plots of sediment total organic carbon (TOC), total nitrogen
(TN) content and C:N (molar) ratios pooled across August, November and February at each
depth in Coomba and Pipers Bays, Wallis Lake. Horizontal dashed and continuous lines
represent mean and median values respectively. The middle box represents the middle 50%
of values around the median. The upper and lower whiskers represent values outside the
middle 50%. Black dots are outliers. %DW - Percent dry weight.
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Table 5.5: Bulk sediment properties (mean ± SE) and ratios across depth gradient in Coomba and Pipers Bays, Wallis Lake between May 2006
and February 2007. ND – no data.
Depth

Chl-a

Pheo

TOC

TN

C:N

C13

N15

TOC:Chl-a

TN:Chl-a

(m)

(µg.g-1)

(µg.g-1)

(%)

(%)

(molar)

(‰)

(‰)

(g:g)

(g:g)

0.5

20.3 ± 1.6

14.1 ± 1.2

ND

ND

ND

ND

ND

ND

ND

1.5

40.8 ± 3.6

36.4 ± 2.5

ND

ND

ND

ND

ND

ND

ND

2.8

28.9 ± 5.4

29.9 ± 2.1

ND

ND

ND

ND

ND

ND

ND

0.5

13.8 ± 1.2

12.6 ± 0.5

2.2 ± 0.1

0.2 ± 0.0

13.2 ± 0.1

-15.8 ± 0.1

1.8 ± 0.1

1777 ± 200

156 ± 17

1.5

22.7 ± 2.8

25.1 ± 0.7

4.8 ± 0.2

0.4 ± 0.0

13.3 ± 0.1

-15.9 ± 0.1

1.8 ± 0.0

2514 ± 334

222 ± 30

2.8

17.6 ± 2.2

25.8 ± 1.6

3.5 ± 0.1

0.3 ± 0.0

12.4 ± 0.2

-17.6 ± 0.3

2.7 ± 0.0

2439 ± 361

227 ± 31

0.5

17.7 ± 2.8

13.5 ± 2.8

2.1 ± 0.3

0.2 ± 0.0

13.0 ± 0.2

-16.1 ± 0.1

1.6 ± 0.1

1146 ± 87

103 ± 7

1.5

23.7 ± 2.3

31.0 ± 1.9

3.6 ± 0.1

0.3 ± 0.0

12.6 ± 0.1

-16.3 ± 0.1

1.6 ± 0.1

1610 ± 143

148 ± 12

2.8

6.9 ± 0.5

23.9 ± 1.2

2.9 ± 0.2

0.3 ± 0.0

11.6 ± 0.2

-18.6 ± 0.0

2.4 ± 0.2

4241 ± 276

426 ± 25

0.5

26.8 ± 8.4

13.4 ± 3.6

2.0 ± 0.4

0.2 ± 0.0

12.9 ± 0.2

-15.8 ± 0.0

0.9 ± 0.2

1117 ± 125

100 ± 10

1.5

21.8 ± 3.3

23.3 ± 1.8

4.0 ± 0.1

0.3 ± 0.0

14.1 ± 0.7

-15.1 ± 0.5

1.7 ± 0.2

2129 ± 279

172 ± 15

2.8

6.4 ± 0.3

20.8 ± 0.7

3.2 ± 0.0

0.3 ± 0.0

12.1 ± 0.1

-18.3 ± 0.1

2.4 ± 0.1

5163 ± 243

495 ± 21

0.5

3.3 ± 0.6

2.4 ± 0.7

0.4 ± 0.1

0.0 ± 0.0

13.0 ± 0.2

-16.2 ± 0.2

1.0 ± 0.4

1180 ± 142

107 ± 13

2.5

21.5 ± 2.8

26.9 ± 1.2

4.5 ± 0.1

0.4 ± 0.0

12.6 ± 0.0

-16.7 ± 0.0

2.3 ± 0.0

2661 ± 395

246 ± 36

0.5

1.7 ± 0.2

1.4 ± 0.2

0.1 ± 0.0

0.0 ± 0.0

14.8 ± 0.5

-17.3 ± 0.3

1.3 ± 0.2

875 ± 199

67 ± 13

2.5

11.5 ± 0.6

40.0 ± 0.9

4.2 ± 0.1

0.4 ± 0.0

12.0 ± 0.0

-16.7 ± 0.0

1.9 ± 0.2

3742 ± 208

364 ± 21

0.5

3.5 ± 0.6

2.7 ± 0.4

0.3 ± 0.0

0.0 ± 0.0

13.4 ± 0.2

-16.4 ± 0.2

-0.01 ± 0.3

865 ± 180

77 ± 17

2.5

9.4 ± 0.8

29.4 ± 1.6

4.1± 0.1

0.4 ± 0.0

12.4 ± 0.1

-16.7 ± 0.1

2.3 ± 0.1

4640 ± 361

437 ± 33

Coomba
May 2006

Aug 2006

Nov 2006

Feb 2007

Pipers
Aug 2006
Nov 2006
Feb 2007
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5.4.8 Relationships between total sediment phyto-pigments (chlorophyll-a +
pheophytin) versus total organic carbon (TOC) and total nitrogen (TN)
concentrations
Compared across both Coomba and Pipers Bays, there were strong positive
relationships between sediment total phyto-pigments (chlorophyll-a + pheophytin)
versus TOC (R2= 0.943) and TN (R2= 0.914) content averaged across August,

TOC (%)

November and February for each depth (Figures 5.8 A and B).
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Figures 5.8 A and B: Mean (±SE) TOC and TN content (%DW) versus total sediment phytopigment (sediment chlorophyll-a + pheo) concentrations (µg/g) averaged across August,
November, and February for Coomba and Pipers Bays.
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5.4.9 Sediment carbon (13C) and nitrogen (15N) stable isotope ratios
Mean sediment δ13C ratios ranged from -16.1 to -15.8, -16.3 to -15.1 and -18.6 to 17.6 ‰ at 0.5, 1.5 and 2.8 m depths respectively in Coomba between August and
February (Table 5.5). Mean sediment δ13C values in the deeper basin (2.8 m) of
Coomba were consistently lower than the 0.5 and 1.5 m depths (Figure 5.9 A and
Table 5.5). Mean sediment δ13C ratios ranged from -17.3 to -16.2 ‰ at 0.5 m and were
consistently -16.7 ‰ at 2.5 m in Pipers between August and February (Table 5.5). No
differences were evident between mean sediment δ13C values in the deeper basin (2.5
m) and 0.5 m at Pipers (Figure 5.9 B and Table 5.5).
Mean monthly sediment 15N values ranged from 0.9 to 1.6, 1.6 to 1.8 and 2.4 to 2.7
‰ at 0.5, 1.5 and 2.8 m depths respectively in Coomba between August and February
(Figure 5.9 C and Table 5.7). Mean monthly sediment 15N ratios ranged from 0 to 1.3
and 1.9 to 2.3 at 0.5 and 2.5 m depths respectively in Pipers during the same period
(Figure 5.9 D and Table 5.7). There was a consistent increase in sediment δ15N ratios
averaged across August, November and February with an increase with depth across
both bays (Figures 5.10).
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Figure 5.9 A-D: Box and whisker plots of sediment ∂13C and ∂15N values pooled across August,
November and February at each depth (N=30) in Coomba and Pipers Bays, Wallis Lake.
Horizontal dashed and continuous lines represent mean and median values respectively. The
middle box represents the middle 50% of values around the median. The upper and lower
whiskers represent values outside the middle 50%. Black dots are outliers. The middle box
represents the middle 50% of values around the median. The upper and lower whiskers
represent values outside the middle 50%. Black dots are outliers.
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Figure 5.10: Mean (±SE) sediment ∂15N ratios averaged across August, November, and
February for Coomba and Pipers Bays versus depth.

5.4.10 Sediment TOC:chl-a (g:g) and TN:chl-a (g:g) ratios and depth
Averaged across months (August, November 2006 and February 2007), there were
strong linear relationships between depth and sediment TOC:chlorophyll-a (R2=0.98)
and TN:chlorophyll-a (R2=0.97) ratios across both bays (Figure 5.11 A and B) though
there were differing trends for different depths across months (Table 5.5). In the
deeper basins (2.8 and 2.5 metre depths) of Coomba and Pipers, TOC:chlorophyll-a
and TN:chlorophyll-a ratios increased respectively from the lowest ratios in August
2006 to reach a peak in February 2007 (Table 5.5). In contrast, at the shallow sites
(0.5 m) of both bays, greatest TOC:chlorophyll-a and TN:chlorophyll-a ratios occurred
in August 2006 and then decreased to the lowest ratios in February 2007 (Table 5.5).
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Figure 5.11 A and B: Mean (±SE) sediment total organic carbon:chlorophyll-a concentrations
(TOC:chl-a) and sediment total nitrogen:chlorophyll-a concentrations (TN: chl-a) versus depth
in Coomba and Pipers Bays, Wallis Lake averaged across August 2006 to February 2007.

5.4.11 Benthic community respiration (BCR)
Mean BCR rates across months and depths ranged from -400 to -1225 and -230 to 730 O2-µmol.m-2.hr-1 in Coomba and Pipers respectively over the course of the study
(Figures 5.12 A and B and Table 5.6). Patterns of BCR rates among months differed
for each depth. In the deeper basins of both Coomba and Pipers (2.8 and 2.5 m), there
was only relatively small variation in mean BCR rates between bays and among
months with mean BCR rates ranging from -775 to -851 and -696 to -736 O2-µmol.m2.hr-1 respectively

(Figures 5.12 A and B and Table 5.6). In contrast, in Coomba at 0.5

m, BCR rates showed a distinct seasonal pattern with least and greatest BCR rates of
-395 ± 58 and -869 ± 45 O2-µmol.m-2.hr-1 occurring in August and February
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respectively (Figure 5.12 A and Table 5.6). In Pipers, at 0.5 m, a winter-summer
pattern was less clear with greatest BCR rates of -538 ± 70 O2-µmol.m-2.hr-1 occurring
in February 2007 whereas least BCR rates -227±47 O2-µmol.m-2.hr-1 were measured
in November (Figure 5.12 B and Table 5.6). At Coomba at 1.5 m, BCR rates in May,
August and November were not different among months at -600 ± 62, -646 ± 39 and 585 ± 46 O2-µmol.m-2.hr-1 respectively. In contrast, BCR in February 2007 at 1.5 m
was approximately two-times the rates measured in prior seasons at -1224 ± 142 O2µmol.m-2.hr-1 (Figure 5.12 A and Table 5.6). Compared across months, BCR rates did
not differ across depths in Coomba Bay (Figure 5.13 A) however, there were
differences between depths in Pipers with greater rates in the deeper basin (2.5 m)
than in the shallows (0.5 m) (Figure 5.13 B). Overall, there were strong positive
relationships between mean benthic community respiration (BCR) rates versus mean
sediment TOC (R2 = 0.82), TN (R² = 0.81) and sediment total phyto-pigment (R² =
0.83) concentrations averaged across August, November, and February for each
depth in Coomba and Pipers Bays (Figure 5.14 A, B and C).
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Table 5.6: Mean (± SE) dissolved oxygen fluxes under light and dark conditions for different
depths in Coomba and Pipers Bay, Wallis Lake during 2006-2007. All values shown are in O2µmol.m-2.hr-1.
Depth

Dark

Light

Light-Dark

Net

Coomba

(m)

BCR

NPP

GPP

NBM

May 2006

0.5

-550±98

1175±100

1725±173

313±49

1.5

-600±62

357±121

957±143

-121±65

2.8

-775±114

1270±548

2045±547

247±286

0.5

-395±58

1130±145

1524±152

367±80

1.5

-646±39

389±153

1047±150

-135±83

2.8

-713±46

664±165

1376±211

-24±60

0.5

-706±113

1856±265

2562±307

575±133

1.5

-585±46

1451±211

2036±204

433±113

2.8

-851±61

-138±53

713±52

-494±51

0.5

-869±45

2594±475

3463±452

862±253

1.5

-1224±142

1080±349

2304±323

-72±212

2.8

-817±51

-176±48

641±41

-496±45

0.5

-365±100

1296±181

1621±159

556±148

2.5

-715±99

497±179

1212±191

-109±108

0.5

-227±47

1865±339

2092±341

819±171

2.5

-696±61

180±90

876±114

-258±51

0.5

-538±70

2138±315

2676±364

800±137

2.5

-736±91

111±253

967±272

-313±135

Aug 2006

Nov 2006

Feb 2007

Pipers
Aug 2006
Nov 2006

Feb 2007
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Figure 5.12 A and B: Mean (± SE) benthic community respiration rates (BCR) for different
depths in Coomba and Pipers Bays, Wallis Lake during 2006-2007. N=9-12 for each depth
and month.
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Figure 5.13 A-F: Box and whisker plots of benthic metabolism measures BCR, GPP and NBM
rates at different depths between May 2006 to February 2007 in Coomba and Pipers Bays,
Wallis Lake, NSW. Median and mean values are shown by continuous and dashed horizontal
lines respectively. Boxes encompass 25th and 75th quartiles. The upper and lower whiskers
represent 95th and 5th percentiles. Black dots are data outside of the 95th and 5th percentiles.
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Figure 5.14 A-C: Mean TOC, TN content (%) and sediment total phyto-pigments versus mean
(±SE) benthic community respiration (BCR) rates averaged across August, November, and
February for each depth in Coomba and Pipers Bays.
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5.4.12: Benthic gross primary production (GPP)
In both Coomba and Pipers Bays, benthic GPP occurred at all depths during all
months, however, there were different seasonal trends occurring at different depths
within both bays (Figures 5.15 A and B and Table 5.6). In the shallower depths of
Coomba (0.5 and 1.5 metres), benthic GPP was least in May and August (late autumnwinter) and increased in November and February (late spring-summer) (Figure 5.15 A
and Table 5.6). Similar trends among months also occurred in the shallows at Pipers
with benthic GPP rates least in August (late winter) and increased in November and
February (late spring-summer) (Figure 5.15 B and Table 5.6). In contrast, in the deeper
mud basin of Coomba (2.8 m), the greatest benthic GPP rates occurred in May and
August (late autumn-winter) and were the least in November and February (springsummer) (Figure 5.15 A and Table 5.6). This result corresponded to trends among
months found in the deeper basin of Coomba (2.8 m) for sediment chlorophyll-a
concentrations (Figure 5.4 A). There were no differences for benthic GPP across
months in the deeper basin of Pipers Bay (Figure 5.15 B and Table 5.6). Overall, there
was a strong negative relationship (R2=0.9554) across both Coomba and Pipers Bays
between depth and benthic GPP averaged over August, November and February
(Figure 5.16).
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Figures 5.15 A and B: Mean (± SE) benthic gross primary production rates (GPP) for different
depths in Coomba and Pipers Bays, Wallis Lake during 2006-2007. N=9-12 for each depth
and month.
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Figure 5.16: Mean (±SE) benthic gross primary production (GPP) versus depth in Coomba
and Pipers Bays, Wallis Lake averaged across August 2006 to February 2007. N.B - GPP
data measured at Coomba Bay in May were omitted as no data were collected at Pipers Bay
during this time.

5.4.13 Net benthic metabolism (NBM)
Sediments in the deeper basins of both Coomba and Pipers (2.8 and 2.5 metre depths
respectively) were net heterotrophic (NBM<0) during August, November and February
and net autotrophic at Coomba Bay in May (NBM>0) (5.17 A and B and Table 5.6). In
contrast, sediments at 0.5 metres depth in both bays were net autotrophic (NBM>0)
during all seasons (Figures 5.17 A and B and Table 5.6). In Coomba Bay, sediments
at 1.5 m varied between autotrophy and heterotrophy seasonally (Figure 5.17 A and
Table 5.8). Averaged across August, November and February, there was a strong
linear relationship (R2=0.97) between NBM and depth (Figure 5.18) where sediments
in the shallows (0.5 m) of both Coomba and Pipers were net autotrophic whereas the
deeper mud basins were (2.8 and 2.5 m) were net heterotrophic (NBM<0) (Figure
5.18). In Coomba Bay, sediments at 1.5 m were on average balanced (NBM=0) over
the year (Figure 5.18).
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Figure 5.17 A and B: Mean (± SE) net benthic metabolism rates (NBM) for different depths in
Coomba and Pipers Bays, Wallis Lake during 2006-2007. N=9-12 for each depth and month.
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Figure 5.18: Mean (±SE) Net benthic metabolism (NBM) versus for each depth sampled in
Coomba and Pipers Bays, Wallis Lake averaged across August 2006 to February 2007.

There were also strong relationships between mean (averaged across August,
November and February) NBM rates and sed.chl-a:pheo and TOC:chl-a concentration
ratios across the depth gradient of both bays (Figures 5.19 A and B). Sediments at 0.5
metres depth in both bays were net autotrophic (NBM>0) and had sed.chl-a:pheo
concentration ratios between 1.5 and 1.7 (g:g) and TOC:chl-a concentration ratios
between 3681 and 3940 (g:g) (Figures 5.19 A and B). In contrast, sediments in the
deeper basins (2.8 and 2.5 metres depth) of both bays were net heterotrophic
(NBM<0) and had sed.chl-a:pheo ratio concentration ratios at between 0.45 and 0.55
(g:g) and TOC:chl-a concentration ratios between 970 and 1350 (g:g) (Figures 5.19 A
and B). Sediments at 1.5 m depth in Coomba Bay were on average balanced and had
sed.chl-a:pheo and TOC:chl-a concentration ratios of 0.9 and 2100 (g:g) respectively
(Figures 5.19 A and B)
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Figure 5.19 A and B: Mean (±SE) sediment chlorophyll-a to pheophytin ratios (g:g) and
sediment total organic carbon:chlorophyll-a concentrations (TOC:chl-a) (g:g) versus net
benthic metabolism (NBM) for each depth sampled in Coomba and Pipers Bays, Wallis Lake
averaged across August 2006 to February 2007.

5.4.14 Sediment-water ammonia (NH4+) fluxes
In Coomba, mean net sediment-water NH4+ flux rates ranged from very small influxes
to moderate effluxes (-2.2 to 47.4 N-µmol.m-2.hr-1) across depths over the course of
the study (Figure 5.20 A and Table 5.7). At 0.5 and 1.5 m depths, small net influxes of
NH4+ into the sediment occurred in May 2006; these increased to small effluxes in
August and November 2006 and were large during summer in February 2007 (Figure
5.20 A and Table 5.7). In contrast, at the 2.8 m depth, net sediment-water NH4+ fluxes
were small and directed from the sediment to the water column each season with
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greatest effluxes occurring February 2007 (Figure 5.20 A and Table 5.7). Averaged
across seasons, net sediment-water NH4+ flux rates were similar among depths
(Figure 5.23 A).
In Pipers, mean net sediment-water NH4+ flux rates also ranged from very small to
moderate effluxes (0.7 to 38.0 N-µmol.m-2.hr-1) over the course of the study (Figure
5.20 B and Table 5.7). Low effluxes from the sediment to the water column occurred
at 0.5 m depth in August, November 2006 and February 2007. At 2.5 m depths, there
was low efflux of NH4+ in August increasing to a moderate efflux in February 2007
(Figure 5.20 B). Averaged across seasons, net sediment-water NH4+ flux rates were
greater at 2.5 than 0.5 metre depths (Figure 5.23 B).
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Figures 5.20 A and B: Mean (±SE) net sediment-water NH4+ fluxes at different depths in
Coomba and Pipers Bays, Wallis Lake, between May 2006 and February 2007.

5.4.15 Sediment-water nitrate + nitrite (NOx) fluxes
Relative to sediment-water NH4+ flux rates, net NOx flux rates were small and variable
in direction. Mean sediment-water NOx flux rates in Coomba and Pipers Bays ranged
from -2.0 to 0.9 and -8.4 to 1.7 N-µmol.m-2.hr-1 respectively over the course of the
study (Table 5.7). Compared across seasons, net sediment-water NOx flux rates at
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0.5 and 1.5 metre depths in Coomba Bay were generally very low and directed into
the sediment whereas fluxes at 2.8 metres were also low and directed out of the
sediment into the water column (Table 5.7). In Pipers Bay net sediment-water NOx flux
rates across seasons at both 0.5 and 2.5 metre depths were very low and not different
from zero (Table 5.7).
5.4.16 Sediment-water dissolved organic nitrogen (DON) fluxes
Net sediment-water DON flux rates were variable in direction ranging from -4 to 27
and -18 to 14 N-µmol.m-2.hr-1 in Coomba and Pipers Bays respectively across months
(Table 5.7).
5.4.17 Sediment-water dinitrogen gas (N2) fluxes
Sediment-water N2 flux rates were only reliably measured during dark incubations at
Coomba and Pipers Bays in August and November 2006. Samples collected in
February were compromised by bubble formation due to samples warming up during
transport. In Coomba Bay, sediment-water N2 fluxes were not different across depths
and effluxes ranged from 43 to 68 and 18 to 30 N-µmol.m-2.hr-1 in August and
November 2006 respectively (Figure 5.21 A and Table 5.7). In contrast, sedimentwater N2 fluxes differed between depths in Pipers Bay with a net influx of -97±8 and 66±13 N-µmol.m-2.hr-1 at 0.5 m depth and a net efflux of 77±9 and 53±18 N-µmol.m2.hr-1

in both August and November 2006 respectively (Figure 5.21 B and Table 5.7).
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Figure 5.21 A and B: Mean (±SE) dark sediment-water N2 fluxes at different depths in Coomba
and Pipers Bays, Wallis Lake during August and November 2006.

5.4.18 Sediment-water dissolved organic and inorganic phosphorus fluxes
Net sediment-water DIP and DOP flux rates were very small to negligible at all depths
in both Coomba and Pipers Bays with average sediment-water DIP and DOP flux rates
ranging from 0 to 1 and -1 to 1 P-µmol.m-2.hr-1 over the course of the study (Figures
5.24 A-D and Table 5.7).
5.4.19 Sediment-water dissolved silicate (DSi) fluxes
Mean net sediment-water DSi flux rates ranged from moderate uptakes to large
effluxes (-20±3 to 193±27 Si-µmol.m-2.hr-1) across depths in Coomba and Pipers Bays
over the course of the study (Figures 5.22 A and B and Table 5.7). In Coomba Bay, at
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0.5 m depth, there was a small influx of DSi to the sediment in May 2006, negligible
flux in August and small effluxes in November and February (Figure 5.22 A, Table
5.7). At 1.5 and 2.8 metre depths, there was a moderate efflux of DSi in May and
consistent increase till February 2007 (Figure 5.22 A Table 5.7). In Pipers Bay at 0.5
m depth, there was an influx of DSi to the sediments in August and November and an
efflux in February (Figure 5.22 B Table 5.7). Like patterns observed in the deeper
basin of Coomba Bay, there was a moderate efflux of DSi in May and consistent
increase till February 2007 (Figure 5.22 B Table 5.7). Averaged across months, DSi
fluxes increased with increasing depth in both Coomba and Pipers Bays (Figures 5.24
E and F)
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Figure 5.22 A and B: Mean (±SE) net sediment-water DSi fluxes at different depths in Coomba
and Pipers Bays, Wallis Lake, between May 2006 and February 2007.
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Table 5.7: Mean (±SE) net (average of light and dark) sediment-water nutrient fluxes in
Coomba and Pipers Bays, Wallis Lake during 2006-2007. Units for NH4+, NOx, DON and N2
flux rates are N-µmol.m-2.hr-1; DIP and DOP are P-µmol.m-2.hr-1; DSi are Si-µmol.m-2.hr-1.
Depth

NH4+

NOx

DON

N2

DIP

DOP

DSi

Coomba

(m)

Net

Net

Net

Dark

Net

Net

Net

May 2006

0.5

-2±1

-3±1

11±5

ND

0±0

1±0

-20±3

1.5

-1±1

-8±1

-18±8

ND

0±0

1±0
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2.8
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-6±11

ND

1±0
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0.5
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1.5

7±2
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7±2
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Figure 5.23 A-F: Box and whisker plots showing net sediment-water flux rates of NH4+, NOx,
and DON in Coomba and Pipers Bays, Wallis Lake, at different depths between May 2006
and February 2007. Median and mean values are shown by continuous and dashed horizontal
lines respectively. Boxes encompass 25th and 75th quartiles. The upper and lower whiskers
represent 95th and 5th percentiles. Black dots are data outside of the 95th and 5th percentiles.
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Figure 5.24 A-F: Box and whisker plots showing net sediment-water flux rates of DIP, DOP
and DSi in Coomba and Pipers Bays, Wallis Lake, at depths between May 2006 and February
2007. Median and mean values are shown by continuous and dashed horizontal lines
respectively. Boxes encompass 25th and 75th quartiles. The upper and lower whiskers
represent 95th and 5th percentiles. Black dots are data outside of the 95th and 5th percentiles.
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5.4.20 Net benthic metabolism versus net dissolved inorganic nutrient fluxes
There were discernible relationships between net benthic metabolism (NBM) and net
sediment-water fluxes of dissolved inorganic nitrogen DIN (mostly NH4+), and
dissolved silicate (DSi) between the shallows (0.5 m) and the deeper basin (2.5 m) in
Pipers Bay (Figures 5.26 A and C). The sediments in the shallows were net autotrophic
(NBM > 0) and low sources/sinks of DIN and DSi to the water column whereas the
deeper basin was net heterotrophic and larger sources of of DIN and DSi (Figures
5.26 A and C).
Relationships between net benthic metabolism (NBM) and net sediment-water fluxes
of dissolved inorganic nitrogen DIN and dissolved silicate (DSi) among depths were
less clear in Coomba Bay as there were several cores collected from the deeper basin
(2.8 m) in May that were highly productive and net autotrophic (Figures 5.25 A and C).
None-the-less there were generally similar patterns to those observed in Pipers Bay
where sediments that were net autotrophic (NBM > 0) were low sources/sinks of DIN
and DSi to the water column whereas net heterotrophic were larger sources of of DIN
and DSi (Figures 5.25 A and C and Figures 5.26 A and C).
There were no discernible patterns between NBM and DIP fluxes among depths in
either bays as DIP fluxes were very low to negligible (Figures 5.25 B and 5.26 B).
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Figure 5.25 A-C: Scatter plots of dissolved inorganic nitrogen (A), phosphorus (B) and silicate
(C) versus net benthic metabolism for sediment cores collected at Coomba Bay, Wallis Lake
from May 2006 to February 2007 at 0.5, 1.5 and 2.8 m depth.
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Figure 5.26 A-C: Scatter plots of dissolved inorganic nitrogen (A), phosphorus (B) and silicate
(C) versus net benthic metabolism for sediment cores collected at Pipers Bay, Wallis Lake
from August 2006 to February 2007 at 0.5 and 2.5 m depth.
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5.5 Discussion:
5.5.1 Sediment pigment concentrations
Distributions of BMA biomass (measured as sediment chl-a concentrations) often
exhibit a high degree of seasonal and spatial heterogeneity within and among
estuaries due to abiotic and biotic factors, including light climate, hydrodynamics,
sediment type, temperature, predation and competition (Sandulli and Pinckney, 1999;
Spilmont et al., 2011, Ubertini et al. 2012). Concentrations of sediment chl-a in both
bays of Wallis Lake (2-36 mg.m-2) also varied seasonally and spatially (Figures 5.4 A
and B and Table 5.6) and were within the lower ranges reported for estuarine systems
in Australia including Port Phillip Bay (0-68 mg.m-2; Light and Beardall 1998), northern
NSW estuaries (0-161 mg.m-2; Gay 2002), Sandon and Brunswick Rivers (3-45 mg.m2;

Ferguson and Eyre 2003), the Swan–Canning estuary (20-120 mg.m-2; Masini and

McComb 2001) and Lake Illawarra (4-74 mg.m-2; Wilson 2003).
Across the depth gradient, BMA biomass in Coomba was generally greater at the
shallower depths (0.5 and 1.5 m) than in the deeper basin (2.8 m) during all seasons
except May (Figure 5.4 A) whereas the opposite pattern occurred in Pipers where BMA
biomass was greater in the deeper basin (2.5 m) than in the shallows (0.5 m) (Figure
5.4 B). In Coomba Bay, different seasonal patterns of BMA biomass across the depth
gradient occurred with greater concentrations measured at 1.5 and 2.8 m depths in
late autumn-winter than in spring-summer whereas sediment chl-a concentrations in
the shallows (0.5 m) were less variable with least concentrations occurring in spring.
Similar patterns between depths occurred in Pipers with sediment chl-a concentrations
at 2.5 m depth being greater in August (winter) than in November and February
(spring-summer) and lowest sediment chl-a content in the shallows (0.5 m) in
November (Spring).
Wilson (2003) similarly found different seasonal trends in shallow sites (1.0 m depth)
and the deeper basin (2.5 m depth) of Lake Illawarra on the NSW south coast with
sediment chl-a concentrations being highest during summer and lowest during winter
in shallow sandy sediments whereas in the deeper muddy basin, sediment chl-a
concentrations were highest during spring and lowest in summer. Dunn et al. (2012)
also found that sediment chl-a concentrations varied seasonally in a shallow sub-
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tropical coastal lagoon of southern Queensland (Coombabah Lake, Australia) with the
highest concentrations measured in summer and autumn. However, the study did not
consider differences due to different depths as the lagoon is <1.0 m deep. The study
did find that sediment chl-a contents were significantly greater in the muddier sites
than the sandy sites similar to the pattern in Pipers suggesting that sediment type and
grain size was a factor.
5.5.2 Benthic versus pelagic dominance
BMA biomass as a percentage of total (benthic+pelagic) microalgal biomass
consistently decreased across the depth gradient in both Coomba and Pipers during
all seasons (Figure 5.6 A and B, Table 5.4). There was a general trend across all
depths where BMA biomass as a percentage of total (benthic+pelagic) microalgal
biomass changed seasonally decreasing from highest values in winter (May to August)
to lowest in summer (February) (Figures 5.6 A and B, Table 5.4). Similar shifts in
benthic to pelagic dominance across seasons have been reported previously with
benthic primary producers being the most important early and late in the growing
season and phytoplankton dominating following a mid-summer period of macroalgal
decay and the release of algal-bound nutrients to the water column (McGlathery et al.
2001).
The shallows (0.5 and 1.5 m) of both bays were always benthic dominated in terms of
microalgal biomass whereas in the deeper basins (2.5 and 2.8 m), there was a distinct
seasonal trend where BMA biomass made up a greater proportion (76-89%) of the
total microalgal biomass in May and August and this decreased to 21-45% in February
(Figures 5.6 A and B and Table 5.6). This seasonal shift from benthic to pelagic
dominance in the deeper basins was driven by both concomitant decreases in BMA
biomass and increases in pelagic microalgal biomass during summer (Table 5.6) and
corresponds to seasonal trends in water column turbidity which were least and
greatest in winter and summer respectively (Figure 5.2 C and Table 5.10) due to
increased sediment resuspension due to greater seasonal wind velocities from the
east (OEH, unpublished data). Details of how seasonal wind patterns influence
sediment resuspension, light attenuation and BMA photo-production across the depth
gradient are further discussed in section 5.5.4
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5.5.3 Benthic community respiration
This study hypothesised that BCR rates would increase with increasing depth,
however, there were no discernible increases in BCR rates with increasing depth in
Coomba when averaged across months (Figures 5.13 A). This result is consistent with
Hopkinson and Smiths’ (2005) analysis where they compiled BCR rates from
approximately 50 temperate estuaries and found no relationship between BCR and
depth in estuaries shallower than 10 m.
BCR rates in the shallows (0.5 m) of Pipers however, were consistently less each
month (Figure 5.12 B) and averaged across months (Figure 5.13 B), than all other
depths in both bays (Figures 5.13 A and B) and this was more likely related to sediment
type and organic matter content than depth alone. In contrast to mud silt sediments in
Coomba and the deeper basin of Pipers, the shallows of Pipers were predominantly
made up of coarse marine sands due to their location on the seaward shore of Wallis
Lake where sand dunes have been built up from wave action and redistributed by wind
forming a large barrier to the Tasman Sea (NSW DLWC 2001). Sediments in the
shallows of Pipers consistently had the lowest concentrations of TOC, TN and phytopigments (chlorophyll-a and pheophytin) when compared to sediments in Coomba and
Pipers deeper basin (Table 5.5). This was primarily due to the shallow marine
sediments in Pipers Bay being regularly exposed to strong water currents induced by
wind forcing that regularly suspend organically rich finer sediments into the water
column and transport them to the deeper basins (Sanderson pers comm.).
Overall BCR rates across both bays and depths were strongly related to proxies of
sediment OM content such as TOC, TN, and total sediment phyto-pigments (sed.chla + pheophytin) concentrations (Figures 5.14 A, B and C) and this result is consistent
with the paradigm that supply of OM to sediments is the major factor influencing BCR
in estuaries and other shallow coastal systems (Kristensen and Blackburn, 1987;
Moran and Hodson, 1990).
Strong relationships between temperature and benthic respiration rates in coastal
systems have been well documented (Kemp and Boynton 1981; Giblin et al. 1997;
Hopkinson et al. 1999; Eyre and Ferguson 2005) and seasonal water temperature was
expected to play a significant role in determining BCR rates in both bays. This study
however, found that relationships between BCR and temperature weren’t consistent

220

across depths and between bays. In Coomba, there was a discernible seasonal
pattern in BCR rates at 0.5 m depth with BCR rates being greater in November and
February (spring-summer) when water temperatures were ~29°C in contrast to May
and August (late autumn-winter) when temperatures were ~19°C (Figures 5.13 A).
Seasonal differences in BCR rates related to temperature at 0.5 m depth in Pipers
were less clear with lowest and highest BCR rates occurring in November and
February (Figure 5.13 B) when water temperatures were ~25 and 26°C respectively
(Table 5.10). In contrast, BCR rates in Coomba and Pipers basins (2.8 and 2.5 metres
depth) showed no seasonal differences related to water temperature. This is possibly
due to the effect of cooler temperatures decreasing sediment microbial metabolism in
the basins being offset by the greater supply of labile OM material from BMA which
were more productive during late-autumn-winter than in spring-summer (Figures 5.15
A and B). Similarly, there were no discernible patterns at 1.5 metre depth in Coomba
Bay from May to November however, there was a very large increase in BCR rates in
February which corresponded to the warmest water temperatures, greatest pelagic
chl-a concentrations and highest rates of BMA production (Figure 5.15 A).
5.5.4 BMA gross primary productivity across the depth gradient
Benthic GPP was hypothesised to decrease with increasing depth as light is regarded
as the key factor determining rates of primary production (Valiela, 1995) and the
amount and quality of light reaching the benthos is both depth and water clarity
dependent (Kirk, 1983). Averaged across months, benthic GPP decreased across the
depth gradient in both Coomba and Pipers (Figures 5.13 C and D and Figure 5.16),
however this decrease wasn’t consistent across months as there were different
patterns occurring at different depths seasonally (Figures 5.15 A and B). In the
shallower depths (0.5 m depth) of Coomba and Pipers, GPP rates were greater in the
November to February period than in the May to August period (Figures 5.15 A and
B). These seasonal differences are likely to be related to greater solar radiation
exposure (light) in the shallows in late spring-summer (Figure 5.27) and factors such
as warmer water temperature and increased OM supply that caused BCR rates in the
shallows to be greater in November and February than in May and August. Greater
BCR rates in November and February would have directly enhanced benthic primary
productivity by providing BMA with a greater supply of N and P remineralised in the
sediment.
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In contrast, benthic GPP rates in the deeper basins of both bays were less in
November and February (spring-summer) than in May and August (autumn-winter)
(Figures 5.15 A and B and Table 5.8). This was due to surface sediments in the deeper
basins (i.e. 2.8 m depth) receiving less solar radiation exposure in November and
February (spring-summer) than in May and August (autumn-winter period). Figure
5.27 and Table 5.8 demonstrate how seasonal differences in water column turbidity
can affect light attenuation in the water column and subsequently affect the BMA
productivity rates at depth observed in this study. Wallis Lake received greater solar
radiation exposure at sea level in February (23.7 MJ.m-2.d-1) than in August (13.8
MJ.m-2.d-1) (Table 5.8), however, Coombas’ basin also experienced higher turbidity in
February (15 NTU) than in August (1 NTU) (Table 5.8). Higher turbidity in February
translated to higher light attenuation through the water column (Table 5.8) which
resulted in the sediments in the deeper basins (i.e. 2.8 m) receiving less solar radiation
exposure in February than in August (Figure 5.27 and Table 5.8). Interestingly, Figure
5.26 shows how the interaction between seasonal solar radiation exposure and
turbidity affects light levels at depth differently. More specifically, depths less than 0.4
m received more light in February than in August, however, there was a transition
depth where sediments greater than ~ 0.4 m received more light in August than in
February (Figure 5.27). It is likely that the turbidity data collected in February was
greater than average values that would have normally occurred in Coomba Bay as a
very strong north easterly wind was blowing during sampling causing a large sediment
resuspension event. Using a lower turbidity value (i.e. 5 NTU) in February would
increase this seasonal transition depth to a depth greater than 1 metre.

Table 5.8: Mean monthly solar radiation exposure (SR) at sea level and at 2.8 m depth;
turbidity, Kd and mean (±SE) benthic GPP rates at 2.8 m depth in Coomba Bay in August
2006 and February 2007. Mean monthly solar radiation was measured at the ForsterTuncurry Marine Rescue weather station and sourced from the Australian Bureau of
Meteorology climate website. Mean monthly solar radiation exposure (SR) at 2.8 m depth
for each month was estimated from Beer-Lambert Law equation for light attenuation in water
using light attenuation coefficient (Kd) calculated from average monthly turbidity using the
relationship (Kd = 0.1575* (Turbidity) + 0.3229) for NSW estuaries (Ferguson et al. 2017).
Month

Turbidity

Kd

(NTU)

SR (Sea level)

SR (2.8 m)

Benthic GPP

(MJ.m-2.d-1)

(MJ.m-2.d-1)

(O2-umol.m-2.h-1)

Aug 2006

1

0.53

13.8

3.19

1376±211

Feb 2007

15

2.75

23.7

0.011

876±114
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Figure 5.27: Comparison of seasonal daily solar radiation exposure (light) across depths in
Coomba Bay when water column turbidity was 1 and 15 NTU respectively during benthic
sampling in August 2006 and February 2007.

The pattern of increased turbidity in November and February compared to May and
August in the main basins of Wallis Lake (Figure 5.2 C) and its influence on benthic
productivity across the depth gradient in both bays was due to seasonal differences in
wind strength and direction (which had subsequent effects on water currents). Wallis
lakes’ basins experience greater wind-induced sediment suspension in November and
February due to seasonally predominant moderate to strong north easterly to easterly
wind flow pattern (Table 5.1, Brian Sanderson pers. comm). In contrast, Wallis Lake
in May and August receives lower wind-driven sediment suspension due to
predominance of light south-west to westerly winds (Table 5.1, Brian Sandersen pers.
comm). Studies in similar large shallow lagoon systems such as the Indian River
Lagoon (Gallegos and Kenworthy 1996) and the Lagoon of Venice (Zharovaet al.
2001) have shown wind-driven sediment suspension to be the major control on light
availability through the water column and reaching the benthos. Wind seasonality has
also been shown to be a factor with higher wind velocities in summer than in winter
causing greater sediment suspension and lower average (spatial and temporal) downwelling light availability (Lawson et al. 2007).
The decrease in BMA production in the deeper basins during November and February
(spring-summer) (Figures 5.15 A and B) is also likely to have contributed to the
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increased turbidity in the bays (Figure 5.2 C and Table 5.4). Figure 5.28 shows the
linkage between BMA productivity and sediment suspension. BMA produce highly
hydrated, carbohydrate-rich exo-polymeric substances (EPS) (Smith and Underwood
1998) which are not only an important food source for bacteria and grazers (Decho
1990) but also bind particulates together, increasing the erosion threshold of the
sediment (Paterson 1989). EPS is secreted by benthic diatoms during oxygenic
photosynthesis in the light (Staats et al 2000) so it is likely that EPS production
concomitantly decreased with decreasing benthic GPP in the deeper basins of Wallis
lake in spring-summer when winds were stronger and from the east and the water
column was more turbid. This would have led to a feedback of enhanced sediment
erosion and turbidity during strong wind events.
Lawson et al. (2007) concluded that wind-driven suspension is a more important
control on benthic primary production in shallow lagoon systems with light attenuation
typically dominated by suspended sediment than in deeper estuaries where light
attenuation is often dominated by phytoplankton (Lawson et al. 2007). The results of
this study support this conclusion and it is likely that other large shallow lakes along
the NSW coast (i.e. Tuggerah Lakes and Lake Illawarra) also have seasonally variable
BMA productivity patterns across depths that are controlled by the interaction between
seasonal solar radiation exposure and wind-driven sediment suspension. Figure 5.28
provides a conceptual summary of the linkages between climate factors such as wind
patterns and solar radiation exposure that interact seasonally affecting the lakes light
climate and BMA production across the depth gradient.
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Figure 5.28: Conceptual model showing linkages between major seasonal climatic drivers
influencing light climate and BMA photo-production across the depth gradient in Coomba and
Pipers Bays, Wallis Lake.

5.5.5 Benthic trophic status and sediment-water nutrient fluxes across the depth
gradient
This study tested the hypothesis that benthic trophic status would shift from autotrophy
to heterotrophy with increasing depth and this was confirmed with a general pattern of
net benthic metabolism (NBM) averaged across months, in both Coomba and Pipers,
decreasing from net autotrophy (NBM>0) in the shallows to net heterotrophy (NBM<0)
in the deeper basins (Figures 13 E and F and Figure 5.18). Figure 5.18 suggests that
the benthos transitioned from autotrophy to heterotrophy on average across months
and both bays at approximately 1.5-1.8 m depth. This is an important result as it shows
that benthic trophic state can change from autotrophy to heterotrophy at relatively
shallow depths.
This study also found that the degree to which the benthos was either autotrophic or
heterotrophic could vary in the shallows (0.5 m) and the deeper basin (2.8 m)
throughout the year. In the shallows at Coomba Bay, NBM rates consistently increased
from May to February indicating they were increasingly more autotrophic (Figure 5.17
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A). In the deep basin, the opposite pattern occurred and NBM shifted from being
balanced (NBM=0) to net heterotrophy (NBM<0) over the same period (Figure 5.17
A). These contrasting patterns across depths were driven by the same climatic drivers
and processes affecting both light and benthic productivity described in the previous
section and shown in Figure 5.28. More specifically the results show that interaction
between seasonal drivers such as wind driven water currents and solar radiation
exposure controls the light climate across the depth gradient which in turn influences
BMA productivity and subsequent benthic trophic state. This finding also emphasises
the control light driven benthic photo-production has over benthic trophic state in
shallow coastal systems (Englesen 2008).
It is difficult to compare benthic trophic state patterns across depths and the estimate
of benthic trophic state transition depth in this study to other coastal systems as there
are few papers that have described how benthic trophic state varies across a depth
gradient (Sundback et al. 2004). This is surprising given that it is well understood that
coastal systems vary with depth and overall hypsometry and benthic production is
dependent on light which in turn is dependent on both water clarity and depth (Kirk
1994). What is more surprising is there are no papers using relationships between net
benthic metabolism and depth to estimate how this affects internal loading of
remineralized inorganic nutrients to the water column.
This study aimed to determine whether benthic trophic status (autotrophic versus
heterotrophic) could be used as an indicator of whether sediments were a small or
large source of inorganic nutrients (McGlathery et al., 2001; Sundback et al., 2003;
Tyler et al., 2003; Englesen et al. 2008) across a shallow estuarine depth gradient.
More specifically, this study hypothesised that benthic trophic state measured as ‘net
benthic metabolism’ would shift from autotrophy to heterotrophy as depth increased
and sediments would change from being net sinks/low sources to larger net sources
of NH4, NOx, DIP and DSi to the water column. This generally occurred in both
Coomba and Pipers, where sediments in the well-lit shallows (0.5 m) were mostly net
autotrophic (NBM>0) throughout the year (Figures 5.17 A and B) and were generally
low net sources/sinks for NH4+, NOx, DIP and DSi to the water column (Figures 5.25
A-C and Figures 5.26 A-C) whereas the sediments in the deeper basins (2.5-2.8 m)
were net heterotrophic (NBM<0) (Figures 5.17 A and B) and a low sink/source of NOx,
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DIP and moderate sources of NH4+ and DSi (Figures 5.25 A-C and Figures 5.26 AC).
These results also highlight the importance of BMA as an estuarine ‘nutrient filter’ as
they have been shown to limit the release of sediment-derived nutrients to the water
column in both temperate and sub-tropical ecosystems (Krom 1991, RisgaardPetersen et al. 1994, Sundback et al. 2003, Ferguson et al. 2004). However, it also
highlights that BMA ability to filter nutrients varies throughout the estuary and is highly
dependent on depth and factors controlling light climate. The lack of significant NOx
efflux from the sediment to the water column was likely due to uptake by BMA and
conversion of NOx to dinitrogen gas by denitrifiers in the deeper anoxic sediment layer.
The lack of any significant DIP effluxes from the sediment to the water column was
due also to uptake and assimilation by BMA as well as strong binding to sediment
particulates in the well oxygenated sediment surface layer. BMA productivity exerts
control on the release of phosphorus from the sediment to the water column by direct
uptake and assimilation and by increasing the oxygen penetration and redox potential
in the sediment (McGlathery et al, 2004). Oxidation results in the formation of iron and
manganese oxides that effectively bind phosphorus in the solid phase (McGlathery et
al, 2004; Gurel et al, 2005).
The deeper basin sediments in Pipers Bay in August and November were also a
source of N2 to the water column indicating that the heterotrophic deeper basin was a
site for net denitrification. In contrast, the shallows in August and November were net
sinks of N2 indicating that these were sites for net nitrogen fixation. Coastal sediments,
particularly in the Australian context, have been generally considered sites of net
nitrogen loss to the atmosphere due to denitrification (Heggie et al. 1999). More
recently, however, there has been greater recognition of the role of nitrogen fixers in
shallow coastal sediments and their potential role in supplementing primary production
nitrogen demand when nitrogen is limiting. Interestingly, net N2 uptake by the benthos
at 0.5 m depth corresponded to Pipers’ sediment δ15N ratios being low and close to
that of atmospheric dinitrogen (15N = 0‰). In contrast, sediment δ15N ratios measured
in Pipers deeper basins were >2‰ corresponding to when sediments were dominated
by net denitrification. These findings are inconclusive; however, pose the hypothesis
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that the sediment δ15N ratios across the depth gradient represent the balance between
nitrogen fixation and denitrification which related to BMA production N demand and
sediment N supply.
N2 effluxes from the sediment to the water column measured in the dark in Coomba
across depth gradient during August and November indicated that denitrification was
a significant fate of nitrogen and likely to be present during other times in the year. In
contrast, sediment-water DSi effluxes increased with increasing depth and this is likely
to be due to the balance between remineralisation of diatomaceous organic matter
produced from both the water column and sediments and demands of photoproductive benthic diatoms in the sediment surface layer assimilating DSi and
incorporating it into production of their frustules.
5.5.6 Relationships between bulk sediment concentrations and benthic trophic
state
The final aim of this study was to examine relationships between bulk sediment
concentrations and benthic metabolism rates across the depth gradient to assess if
bulk sediment parameters can be used as proxies for benthic trophic state. The
premise of this final aim was that NBM was found to correlate to sediment chl-a
concentrations (Englesen et al. 2008).
Though NBM generally decreased with increasing depth due to decreasing BMA
productivity as a function of decreasing light, NBM did not correlate to sediment chl-a
concentrations. NBM, however, was highly correlated to sediment bulk concentration
ratios chl-a:pheo, TOC:chl-a and TN:chl-a (Figure 5.19 A and B).
The concentrations of total sediment phyto-pigments, TOC and TN were highly
correlated across times and bays; however, none of the parameter concentrations
were strongly related to depth with greatest concentrations consistently occurring at
1.5 m depth in Coomba Bay. Sites sampled at 1.5 m depth in Coomba were adjacent
to a long continous seagrass (Zostera) bed that ran along the 0.6 to 1.2 m depth
contour. It is mostly likely that elevated concentrations of sediment phyto-pigments,
TOC and TN at 1.5 m depth resulted from interactions between internal wind-driven
water currents resuspending sediments in both the basin and shallows and enhanced
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deposition of suspended OM within and near to the Zostera beds due to effects of the
seagrass leaves on water flow (Scoffin 1970, Ward et al. 1984, Almasi et al. 1987).
Interaction between wind driven currents, sediment resuspension and enhanced
deposition close to the seagrass bed determined the amount of TOC and TN across
depths in Coomba Bay however, the interaction between depth, light and OM
deposition ratio of TOC:Chl-a, sediment chl-a to pheophytin was determined by which
with driven BMA productivity

5.6 Summary and Conclusions
The main purpose of this study was to investigate how BCR, BMA production, benthic
trophic state and sediment-water nutrient fluxes varied throughout the year across a
depth gradient (< 3 metres) in two large bays of a large shallow wave dominated lake
in temperate Australia.
BCR rates in the deeper basins (2.5-2.8 m) of both bays were similar across seasons
whereas seasonal patterns in the mid-depth (1.5 metres) of Coomba Bay were less
clear with a large increase in BCR rates in late summer (February) 2007. The shallow
depths (0.5 m) of Coomba Bay exhibited a distinct seasonal pattern with least and
greatest benthic gross primary production (GPP) occurring in August (winter) and
February (summer) respectively. The shallows of Pipers Bay had the least and
greatest benthic GPP occurring in November (spring) and February (summer)
respectively. Benthic microalgal productivity generally decreased with increasing
depth in both bays with greatest rates in the deeper basins occurring in late autumnlate winter. In contrast, greatest GPP rates occurred in spring to late summer in the
shallower depths. Seasonal differences in benthic productivity rates in the deeper
basins corresponded to factors affecting water column light attenuation such as
pelagic chlorophyll-a concentrations and turbidity which were generally greater in the
spring-summer than late autumn-late winter period. Estimates of benthic trophic state
determined from net benthic metabolism rates (NBM) showed a distinct pattern across
the depth gradient with the shallow (0.5 m) and deeper (2.5 - 2.8 m) basin sites being
respectively autotrophic (NBM>0) and heterotrophic (NBM<0) across seasons. In
contrast, the mid-depth (1.5 metres) of Coomba Bay varied seasonally between
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autotrophy and heterotrophy but was ‘balanced’ over the year. Averaged across
seasons, net daily sediment-water dissolved silicate effluxes in Coomba Bay
increased with depth indicating decreasing uptake by photosynthesising BMA
(diatoms). In contrast, inorganic nitrogen and phosphorus fluxes across the gradient
were low to negligible whereas there was a net efflux of N2 from the sediment to the
water column at all depths.
In Pipers Bay, there were significant differences for sediment-water DSi and N2 fluxes
with a net influx at the shallow depth (0.5 m) and a net efflux in the deeper basin (2.5
m). Sediment-water DIP fluxes were negligible at both 0.5 and 2.5 m depths whereas
there was a net efflux of DIN in the deeper basin and negligible fluxes in the shallows.
Across the depth gradient in both bays, seasonally averaged estimates of NBM were
highly

correlated

to

sediment

concentration

ratios

chlorophyll-a:pheophytin,

TOC:chlorophyll-a and TN:chlorophyll-a indicating that these multi-proxies are
potentially useful indicators to assess benthic trophic state and determine the depth
threshold where the unvegetated benthos transitions from autotrophy to heterotrophy.
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5.7 Appendix. Water column physio-chemical data during sediment
sampling
Table 5.9: Mean (±SE) temperature, salinity, dissolved oxygen and turbidity measured in the
water column (N=3) during monthly benthic sampling at different depths in Coomba and Pipers
Bays, Wallis Lake.
Depth

Temp

Salinity

DO

DO

Turbidity

(m)

(°C)

(ppt)

(%)

(mg.L-1)

(NTU)

0.5

19.7±0.2

35.7±0.1

115±1

8.5±0.1

6±1

1.5

18.7±0.1

35.8±0.0

110±1

8.3±0.1

7±1

2.8

18.1±0.1

35.9±0.1

107±0

8.1±0.1

9±2

0.5

19.1±0.0

31.6±0.0

110±2

8.5±0.1

2±0

1.5

18.0±0.2

31.8±0.0

104±1

8.1±0.1

1±0

2.8

18.3±0.2

32.0±0.0

99±1

7.7±0.1

1±1

0.5

28.8±0.4

31.8±0.1

136±7

8.8±0.5

16±2

1.5

26.3±0.4

31.9±0.1

117±2

7.9±0.2

22±2

2.8

24.1±0.1

32.2±0.1

110±1

7.7±0.1

22±1

0.5

29.0±0.5

36.0±0.3

121±20

7.6±1.2

63±35

1.5

28.0±0.2

35.3±0.1

89±5

5.7±0.3

25±4

2.8

27.3±0.2

35.1±0.2

93±0

6.1±0.0

15±1

0.5

18.2±0.4

32.2±0.6

101±3

8.4±0.4

0±0

2.5

18.6±0.2

32.7±0.3

101±2

8.5±0.2

1±1

0.5

25.2±0.3

32.7±0.0

112±4

7.7±0.3

17±2

2.5

24.1±0.1

33.0±0.1

103±2

7.1±0.1

30±9

0.5

26.2±0.3

35.4±0.2

83±3

5.5±0.2

12±2

2.5

26.9±0.2

34.9±0.2

85±2

5.6±0.1

13±1

Coomba Bay
May 2006

Aug 2006

Nov 2006

Feb 2007

Pipers Bay
Aug 2006
Nov 2006

Feb 2007
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Table 5.10: Mean (±SE) particulate, dissolved inorganic and organic nutrient, chlorophyll-a
concentrations and physical parameters measured in the water column (N=3) during monthly
sediment sampling at different depths in Coomba and Pipers Bays, Wallis Lake.
Depth
(m)
Coomba Bay
May 2006

Aug 2006

Nov 2006

Feb 2007

NH4+
-1

(µg.L )

NOx
-1

(µg.L )

DIN
-1

(µg.L )

DIP
-1

(µg.L )

DSi
-1

(µg.L )

DON
-1

(µg.L )

DOP
-1

(µg.L )

PN

PP
-1

(µg.L )

Chl-a
-1

(µg.L )

(µg.L-1)

Mean±SE Mean±SE Mean±SE Mean±SE Mean±SE Mean±SE Mean±SE Mean±SE Mean±SE Mean±SE
0.5

4.6±0.5

0.8±0.1

5.4± 0.6

0.3±0.2

219±14

207±2

0.6±0.1

NA

NA

0.6±0.1

1.5

1.4±0.3

0.7±0.1

2.1± 0.4

2.8

0.2±0.1

0.9±0.1

1.1± 0.1

0.5±0.1

265±8

204±2

0.4±0.2

NA

NA

1.1±0.1

0.5±0.1

323±14

206±3

0.4±0.2

NA

NA

1.4±0.1

0.5

5.0±0.7

0.3±0.0

5.3± 0.7

0.1±0.1

150±21

167±5

1.5±0.1

37±7

4.0±0.3

0.8±0.1

1.5

4.1±0.3

2.8

2.6±0.4

0.5±0.1

4.7± 0.3

0.0±0.0

227±16

162±4

2.7±0.5

37±5

2.8±0.6

1.0±0.0

0.3±0.2

2.9± 0.6

0.0±0.0

276±39

162±4

1.8±0.3

29±4

3.9±0.3

1.2±0.0

0.5

4.5±0.4

1.0±0.1

5.4± 0.3

0.6± 0.2

339±26

219±5

1.7±0.1

68±8

9.5±0.6

1.2±0.2

1.5

4.8±1.5

1.4±0.2

6.3± 1.7

0.9± 0.1

178±29

212±4

0.9±0.3

88±26

12.6±3.3

1.8±0.2

2.8

2.9±0.1

1.0±0.1

3.9± 0.2

0.7± 0.1

72±14

182±4

0.5±0.1

50±5

7.0±0.5

1.3±0.2

0.5

4.5±0.7

1.0±0.1

5.5± 0.8

1.0± 0.2

255±82

301±9

1.8±0.5

41±0

6.2±0.0

13.7±11.6

1.5

4.4±2.4

0.9±0.0

5.3± 2.4

1.1± 0.2

232±45

267±6

1.7±0.3

122±10

16.4±1.1

4.2±0.7

2.8

2.0±0.2

0.6±0.1

2.6± 0.3

1.2± 0.2

281±10

254±1

1.9±0.2

109±7

15.7±0.4

5.8±0.0

0.5

6.0±0.6

1.3±0.1

7.3±0.4

0.3±0.0

243±24

173±15

0.9±0.3

16±1

2.8±0.3

1.1±0.1

2.5

3.2±0.3

1.0±0.1

4.3±0.4

0.0±0.0

257±6

157±4

0.6±0.3

43±0

5.3±0.0

1.7±0.1

0.5

4.1±0.6

1.4±0.1

5.5±0.7

0.3±0

108±34

176±5

1.2±0.3

38±6

6.5±1.6

1.6±0.5

2.5

2.7±0.1

1.3±0.1

3.9±0.1

0.3±0.3

99±11

180±11

1.9±0.0

96±2

14.9±0.6

3.1±0.5

0.5

4.8±2.0

1.3±0.4

6.0±2.4

1.2±0.3

427±156

212±19

1.2±0.3

38±18

8.4±2.2

2.6±1.2

2.5

3.9±0.6

1.3±0.3

5.3±0.8

1.6±0.3

558±13

197±5

1.9±0.3

89±5

15.5±0.9

3.2±0.1

Pipers Bay
Aug 2006

Nov 2006
Feb 2007
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Chapter 6 - General Conclusions:
Estuaries are highly productive and dynamic ecosystems that form a transition zone
between river and marine environments and are subject both to marine influences
such as tides, waves, and the influx of saline water and to riverine influences such as
flows of fresh water and sediment. They are very important as they provide economic,
cultural and ecological benefits to human communities, as well as delivering invaluable
ecosystem services such as water filtration and habitat protection which are
fundamental life-support processes upon which all organisms depend. Many of the
world’s largest cities are located on estuaries and humans are dependent on estuaries
for a myriad of benefits including transport, recreational use, safe anchorage, transport
hubs and food. Estuaries world-wide, however, are also under threat, particularly from
eutrophication, because of increasing organic matter, nutrient and suspended solid
loading from catchments.
Understanding the underlying causes of estuarine eutrophication requires a sound
knowledge of estuarine benthic metabolism and nutrient cycles and the factors
influencing them. Sediments are the primary sites for the mineralisation of
autochthonous and allochthonous organic matter through microbially mediated
processes. These processes can contribute, in conjunction with external catchment
discharges, to ambient inorganic nutrient concentrations in the water column and this
can subsequently provide a large proportion of the requirements for pelagic primary
production. In addition, because much of the sediment surface lies within the photic
zone, much of the primary production in shallow systems can occur in the benthos,
carried out by seagrasses, macroalgae, and benthic microalgae (BMA) as opposed to
phytoplankton providing a significant input of organic carbon to the whole estuarine
system.Sediments can also effectively remove organic carbon and ‘growth limiting’
nutrients, nitrogen and phosphorus, from the estuary through biogeochemical
processes such as burial, particulate adsorption (ie. binding of inorganic P to iron) and
production of N2 gas (denitrification) that is eventually lost from the estuary to the
atmosphere.
Currently, there is limited information on benthic metabolism and sediment-water
nutrient cycling in temperate wave-dominated lakes and lagoons in south eastern
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Australia. This is particularly the case for small shallow systems such as intermittently
closed open lakes and lagoons (ICOLLs) that are considered highly vulnerable to
eutrophication due to their restricted and intermittent flushing regimes. One of the main
objectives of this dissertation was to understand how benthic metabolism, benthic
trophic state and sediment-water nutrient cycling in shallow ICOLLs responds to
increased nutrient and organic matter loading from catchment development. To meet
this objective, I undertook two independent studies in four ICOLLs along Northern
Illawarra Coast, NSW and in four ICOLLs along the Otway coast Victoria. ICOLLs in
both the Northern Illawarra coast and Otway coasts were selected to represent both a
catchment development and nitrogen loading gradient. It was hypothesized that
increasing catchment development and nitrogen loading across the gradient would
correspond to greater rates of benthic community respiration (BCR) and benthic
microalgal (BMA) productivity with the balance of these processes, net benthic
metabolism (NBM) as a proxy for benthic trophic state, controlling both the magnitude
and direction of sediment-water nutrient fluxes.
In the ICOLLs along the Otway coast, BCR and GPP rates were tightly coupled and
both processes increased with increasing catchment development, however BCR
rates were low (-114 to -812 O2-µmol.m-2.h-1) compared to other estuarine systems in
Australia and worldwide. The sediments of the Otway ICOLLs were increasingly more
autotrophic with increasing development of the catchment and as a result photoproductive benthic microalga could utilise most of the inorganic nitrogen and
phosphorus remineralised in the sediments and thus limiting the release of inorganic
nitrogen and phosphorus to the water column. There was a net influx of N2 and this
indicated that N-fixation was occurring and was a more dominant pathway than
denitification. It also suggested the N-fixation was possibly supplying the shortfall of
nitrogen required by the photo-productive BMA which could not be met from supplies
in the sediment and the water column.
In the Northern Illawarra ICOLLs, BCR rates also increased with increasing catchment
development and N-loading and this general relationship was further supported when
rates were integrated and compared across a larger data set for NSW estuaries. BCR
rates for the most developed northern Illawarra ICOLLs (i.e. Towradgi and Tramway)
were high (-2499 to -3769 O2-µmol.m-2.h-1) compared to temperate estuaries
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worldwide and they were significantly greater than BCR rates measured in larger
estuaries in NSW that are permanently open to the sea (i.e. Wallis Lake, Parramatta
River, Lane Cove River, Botany Bay). Trends across the N-loading gradient were less
clear for BMA productivity as they appeared to approach a maximum rate when BCR
rates were high. Generally, NBM was the strongest determinant of whether sediments
were sources or sinks of dissolved inorganic nitrogen (DIN) (mostly as NH4+) and
dissolved inorganic phosphorus (DIP) to the water column with net heterotrophic
sediments tending to be large sources whereas net autotrophic sediments were
generally low source/sinks. This is ecologically significant as greater supply of
nutrients to the water column can drive potentally problematic macroalgal and
microalgal blooms in the water column which can have flow on effects to the broader
foodweb.
The other objective was to understand how metabolic processes such as benthic
community respiration (BCR), benthic primary productivity (GPP), trophic state and
sediment-water nutrient fluxes vary and interrelate across a depth gradient in two bays
(Coomba and Pipers Bays) in a large coastal lake (Wallis Lake). This study also
investigated how these metabolic processes relate to seasonally variable factors such
as water quality (e.g. temperature, turbidity), light climate and sediment properties
such as carbon (13C) and nitrogen (15N) stable isotope ratios, benthic pigments (e.g.
chlorophyll-a) and organic carbon and nitrogen content.
In Wallis Lake, BCR rates in the deeper basins (2.5-2.8 m) of both bays were similar
across seasons whereas seasonal patterns in the mid-depth (1.5 metres) of Coomba
Bay were less clear with a large increase in BCR rates in late summer (February)
2007. The shallow depths (0.5 m) of Coomba Bay exhibited a distinct seasonal pattern
with least and greatest GPP occurring in August (winter) and February (summer)
respectively. The shallows of Pipers Bay had the least and greatest benthic GPP
occurring in November (spring) and February (summer) respectively. Benthic
microalgal productivity generally decreased with increasing depth in both bays with
greatest rates occurring in the deeper basins in late autumn-late winter. In contrast,
greatest benthic GPP rates occurred in spring to late summer in the shallower depths.
Seasonal differences in benthic productivity rates in the deeper basins corresponded
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to factors affecting water column light attenuation such as pelagic chlorophyll-a
concentrations and turbidity which were generally greater in the spring-summer than
late autumn-late winter period due to stronger wind driven currents and resuspension.
Estimates of benthic trophic state showed a distinct pattern across the depth gradient
with the shallow (0.5 m) and deeper (2.5 - 2.8 m) basin sites being respectively
autotrophic and heterotrophic across seasons. In contrast, the mid-depth (1.5 metres)
of Coomba Bay varied seasonally between autotrophy and heterotrophy but was
‘balanced’ over the year. Averaged across seasons, net daily sediment-water
dissolved silicate effluxes in Coomba Bay increased with depth indicating decreasing
uptake by photosynthesising BMA (diatoms). In contrast, inorganic nitrogen and
phosphorus fluxes across the gradient were low to negligible whereas there was a net
efflux of N2 from the sediment to the water column at all depths.
In Pipers Bay, there were significant differences for sediment-water DSi and N2 fluxes
with a net influx at the shallow depth (0.5 m) and a net efflux in the deeper basin (2.5
m). Sediment-water DIP fluxes were negligible at both 0.5 and 2.5 m depths whereas
there was a net efflux of DIN in the deeper basin and negligible fluxes in the shallows.
Across the depth gradient in both bays, seasonally averaged estimates of net benthic
metabolism (e.g. trophic state) were highly correlated to sediment concentration ratios
chlorophyll-a:pheophytin, TOC:chlorophyll-a and TN:chlorophyll-a indicating that
these multi-proxies are potentially useful indicators to assess benthic trophic state and
determine the depth threshold where the unvegetated benthos transitions from
autotrophy to heterotrophy.
In summary, this dissertation demonstrated that increased catchment development
and nutrient loading increased both benthic respiration and primary productivity rates
linearly in shallow, light replete lagoons of south-eastern Australia, however, benthic
primary productivity rates did not continue to increase and approached a maximum
when respiration rates were high. This shifted the daily balance of these processes
(trophic state) from net autotrophy to net heterotrophy and concomitantly transformed
the sediments from being a sink/low source of nutrients to a significant/large source to
the water column. The trophic state of the benthos similarly shifted from autotrophy to
heterotrophy with increasing depth and the transition depth was influenced by
seasonal factors affecting light attenuation through the water column. Similarly, the
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trophic state across the depth gradient was the major determinant of whether the
sediments acted as a sink or source of nutrients to the water column.
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