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A B S T R A C T   

Estuaries in the tropical Gulf of Carpentaria (GOC) in Australia are under increasing pressure from catchment 
water development, potentially affecting productivity. We examined the potential effect of changes in freshwater 
inputs on the primary productivity of three estuaries (Flinders, Gilbert and Mitchell Rivers). The addition of 
nutrients stimulated mudflat primary production in all estuaries at multiple sampling times, suggesting chronic 
nutrient limitation. All three estuaries were productive with the Flinders estuary being the most productive of the 
three estuaries, compared to the Gilbert and Mitchell estuaries. This is despite the fact that the Flinders estuary 
has the shortest period of freshwater flow and more variable flows from year-to-year compared with the other 
estuaries. This makes the Flinders highly vulnerable to excessive water development. This study suggests that 
water extraction which significantly reduces freshwater inputs and associated nutrients has the potential to 
impact on productivity within these estuaries.   

1. Introduction 

Estuaries have been described as biogeochemical hotspots with high 
rates of primary productivity (Cloern et al., 2014). However, this study 
also showed that of the 1148 reported values of phytoplankton primary 
production globally, 958 come from sites between latitudes of 30 and 
60◦N; with only 36 for sites south of 20◦N, and even less from the tro-
pics. Despite the limited information for comparisons, they propose that 
tropical estuaries are more productive than temperate estuaries. In a 
review comparing eutrophic, temperate estuaries and low-nutrient, 
tropical estuaries, Vieillard et al. (2020) showed that there was also a 
strong literature bias toward heavily eutrophied estuaries in the 
Northern Hemisphere, with relatively little data available from tropical 
and low-nutrient systems. 

Tropical/subtropical river systems account for 68% of Australian 
estuaries, meaning that these climatic regions are important contribu-
tors to the productivity of estuarine and coastal systems (Bucher and 
Saenger, 1994). Tropical rivers in northern Australia flow into some of 
the most pristine coastal habitats and estuaries in the world (Halpern 
et al., 2019). This contrasts with southeast Asia and central/south 
America, where there is major human development and environmental 
degradation, including major loss of intertidal flats from coastal devel-
opment, reduced catchment sediment delivery to estuaries, coastal 

erosion and sea level rise (Murray et al., 2019). Within Australia, a study 
in the coastal areas adjacent at the mouth of the Murray River, one of the 
most overexploited water resources in the southern region of Australia 
(Maheshwari et al., 1995), has shown that water development can have 
major impacts on productivity (Auricht et al., 2017). 

The significant rainfall and runoff in the wet-dry tropics of Australia 
provides a potential resource for water development in the catchments, 
e.g. irrigated agriculture. There has, for example, already been signifi-
cant water development in catchments in the wet-dry tropics adjacent to 
the Great Barrier Reef (e.g. Howley et al., 2018). There are plans for 
significant water development in three rivers in the Gulf of Carpentaria 
region, the Flinders, Mitchell and Gilbert Rivers (DNRME, 2018a, 
2018b). The downstream estuaries support commercial fisheries, en-
dangered migratory shorebirds and a suite of other plant and animal 
species that are poorly characterized (Garnett, 1989; Robins et al., 
2005). Increased water extraction and building dams will reduce 
freshwater flow to estuaries, but the scale of the likely effect on primary 
productivity in estuaries and nearshore environments is poorly 
understood. 

Previous studies have shown that higher wet season freshwater flows 
correlate with catches of estuarine fish and crustaceans, but the under-
lying mechanism has not been determined (Robins et al., 2005). Other 
studies have suggested that primary productivity and densities of 
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juvenile crustaceans may be affected with long term flow alterations 
(Kenyon et al., 2004; Burford et al., 2011). 

In the short term, flow events change water residence times, increase 
turbidity, and reduce the salinity in estuaries which can have negative 
effects on phytoplankton and benthic algal production (Burford et al., 
2012; Duggan et al., 2014). In the longer term, i.e. weeks to months, 
once annual flows and turbidity have decreased and salinity has 
increased, nutrient inputs during the wet season fuel primary produc-
tion, (Mallin et al., 1993; Gillanders and Kingsford, 2002; Murrell et al., 
2007; Auricht et al., 2017). 

Given the pressures of water development, and the desire to learn 
from the negative social, environmental and economic consequences of 
water overallocation in other Australian rivers (Maheshwari et al., 
1995), a study was undertaken in rivers earmarked for water develop-
ment in the Gulf of Carpentaria. The study examined the effect of 
freshwater flows on nutrient inputs, primary production, respiration and 
biomass of primary producers in three wet-dry tropical estuaries 
(Mitchell, Gilbert and Flinders). These three rivers provide contrasts in 
seasonal and interannual flow, with the Mitchell River having the most 
consistent year-to-year flow and a low rate of base flow in the dry sea-
son. The Flinders River is the other extreme with highly variable inter-
annual flow and long cease-to-flow periods each dry season. 

2. Materials and methods 

2.1. Study site 

The Mitchell, Gilbert and Flinders Rivers are located in the Gulf of 
Carpentaria catchments in the Australian wet-dry tropics (Fig. 1). They 
are all classified as Class 10 rivers, i.e. unpredictable summer flow which 
is highly intermittent (Fig. 1, Kennard et al., 2010). The catchment areas 
are 71,670, 46,406 and 109,000 km2, for the Mitchell, Gilbert and 
Flinders Rivers respectively. All the catchments are dominated a mixture 

of low-intensity cattle grazing, with some improved pasture or crop 
production. Mining activities also occur in the catchments. In the case of 
the Mitchell River catchment, soil gully erosion has been shown to be 
very high compared with other rates in Australia, mostly impacted by 
cattle grazing in riparian areas (Shellberg et al., 2016). Another study of 
the Flinders River catchment showed that gully and channel erosion are 
significant contributors to sediment loads in the Flinders River 
(Caitcheon et al., 2012). 

During the dry season, the Gilbert and Flinders Rivers become a se-
ries of disconnected waterholes (Faggotter et al., 2013), while the 
Mitchell flows slowly. During the wet season, the floodplains become 
inundated for periods of days to weeks (Ndehedehe et al., 2020a, 
2020b). 

The Gilbert and Flinders estuaries are characterized as having simple 
meandering river channels with some small tidal creeks, fringed with a 
relatively narrow line of mangroves, behind which are extensive salt-
flats. These saltflats are only inundated during the wet season or at the 
highest astronomical tides. The Mitchell estuary has many of the same 
characteristics, but is a deltaic fan with multiple estuary mouths. 

All three estuaries are characterized as tide-dominated deltas due to 
the relatively high tidal energy compared to wave energy at the mouth, 
and high freshwater discharges in the wet season (Heap et al., 2001). 
The tidal range is <1 m on the neap tide, and 2.5–4 m on the spring tide. 
There is typically only one tide per day. In the nearshore area adjacent to 
the estuaries, ephemeral sandflats extend seaward from the estuary 
mouth, the size and shape of which varies with season, tidal and wind 
action. The coastal currents along the Gulf trap coastal water in these 
shallow environments (1–3 m deep) within a coastal (<20 m) boundary 
layer (Wolanski and Ridd, 1990). The outflowing estuarine water during 
times of high flow mix with this entrained coastal water to produce a 
turbid coastal water column (Wolanski, 1993). 

The areal extent of intertidal mudflats, mangroves, open water and 
supratidal (shallow coastal habitats only infrequently tidally inundated) 

Fig. 1. Map of sampling sites in the Flinders, Gilbert and Mitchell estuaries in the Gulf of Carpentaria, Australia.  
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mudflats for each estuary was measured using low-tide maps (Google 
Earth). The mudflat area was estimated to be 1.4, 0.4 and 1.1 km2 for the 
Mitchell, Gilbert and Flinders/Bynoe (the Bynoe estuary is included in 
the estimations as it is a bifurcation of the Flinders near the mouth) 
estuaries respectively. The nearshore sandflat area was estimated to be 
0.5, 2.0 and 3.8 km2 for the Mitchell, Gilbert and Flinders/Bynoe estu-
aries respectively. Additionally, the mangrove area was estimated to be 
56.9, 7.2 and 24.5 km2 for the Mitchell, Gilbert and Flinders/Bynoe 
estuaries respectively. The area of open water was 51.2, 8.8 and 26.7 
km2 for the Mitchell, Gilbert and Flinders estuaries respectively. The 
supratidal mudflat area behind the mangroves was estimated to be 112 
km2 for the Mitchell, 40 km2 for the Gilbert, 213 km2 for the Mitchell, 
Gilbert and Flinders/Bynoe estuaries respectively. 

2.2. Hydrology 

Gauging station data was used to generate hydrographs for the three 
river systems. Data from the gauging stations lowest in the catchments 
were used, i.e. Dunbar (139 km from Mitchell mouth), Burke Develop-
ment Rd (102 km from Gilbert mouth) and Walkers Bend (103 km from 
Flinders mouth) (https://water-monitoring.information.qld.gov.au/) 
(Fig. 2). There were no gauging stations near the mouth of the rivers. No 
nutrient data exists from the gauging station sites. 

Two hydrological models were used to generate annual end-of-river 
system (EOS) flow data for the three rivers: the FGARA (Lerat et al., 
2013; Petheram and Yang, 2013), and NAWRA models (Fig. 2, Table S1, 
Philip et al., 2018). The river models were built within the eWater 
Source modelling platform (Welsh et al., 2012). Note that only the 
NAWRA data was available for the EOS flow for the Mitchell River. The 
difference between the FGARA and NAWRA model outputs was that the 
NAWRA model built on the FGARA model, with some bias correction 
applied to more closely match gauge data. 

The field trips are outlined below. The aim of the field trips was to 
compare the algal biomass and primary production of each estuary, and 
assess the effect of freshwater flow on nutrient inputs and primary 
production. Sampling was undertaken for water column physico- 
chemical parameters, nutrients, chlorophyll a concentrations, and 
sediment nutrients, chlorophyll a concentrations, primary productivity 
and respiration. 

2.3. Field trips 

Five field trips were conducted to the estuary systems of the three 
rivers on either the catamaran, MV Eclipse D (~16 m in length) or the 
monohull, RV CSIRO One (~7 m in length, Flinders only, May 2018) 
(Table S2). Three trips were conducted in the dry season (November 
2016 and 2017, December 2019) when there was little or no river flow, 
and one in the wet season (March 2019). It was not possible to undertake 
all sampling in consecutive seasons due to resourcing issues, and this is 
acknowledged as a limitation in data interpretation. In the case of the 
MV Eclipse D trips, small boats (~5 m in length) were deployed from the 
mother boat to access sampling sites within each estuary. 

Two additional trips were undertaken in the height of the wet season 
(April 2018 for Gilbert and Mitchell, and February 2019 for Flinders, 
Fig. 2b). It was not possible to access the estuaries by boat for logistical 
reasons. Therefore, helicopter sampling was conducted by lowering 
bottles into the surface waters mid-estuary and in the floodplume. 

2.3.1. Physico-chemical and water column sampling and analyses 
There were three routine sampling sites to each estuary sampling 

water above representative intertidal estuarine mudflats (Fig. 1). These 
sites were sampled in November 2016 and 2017, May 2018 (Flinders 
only), March and December 2019 (Table S2). Physico-chemical pa-
rameters were measured in the overlying water of the intertidal mudflats 
typically on the ebbing tide using a small boat. A calibrated logger 
(Hydrolab) was used to measure temperature, salinity, pH, dissolved 
oxygen (DO), and turbidity. Photosynthetically active radiation (PAR) 
profiles were also done through the water column using a 4 pi sensor and 
Licor logger. All readings were done during the morning which ensured 
a similar phase of the tide for the dry season sampling. In the wet season 
there was little tidal influence. 

Water samples were also taken from the water surface above the 
estuarine mudflats for nutrients and chlorophyll a analyses. For nutri-
ents, triplicates of surface water were also collected in separate buckets, 
then subsampled for total nitrogen (TN) and phosphorus (TP). Sub-
samples were also filtered in situ through 0.45 μm membrane filters for 
ammonium, nitrate, and phosphate analyses. A subset of filtrate was also 
used to measure total dissolved nitrogen and phosphorus. All nutrient 
samples were frozen until analyzed. For chlorophyll a concentrations, 
known volumes of water were filtered through GF/F glass fibre filters 

Fig. 2. a) Long term annual flow (GL) based on modelled EOS flow (Lerat et al., 2013; Petheram and Yang, 2013; Philip et al., 2018), and b) hydrograph (ML day− 1) 
based on DNRM gauging station data at Dunbar (139 km from Mitchell mouth), Burke Development Rd (102 km from Gilbert mouth) and Walkers Bend (103 km from 
Flinders mouth) (https://water-monitoring.information.qld.gov.au/). Arrows show sampling times. 
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(Whatman, nominal pore size 0.7 μm), then the filters were kept on ice 
until frozen at − 80 ◦C in the laboratory. 

Sampling was also conducted in the height of the wet season by 
helicopter. This involved lowering a bottle three times into the surface 
waters at each site (Table S2). A transect was taken from the mouth of 
each estuary out into the floodplume in the nearshore environment. 
Replicated samples were processed for nutrient and chlorophyll a con-
centrations in situ using the methods outlined above. 

To further assess the effect of freshwater nutrients on the estuary 
systems, 24 h sampling was done in March 2019 (wet season) and 
December 2019 (dry season) on board the MV Eclipse D when moored in 
each estuary. Sampling was conducted every 2 h in the wet season and 
less frequently, i.e. every 3 h, in the dry season. The reduced frequency 
in the dry season was because parameters did not change markedly over 
the tidal cycle in the dry season. Surface water samples were taken with 
a bucket, and bottom samples with a van Dorn sampler (1 m from the 
bottom). Processing followed protocols outlined above. Physico- 
chemical parameters were also measured with a datalogger (Hydro-
lab) at the same time. 

Nutrients were analyzed using standard colorimetric approaches and 
an autoanalyzer (Seal analytical AA500HR, APHA, 2005). Total N and P, 
and total dissolved nitrogen and phosphorus were digested using the 
persulfate method prior to colorimetric analysis (Hosomi and Sudo, 
1986). Samples were also run using the Kjeldahl digestion method 
(APHA, 2005) prior to colorimetric analysis to confirm that the persul-
fate digestion method was sufficient to convert TN to nitrate for color-
imetric analysis in samples with higher turbidity. Detection limits were 
0.5 mg L− 1 for DOC, 0.002 mg L− 1 for ammonia, 0.001 mg L− 1 for nitrate 
and phosphate, 0.4 mg L− 1 for Kjeldahl TN, 0.2 mg L− 1 for Kjeldahl TP, 
and 0.1 mg L− 1 for persulfate TN. Filters for chlorophyll a analyses were 
sonicated in 90% acetone to extract the pigments, samples were kept in 
the fridge overnight to allow additional extraction, then the extract was 
filtered to remove glass filter fibres. Absorbances of extracts were 
measured at 750, 665, 664, 647 and 630 nm on a spectrophotometer 
(Jeffrey and Welshmeyer, 1997). Hydrochloric acid treatment was used 
to adjust chlorophyll a values for phaeopigments. 

In order to provide an estimate of TN and TP loads during the wet 
season in each estuary, TN and TP concentration data from the wet 
season trips (April 2018, February 2019, March 2019) were multiplied 
by the gauging station flow rate data (Section 2.1). Gauging station data 
was used rather than modelled EOS flows because data was available for 
more years (Table S2). 

2.3.2. Sediment chlorophyll and nutrient measurements 
At the same times and sites as the routine water quality sampling was 

done at three sites in each estuary (Fig. 1), sediment samples on the 
estuarine mudflats were also taken for chlorophyll a, primary produc-
tion, TN, TP, organic carbon and grain size analyses. Early in the day at 
low tide or close to low tide, three replicate sediment samples were 
collected from the intertidal zone. In the case of sediment chlorophyll a 
and total nutrient and organic carbon analyses, cores (2 cm deep) were 
collected using a core tube (2.4 cm dia.) and kept on ice until frozen. In 
the laboratory, samples were kept at a temperature of − 80 ◦C until 
analyzed. 

For sediment total nutrient analyses, the Kjedahl method was used, 
and for organic carbon, the combustion method was used (APHA, 2005). 
For grain size analysis, sediment samples were dried in an oven at 60 ◦C 
for 24 h. Dried samples were analyzed for grain size distribution ac-
cording to Thorburn and Shaw (1987). 

Sediment chlorophyll a concentrations were determined using the 
same analysis method as for the water column chlorophyll a concen-
trations (Jeffrey and Welshmeyer, 1997). A known weight of sediment 
was used. In summary, cold acetone (90%) was added to sediment, and 
samples were sonicated with a probe sonicator, left to extract overnight 
in the fridge, then filtered through GF/G glass fibre filters prior to 
absorbance measurements. 

On the December 2019 trip, porewater nutrients were also measured 
in the estuarine mudflats at the same sites as for total nutrients. This was 
done by pushing PVC tubes with small screen holes along the sides into 
the intertidal mud and leaving for 1–2 h at low tide. Then a syringe was 
used to remove the porewater which was subsequently filtered through 
0.45 μm membrane filters, and then frozen until analyzed. 

In addition to the sampling of the estuarine mudflats, in the second 
year and subsequent years, samples were also taken on the intertidal 
nearshore sandflats. Cores were taken for chlorophyll a concentrations, 
using the same sampling and analysis protocol as for the estuarine 
mudflats. This was done at half tide to minimize risks from crocodile 
attacks. 

2.3.3. Sediment primary productivity and respiration 
For primary production measurements on the intertidal estuarine 

mudflats, replicated cores (4.5 cm dia.) with a standardized sediment 
depth of 3 cm were collected at the same sites as the chlorophyll a 
samples using acrylic tubes and rubber bungs. These cores, with over-
lying estuarine water, were then used for incubations to measure oxygen 
fluxes. These incubations were done on the boat adjacent to the sam-
pling points within a few hours of collecting samples. Primary produc-
tion cores were equilibrated open to the air for a few hours prior to the 
experiment. The experiment commenced once full sunlight became 
available. Cores were then completely filled with water so no air 
remained, then capped so they were completely sealed. A Presens® 
fiber-optic oxygen sensor (FIBOX) was used to measure oxygen-sensitive 
optode patches glued to the inside wall of each core (Presens) (Duggan 
et al., 2014). This allowed measurements of oxygen concentrations in 
each core over time without needing to open up the cores. Two of the 
cores were used for dark incubations and five for light incubations. On 
the last two trips (March and December 2019), five replicate dark in-
cubations were done, rather than two to provide more statistically 
robust information on respiration rates. All sealed cores were placed in a 
rank in a bin with in situ seawater flowing over the sealed cores to 
maintain temperature in situ, and were kept in full sunlight. Cores for 
dark incubations were covered with dark plastic to remove the light 
source. Extra cores with surface water and no sediment were used to 
determine the contribution of the overlying water to oxygen fluxes. 

The oxygen levels in the cores were read periodically over a few 
hours in the morning until sufficient readings were obtained, i.e. 5–7 
readings, to determine a linear change in dissolved oxygen levels. Ex-
periments were stopped before non-linearity occurred. Oxygen pro-
duction (and consumption in the dark treatments) was calculated based 
on the rate of change of oxygen concentrations, standardized to the area 
of sediment, and expressed per unit time. Water column primary pro-
duction was accounted for using cores containing only water. However, 
the method was too inaccurate to use for meaningful water column 
productivity rates. 

In addition to the incubations outlined above, estuarine mudflat 
samples were also taken at the same sites on November 2017, May 2018 
(Flinders only) and December 2019 to determine the effect of nutrient 
additions on oxygen fluxes. This was designed to be a simulation of 
nutrient inflows from wet season flow. Oxygen fluxes were chosen, 
rather than chlorophyll a concentrations, because preliminary analyses 
showed that the time available for incubations, i.e. two days, was 
insufficient for a statistically significant increase in chlorophyll a con-
centrations. At each site, one dark and four light replicate cores were 
incubated with and without nitrogen and phosphorus addition. 
Ammonium chloride solution, to give a final concentration of 0.924 mg 
N L− 1, was added to the overlying water of each core. Ammonium was 
chosen, rather than nitrate, because previous research using phyto-
plankton in an adjacent estuary in the Gulf showed that ammonium was 
present at similar concentrations as nitrate and assimilated preferen-
tially (Burford et al., 2012). Sodium dihydrogen phosphate solution, to 
give a final concentration of 0.127 μg P L− 1, was also added. Open cores 
with overlying water and nutrients were kept separate from other cores 
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by ensuring tubs with flowing seawater did not flood cores. Cores were 
incubated in full sun for two days. After this, all cores were fully filled 
with estuarine water early in the day, capped and incubated. Primary 
production measurements were then done using the same protocol 
outlined above for sediment core samples. 

2.4. Statistical analyses 

Statistical comparisons between rivers and sampling occasions for 
sediment and water column data were done using R software. Only the 
data from the regular sampling sites within the estuary and adjacent 
nearshore were used for statistical analyses. Other data is presented, but 
due to differences in sampling methods and locations, could not be 
included in the statistical analyses. ANOVA, followed by a post hoc 
Tukey's HSD pairwise test, was used in the case of parametric data. In the 
case of non-parametric data, a Kruskal test with post hoc Nemenyi-Test 
test was done. Treatments in the nutrient addition experiment were 
compared using Welsh's test. 

For the correlations between water quality parameters, a Spearman 
test was conducted. Data were tested for normality. 

3. Results 

3.1. Hydrological conditions during study 

During the study, the Mitchell typically had a longer period of flow 
during each wet season, based on gauging station data, compared with 
the Gilbert, followed by the Flinders (Fig. 2b). In the final wet season of 
the study, in February/March 2019, the Flinders system had the highest 
daily flow since records began in the 1970's. The annual cease-to-flow 
periods during the study (2016–2019), based on flow at the gauging 
stations, were shortest in the Mitchell, typically with no days of cease-to- 
flow (Fig. 3). This was followed by the Gilbert, and then the Flinders, 
which had a cease-to-flow period of 150 to over 200 days per year. These 
cease-to-flow periods are representative of long-term differences be-
tween the river systems. 

The flow data from the gauging stations was used to estimate annual 
water year (July – June) flows over the study and compared with data 
from two models of end-of-system (EOS) flow, the NAWRA and FGARA 
models (Table S1). The modelled EOS annual flow volume using the 
NAWRA model was substantially higher than the gauging station data 
for the Mitchell, but not the Gilbert and Flinders. The FGARA model data 
for the Gilbert was also substantially higher than the gauging station 
data for the same river. However, values for both models were typically 
similar to the gauging station data for the Flinders. 

It would be expected that EOS flows would be higher than those in 
the gauging stations, given that the gauging stations are more than 100 
km upstream. Some rivers, e.g. Mitchell River, have additional 

tributaries downstream from the gauging station that would change flow 
estimates. Additionally, there could be localized rainfall with associated 
runoff downstream of the gauging stations. An additional source of 
difference between modelled and gauging station data occurs in high 
flow years, such as the 2019 floods in the Flinders (Ndehedehe et al., 
2020a), where overbank flow and floodplain inundation may be sig-
nificant. This flow may not be captured by the gauging station. 

Conversely, there are likely to be errors in model estimates, due to 
the low typographic relief of much of the downstream floodplains of 
these rivers. This means that during years with extensive flooding, 
catchment boundaries cannot be differentiated and water from flood-
plains may move through more than one river system in an unpredict-
able manner. 

3.2. Intertidal estuarine mudflat chlorophyll a concentrations and 
primary production 

Across all sampling occasions and combining nearshore sand (at the 
mouth of rivers) and estuarine mudflat data, there were no statistical 
differences in chlorophyll a concentrations between the three estuaries. 
However, comparing the nearshore sand and estuarine mudflat sites 
across all sampling occasions, the sandflats had higher chlorophyll a 
concentrations than the mudflat in the Flinders (P < 0.001) and the 
Mitchell estuaries (P < 0.05), while for the Gilbert estuary, the mudflats 
had higher chlorophyll a concentrations than the sandflats (P < 0.05) 
(Fig. 4). 

Comparing sampling times within each estuary, chlorophyll a con-
centrations were higher in the first two dry season sampling occasions 
(November 2016, 2017) than the wet season or transition period in the 
Flinders estuary (Table S3). The Gilbert and Mitchell estuaries also had 
higher chlorophyll a concentrations in November 2016 compared with 
the other sampling occasions. 

Overall, primary production (only measured on estuarine mudflat 
sites) was statistically higher in the Flinders and Gilbert estuaries than 
the Mitchell estuary (Table 1). Respiration rates on the estuarine 
mudflat sites (measured on the last two trips) were also statistically 
higher on the Flinders estuary than the other two estuaries. Rates were 
also compared between sampling occasions. The estuarine mudflats on 
the Flinders and Gilbert estuaries had higher primary production than 
the Mitchell estuary in both November 2016 and 2017, but not in 
December 2019 (Table 2). The estuarine mudflats on the Gilbert estuary 
had higher primary production in March 2019 compared with the other 
two estuaries. 

Primary production in the Flinders estuarine mudflats were higher in 
the dry season in November 2016 and December 2019 than the other 
sampling occasions (Table S3). However, in the case of the Gilbert and 

Fig. 3. Number of cease-to-flow days each year of the study using DNRM 
gauging station data at Dunbar (Mitchell River), Burke Development Rd 
(Gilbert River) and Walkers Bend (Flinders River) (https://water-monitoring. 
information.qld.gov.au/). 

Fig. 4. Comparison of chlorophyll a concentrations (mg m− 2) on the estuarine 
mudflats in the estuaries, and nearshore sandflats in the three estuaries across 
all sampling occasions. *P < 0.05, ***P < 0.005. 
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Mitchell estuaries, rates were highest in November 2016 and the wet 
season, March 2019. Rates were also higher in December 2019 in the 
Mitchell estuary. Respiration rates were higher in the wet season than 
the dry season in the Flinders, but the same was not true in the Gilbert 
and Mitchell estuaries. 

3.3. Estuarine intertidal mudflat nutrient addition experiments 

Experiments were also conducted on multiple trips to determine the 
effect of nutrient additions, at concentrations of ~0.924 mg N L− 1 as 
ammonium, and 0.127 mg P L− 1 as phosphate, on primary production in 
the estuarine mudflats. Overall, the addition of nutrients resulted in 
statistically higher mudflat primary production compared with no 
addition (Fig. 5). The Flinders estuary had double the primary produc-
tivity rates with the addition of nutrients, while in the Gilbert it was 60% 
higher, and the Mitchell was 54% higher. There was a high level of 
variation between sampling sites and replicates meaning that primary 
production was not enhanced on all occasions, sites and rivers. How-
ever, there was no consistent differences in the responses. 

3.4. Sediment nutrients and grain size 

There were no statistical differences in the TN or total organic carbon 
concentrations in mudflat sediments between estuaries (Table 1). Total 
P concentrations in the estuarine mudflat sediments were statistically 
higher in the Flinders estuary than the other two estuaries. Porewater 
ammonium, nitrate/nitrite and phosphate concentrations were only 
measured in the Flinders and Gilbert estuaries in December 2019. 
Concentrations were highly variable, but ammonium concentrations 
were typically higher than nitrate/nitrite and phosphate concentrations 
across estuaries. Percentage mud was similar at the estuarine mudflat 
sites in each estuary, i.e. 80–84% (Table 1). 

3.5. Water column chlorophyll a concentrations and primary production 

Comparing rivers within each sampling occasion, water column 
chlorophyll a concentrations in the Flinders was statistically higher than 
the Mitchell estuary in November 2017, March 2019 and December 
2019 (Table 3). The Gilbert estuary was typically intermediate between 
the other two estuaries. Comparing sampling occasions within each 
river, the Flinders estuary had the highest water column chlorophyll a 

Table 1 
Comparisons of mean (SD) mudflat chlorophyll a concentrations, production, respiration, and sediment nutrients and percentage mud across the three estuaries. 
Porewater only sampled on December 2019. TN = total nitrogen, TP = total phosphorus, TOC = total organic carbon, NS = not significant, nd = no data. Bolded text 
shows statistically highest values.  

Estuary Primary production 
(mg O2 m− 2 h− 1) 

Respiration (mg 
O2 m− 2 h− 1) 

TN %dw TP %dw TOC % 
dw 

% 
mud 

Porewater 
ammonium (mg N 
L− 1) 

Porewater nitrate/ 
nitrite (mg N L− 1) 

Porewater 
phosphate (mg P 
L− 1)  

(F 4.84, P < 0.01) (F 8.48, P < 0.01) NS (F 19.46, P < 
0.001) 

NS NS NS NS NS 

Flinders 93.12 (69.19)a** ¡10.21 
(6.40)a** 

0.057 
(0.016) 

0.025 
(0.004)a*** 

0.588 
(0.213) 

82 
(6) 

8.395 (2.200) 0.120 (0.121) 0.081 (0.053) 

Gilbert 94.62 (50.19)a − 5.93 (5.83)b 0.075 
(0.017) 

0.021 (0.002)b 0.637 
(0.183) 

84 
(7) 

4.482 (4.284) 0.047 (0.025) 0.047 (0.020) 

Mitchell 65.48 (48.76)b − 6.02 (5.36)b 0.064 
(0.038) 

0.015 (0.008)b 0.554 
(0.280) 

80 
(9) 

nd nd nd 

Different letters in superscript denote statistically significant differences, with level of significance denoted by *P<0.05, **P<0.01, ***P<0.005. 

Table 2 
Comparisons of mean (SD) sediment chlorophyll a concentrations, production and respiration between the mudflats of three estuaries on each sampling occasion. NS =
not significant, nd = no data. Bolded text shows statistically highest values. a and b denote statistical differences.   

Date Estuary Chlorophyll a conc (mg m− 2) Primary production (mg O2 m− 2 h− 1) Respiration mg O2 m− 2 h− 1 

Estuarine mudflat Nov-16 (dry)  NS (F 7.02, P < 0.05)  
Flinders 66.88 (31.26) 148.46 (81.69)a nd 
Gilbert 80.50 (35.28) 108.28 (62.38)a nd 
Mitchell 73.97 (20.24) 81.65 (56.22)b* nd 

Nov-17 (dry)  NS (F 12.91, P < 0.001)  
Flinders 70.99 (22.82) 50.52 (29.55)a nd 
Gilbert 66.25 (22.79) 59.51 (26.07)a nd 
Mitchell 182.15 (254.15) 22.42 (21.72)b* nd 

May-18 (transition) Flinders 17.76 (15.19) 48.11 (41.73) nd 
Mar-19 (wet)  (F 5.09, P < 0.05) (F 12.30, P < 0.01) NS 

Flinders 10.19 (2.47)b 89.74 (43.76)b − 13.82 (5.88) 
Gilbert 14.11 (7.70)b 139.86 (29.31)a** − 3.82 (6.51) 
Mitchell 34.40 (23.07)a* 84.53 (46.16)b − 6.04 (5.78) 

Dec-19 (dry)  (F 12.47, P < 0.001) NS NS 
Flinders 18.19 (7.83)a 119.21 (68.89) − 6.83 (4.96) 
Gilbert 9.25 (3.06)b** 69.42 (19.4) − 8.04 (4.31) 
Mitchell 23.19 (8.60)a 72.4 (27.76) − 5.99 (4.99) 

Nearshore sandflat Nov-17 (dry)  NS   
Flinders 144.59 (66.69) nd nd 
Gilbert nd nd nd 
Mitchell 111.07 (63.78) nd nd 

May-18 (transition) Flinders 53.39 (24.44) nd nd 
Mar-19 (wet)  (F 11.00, P < 0.01)   

Flinders 15.56 (7.60)b nd nd 
Gilbert 30.74 (9.29)ab nd nd 
Mitchell 57.95 (31.44)a* nd nd  
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concentrations in March 2019 compared with November 2016 and May 
2018 (Table S3). There were no statistical differences between sampling 
occasions in the Gilbert estuary, while in the Mitchell estuary, values 
were statistically higher in December 2019. 

Primary production in the water column was only measured on the 
final trip in December 2019 (Table 3). Depth-integrated primary pro-
duction was highest in the Mitchell estuary, and lowest in the Gilbert 
estuary. The euphotic depth was less than 0.5 m. 

3.6. Water column nutrients 

The Flinders estuary had statistically higher water column TN and TP 
concentrations than the other two estuaries in the three dry season 
sampling occasions (Table 4). In the wet season, the Mitchell estuary had 

statistically higher TN concentrations than the other two estuaries. 
There were no consistent differences in ammonium, nitrate/nitrite and 
phosphate concentrations between the three estuaries on different 
sampling occasions. Across the study, dissolved organic nitrogen con-
centrations were 58 ± 15%, 72 ± 13% and 62 ± 20% of the TN con-
centrations in the Flinders, Gilbert and Mitchell estuaries, respectively. 
Dissolved organic phosphorus could not be determined accurately due to 
the lack of sensitivity of the method. The log(TN:TP) ratios were 
calculated as per Isles (2020). Log(TN:TP) ratios varied considerably 
and were sometimes higher than balanced Redfield (1958) ratios, i.e. 
1.2, and sometimes lower, with no consistency. 

There was no evidence of increased total or dissolved inorganic 
nutrient concentrations during the March 2019 wet season sampling, 
compared with the dry season sampling for either the Flinders or the 
Glibert R estuaries (Table S4). The Mitchell estuary had higher TN, TP 
and ammonium concentrations in the wet season compared with the dry 
seasons. Despite the lack of statistical differences between the sampling 
occasions, other sampling in March over a 24 h tidal cycle provided 
evidence of higher concentrations of TN, ammonium and nitrate/nitrite 
flowing downstream during the wet season in the Flinders estuary. This 
was based on a correlation (R2 = 0.75–0.8) between salinity and TN, 
ammonium and nitrate/nitrite, as measured over a tidal cycle in March 
2019 (Fig. 6a-c). Additionally, when data from sampling all estuary 
floodplumes was combined and compared with salinity during the wet 
season sampling in March 2019, salinity explained approximately 50% 
of the variation in TN concentrations (Fig. 6d). 

Estimates were made of the potential TN and TP wet season loads to 
estuaries using measured data from wet season trips multiplied by 
gauging station flow volumes (Table S1). TN loads varied from 797 to 
3605 t, and TP loads varied substantially more, i.e. 45 to 2849 t. There 
was a high level of interannual variability driven largely by differences 
in flow volumes. It should be acknowledged that only one branch of the 
Mitchell River, and one of Flinders/Bynoe was sampled which would 
have affected the accuracy of load calculations. 

3.7. Water column physico-chemical parameters 

Typically, the Flinders and Gilbert estuaries were hypersaline in the 
dry season during the study (Table 4). The salinity in the Mitchell es-
tuary was statistically lower than these two rivers, and was close to 
seawater salinity. Salinities in all estuaries were lower in the wet season 
with the scale of salinity reduction dictated by the timing of flow events 

Fig. 5. a) Correlation between salinity and TN, b) salinity and nitrate/nitrite, and c) salinity and ammonium (NH4) in Flinders estuary during 24 h sampling across 
the tidal cycle during wet season (March 2019), and d) correlation between salinity and TN in the floodplumes when data from all rivers was combined in wet season 
(March 2019). 

Table 3 
Mean (SD) water column chlorophyll a concentrations and primary production 
across each estuary for each sampling occasion. NS = not significant, nd = no 
data. Bolded text shows statistically highest values. a and b denote statistical 
differences.  

Date Estuary Chlorophyll a (μg 
L− 1) 

Primary production (mg C 
m− 2 h− 1) 

Nov-16 (dry)  NS  
Flinders 4.5 (1.9) nd 
Gilbert 3.7 (0.8) nd 
Mitchell 3.9 (1.2) nd 

Nov-17 (dry)  (F 6.02, P < 0.05)  
Flinders 9.7 (1.9)a* nd 
Gilbert 4.5 (2.8)b nd 
Mitchell 5.1 (1.0)a,b nd 

Feb-18 (wet) Flinders 3.7 (1.2) nd 
April-18* (wet) 

helicopter 
Gilbert 8.8 (0.2) nd 
Mitchell 2.7 (0.3) nd 

May-18 (transition) Flinders 4.2 (1.7) nd 
Feb-19* (wet) 

helicopter 
Flinders 2.8 (1.7) nd 

Mar-19 (wet)  (F 51.67, P <
0.001)  

Flinders 18.4 (3.0)a*** nd 
Gilbert 3.5 (0.3)b nd 
Mitchell 4.3 (1.8)b nd 

Dec-19 (dry)  (F 6.26, P < 0.05)  
Flinders 13.2 (1.0)a* 15.59 (0.92)c 

Gilbert 10.8 (4.0)ab 30.22 (0.87)b 

Mitchell 6.6 (0.7)b 42.20 (1.29)a***  
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Table 4 
Statistical comparison of mean (SD) nutrient concentrations, and physico-chemical parameters in the water column of each estuary for each sampling occasion. ̂ The exception was helicopter sampling on April 2018 and 
Feb 2019 where a transect was done, and hence it was not included in the statistical analyses. ^^Log total nitrogen (TN):total phosphorus (TP) based on Isles (2020). NS = not significant, nd = no data. Bolded text shows 
statistically highest values. a and b denote statistical differences.  

Date Estuary Total nitrogen (mg N 
L− 1) 

Total phosphorus (mg P 
L− 1) 

Ammonium (mg N 
L− 1) 

Nitrate/nitrite (mg N 
L− 1) 

Phosphate (mg P 
L− 1) 

Log TN:TP 
ratio^^ 

Temp. (◦C) Salinity Turbidity (ntu) 

Nov-16 (dry)  F 19.99, P < 0.01 F 19.37, P < 0.01 NS F 13.25, P < 0.01 NS  NS F 10.72, P < 
0.05 

NS 

Flinders 0.457 (0.085)a** 0.033 (0.010)a** 0.022 (0.018) 0.043 (0.013)a* 0.017 (0.002) 1.53 33.12 (0.21) 40.39 (0.13)b 349.4 (271.3) 
Gilbert 0.237 (0.038)b 0.008 (0.000)b 0.019 (0.012) 0.014 (0.011)b 0.012 (0.001) 2.02 33.38 (0.90) 40.23 (0.24)b 95.7 (24.8) 
Mitchell 0.193 (0.020)b 0.006 (0.001)b 0.013 (0.007) 0.003 (0.002)b 0.009 (0.006) 1.93 31.65 (0.84) 37.15 (1.65)a* 36.1 (12.2) 

Nov-17 (dry)  F 21.65, P < 0.001 F 7.90, P < 0.05 F 7.94, P < 0.05 NS NS  F 9.78, P < 
0.05 

F 55.62, P < 
0.001  

Flinders 0.897 (0.173)a* 0.052 (0.008)a* 0.057 (0.028)b 0.030 (0.006) 0.016 (0.001) 0.74 29.05 (0.15)b 39.21 (0.05)b nd 
Gilbert 0.482 (0.129)b 0.031 (0.024)a,b 0.049 (0.003)b 0.026 (0.016) 0.024 (0.019) 2.33 29.96 (0.58)a,b 37.29 (0.49)b nd 
Mitchell 0.227 (0.031)b 0.005 (0.000)b 0.006 (0.006)a* 0.009 (0.001) <0.002 (0.000) 2.00 30.97 (0.70)a* 31.12 (1.63)a*** nd 

Feb-18 (wet) Flinders 0.462 (0.010) 0.048 (0.013) 0.069 (0.004) 0.033 (0.001) 0.020 (0.001) 1.33 31.25 4.62 190.0 
April-18^ (wet) Gilbert 0.357 (0.050) 0.017 (0.005) 0.013 (0.013) 0.007 (0.003) 0.004 (0.005) 1.52 30.90 2.30 39.5 

Mitchell 0.287 (0.042) 0.008 (0.006) 0.013 (0.014) 0.004 (0.004) 0.002 (0.003) 1.88 29.85 8.82 30.2 
May-18 

(transition) 
Flinders 0.322 (0.113) 0.018 (0.015) 0.004 (0.005) 0.021 (0.021) 0.007 (0.007) 1.92 18.24 (0.80) 29.55 (1.42) 261.4 (245.0) 

Feb-19^ (wet) Flinders 0.477 (0.051) 0.377 (0.022) 0.022 (0.009) 0.102 (0.009) 0.063 (0.004) 0.24 30.50 0.01 110.0 
Mar-19 (wet)  F 15.23, P < 0.01 F 4.08, P < 0.08 NS F 10.89, P < 0.05 F 49.81, P < 0.001  NS F 34.72, P < 

0.001 
NS 

Flinders 0.285 (0.044)b 0.115 (0.072)a* 0.018 (0.010) 0.021 (0.005)a* 0.005 (0.002)b 1.20 29.74 (0.72) 12.17 (0.76)a** 291.0 (213.2) 
Gilbert 0.222 (0.058)b 0.022 (0.008)b 0.027 (0.009) 0.011 (0.004)b 0.012 (0.002)a* 1.09 31.13 (0.56) 4.53 (1.28)b 40.2 (30.3) 
Mitchell 0.515 (0.093)a* 0.120 (0.038)b 0.042 (0.010) 0.010 (0.001)b 0.001 (0.000)c 1.15 30.72 (1.16) 5.93 (1.44)b 42.6 (35.3) 

Dec-19 (dry)  F 6.10, P < 0.05 F 6.50, P < 0.05 F 7.01, P < 0.05 F 15.17, P < 0.01 F 185.93, P < 
0.001  

F 14.62, P < 
0.01 

F 119.4, P < 
0.001 

F 8.55, P < 
0.05 

Flinders 0.387 (0.050)a* 0.270 (0.168)a* 0.007 (0.004)ab 0.048 (0.011)a* 0.019 (0.001)a** 0.62 33.68 (0.51)a** 41.09 (0.92)a** 751.7 
(378.2)a* 

Gilbert 0.365 (0.069)a* 0.078 (0.059)ab 0.009 (0.010)a* 0.022 (0.010)ab 0.007 (0.002)ab 0.92 32.70 (0.35)a,b 40.72 (0.45)a,b 145.0 (94.5)b 

Mitchell 0.265 (0.021)b 0.024 (0.021)b 0.026 (0.007)b 0.013 (0.003)b 0.002 (0.001)b 1.35 31.70 (0.47)b 36.70 (0.48)b 51.4 (14.4)b  
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in each river compared with the time of sampling. 
Water temperatures were generally similar between estuaries being 

>30 ◦C most of the time in the late dry and wet season (Table 4). The 
only exception was in the transition period in May 2018, when the water 
temperature in the Flinders estuary was considerably lower, i.e. 18.2 ◦C. 
Dissolved oxygen concentrations, pH and turbidity typically did not vary 
statistically between rivers, although the Flinders typically had a much 
higher, but highly variable turbidity (Tables 4, S4). 

3.8. Summary of results 

In summary, estimated nutrient loads to the end of the catchments 
from wet season flow were highly variable from year-to-year, with no 
obvious differences between the three river systems. The Flinders estu-
ary had higher rates of primary production and respiration on the 
estuarine mudflats in the dry season than the Mitchell estuary, with the 
Gilbert estuary intermediate between the two (Table 5). Addition of 
nutrients to estuarine mudflat samples stimulated primary productivity 
in all three estuaries, but the scale of response varied between sampling 
trips, sites and estuaries. Primary productivity was a more sensitive 
measure of differences between estuaries than chlorophyll a concen-
trations. Water column chlorophyll a, and nutrient concentrations, as 
well as salinities and turbidity were also higher on the Flinders in the dry 
season than the other estuaries (Table 5). It was more difficult to directly 
compare estuaries in the wet season as the timing of sampling did not 
always coincide with the peak of the flow. However, 24 h sampling 
showed that higher nutrient concentrations enter the estuaries during 
the wet season. 

4. Discussion 

4.1. Comparison with other estuaries 

Nutrient and chlorophyll a concentrations in the three estuaries in 
our study during the wet season were comparable with concentrations 
measured in studies of other tropical estuaries in northern Australia 
(Burford et al., 2011, 2012; Howley et al., 2018). Primary production in 
the water column (December 2019 only) was also comparable with 
other measured rates in northern Australia (Burford et al., 2008, 2012; 
Smith et al., 2012). However, rates were lower than in a tropical estuary 
in Costa Rica (Soria-Piriz et al., 2017). Rates were also lower than those 
typically reported in a global comparison of studies (Cloern et al., 2014). 
The high turbidity in the estuaries in our study, which would have 
limited light availability, is likely to be a key reason why depth- 
integrated primary production was relatively low. This turbidity was 
the result of inorganic, rather than organic particles. High turbidity was 
also found in adjacent Norman estuary in the Gulf of Carpentaria 

(Burford et al., 2012). 
Interestingly, estuaries did not become more turbid in the wet sea-

son. This suggests that wind and tidal action, rather than catchment 
inputs were the main driver of high estuarine turbidity (Wolanski and 
Ridd, 1990). The highest turbidity was in the Flinders estuary. This is 
despite the fact that a previous study has highlighted globally significant 
erosion in the Mitchell catchment (Shellberg et al., 2016). However, 
Caitcheon et al. (2012) proposed that at least for the Flinders, much of 
the eroded material is deposited before it reaches the estuary. Given the 
low topographic relief of much of the lower sections of the three rivers, it 
is likely that there is significant deposition on all three rivers. 

Mudflat chlorophyll a concentrations (9–182 mg m− 2) and primary 
production (2.0–2.9 mmol O2 m− 1 h− 1) in the estuaries in our study 
were within the range of other reported studies globally. This is despite 
the fact that many other systems were more impacted by anthropogenic 
inputs than our study (10–200 mg chlorophyll a m− 2, Gomez-Ramirez 
et al., 2019; 10–100 mg chlorophyll a m− 2, primary production 0.8–7.5 
mmol O2 m− 1 h− 1, Kwon et al., 2020). 

There have been limited studies of primary production on intertidal 
mudflats in northern Australia for comparison, but a study in Darwin 
Harbour showed that chlorophyll a concentrations and primary pro-
duction were similar to our study (Burford et al., 2008). Conversely, 
mudflat respiration rates in the Darwin Harbour study were consider-
ably higher than in our study (102.2 ± 38.4 mg O2 m− 2 h− 1 versus 
3.8–13.8 mg O2 m− 2 h− 1 respectively) and in the Darwin Harbour study, 
respiration exceeded primary production. However, in our study, 
respiration rates were substantially lower than primary production 
rates. 

Primary production on the estuarine mudflats appeared to be a more 
sensitive measure of differences between estuaries than chlorophyll a 
concentrations. Although chlorophyll a is a proxy for biomass, it is also 
varies per unit carbon with many factors such as light conditions, 
nutrient conditions, and type and size of species present (Jeffrey and 

Fig. 6. Effect of nutrient additions on primary production (mg O2 m− 2 h− 1) in 
bioassays using mud from mudflats of the three estuaries across all sampling 
trips. *P < 0.05, **P < 0.01, ***P < 0.005. 

Table 5 
Summary of characteristics and key findings for three estuaries in this study 
during the dry season, showing relative rankings for values. TP = total phos-
phorus, TN = total nitrogen.  

Parameter Flinders estuary Gilbert estuary Mitchell 
estuary 

Long term mean 
annual flow 
volumes 

Low Medium High 

Interannual flow 
variability 

High Medium Low 

Annual cease to flow 
period 

High Medium Low 

Mudflat areal extent Medium Low High 
Mangrove areal 

extent 
Medium Low High 

Supratidal saltflat 
extent 

High Low Medium 

Open water area Medium Low High 
Salinity High Medium Low 
Turbidity High Medium Low 
w/c total nitrogen 

and phosphorus 
concs 

High Medium Low 

Mudflat nutrient 
concs 

High TP 
No differences in 
TN between 
estuaries 

Low TP Low TP 

Mudflat prim. prod. High High Low 
Nutrient addition 

effects on mudflat 
prim. prod. 

Stimulation of 
prim. Prod. 

Stimulation of 
prim. Prod. 

Stimulation of 
prim. Prod. 

w/c chlorophyll a 
conc. 

High Low Low 

Mudflat respiration 
rates 

High Low Low  
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Vesk, 1997). Additionally, if faunal grazing rates are high, biomass of 
benthic algae may be low while productivity remains high. Other 
research on estuarine mudflats in the Gulf of Carpentaria has shown that 
benthic animal densities, including macrofauna and penaeid prawns, are 
relatively high (Staples and Vance, 1987; V. Lowe, unpubl. data). 
Therefore, grazing impacts may be high. 

The differences may relate to differences in the ratio of mangrove to 
estuary area, with Darwin Harbour having extensive dense mangrove 
forests while in our study mangroves were typically smaller plants 
limited to a narrow margin along the creeks. As a result, it is likely that 
less organic matter and nutrients would be contributed from mangroves 
to the adjacent aquatic environment in our study compared with Darwin 
Harbour. A study by Chen et al. (2019) in three subtropical estuaries also 
proposed that increased intensity in agricultural land use can shift 
benthic metabolism from net autotrophy to net heterotrophy. 

4.2. Implications of flow alterations 

Experiments within this study showed that nutrient inputs stimulate 
growth of estuarine mudflat algae in all three rivers. This highlights the 
importance of nutrient inputs to the estuary in fuelling estuarine pro-
ductivity. This productivity is critical to supporting higher trophic 
levels, including fisheries species and endangered migratory shorebirds, 
which are a significant component of these estuary systems (Garnett, 
1989; Robins et al., 2005; Vance and Rothlisberg, 2020). These species 
feed on the abundant benthic organisms on the mud- and sandflats, 
which in turn rely on primary production (Duggan et al., 2014; V. Lowe, 
unpubl. data). 

Water entitlements have been allocated for the Gulf rivers which 
range from 20 to 206 GL per year across rivers (DNRME, 2017). There 
are plans for a significant increase in water development in the three 
rivers (DNRME, 2018a, 2018b). In the case of the Mitchell River this 
may include major dams in the upstream reaches (Petheram et al., 
2018). While the impact of proposed water allocations on freshwater 
species has been identified using an ecohydrological approach (DSITIA, 
2014), this assessment has not been undertaken for estuarine habitats 
and their species. The most immediate effect of flow regulation and/or 
extraction, is likely to be a reduction in loads of nutrients (and sediment) 
reaching estuaries in the wet season. A study of the Mitchell River 
catchment showed which areas of the catchment have the highest 
nutrient loads and hence are likely to be the greatest potential contrib-
utors to nutrient loads downstream (Rustomji et al., 2010). Similar 
studies have not been done on the Flinders or Gilbert River catchments. 
It is clear that this information is crucial to more accurately determining 
the scale of impact of water development plans throughout the 
catchment. 

A few key attributes of flow are likely to be most critical to pro-
ductivity: first flush for a wet season; and flow during years with me-
dium to low flow. The first flush each wet season is likely to input the 
highest nutrient concentrations to estuaries, while salinity has not 
decreased to the level where primary productivity is adversely affected 
(Duggan et al., 2014). Medium to low flow years are those for which 
water extraction as a proportion of total flow will be at its highest, and 
may result in substantially lower nutrient (and sediment loads) trans-
ported into the estuary. While the effects may not be seen immediately, 
consecutive years of low to medium flow will mean ultimately mean 
nutrient depletion in estuaries via processes such as advection, burial 
and denitrification. Therefore, protecting estuarine and nearshore pro-
ductivity is best achieved by ensuring that first flushes continue to occur. 
Additionally, water extraction should be highly controlled in low to 
medium flow years. 

The effect of flow alteration on freshwater habitats and species is 
more well studied than for estuarine systems (e.g. Poff and Zimmerman, 
2010; Rytwinski et al., 2020). Poff and Zimmerman (2010) showed that 
92% of flow alteration studies found negative ecological changes in 
freshwater in response to a variety of types of flow alteration, with fish 

measures consistently showing a negative response. However, they 
acknowledge that information was lacking on primary production and 
nutrient retention measures. Rytwinski et al. (2020) show that much of 
the knowledge of ecological effects of flow alteration is focussed on the 
impact of dam construction. In terms of water extraction, however, there 
are far fewer studies, with an emphasis on fish abundance and diversity. 

Studies on the effect of flow alteration on estuarine and marine 
habitats is much more limited. Brookes et al. (2015) found ecological 
impacts of an extreme drought combined with over-allocation of water 
resources on a southern Australian estuary. During their study, as the 
drought conditions progressed, food web complexity and productivity 
declined, including a decrease in fish abundance, lower nutrient loads 
and lower primary productivity. 

Comparing the long-term hydrographs of the three river systems, the 
Flinders estuary has the most variable flow inputs from year to year, as 
well as the longest cease-to-flow period each year. Cease-to-flow dura-
tion gives an indication of the period of time each year when new 
sources of nutrients and sediment are not being contributed from the 
catchment. Therefore, internal nutrient sources or sources from tidal 
incursion must be accessed for primary producers to continue to grow. 
As a result, the Flinders system is likely to be more susceptible than 
either the Gilbert or Mitchell systems to changes in water extraction on 
low to medium flow years. The effects of water extraction may not be 
seen immediately, as these river systems are highly adapted to variable 
flow, but multiple years of sustained water extraction is likely to impact 
productivity in the longer term. 

In the longer term, an increased number and intensity of irrigated 
agricultural activities could result in significant nutrient inputs, from 
fertilizers to Gulf rivers. In the Great Barrier Reef, a number of catch-
ments have relatively high dissolved inorganic nutrient loads which are 
transported through estuaries into the nearshore zone, with adverse 
ecological effects (Bainbridge et al., 2009). This is the result of agri-
cultural activities such as sugarcane and banana production. 

4.3. Comparison of estuaries 

This study found that the Flinders estuary was typically more pro-
ductive than the Mitchell estuary, with the Gilbert estuary intermediate 
between the two. This was based on higher rates of primary production 
on the estuarine mudflats, and higher chlorophyll a concentrations in 
the water column, irrespective of sampling occasion (Table 5). In the dry 
season, water column nutrient concentrations were also higher in the 
Flinders estuary compared with the other estuaries. 

These results are surprising given that the Flinders estuary typically 
had the longest cease-to-flow period of the three estuaries each year, 
resulting in the more pronounced hypersaline conditions than the other 
two estuaries. This estuary also had lower freshwater flow volumes, on 
average, compared with the Mitchell estuary, and more variable year-to- 
year flow. 

Three alternative hypotheses are proposed for the primary produc-
tion ranking of the three estuaries: 

1. Loads of nutrients entering the Flinders estuary during the wet sea-
son were higher than the other two estuaries; 

2. Mangroves and supratidal (shallow coastal habitats only infre-
quently tidally inundated) estuarine mudflats contributed more nu-
trients to the Flinders estuary than the other two estuaries;  

3. The nearshore environment in the Flinders system was more 
conducive to greater nearshore-estuary coupling, such that a higher 
proportion of floodplume nutrients in coastal waters re-enter the 
estuary fuelling productivity.  

Hypothesis 1. Wet season nutrient loads higher in the Flinders estuary 
than other estuaries. 
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The first hypothesis states that wet season nutrient loads into the 
Flinders estuary are typically higher than those in the other estuaries. It 
also assumes that primary production in the estuary is driven by nutrient 
availability and hence higher nutrient loads would equate to higher 
productivity. The in-situ experiments conducted throughout our study 
showed that nutrient additions can stimulate primary production on the 
estuarine mudflats in all three estuaries (Table 5). Although the poten-
tial for nutrient stimulation of water column primary production was not 
measured, a previous bioassay study in a similar nearby Gulf estuary, the 
Norman R estuary, showed that nutrient addition consistently stimu-
lated water column primary production (Burford et al., 2012). A pre-
vious study also showed that the deeper waters of the Gulf are nutrient 
limited, and unlikely to be a substantial source of nutrients to coastal 
areas (Burford et al., 2009). 

There was no statistical difference in the water column ammonium 
and phosphate concentrations between the three estuaries in the wet 
season. However, the Flinders estuary had statistically highly nitrate 
concentrations, indicative of freshwater inputs. The volume of flow in 
the Flinders estuary was always lower than the Mitchell estuary 
throughout the study. This is despite the larger catchment area. The 
estimated nutrient load from each river, albeit based on limited infor-
mation on nutrient concentrations during wet season flows, suggests 
that interannual variability in flow volumes was the most important 
factor driving nutrient loads. There was no evidence that any one river 
had consistently higher inputs. These combined findings suggest that 
there is no evidence to support the hypothesis that the total wet season 
nutrient load was consistently higher in the Flinders estuary than the 
other two estuaries. So nutrient loads alone do not appear to explain the 
higher primary production in the Flinders. 

Use of nutrient measurements in our study to compare estuaries was 
challenging, especially as it is logistically not possible to sample at the 
peak of flow, or during first flush of wet season flow in all estuaries. 
Therefore, statistical comparisons of nutrient concentrations measured 
during the study should be treated with caution. The 24 h sampling 
during the wet season gave a better indication of the higher nutrient 
concentrations as a result of freshwater inputs, since salinity was 
negatively correlated with nutrient parameters. A previous study in an 
estuary adjacent to the Flinders estuary, Norman R estuary, where 
fortnightly sampling of water column nutrients was conducted over two 
consecutive wet seasons showed that nutrient concentrations increased 
relative to the dry season in one wet season but not the other, again 
highlighting the highly variable nature of nutrient inputs associated 
with freshwater flow (Burford et al., 2012). The lack of river models 
quantifying freshwater flows, and associated nutrients, is a major 
impediment to interpretation of results, and requires further work. 

An additional challenge with measuring nutrient concentrations is 
that concentrations can give a distorted view of the relative productivity 
of estuaries, particularly in systems with relatively low nutrient con-
centrations. Nutrient uptake rates by phytoplankton may result in 
turnover rates of minutes to hours (e.g. Burford et al., 2008, 2012). 
Other studies have shown that low-nutrient estuaries can be highly 
productive (e.g. Cook et al., 2004a, 2004b), with a higher proportion of 
bioavailable nitrogen assimilated rather than denitrified and therefore 
being retained with the system compared with estuaries with higher 
nutrient concentrations (Vieillard et al., 2020). Therefore, factors that 
integrate the effect of nutrient inputs, such as algal production or faunal 
production, may provide better indicators. 

Hypothesis 2. Adjacent mangroves and supratidal saltflats were 
important nutrient contributors. 

This hypothesis assumes that larger mangrove and supratidal saltflat 
extent could contribute significantly more nutrients to fuel primary 
production in the Flinders estuary compared with the other estuaries. 
Typically, in estuaries with significant mangrove forests, carbon and 
nutrient inputs from the forests are an important driver of primary 
production on adjacent mudflats (Alongi, 2002). Conversely, studies 

have shown that runoff from mangrove forests can also inhibit pro-
duction due to the leaching of humic substances (Rivera-Monroy et al., 
1998). However, the mangrove areal extent in the Mitchell estuary was 
greater than the Flinders estuary (Table 5). This suggests that the 
nutrient contribution to the Flinders from this source should be lower, 
not higher than the Mitchell. Additionally, organic carbon levels and 
respiration rates in the intertidal mudflat sediment in the wet season 
were low in all three estuaries compared with other studies (Alongi, 
2002; Burford et al., 2008). This indicates that mangrove carbon (and 
nutrients) is unlikely to be a major contributor. 

The areal extent of the supratidal saltflats on the Flinders estuary was 
higher than the Mitchell, followed by the Gilbert (Table 5). These areas 
are only inundated during the highest astronomical tides, or during the 
wet season flooding. Previous research on the supratidal saltflats of the 
nearby Norman R estuary which has saltflats contiguous with the Flin-
ders estuary, has shown that these saltflats can contribute substantial 
nutrient (and sediment from erosion processes) loads to the estuary as 
flooding recedes (Burford et al., 2016). The estimated annual releases 
based on this previous study were 166, 54 and 1.3 t for ammonium, 
nitrate/nitrite and phosphate respectively. While these loads were not 
insignificant, they were still considerably less than the estimated 
catchment loads in our study or the previous study (Table S2, Burford 
et al., 2016). Therefore it would be expected that in the Flinders estuary, 
nutrients from saltflats would be an important, but not major contrib-
utor to primary production. 

The nutrients releases from the saltflats are the result of previous 
inundation periods fuelling benthic cyanobacterial growth, which sub-
sequently desiccate and decompose. Upon wetting, decomposed algae 
result in nutrients (and carbon) release. It is therefore possible that the 
saltflat nutrient release played a significant role in fuelling greater 
productivity in the Flinders estuary compared with the other estuaries. A 
previous study in a tropical estuary in northern Australia showed the 
importance of linkages between saltflats and estuaries, highlighting 
erosion of these habitats over geological timeframes (Crosswell et al., 
2020). 

Estuarine mudflats themselves can also be a source of nutrients for 
algal growth. Measurements of porewater nutrients in the final sampling 
trip (December 2019) showed that ammonium concentrations, in 
particular, were high relative to water column concentrations. However, 
there was insufficient data to demonstrate whether concentrations were 
higher in the Flinders estuary. Certainly addition of nutrients to the 
mudflats of all three estuaries stimulated primary production, suggest-
ing porewater nutrients alone were not sufficient for maximum primary 
productivity. Total N concentrations in estuarine mudflat sediments 
were also comparable between the three estuaries, although total 
phosphorus concentrations were higher in the Flinders estuary. 

Hypothesis 3. Greater connectivity between nearshore and estuary in 
Flinders system. 

The third hypothesis states that the Flinders estuary and nearshore 
waters are more closely linked than in the other estuaries, resulting in 
material in floodplumes ultimately having a greater influence on the 
estuarine environment. There was evidence during our study that the 
mouth of the Flinders estuary had more shallow nearshore sandflat area, 
and was generally shallower than the Gilbert or Mitchell systems 
(Fig. S1). Nitrate concentrations were also higher in the Flinders than 
the other two estuaries in the dry season, suggesting greater conserva-
tion of nitrogen in this system. 

The southern Gulf, which includes the Flinders estuary, shows long- 
term evidence of progradation and accretion as a result of terrestrial 
sediment inputs (Rhodes, 1980). Therefore, during the wet season, when 
nutrient plumes enter the nearshore environment, there is less dilution 
and dispersal of nutrients than would occur in the Mitchell. The coastal 
boundary zone in the shallower waters of the Gulf ensures that fresh-
water and associated nutrients are trapped in this zone, rather than 
being transported out to sea (Short, 2020). As tides re-establish in the 
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dry season, resuspended material from biological productivity nearshore 
is transported into estuaries. Another study in a northern Australia es-
tuary/floodplume demonstrated tidal resuspension of carbon and nu-
trients from floodplumes influencing an estuary (Crosswell et al., 2020). 

It should also be noted that the Flinders system, including the Bynoe 
which bifurcates at the lower end of the Flinders and the Norman River, 
all discharge within a distance of 28 km of each other. Therefore, all 
three estuary mouths are likely to share discharge nutrient loads. A 
previous study estimated significant nutrient discharge load from the 
Norman River over two wet seasons (Burford et al., 2012). Additionally, 
preliminary data from a study of release of ammonium as a result of 
chemical desorption and biological activity in floodplumes in these 
three Gulf rivers suggests that this could also be an important driver of 
primary productivity (A. Garzon Garcia, unpublished data). This 
potentially provides a more sustained source of nitrogen for primary 
productivity than dissolved inorganic nutrients discharged directly from 
the river. 

There is evidence for higher chlorophyll a concentrations in the 
floodplume out from the Flinders estuary in March 2019, compared with 
the other two systems. Chlorophyll a concentrations in the Flinders 
floodplume just after the peak of flooding was as high as 11.02 μg L− 1 in 
the outer edges of the floodplume. Concentrations were comparable 
with those in the Princess Charlotte Bay floodplume in the Great Barrier 
Reef lagoon (Howley et al., 2018). The concentrations in the Flinders 
estuary were substantially higher than the Mitchell (3.49 μg L− 1) and the 
Gilbert floodplumes (0.92 μg L− 1) on the same sampling trip. The con-
centrations in the Mitchell and Gilbert floodplumes were comparable 
with floodplume chlorophyll a concentrations in the Tully coastal region 
of the Great Barrier Reef lagoon, Australia (Devlin and Schaffelke, 
2009). 

Additionally, water column chlorophyll a concentrations in the 
Flinders estuary were statistically higher (18.4 μg L− 1) than other 
sampling times, pointing to the stimulatory effects of nutrient inputs 
during the wet season. A review of tropical and low nutrient estuaries 
suggested that in these systems a far greater proportion of the 
bioavailable nitrogen is assimilated rather than denitrified, resulting in a 
net retention of nitrogen within the system, compared with more 
eutrophic systems (Vieillard et al., 2020). 

Therefore there is evidence to support Hypothesis 3, although more 
research in needed on the hydrodynamics of the coastal environment in 
the Gulf to support the hypothesis. 

4.4. Conclusions 

In conclusion, this study compared the productivity of three estuary 
systems (Flinders, Gilbert, Mitchell) in the wet-dry tropics. The Flinders 
estuary was found to be the most productive of the three estuaries. This 
is despite the fact that the Flinders estuary had the most extreme climate 
with a shorter period of freshwater flow, and highly variable flow from 
year-to-year, compared with the other two rivers. The addition of nu-
trients stimulated estuarine mudflat primary production in all three 
estuaries suggesting chronic nutrient limitation. The higher rates of 
productivity in the Flinders estuary appear to be the result of closer 
coupling between the estuary and nearshore compared with the other 
estuaries. Proposed water extraction may therefore significantly impact 
estuarine productivity especially during first flush periods at the start of 
the wet season, and in years with low to medium flow. 
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