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A B S T R A C T   

Estuaries in rainfall poor regions are highly susceptible to climatic and hydrological changes. The Coorong, a 
Ramsar-listed estuarine-coastal lagoon at the end of the Murray-Darling Basin (Australia), has experienced 
declining ecological health over recent decades. Twenty years of environmental data were analysed to assess 
patterns and drivers of water quality changes. Large areas of the Coorong are now persistently hyper-saline 
(salinity >80 psu) and hypereutrophic (total nitrogen, TN > 4 mg L− 1, total phosphorus, TP > 0.2 mg L− 1, 
chlorophyll a > 50 μg L− 1) which coincided with reduced flushing due to diminished freshwater inflows and 
increasing evapo-concentration. Sediment quality also was related to flushing, with higher concentrations of 
organic carbon, TN, TP and sulfides as salinity increased. While total nutrient levels are very high, dissolved 
inorganic nutrients are generally low. Increased lagoonal flushing would be beneficial to reduce the hyper-
salinisation and hypereutrophication and improve ecosystem health.   

1. Introduction 

Eutrophication, defined as an increase in the supply of organic 
matter to an ecosystem (Nixon, 2009; Le Moal et al., 2019), is a major 
and ongoing concern in aquatic systems worldwide (Cloern, 2001; 
McDowell et al., 2020). The accumulation of organic matter can cause 
many deleterious effects to ecosystem health, including periodic (e.g. 
seasonal) depletion of dissolved oxygen, toxicity to biota (e.g. from 
elevated ammonia, sulfide, proliferation of harmful algal species), and 
loss of submerged aquatic vegetation and benthic macroinvertebrates 
(McGlathery et al., 2007; Nixon, 2009; Hale et al., 2016). 

Two of the key drivers of eutrophication in estuaries are increased 

external nutrient inputs and/or reduced flushing (Bricker et al., 1999; 
Swaney et al., 2008; Steward and Lowe, 2010; Le Moal et al., 2019), both 
of which can promote organic matter accumulation. Elevated external 
nutrient loadings commonly occur in conjunction with land use changes 
(e.g. more intensive agriculture or urbanisation leading to increased 
inputs of fertilisers, human or animal wastes). However, external 
nutrient loading alone is not an accurate predictor of eutrophication in 
many estuaries (Bricker et al., 1999; Cloern, 2001; Nixon, 2009). A 
second key driver, reduced flushing, occurs when river and/or seawater 
inflows to estuaries are altered via anthropogenic influences such as 
water extraction, construction of regulating structures, or climate 
change (Nixon, 2009). This increases the residence time and retention of 
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nutrients and other constituents (e.g. salt) within the system, and also 
enhances the relative importance of various internal biogeochemical 
processes (e.g. recycling of bioavailable nutrients). Reduced flushing is 
particularly impactful for shallow estuaries where tight coupling of 
organic matter and nutrient cycling exists between the water column 
and sediments (Heip, 1995). 

An increase in the supply of nutrients in estuaries favours the growth 
of phytoplankton and macroalgae (Le Fur et al., 2019; Pérez-Ruzafa 
et al., 2019). These changes typically lead to reduced water clarity, light 
limitation for benthic production, and the enhanced deposition of 
phytoplankton and macroalgal detritus leading to organic enrichment of 
the sediments. Microbially-mediated mineralisation (breakdown/ 
decomposition) of this organic matter rapidly depletes dissolved oxygen 
concentrations in the surficial sediment reducing the oxygen penetration 
depth, and leads to a shift away from aerobic respiration to a predom-
inance of anaerobic respiration pathways such as sulfate reduction 
(Fenchel et al., 1998). Reoxidation of the reduced end-products of 
anaerobic respiration is limited by oxygen supply, resulting in a build-up 
of sulfidic phases which can be toxic to infauna and rooted macrophytes 
(Heijs et al., 2000). In addition, coupled nitrification-denitrification in 
sediments is inhibited by enrichment of organic matter and anoxia, and 
the relative importance of dissimilatory nitrate reduction to ammonium 
(DNRA) increases (Kemp et al., 1990; Sloth et al., 1995; Hardison et al., 
2015; Nizzoli et al., 2006). 

The eutrophication of lagoons and estuaries in arid and semi-arid 
climates has received much less attention than their temperate coun-
terparts (Cloern, 2001). Due to their typically high net evaporation rates 
and episodic freshwater inflows, these systems experience intense pulses 
of nutrient delivery followed by long periods of limited oceanic ex-
change, and are thought to be at grave risk from hydrological and cli-
matic shifts that may reduce flushing (e.g. from upstream increased 
irrigation water extraction and/or climate change) (Huang et al., 2020). 
In estuarine-lagoon systems with low river inputs, hypersalinisation 
could exacerbate eutrophication as organic matter becomes concen-
trated along with salt, as water residence times increase (Bricker et al., 
1999; Cloern, 2001). Wave-dominated estuaries and coastal lagoons (i.e. 
with restricted tidal fluctuations) are also inherently vulnerable to 
hypersalinisation as salt can accumulate in these systems (Warwick 
et al., 2018; Tweedley et al., 2016, 2019). 

The Coorong estuary and coastal lagoon system is located at the end 
of Australia's largest river catchment, the arid to semi-arid Murray- 
Darling Basin. The state of this internationally important (Ramsar-lis-
ted) ecosystem has declined significantly over recent years with re-
ductions in waterbirds (Paton et al., 2009), aquatic plants (Dick et al., 
2011; Kim et al., 2013), and macro-invertebrates (Dittmann et al., 2015, 
2018; Lam-Gordillo et al., 2022a), along with a proliferation of fila-
mentous algae (Collier et al., 2017; Brookes et al., 2018). The river 
mouth has repeatedly closed in recent decades due to insufficient River 
Murray flow and is kept open by dredging operations (Bourman et al., 
2018). The increased frequency and severity of hydrological drought 
and salinisation has contributed to this ecosystem decline (Webster, 
2010; Gibbs et al., 2018), but the interactions of this with eutrophication 
are currently unclear. 

The aim of this study was to evaluate whether, as we hypothesise, 
reduced flushing and increased hypersalinisation of the Coorong lagoon 
has aggravated eutrophication and contributed to significant ecosystem 
decline. A long-term (>20 year) environmental data set was compiled 
and analysed to assess patterns and drivers of Coorong water quality. A 
surface sediment quality survey was also conducted. The findings are 
placed in the context of coastal lagoons and micro-tidal estuaries glob-
ally, particularly those in Mediterranean climate regions and/or those 
susceptible to severe hydrological alterations. The outcomes provide 
learnings for the management of river systems under forecast climate 
change induced extremes. 

2. Methods 

2.1. Study area description 

The Coorong is a wave-dominated estuary (i.e. where tidal influences 
are small and waves are the dominant hydrological and geomorpho-
logical shaping force) and coastal lagoon ecosystem with an upstream 
Murray-Darling Basin catchment area of 1.061 million km2 (Fig. 1). The 
River Murray enters into Lake Alexandrina and is regulated via a series 
of barrages to flow, when sufficient water is available, into the estuarine 
region of the Coorong and out to the sea through the Murray Mouth. The 
Coorong system (~240 km2 area) extends for ~110 km in a north-west 
to south-east direction parallel to the South Australian coast, separated 
from the sea by a sand barrier, the Younghusband Peninsula (Fig. 1). The 
geomorphology splits the lagoon about halfway along its length into the 
North and South Lagoons at a narrow (~100 m wide) and shallow 
constriction near Parnka Point. The average widths of the North and 
South Lagoons are 1.5 and 2.5 km respectively, and the average water 
depths are 1.2 and 1.4 m respectively (Gibbs et al., 2018). 

Tidal exchange occurs through the Murray Mouth that, along with 
River Murray water released from the barrages, mixes into the North 
Lagoon. However, the constricted nature of the Murray Mouth means 
that only a micro-tidal regime develops in the Coorong, which di-
minishes with distance south (Webster, 2010). There is a seasonal water 
level variation in the Coorong driven by sea level fluctuations and bar-
rage water releases, but there can also be significant short term (hourly) 
variation in water levels due to wind (Webster, 2010). The shallow 
bathymetry and narrow geomorphology in the Parnka Point region re-
stricts water exchange between the North and South Lagoons, particu-
larly when water levels are low (i.e. typically in summer months). 

The South Lagoon also receives much lower inputs (~5 % of barrage 
flows) of brackish water from a network of drains from the South-East 
region of South Australia, discharging at Salt Creek (Fig. 1). This 
discharge is generally seasonal (highest in winter-spring) and is regu-
lated via structures in Morella Basin immediately upstream from Salt 
Creek, and further upstream in the drainage network. Groundwater 
discharge zones exist along the length of the Coorong, from both 
perched freshwater lenses and the regional unconfined aquifer, but 
hydraulic gradients are relatively low (Haese et al., 2008; Barnett, 2018; 
Priestley et al., 2022). 

Mean maximum and minimum air temperatures are 20.9 and 11.9 ◦C 
respectively but temperature is highly variable and can increase to 
>40 ◦C in summer, while mean annual rainfall in the local area is 383 
mm (2003–2020 statistics, Bureau of Meteorology Hindmarsh Island 
Station, ID 023894). The Coorong is exposed to regular coastal winds 
that cause mixing, which coupled with the lagoon's shallow nature, re-
sults in little salinity stratification, except near the Murray Mouth during 
significant barrage releases (Geddes and Butler, 1984; Mosley, 2016). 

2.2. Sample sites and methods 

Water quality in the Coorong has been monitored by South Austra-
lian Government agencies since 1998 at 16 sites spanning the North and 
South Lagoons (see Fig. 1 with the sample site coordinates listed in 
Supplementary Material S1). Prior to 2014, monitoring was conducted 
approximately monthly while post-2014, sampling events were con-
ducted fortnightly over winter for a period of approximately 3–4 months 
(to coincide with the main period of inflows from Salt Creek), followed 
thereafter on a monthly frequency. There are some gaps in the records 
where no monitoring occurred, most notably from mid-2011 to mid- 
2013 and mid-2016 to mid-2018. 

Water samples were collected via grab sampling from approximately 
10 cm below the water surface in polyethylene plastic bottles in accor-
dance with standard methods (APHA, 2005). Subsamples for dissolved 
nutrient analyses were immediately filtered through a 0.45 μm mem-
brane syringe filter (Sartorius Minisart) after passage through a coupled 
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Fig. 1. Map of the Coorong study area showing the location of monitoring stations. The inset table shows the distance from the Murray Mouth to the monitoring 
stations. The inset map shows Australia, along with the Murray-Darling Basin (grey-shaded area). 
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1.2 μm glass fibre syringe pre-filter (Sartorius GF). The syringe was 
rinsed with the sample and a small (approx. 5 mL) volume of water was 
passed through the filters prior to sample collection. Immediately 
following sampling, all samples were stored in the dark on ice, and 
transported to the laboratory within 12–24 h. 

A surface sediment survey was undertaken during March 2020. A 
total of 50 sites were surveyed along the South and North Lagoons of the 
Coorong (Fig. 1). Most sites were underwater at the time of sampling, 
which occurred in water depths ranging from approximately 0.5–4.5 m. 
Sediment cores were collected from most sites with a Russian D auger 
attached to an aluminium extension pole. The auger was pushed verti-
cally into the sediment to a depth of approximately 0.5 m where possible 
and rotated to collect the core sample. Some shallow shoreline samples 
(e.g. <0.7 m depth) were collected with an acrylic tube pushed into the 
sediment. The apparent redox potential discontinuity was estimated 
visually to describe the depth of the oxic and sub-oxic zones in the 
sediment. This estimate was based on the depth of yellow-brown col-
ouration at the top of the sediment, indicating the likely presence of iron 
oxides. Sub-samples for detailed laboratory analysis were collected only 
from the 0–5 cm surface layer of the sediment core, placed in a plastic 
vial with no air gap, immediately stored in an ice box, and then frozen 
within 8 h of sampling for later analysis. 

2.3. Laboratory analytical methods and quality control 

The parameters analysed in the water samples were specific elec-
trical conductivity (EC, mS cm− 1 at 25 ◦C), pH, turbidity, nutrients (total 
nitrogen, TN; total Kjehldahl nitrogen, TKN; ammonium, NH4; oxidised 
nitrogen (nitrate + nitrite), NOx; total phosphorus, TP; filterable reac-
tive phosphorus, FRP), chlorophyll a, and reactive silica, Si. All analyses 
were undertaken at the Australian Water Quality Centre (AWQC), a 
National Association of Testing Authorities (NATA) accredited labora-
tory. EC was measured using a calibrated conductivity meter using high 
ionic strength standards. Salinity was calculated from EC using the 
AWQC’s relationship developed for the Coorong: 

Salinity (psu) = − 7E − 06×EC3 + 0.003×EC2 + 0.5865×EC (1)  

where EC is in mS cm− 1. 
Chlorophyll a (Chl a) was measured spectrophotometrically 

following 95 % ethanol extraction (APHA, 2005). Nutrients were 
measured by standard colorimetric methods, specifically NH4 by a 
phenate method, NOx by the cadmium reduction method, FRP by an 
ascorbic acid reduction method, TKN by reaction with salicylate 
following digestion, reactive silica by the heteropoly blue method, and 
TP by the automated ascorbic acid reduction method (APHA, 2005). TN 
was calculated as the sum of TKN and NOx. 

Quality control procedures are a routine and an audited requirement 
of AWQC’s NATA accreditation, including analysis of blanks, replicates 
and certified reference materials. Since 1995 the AWQC has participated 
and demonstrated proficiency in an inter-laboratory comparison pro-
gram providing natural pristine and impacted samples sourced from 
fresh, estuarine and seawater environments established by the Envi-
ronmental Nutrient Collaborative Trial Committee. 

Sediment quality samples were analysed in the Environmental 
Analysis Laboratory, Lismore, Australia; also a NATA accredited labo-
ratory. Total phosphorus was measured via total acid extractable 
phosphorus method (Rayment and Lyons, 2011). Total carbon and ni-
trogen were measured via high temperature combustion and infra-red 
detection using a LECO CNS TruMAC Analyser. Total organic carbon 
(TOC) was measured using the same analytical method following pre- 
treatment of the sample with dilute hydrochloric (HCl) acid added to 
remove inorganic carbon. Electrical conductivity (EC) and pH were 
measured on a 1:5 soil:water extract using methods from Rayment and 
Lyons (2011, 4A1 and 4B1 methods respectively). Wet samples were 
analysed for Acid Volatile Sulfur (AVS; iron monosulfide and free 

sulfides) using the methods of Sullivan et al. (2018), and adjusted to dry 
weight using the moisture content measured by loss of mass via drying at 
105 ◦C. 

2.4. Hydrology and meteorology 

Barrage discharge data was obtained from the Department for 
Environment and Water (DEW), South Australia, including the split from 
the individual barrages. Salt Creek discharge data were also obtained 
from the DEW (Site ID A2390568). Local meteorological data (wind 
speed, air temperature and rainfall) used to assess relations with water 
quality was obtained from the Australian Bureau of Meteorology 
Hindmarsh Island station (Site ID 23894). 

2.5. Data analysis 

Water quality data was downloaded from the DEW’s database for the 
time period between 1998 and 2021 and quality control checked prior to 
analysis. 

The relationship between water quality and potential climatic or 
hydrological drivers was assessed using redundancy analysis (RDA), 
using the ‘vegan’ package in R (Oksanen et al., 2018). Water turbidity, 
FRP, TP, TN, salinity, Si, NOx, Chl a and NH4 were included as depen-
dent variables, whilst the independent (climate) variables used were 
solar radiation, air temperature, wind speed, rainfall, total and Tau-
witchere barrage discharge, and Salt Creek discharge. Data with missing 
observations were excluded from the analysis. A preliminary RDA 
analysis was conducted using exploratory forward selection of model 
predictors, in order to rank the potential importance of the different 
independent variables. Then, guided by this exploratory analysis, the 
RDA was repeated iteratively, initially using just one independent var-
iable (solar radiation) and adding additional independent variables 
(wind speed, Salt Creek flow, Tauwitchere barrage flow and air tem-
perature) with each iteration. For each iteration, the statistical signifi-
cance of the new model was assessed using ANOVA, with a p-value 
threshold of 0.05. The variance inflation factors (VIF) was also moni-
tored, where VIF >2 were used as an indicator of co-varying and hence 
non-independent explanatory variables. 

A Trophic Index (TRIX) parameter was calculated (Vollenweider 
et al., 1998; Giovanardi and Vollenweider, 2004) to assess the degree of 
eutrophication in the Coorong over the monitoring period: 

TRIX = (log10 (Chl a×DO%deviation×TN× x TP)+ 1.5 )/1.2 (2)  

where Chl a concentration is in μg L− 1; DO% is dissolved oxygen as 
percent deviation from saturation, TN is the total nitrogen as μg L− 1 and 
TP is the total phosphorus as μg L− 1. Measured values of Chl a, TN and 
TP in the Coorong were used in the equation along with a DO% of 50 % 
(i.e. DO range of 50–150 %) based on available field data. TRIX values 
>6 are considered to represent eutrophic coastal waters. 

3. Results and discussion 

3.1. Spatial variability in water quality 

There were strong spatial gradients in water quality along the 
Coorong for most parameters (Fig. 2). From north to south, the salinity 
increased from an average of ~20 psu near the Murray Mouth, to an 
average of ~90 psu at Parnka Point (vertical dashed line in Fig. 2). 
Estuarine conditions (salinity <35 psu) are on average present for 
approximately 20 km from the Murray Mouth. The North Lagoon ex-
periences the greatest rate of change with salinities from ~30 to 80 psu 
(Fig. 2a). There is a less pronounced spatial gradient with salinity in the 
South Lagoon although slightly lower salinity is present on average 
around the Salt Creek inflow (approximately 95 km from the Murray 
Mouth). On average, the South Lagoon has been extremely hypersaline, 
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>80 psu, for the recorded period. 
Similar spatial patterns to salinity were present for TP, TN and Chl a, 

with lower concentrations in the North Lagoon grading to much higher 
concentrations in the South Lagoon (Fig. 2b, c, g). TN, TP, and Chl a 
concentrations in the South Lagoon were commonly very high (i.e. 4–6 
mg L− 1 TN, 0.2–0.3 mg L− 1 TP, 40–60 μg L− 1 Chl a) relative to most 
other estuaries in southern Australia (Woodland et al., 2015) and 
globally (Smith, 2006). The concentrations of these parameters also 
greatly exceed the national water quality guideline values (horizontal 
lines/zones on Fig. 2, ANZG, 2018). 

Plots of TN vs TP, and TN and TP versus Chl a reveal that ratios are 
quite variable but some general patterns emerge (Fig. 3). Firstly, the TN 
to TP ratio is typically well above the Redfield Ratio, which suggests a 
tendency towards P limitation. Secondly, a plot of TP vs Chl a against the 

global estuary N and P limitation regression models of Smith (2006) also 
suggests phytoplankton P limitation is more likely in the Coorong. 

Dissolved inorganic nutrient concentrations (NH4, NOx, FRP) in the 
South Lagoon are much lower than TN and TP concentrations (Fig. 2d, e, 
f). This indicates the large total nutrient pool in the water column is 
mainly comprised of organic nutrients (i.e. N and P present in algae, 
microbes and detrital material and dissolved organic forms). The dis-
solved nutrients also show different spatial patterns to total nutrients 
with no clear gradient in relation to distance from the Murray Mouth 
(Fig. 2). NOx concentrations are generally low and often near or below 
method detection limits (<0.005 mg L− 1), particularly in the South 
Lagoon (Fig. 2f). Slightly higher NOx concentrations >0.01 mg L− 1 are 
observed near where River Murray-Lower Lakes flow inputs occur (e.g. 
near Tauwitchere barrage at 13.6 km from the Murray Mouth) and 

Fig. 2. Plot of median ± standard 
deviation (error bars) of water quality 
values between 1998 and 2021 at 
monitoring sites in the Coorong, 
plotted vs distance from the Murray 
Mouth (see Fig. 1). Water quality pa-
rameters include salinity, total nitro-
gen, total phosphorus, ammonium, 
filterable reactive phosphorus (FRP), 
oxidised nitrogen, chlorophyll a and 
turbidity. The vertical dashed line in-
dicates the location of the Parnka 
Point constriction between the North 
and South Lagoons, see Fig. 1. Hori-
zontal lines/zones show default 
guideline values for south-central 
Australia, where available, from 
ANZG (2018).   
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immediately adjacent to the Salt Creek discharge into the South Lagoon 
(approximately 95 km from the Murray Mouth; Fig. 2f). 

Ammonium was often at higher concentrations (50–100 μg L− 1 as 
NH4-N) than the other dissolved nutrients in the Coorong, exceeding 
guideline values at some sites (see horizontal lines on Fig. 2d). In 
particular the Seagull Island to Stony Well area of the South Lagoon 
(78–93 km from the Murray Mouth) has higher NH4

+ and FRP concen-
trations on average than other sites (Fig. 2d,e). The generally low FRP 
and higher ammonium concentrations in the Coorong is consistent with 

the likelihood of P limitation (Fig. 3). 
Turbidity is generally higher in the South Lagoon compared to the 

North Lagoon, and average levels greatly exceed water quality guide-
lines in the South Lagoon (Fig. 2h). Lower turbidity is observed in the 
South Lagoon near the Salt Creek inflow. In contrast, higher average 
turbidity occurs near the Tauwitchere barrage (13.6 km from the Murray 
Mouth; Fig. 2), reflecting higher turbidity source water inputs from the 
River Murray-Lower Lakes (Mosley et al., 2012; Biswas and Mosley, 
2018), and clay particle flocculation following that (Mosley and Liss, 
2020). 

3.2. Temporal variability in water quality 

Time series (1998–2021) plots of water quality at selected sites 
(North Jacks Point in the South Lagoon and Long Point in the North 
Lagoon) show high temporal variability (Figs. 4a-e). River Murray- 
Lower Lakes barrage and Salt Creek discharges over this period are 
displayed on Fig. 5. The influence of the extreme period of the ‘Mil-
lennium Drought’ on hydrology from 2007 to 2010 is apparent, with 
zero barrage discharge (i.e. complete loss of the major source freshwater 
input) during this time (Fig. 5a). The extreme lack of River Murray in-
flows during 2007–2010 had an apparent major impact on Coorong 
lagoon salinity, which increased to peak at approximately 5 times 
seawater salinity in the South lagoon (Fig. 4a). In the mid-1970s, when 
high River Murray inflows were present, the South Lagoon approached 
marine salinities and the North Lagoon was estuarine (Geddes and 
Butler, 1984), and estuarine conditions were predominant prior to water 
resource development in the Murray-Darling Basin (Webster, 2010). The 
Millennium drought period also had a large anthropogenic influence of 
upstream water extraction and diversion (Mosley et al., 2012, 2014). 
Declining river flows and flood periods have also resulted in sand build- 
up and channel constrictions in and near the Murray Mouth, reducing 
tidal exchange (Webster, 2010, 2011; Bourman et al., 2018). 

During the early period of the Millennium Drought (2002–2008), TN 
and TP became elevated in the South Lagoon (Figs. 4b and c), although 
at the extreme hypersaline conditions in 2008–2010, concentrations 
appeared to stabilise or decline, as did Chl a (Fig. 4d). This likely reflects 
very low external nutrient inputs and/or also extreme hypersalinity 
impacts on primary productivity as discussed further below. Following 
the end of the Millennium Drought in late 2010, salinity, TN and TP 
concentrations returned to pre-drought levels, coinciding with larger 
River Murray flows in 2011–2013 and late 2016 and increased seasonal 
Salt Creek discharges post-2011 (Fig. 5). Overall, the Chl a and TP 
concentrations in the Coorong in the last few decades were much higher 
than those recorded in the 1980s by Geddes and Butler (1984; <10 μg 
L− 1 Chl a and < 0.1 mg L− 1 TP). This suggests the Coorong has transi-
tioned over the last few decades into a more nutrient enriched and 
hypereutrophic state. 

Turbidity was lower during the Millennium Drought (Fig. 4e) which 
is likely due to the absence of turbid River Murray-Lower Lakes inputs 
(Mosley et al., 2012). pH has been maintained near typical values for 
estuarine-marine systems, although the South Lagoon has a lower pH 
than the North Lagoon (pH 7.8–8.5; see Fig. 4f and Supplementary 
Material S2). 

Time series of dissolved nutrient concentrations, plotted on log-scale 
in Fig. 6, show a great deal of variability with many values at or near the 
laboratory analytical detection limits. In the extreme 2007–2010 period 
of the Millennium Drought, NH4 and FRP appeared elevated in the South 
Lagoon (North Jacks Point site) relative to the North Lagoon (Long Point 
site). With higher River Murray-Lower Lakes inflows post-2011, higher 
levels of NH4 and NOx have often been present at Long Point. Reactive Si 
concentrations generally follow similar patterns between the lagoons 
but were slightly higher at North Jacks Point in the South Lagoon 
(Fig. 6d). 

Fig. 3. Relationships between total nitrogen, total phosphorus and Chlorophyll 
a in the Coorong. The Redfield Ratio (16 N:1P in molar units or 7.2 N:1P in 
these mass units) is shown on the TN vs TP plot with the nutrient limitation 
relationships from Smith (2006) displayed on the TP vs Chlorophyll a plot. 
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3.3. Sediment quality 

Sediment TN, TP, TOC, and AVS concentrations generally increased 
in a gradient towards the South Lagoon (Fig. 7). The sediments in the 
deeper basins in the central portion of the South Lagoon had concen-
trations of ~0.5–0.7 % TN, 0.5–0.6 % TP, 5–7 % TOC, and > 0.004 % 
AVS, while the southern region of the North Lagoon also had high 
concentrations. The deeper basins of the Coorong where high nutrient 
concentrations are present also typically contain fine clay sediment (see 
Supplementary Material S3), the accumulation of which is likely pro-
moted by lower water velocities at the sediment:water interface and 
changes in catchment inputs. Similar organic and nutrient-enriched 
sediments have also been observed in other hypersaline lagoons (e.g. 
Laut et al., 2017). Samples collected in the vicinity of the key source 
water inputs, Salt Creek and barrage outflows near the Murray Mouth, 
showed lower sediment nutrient and TOC concentrations. 

The apparent Redox Potential Discontinuity (aRPD) was located very 
close (i.e. within ~0.1 cm) of the sediment-water interface in all sedi-
ment cores that had salinity >60 psu, consistent with observations of 
sulfide (AVS)-rich, anoxic black oozes comprising the surface sediments 
of most of the South Lagoon and southern region of the North Lagoon 
(see Supplementary Material S4). However, the aRPD data at estuarine 
salinities in the North Lagoon shows more apparent oxic conditions (i.e. 
aRPD >2 cm) in the surface sediment. 

3.4. Drivers of eutrophication 

A lack of flushing has been identified as one of the key drivers of 
eutrophication in estuaries globally (Bricker et al., 1999; Hallett et al., 
2018). Freshwater inflows from the River Murray over the barrages are a 
particularly important driver of flushing of the Coorong. Barrage flows 
increase water depth in the system thereby facilitating exchange 

Fig. 4. Time series (1998–2021) plots of water quality (salinity, total nitrogen, total phosphorus, chlorophyll a, turbidity and pH) at North Jack Point (in South 
Lagoon) and Long Point (in North Lagoon) in the Coorong. 
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between the North and South Lagoons of the Coorong and provide a 
fresher source of waters near the seaward end of the system, causing 
water of lower salt content than sea water to replace evaporative losses 
(Webster, 2010). High barrage flows also scour the Murray Mouth and 
inlet channel to increase penetration of sea level variations into the 
Coorong leading to enhanced along-lagoon mixing (Webster, 2010, 
2011). A declining trend in annual barrage flow volumes over the period 
from 1963 to 2021 (Fig. 8a) would be expected to result in reduced 
flushing of the Coorong lagoons. 

The Coorong also has a high net evaporation rate (calculated as 
evaporation minus rainfall, approx. 800 mm yr− 1, Fig. 8b) and hence 
evapo-concentration is another process leading to increased concentra-
tions of salt, nutrients, and other constituents (Shao et al., 2018; 
Chamberlayne et al., 2021). Furthermore, the net evaporation rate has 
increased on average by 2.6 mm yr− 1 at the Hindmarsh Island station 
over the period from 1963 to 2021 (Fig. 8b). This increase in evapora-
tion rate is in line with recent climate projections for the Murray Darling 
Basin (Srikanthan et al., 2022) and has likely exacerbated the effects of 
lowering freshwater input on lagoonal flushing (Heggie and Skyring, 

1999). 
Salinity is also a useful proxy for flushing in estuarine systems, with 

increasing salinity above seawater values indicating a dominance of 
evaporation over runoff and precipitation, and increasing residence time 
of nutrients and organic matter (Heggie and Skyring, 1999). Fig. 8c 
presents the ratio of annual average estuarine salinity (Sf) to salinity of 
marine source water (S0) for the north and south lagoons of the Coorong. 
For context, Heggie and Skyring (1999) considered 18 Australian coastal 
environments under a range of conditions (e.g. high and low flow pe-
riods), five of which had periods with a Sf/S0 ratio >1 and a maximum 
value of 1.31. In contrast, the North Lagoon of the Coorong has an 
average ratio of 1.5 with a maximum annual value of 2.69 at the end of 
the Millennium Drought. The South Lagoon had even higher values 
(mean 2.63 and range from 1.72 to 3.9) than any of the estuaries studied 
by Heggie and Skyring (1999), and hence the longest residence time. In 
general, salinities are now much higher on average compared to the 
1960s–1980s which was an extended period of above average rainfall 
and lower water resource development (e.g. dams, storages, irrigation 
extraction) in the Murray-Darling Basin (Leblanc et al., 2012; Gibbs 

Fig. 5. Time series plots of inflows to the Coorong from (i) the River Murray-Lower Lakes barrages into the Murray Mouth and North Lagoon region (note the closest 
and largest Tauwitchere Barrage data is also plotted separately in green as well as total barrage discharge in black), and (ii) Salt Creek discharge into the South 
Lagoon. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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et al., 2018). 
TN, TP and Chl a concentrations, and TRIX (Trophic Index), showed 

decreasing trends in the Coorong from freshwater-estuarine conditions 
towards seawater salinity conditions (~35 psu) (Fig. 9). However, as 
salinity progressed into the hypersaline range (>35 psu), concentrations 
of TN, TP and Chl. a increased in a linear manner (Fig. 9a,b,c) before 
levelling off or decreasing at extreme hypersalinities (>150 psu), 
particularly for Chl a. Increased Chl a concentration with increasing 
salinity has been observed at other sites globally where reduced or 
restricted flows and ocean inputs have occurred (Cloern et al., 2014). 
However, the declining Chl a pattern observed at extreme hypersalinity 
ranges in the Coorong appears to not have been observed previously in 
other systems. We hypothesise that phytoplankton die-off, and lower Chl 
a concentrations, occurred at these extreme salinities in the Southern 
Lagoon due to salt toxicity. The microalgae and cyanobacteria that 
comprise the phytoplankton typically adapt to increasing salinity 
(external osmotic pressure), by synthesising one or more of a restricted 
range of organic solutes, comprised of polyols, sugars, amino acids and 
amides (betaines and ectoines) in their cytoplasm that are compatible 
with cell metabolism and balance the osmotic pressure of the growth 
medium, thereby preventing osmotic dehydration by osmosis (Welsh, 
2000). At extreme hypersalinities that occurred in the South Lagoon in 
the Millennium Drought, algal cells would need to maintain high in-
ternal ionic strength to balance the external environmental osmotic 
pressure. This represents a large diversion of fixed carbon and in the case 
of amino acids, ectoines and betaines, fixed nitrogen away from cell 
growth (Welsh, 2000). This may in turn reduce growth rates and the 
maximum biomass achieved. 

The integrated eutrophication index, TRIX, shows similar patterns 
(Fig. 9d), with the observed values >8 in the hypersaline salinity range 
being consistent with highly eutrophic conditions (Vollenweider et al., 
1998). The sediment TN, TP and TOC concentrations also increase in a 
linear fashion with salinity (Fig. 10). Given the similar relationships to 
nutrient concentrations in the water column (Fig. 9), this suggests tight 
organic matter-nutrient coupling between the water and sediment 
which is a feature of shallow estuaries (Heip, 1995). Indeed, organic 

matter composition in the Coorong surface sediment has been shown via 
stable isotope techniques to be consistent with that from an algal- 
derived source (Priestley et al., 2022). Overall, these results lend sup-
port to our hypothesis that reduced flushing in recent decades has 
resulted in the hyper-salinisation of the Coorong and has also led to 
persistent hyper-eutrophic conditions in both water and sediment. 

Redundancy analysis (RDA) was used to assess the influence of a 
broader range of potential drivers of water quality in the Coorong 
(Fig. 11). A four component RDA was identified as being the most 
comprehensive yet parsimonious model. The first RDA axis (RDA1) 
explained >50 % of the variability in the Coorong water quality data, 
whereby changes in solar radiation (indicative of season and evapora-
tion rate), and to a lesser extent wind speed were positively loaded 
against RDA1, which is also characterised by high salinity, FRP, TN and 
TP. Conversely, Tauwitchere barrage flow, and to a lesser extent Salt 
Creek flow were negatively associated with RDA1, as was Chl a and NOx. 
The second RDA axis (RDA2) only explained ~5 % of variance, and 
should therefore be interpreted with caution. However, Salt Creek flow 
is positively loaded on RDA2, along with NOx and turbidity. By contrast, 
salinity and Chl a were negatively associated with RDA2. The RDA 
analysis also highlights the importance of seasonal hydrological flows 
upon the water quality and productivity in the Coorong waters, whereby 
summer conditions are associated with higher salinity and higher con-
centrations of TP and TN, either due to evapoconcentration and/or in-
hibition of primary production as noted above for extreme 
hypersalinities. By contrast, increased hydrological flows during the 
winter are associated with higher NOx and NH4. Higher windspeeds 
were associated with higher turbidity, TP and FRP. This could indicate a 
role of wind in mobilising phosphorus from the sediment due to 
disturbance/resuspension (Di Toro, 2001). Lower windspeeds appear to 
be associated with higher Chl a, although there was a very weak RDA2. 

3.5. Ecosystem impacts and feedback loops 

The hypersalinisation of the Coorong has resulted in loss of 
ecosystem components and functions and potential feedback 

Fig. 6. Time series (1999–2021) plots of dissolved nutrients (ammonium, filterable reactive phosphorus (FRP), oxidised nitrogen and reactive silica) at North Jack 
Point (South Lagoon) and Long Point (North Lagoon) in the Coorong. Less than detection limit values are plotted as the detection limit, and are apparent at the 
bottom of the ammonium, oxidised nitrogen and FRP plots. 
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Fig. 7. Map of sediment quality for Total Nitrogen (TN), Total Phosphorus (TP), Total Organic Carbon (TOC), and Acid Volatile Sulfide (AVS, dry weight basis). The 
maps were created via interpolating measured values using an Inverse Distance Weighting method in ArcGIS PRO. 
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mechanisms with nutrient cycles have to be considered. Large ecosystem 
state changes have occurred in the Coorong since the 1950s, where 
slower growing seagrasses and charophytes have been replaced by fast 
growing phytoplankton and filamentous algae (Krull et al., 2009; Dick 
et al., 2011; Kim et al., 2013; Brookes et al., 2018; Collier et al., 2017). 
While the main seagrass species now present, Ruppia tuberosa, is salt 
tolerant, its salinity tolerance has been regularly exceeded (i.e. salinity 
>85–90 psu for seed germination; Kim et al., 2013) in the South Lagoon, 
and there are light-related limitations on its depth distribution due to the 
high organic turbidity. This is consistent with observations of larger 
contributions of seagrasses to the sediment organic matter composition 
before impacts of Murray-Darling Basin water regulations and extrac-
tions (Krull et al., 2009; McKirdy et al., 2010). Along with salinity stress, 
it is also likely that eutrophication has directly contributed to the decline 
in aquatic plant condition/biomass and distributions in the Coorong via 
increasing light limitation arising from elevated turbidity in the over-
lying water. Recent measurements suggests light is reduced to <25 % of 
surface irradiation (levels which are likely to be suboptimal for seagrass, 
Collier et al., 2017) at depths between 1 and 2 m, depending on the 
location and time of year. Secchi disc depths are typically <0.5 m in the 
South Lagoon and 1–1.5 m in the North Lagoon (Dittmann et al., 2022). 

Increasing hypersalinisation in the South Lagoon and southern re-
gion of the North Lagoon has also resulted in the near complete loss of 
benthic macroinvertebrate communities (Dittmann et al., 2015; 
Tweedley et al., 2019; Lam-Gordillo et al., 2022b). This is due to the 
salinity tolerances (salinity ~60 psu) of key species being persistently 
exceeded (Dittmann et al., 2015; Remaili et al., 2018). 

Given their importance in driving organic matter and nutrient 

cycling (Welsh, 2000; Stief, 2013; Welsh, 2003; Welsh et al., 2015), the 
loss of benthic ecosystem (aquatic plant and macroinvertebrate) func-
tions in the Coorong due to salinisation has likely made a major 
contribution to the observed water and sediment eutrophication. The 
mineralisation of this high organic load has shifted the benthic system 
towards (a) anaerobic metabolic pathways dominated by sulfate 
reduction, (b) enhanced recycling of bioavailable nutrients (in particular 
ammonium and phosphate), and (c) inhibited nitrification- 
denitrification processes leading to a greater retention of nitrogen 
within the system (Heip, 1995; Seitzinger, 1988; Heijs et al., 2000; 
Azzoni et al., 2001; Pagès et al., 2012; Kankanamge et al., 2020; Lam- 
Gordillo et al., 2022a, 2022b; Huang et al., 2022). The retention and 
high flux of nutrients back to the water column likely promotes further 
growth of phytoplankton and macroalgae, which in turn drive high 
organic inputs and organic enrichment of the sediments, and the so- 
called “vicious cycle” repeats. Despite the high organic matter supply, 
the Coorong surface water appears to remain oxygenated due to its 
shallow nature and regular coastal wind mixing, and dissolved oxygen 
contributed little to the observed decrease in macroinvertebrate di-
versity and abundance in the South Lagoon (Dittmann et al., 2015). 

3.6. Implications for environmental management 

Overall, reduced flushing of nutrients from the Coorong estuary and 
coastal lagoon system appears to be a key determinant of the degree of 
eutrophication, which is generally consistent with global evidence from 
other estuaries (Bricker et al., 1999; Nixon, 2009; Le Moal et al., 2019). 
Increasing hypersaline conditions in the Coorong with distance away 

Fig. 8. Time series and trend in (a) 
net evaporation (Morton's lake evap-
oration – rainfall), (b) annual barrage 
flow volume, (c) the salinity ratio (Sf/ 
S0) as defined by Heggie and Skyring 
(1999). (a) and (b) are based on data 
outlined in Section 2.4, Sf is the 
annual average estuarine salinity in 
the north or south lagoon based on 
available salinity data in the present 
study and modelled data from Gibbs 
et al. (2018), and S0 is the ocean 
source water salinity assumed to be 
35 psu. Shading indicates the 95 % 
confidence interval of the trend line 
(for salinity ratio based on modelled 
outputs only given the longer record), 
and the slope and p value; the proba-
bility that the null hypothesis of zero 
slope can be rejected, is also provided. 
A declining trend in river inflow and 
increasing trend in net evaporation 
and salinity ratio all indicate reduced 
flushing of the Coorong.   
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from the Murray Mouth were associated with a higher degree of 
eutrophication and increasing TN, TP and Chl a concentrations (Fig. 5). 
The Coorong, with its reverse estuary character, is undoubtedly a system 
with a high propensity to retain nutrients and is highly sensitive to re-
ductions in flushing. This has been exacerbated by increased hydrolog-
ical drought conditions due to increasing water extraction and diversion 
in the Murray-Darling Basin over the last century (Webster, 2010), and 
increased net evaporation (Fig. 8b). In the absence of sufficient fresh-
water inflows and adequate flushing, the effects of evaporative con-
centration of salts and other constituents are quite extreme in the South 
Lagoon (Fig. 8c) due to its shallow and semi-closed morphology. This 
could be further exacerbated by predicted future temperature increases, 
rainfall decreases, and flow decreases due to climate change in the 

Murray-Darling Basin (CSIRO, 2008; Leblanc et al., 2012). In estuaries/ 
lagoons in colder, wetter climes, salinisation is likely not an issue, and it 
may be that changes in temperature due to climate change will play a 
greater role in determining their trophic status (Magri et al., 2020; 
Bartoli et al., 2021). However, for estuaries with arid catchments such as 
the Coorong, trends in rainfall and evaporation may be more important, 
particularly when these are exacerbated by land and water use practices. 

Internationally most efforts to reduce estuarine eutrophication target 
nutrient load reduction (e.g. focus on fertiliser use and farm manage-
ment practises) but this is unlikely to be successful in the Coorong due to 
its long residence time and nutrient accumulating propensity, and would 
have no effect on the hypersalinity issue. Increasing system flushing 
(frequency and magnitude), by enhancing exchange between the North 

Fig. 9. Relationship between water quality parameters (total nitrogen, total phosphorus, chlorophyll a and trophic index TRIX) with salinity in the Coorong. Water 
quality parameters shown are a locally weighted linear nonparametric regression method (LOESS) fitted using the “skmisc.loess” package in Python (v3.7) with a 
span of 0.75 to capture the trends within the data while avoiding overfitting. 
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and South Lagoon, to attempt to reverse eutrophication would, in the-
ory, be beneficial to: (a) export nutrients, algae and organic matter; (b) 
reduce algae and total nutrient concentrations in the water column to 
reduce further deposition of organic matter and nutrients to the sedi-
ment; (c) reduce algal-derived turbidity to enable increased light 
penetration for seagrasses; (d) reduce hypersalinisation to enable re- 
establishment of benthic macroinvertebrates and seagrasses, and; (e) 
reduce formation of hypersaline, reduced, sulfide-rich sediments that 
likely inhibits healthy nutrient cycling. Modelling suggests natural (i.e. 
pre-water resource development in the Murray-Darling Basin) South 
Lagoon salinities were less than seawater salinity for much of the time, 
due to much higher magnitude and frequency of River Murray inflows 
(Webster, 2010). The Murray-Darling Basin Plan being implemented by 

the Commonwealth and State Governments is restoring water to the 
system that will assist with flushing (e.g. Brookes et al., 2022). The 
South Australian government is also investigating new infrastructure 
options that could provide more flushing (i.e. nutrient export to the 
ocean) when there is insufficient water from the River Murray available 
to prevent extreme hypersalinity (DEW, 2021). There have also been 
recently completed projects to redirect South-East drainage water, that 
had previously been drained directly to the ocean, into the Coorong via 
Salt Creek. 

4. Conclusions 

The southern Coorong has transitioned into a persistent and extreme 

Fig. 10. Relationship between sediment quality parameters (total nitrogen, total phosphorus, total organic carbon, acid volatile sulfide) and sediment electrical 
conducitivity in the Coorong. A LOESS fit is shown as described in Fig. 9. 
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hypersaline and hypereutrophic state with loss of aquatic plant and 
animal species and their associated functions. Evidence suggests that 
changed hydrodynamics and evapo-concentration processes has 
reduced flushing and driven high concentrations of salinity, total nu-
trients and phytoplankton. This has led to substantial accumulation of 
organic matter and nutrients within the sediment, promoting anoxic, 
sulfide-rich conditions and high recycling of nutrients back to the water 
column. Although eutrophication in the Coorong is enhanced by 
hypersalinisation, the effects are non-linear. Hypersalinisation likely 
reinforces the high nutrient state brought about high rates of evapo- 
concentration by negatively impacting benthic fauna and flora com-
munities, which previously promoted nutrient sequestration and elimi-
nation processes. The Coorong provides an extreme manifestation of 
pressures that are occurring in many other estuarine systems globally 
due to the effects of water extraction and climate change. By the nature 
of its location at the end of a large river catchment in arid to semi-arid 
settings with major water management challenges, the Coorong is 
highly susceptible to reduced flushing and resultant impacts. The im-
pacts of climate change on these drivers may exacerbate the further 
degradation of the system in light of the strong connections between 
flushing, eutrophication and climatic drivers. Improving lagoonal 
flushing would be desirable to help prevent development of extremely 
hypersaline and hypereutrophic conditions, and restore key ecosystem 
functions that have been lost. 
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editing. M. Farrell: Writing – review & editing. A.J. Ferguson: Writing 
– review & editing. M. Gibbs: Formal analysis, Visualization, Writing – 
original draft. M. Hipsey: Writing – review & editing. J. Huang: Writing 
– review & editing. O. Lam-Gordillo: Formal analysis, Visualization, 
Writing – review & editing. S.L. Simpson: Writing – review & editing. J. 
J. Tyler: Formal analysis, Visualization, Writing – review & editing. M. 
Waycott: Writing – review & editing. D.T. Welsh: Writing – review & 
editing. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Fig. 11. Four component Redundancy Analysis (RDA) plot showing water quality response variables (Salinity/EC, TN, TP, NH4, NOx, FRP, reactive Si, Chl a, 
turbidity), hydrological (Salt Creek inflow, total barrage inflows, Tauwitchere barrage inflows), and meteorological (wind speed, solar radiation, air temperature, 
rainfall) predictor variables. 

L.M. Mosley et al.                                                                                                                                                                                                                              



Marine Pollution Bulletin 188 (2023) 114648

15

Acknowledgments 

We acknowledge the support of the Ngarrindjeri indigenous people 
for allowing and assisting us with research on their Yarluwar-Ruwe (sea- 
country) and Kurangk (Coorong). 

This project is part of the Department for Environment and Water’s 
Healthy Coorong Healthy Basin Program, which is jointly funded by the 
Australian and South Australian Governments. We thank the Goyder 
Institute for Water Research, in particular Dr. Alec Rolston, for their 
guidance and assistance. 

This publication is dedicated to our colleague Professor Peter Teas-
dale who sadly passed away during this study. Peter was a great person 
and scientist who we miss dearly. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.marpolbul.2023.114648. 

References 

ANZG, 2018. Australian and New Zealand Guidelines for Fresh and Marine Water 
Quality. Available at:. Australian and New Zealand Governments and Australian 
state and territory governments, Canberra ACT, Australia http://www.waterquality. 
gov.au/anz-guidelines/.  

APHA, 2005. Standard Methods for the Examination of Water and Wastewater, 21st edn. 
American Public Health Association, American Water Works Association and Water 
Environment Federation, Washington, DC.  

Azzoni, R., Giordani, G., Bartoli, M., Welsh, D.T., Viaroli, P., 2001. Iron, Sulphur and 
phosphorus cycling in the rhizosphere sediments of a eutrophic Ruppia cirrhosa 
meadow of the valle Smarlacca, Italy. J. Sea Res. 45, 15–26. 

Barnett, S., 2018. Hydrogeology of the lower lakes and Coorong Region. In: Mosley, L., 
Shepherd, S., He, Q., Hemming, S., Fitzpatrick, R. (Eds.), Natural History of the 
Coorong, Lower Lakes and Murray Mouth (Yarluwar-Ruwe). 

Bartoli, M., Nizzoli, D., Zilius, M., Bresciani, M., Pusceddu, A., Bianchelli, S., 
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Shao, Y., Farkaš, J., Holmden, C., Mosley, L., Kell-Duivestein, I., Izzo, C., Reis-Santos, P., 
Tyler, J., Toerber, P., Fryda, J., Taylor, H., Haynes, D., Tibby, J., Gillanders, B., 
2018. Calcium and strontium isotope systematics in the lagoon-estuarine 
environments of South Australia: implications for water source mixing, carbonate 
fluxes and fish migration. Geochim. Cosmochim. Acta 239, 90–108. https://doi.org/ 
10.1016/j.gca.2018.07.036. 

Sloth, N.P., Blackburn, T.H., Hansen, L.S., Risgaard-Petersen, R., Lomstein, B.A., 1995. 
Nitrogen cycling in sediments with different organic matter loading. Mar. Ecol. Prog. 
Ser. 116, 163–170. 

Smith, V.H., 2006. Responses of estuarine and coastal marine phytoplankton to nitrogen 
and phosphorus enrichment. Limnol. Oceanogr. 51, 377–384. 

Srikanthan, S., Bende-Michl, U., Matic, V., Hope, P., Oke, A., Khan, Z., Thomas, S., 
Sharples, W., Kociuba, G., Peter, J., Vogel, E., Wilson, L., Turner, M., 2022. Murray 
Basin-National Hydrological Projections Assessment Report. Bureau of Meteorology 
Report. Melbourne. 

Steward, J.S., Lowe, E.F., 2010. General empirical models for estimating nutrient load 
limits for Florida's estuaries and inland waters. Limnol. Oceanogr. 55, 433–445. 

Stief, P., 2013. Stimulation of microbial nitrogen cycling in aquatic ecosystems by 
benthic macrofauna: mechanisms and environmental implications. Biogeosciencs 10, 
2829–2846. 

Sullivan, L.A., Ward, N.J., Bush, R.T., Toppler, N.R., Choppala, G., 2018. Overview and 
management of monosulfidic black ooze (MBO) accumulations in waterways and 
wetlands. Available at:. Department of Agriculture and Water Resources, Canberra 
https://www.waterquality.gov.au/issues/acid-sulfate-soils.  

Swaney, D.P., Scavia, D., Howarth, R.W., Marino, R.M., 2008. Estuarine classification 
and response to nitrogen loading: insights from simple ecological models. Estuar. 
Coast. Shelf Sci. 77, 253–263. 

Tweedley, J.R., Warwick, R.M., Potter, I.C., 2016. The contrasting ecology of temperate 
macrotidal and microtidal estuaries. In: Hughes, R.N., Hughes, D.J., Smith, I.P., 
Dale, A.C. (Eds.), Oceanography and Marine Biology: An Annual Review, Vol 54, Vol 
54, pp. 73–171. 

Tweedley, J.R., Dittmann, S.R., Whitfield, A.K., Withers, K., Hoeksema, S.D., Potter, I.C., 
2019. Hypersalinity: global distribution, causes, and present and future effects on the 
biota of estuaries and lagoons. In: Wolanski, Eric, Day, John W., Elliott, Michael, 
Ramachandran, Ramesh (Eds.), Coasts and Estuaries. Elsevier, Burlington, ISBN 978- 
0-12-814003-1, pp. 523–546. 

Vollenweider, R.A., Giovanardi, F., Montanari, G., Rinaldi, A., 1998. Characterization of 
the trophic conditions of marine coastal waters, with special reference to the NW 
Adriatic Sea: proposal for a trophic scale, turbidity and generalized water quality 
index. Environmetrics 9, 329–357. 

Warwick, R.M., Tweedley, J.R., Potter, I.C., 2018. Microtidal estuaries warrant special 
management measures that recognise their critical vulnerability to pollution and 
climate change. Mar. Pollut. Bull. 135, 41–46. 

Webster, I.T., 2010. The hydrodynamics and salinity regime of a coastal lagoon – 
theCoorong, Australia – seasonal to multi-decadal timescales. Estuar. Coast. Shelf 
Sci. 90, 264–274. https://doi.org/10.1016/j.ecss.2010.09.007. 

Webster, I.T., 2011. Dynamic assessment of oceanic connectivity in a coastal 
Lagoon—the Coorong,Australia. J. Coast. Res. 27 (1), 131–139. http://www.jstor. 
org/stable/25790495. 

Welsh, D.T., 2000. The ecological significance of compatible solute accumulation: from 
single cells to global climate. FEMS Microbiol. Rev. 24, 263–290. 

Welsh, D.T., 2003. It's a dirty job but someone has to do it: the role of marine benthic 
macrofauna in organic matter turnover and nutrient recycling to the water column. 
Chem. Ecol. 19, 321–342. 

Welsh, D.T., Nizzoli, D., Fano, E.A., Viaroli, P., 2015. Direct contribution of clams 
(Ruditapes philippinarum) to benthic fluxes, nitrification, denitrification and nitrous 
oxide emission in a farmed sediment. Estuar.Coast.Shelf Sci. 154, 84–93. 

Woodland, R.J., Thomson, J.R., Mac Nally, R., Reich, P., Evrard, V., Wary, F.Y., 
Walker, J.P., Cook, P.L.M., 2015. Nitrogen loads explain primary productivity in 
estuaries at the ecosystem scale. Limnol. Oceanogr. 60, 1751–1762. https://doi.org/ 
10.1002/lno.10136. 

L.M. Mosley et al.                                                                                                                                                                                                                              


