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Executive Summary
Following the fish death events in the lower Darling River in December 2018 and January
2019, the Murray–Darling Basin Authority commissioned a comprehensive monitoring
program to examine stratification, mixing and dissolved oxygen concentrations in the lower
Darling River. The objectives of the current report are to:• Explore the collected data to identify risk factors that may lead to fish deaths into
the future;
• Determine the effectiveness of management interventions, particularly the use of
aerators, in ameliorating water quality issues in the lower Darling River;
• Identify knowledge gaps that could help inform future management of the lower
Darling River especially with respect to managed flows, and during cease-to-flow
periods;
• Use the results from the current monitoring program to inform the optimal design of
future monitoring programs (including governance arrangements).
Monitoring Program: A total of 19 sites were monitored between early February and midMay on the lower Darling River; with 16 surveyed on more than two occasions. The
monitoring sites were located between Menindee Main Weir in the north to upstream of
Burtundy Weir in the south. Seven of the sites had aerators installed during the 2018/19
summer.
Stratification, Mixing and Low Oxygen Concentrations: Periods of stratification were only
assessed for sites without aerators. All of the sites without aerators had periods of
stratification and mixing during the monitoring program. The number of
stratification/mixing events varied between two and eight, depending on the site.
Incidences where the oxygen concentration fell below 2 mg/L throughout the whole water
column (the concentration below which large-bodied native fish die) were observed at 3
sites- LDR 5 (approximately 1.4km downstream of Weir 32) on March 5th (which caused the
death of several fish), LDR 8 (Karoola North) for about 30 minutes on the night of February
9th-10th and at LDR 10 (in the Karoola Block bank pool) on 5 occasions in February and
March, with hypoxia through the whole water column lasting for between 2 and 8.5 hours.
The data from the monitoring program shows that, under no-flow conditions, the onset of
stratification can be predicted relatively accurately from maximum and minimum air
temperatures. Similarly, the likelihood of mixing events can be predicted from changes in
maximum air temperature between one day and the next, with falls of over 8 oC resulting in
mixing events, but not necessarily at all sites. Predicting whether or not a future mixing
event would result in low dissolved oxygen concentrations throughout the water column is
much more difficult, and requires a better understanding of the rates of oxygen production
and consumption in the pools.
Aerators: There were at least 11 aerators deployed in the Darling River from January - April,
2016. They were a mix of solar, electric-, diesel-electric- and diesel-powered units. The
efficacy of 7 of the systems were assessed - 4 solar small-bubble injection aerators, 2 diesel1

electric powered multi-port venturi aerators and one diesel powered large single-venturi
aerator. The venturi aerators performed much better than the solar-electric aerators that
were deployed in the lower Darling River; and most likely prevented fish deaths at LDR3/4
and LDR 10. That is not to say that solar-electric systems shouldn't be considered into the
future - as long as they can operate at night when dissolved oxygen concentrations are at
their lowest (i.e. have a battery back-up, or can use an alternate fuel source). The dieselpowered venturi aerators were simply more powerful than the solar-electric systems that
were deployed. The diesel-powered aerators were also much more expensive to run.
The report presents a list of attributes which could help in the future procurement of
aerator systems. At a minimum, the aerator system should constantly maintain the
dissolved oxygen concentration throughout the water column at ≥ 3.5 mg/L in a zone at
least as large as an Olympic size swimming pool. That being said, aerators should only be
seen as a localised, short-term solution. They are expensive to buy and operate, and only
impact on a tiny fraction of the total area of the river.
Risk Factors for Fish Death Events: Based on the results of the current monitoring program,
a re-assessment of the fish death events that occurred above Weir 32 in December 2018
and January 2019, and historical accounts of fish deaths in the Darling River dating back to
the 1860's, it is possible to identify a number of factors that contributed to sudden fish
deaths (involving hundreds to thousands of fish). These include:
• Low- or no-flow conditions associated with drought;
• High air temperatures, especially if followed by a cool change;
• Water depths greater than about 2 metres;
• Sites with high consumption of oxygen from the sediments; and
• The presence of algal blooms, which can lower the dissolved oxygen concentration
through the night.
The role of other toxicants generated in aquatic systems in the absence of oxygen
(particularly sulfide and ammonia) cannot be ruled out as contributing factors in the fish
deaths.
Knowledge Gaps: A number of knowledge gaps were identified and it is strongly
recommended that activities are undertaken to inform these gaps.
It is clear that sediment oxygen demand is playing a fundamental role in generating hypoxia
in the lower Darling River, yet there is little available knowledge on the drivers of the spatial
heterogeneity of sediment oxygen demand.
Recommendation 1: Commission a study of the drivers of sediment oxygen demand in the
lower Darling River.
Native fish physiology and behaviour during extreme events, especially when the river has
contracted to a series of pools, would seem to be important in predicting the likelihood of
fish deaths.
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Recommendation 2: Install acoustic logging stations and tag greater numbers of fish with
acoustic tags in the lower Darling River weir pools, to better understand movement
patterns, especially during periods of no, or low flows.
Recommendation 3: Commission a literature review on the effects of contraction of lowland
rivers to pools on the behaviour and physiology of native fish.
Identifying and prioritising potential refuge pools, prioritising the most useful sites to locate
aerators or block banks and identifying barriers to fish movements all require an
understanding of the bathymetry and habitat distribution of the river. However, apart from
at the very coarsest level that knowledge is either missing or difficult to locate for the lower
Darling River
Recommendation 4: Determine the bathymetric profile and commission detailed habitat
mapping for the lower Darling.
Future Monitoring: There was uncertainty in the roles and responsibilities of various
agencies during and following the fish deaths above Weir 32. Unless there are significant
inflows in the Darling River during the rest of 2019, it is likely that conditions in the lower
Darling River will be worse in 2019/20 than they were in 2018/19.
Recommendation 5 - Prior to the beginning of the summer of 2019/20 convene a meeting of
key stakeholders to specifically address the question of who has responsibility for the
design, implementation, data interpretation, reporting and resourcing of future monitoring
programs in the lower Darling River at sites that are not currently being routinely monitored
by WaterNSW.
Recommendation 6: As part of the proposed meeting of key stakeholders the objectives of
an ongoing monitoring program should be assessed using the approach recommended by
The Australian Guidelines for Water Quality Monitoring and Reporting (ANZECC, 2000).
For the most part, the monitoring program undertaken in February - May 2019 delivered
valuable information on the factors influencing stratification, mixing and fish deaths in the
lower Darling River. That is not to say that the monitoring program should not be revisited
prior to the summer of 2019/20.
Recommendation 7: The location of sampling sites should be re-assessed prior to the next
monitoring campaign, with emphasis placed on deeper refuge pools, sites with known
significant remnant fish populations, sites behind weirs or block banks and sites where
aerators are planned to be deployed.
Recommendation 8: Unless there are substantial inflows in the lower Darling River, water
quality monitoring should be undertaken from late spring to late autumn in 2019/20, and in
subsequent years with low or no flow. Future monitoring programs include measurements
of pH, dissolved oxygen, temperature and electrical conductivity at the surface (top 10cm)
and bottom of the sampling site. In addition, water samples should be taken at the surface
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and in the hypolimnion for total nitrogen, total phosphorus, soluble reactive phosphorus,
ammonia, sulfide and sulfate and chlorophyll a on at least a weekly basis.
Recommendation 9: Thermistor chains (arrays of temperature loggers) should be deployed
in all pools with a maximum depth ≥ 2 metres over the summer of 2019/20, and in
subsequent years with low or no flow in the lower Darling River.
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1. Objectives
In December 2018 and January 2019 three fish mortality events resulted in the deaths of
millions of native fish in the weir pool above Weir 32, near the town of Menindee on the
Darling River. The proximate cause of the fish deaths has been attributed to mixing of the
previously stratified weir pool, resulting in low concentrations of dissolved oxygen
throughout the water column (Vertessy et al., 2019). Limited water quality data was
collected prior to, and during the time of the fish deaths. In anticipation of further
deterioration of water quality in the lower Darling River, the Murray-Darling Basin Authority
commissioned an extensive water quality monitoring program with, mostly bi-weekly or
weekly samples taken from up to 19 sites. The sites ranged from downstream of the
Menindee Main Weir in the north, to just upstream of Burtundy Weir in the south (Figure
1). Sampling was undertaken from early February to mid-May. The objectives of the current
report are to:•
•
•
•

Explore the collected data to identify risk factors that may lead to fish deaths into
the future;
Determine the effectiveness of management interventions, particularly the use of
aerators, in ameliorating water quality issues in the lower Darling River;
Identify knowledge gaps that could help inform future management of the lower
Darling River especially with respect to managed flows, and during cease-to-flow
periods;
Use the results from the current monitoring program to inform the optimal design of
future monitoring programs (including governance arrangements).

2. Data sources and data analysis
Algal biovolumes and the temperature and dissolved oxygen concentration depth profiles
used in Section 5 were sourced from WaterNSW. Continuous water temperature data for
the weir pools above Weir 32, Pooncarie Weir and Burtundy Weir were sourced from the
WaterNSW real time website (www.realtimedata.waternsw.com.au). Air temperature data
was obtained from the Bureau of Meteorology Climate Data Online (www.bom.gov.au) for
the towns of Menindee and Pooncarie. All other data used in this report was collected
specifically for the monitoring program.
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Figure 1: Location of the sampling sites used in the current study.
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Sampling locations were selected by the Lower Darling River Technical Advisory Group.
Sampling was undertaken by Sunraysia Environmental. Samples were taken at a total of 19
sites (Figure 1 - also see Table 1.). Sampling was undertaken on a bi-weekly or weekly basis,
with the exception that 4 weeks elapsed between the second-last and last sampling trips as
a result of rainfall and road closures. At each sampling site, temperature, dissolved oxygen
concentration, electrical conductivity and pH were measured at 0.5 m intervals throughout
the water column. At seven sites additional measurements were taken along transects to
capture the extent of influence of the aerators. At five sites D-Opto loggers (Zebra Tech,
New Zealand) were deployed beneath the surface and just off the bottom of the pool. The
D-Opto loggers were programmed to measure dissolved oxygen concentration and water
temperature every 15 minutes. The loggers were retrieved on every sampling trip, cleaned,
and then redeployed. This meant that, with the exception of the last sampling trip the
loggers were deployed for no longer than about one week between cleaning. Because of
the delay between the second-last and last sampling trips, the loggers were deployed for a
period of 4 weeks. On retrieval it was observed that the loggers were heavily fouled (Figure
2). Because of the biofouling, only the first 2 weeks of data captured by the loggers
following the second last sampling trip was used in subsequent analyses. There was also a
data gap towards the end of February, when the loggers were returned to the laboratory.
All statistical analyses, and the data smoothing discussed in Section 3.2.1, were performed
using the computer program Sigmaplot. Sigmaplot was also used to create the 3dimensional (contour) plots used to describe the spatial and temporal variation in
temperature and dissolved oxygen concentrations. In creating the plots, it is assumed that
the temperature and dissolved oxygen concentrations in the top 0.5 m of the water column
are uniform.
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Figure 2: D-Opto loggers following one month of inundation in the lower Darling River
showing the fouling of the loggers (image supplied by Sunraysia Environmental)
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Table 1: Details of the sampling program used in the lower Darling Monitoring Program
Site

Location/Name

Latitude

Longitude

Start
date

Finish
date

Number of
sampling
trips

Depth
range (m)

LDR1
LDR2
LDR3
LDR4
LDR5
LDR6
LDR7
LDR8
LDR9
LDR10
LDR11
LDR12
LDR13
LDR14
LDR15
LDR16
LDR17
LDR18
LDR19

DS Menindee Main Weir
US Weir 32
DS Weir 32 (Aerator)
Little Camp US
Big Camp
Bono
Keiara
Karoola North
Karoola Venturi pump outlet
Karoola South
Karoola Venturi pump inlet
Karoola Aerator (Solar)
Moorara DS
Moorara US
Pooncarie US
Pooncarie DS (@ aerator)
Mallara
Lelma
Kapana Aerator

-32.324414623
-32.436601050
-32.438070962
-32.440930480
-32.442932796
-32.569677252
-32.783826
-32.844893211
-32.921969473
-32.929200056
-32.924205556
-32.926101675
-33.213439515
-33.211738968
-33.388172513
-33.392943387
-33.424077281
-33.670718523
-33.654732912

142.498982833
142.379828422
142.380221771
142.383934325
142.387928251
142.398231037
142.388943
142.361729589
142.368383616
142.362542066
142.368227778
142.376044715
142.374139431
142.372330390
142.556759838
142.570642313
142.565769742
142.397324383
142.382871914

6/2/19
7/2/19
7/2/19
7/2/19
7/2/19
6/2/19
15/2/19
7/2/19
6/2/19
6/2/19
6/2/19
26/2/19
7/2/19
7/2/19
12/2/19
7/2/19
7/2/19
6/2/19
11/2/19

16/5/19
7/2/19
17/4/19
17/5/19
17/5/19
11/2/19
17/4/19
16/5/19
16/5/19
16/5/19
16/5/19
16/5/19
7/2/19
17/5/19
16/5/19
16/5/19
16/5/19
16/5/19
17/4/19

15
1
8
8
15
2
12
15
15
14
15
10
1
15
14
15
15
15
14

1.5 - 2
1
2
1 -2.5
2 - 2.5
1.5
2.5
1.5 - 2.5
4-6
3 - 6.5
1 - 2.5
1.5 - 2
2.5
2.5 - 3.5
2-3
1.5 - 3
1-2
4-6
4 - 6.5

Aerator

Transects
(number
of
sampling
trips
where
transects
were
taken)

Yes
Yes

Yes (9)
Yes (6)
Yes (7)

Logger

Yes
Yes

Yes (9)

Yes

Yes (1)

Yes

Yes (1)

Yes

Yes (2)

Yes
Yes
Yes

Yes
Yes
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3. Water quality in the lower Darling River February - May 2019.
This section examines the water quality in pools from the beginning of February to mid-May
2019 to explore the factors affecting stratification and destratification in the lower Darling
River. This section will focus on sites without aerators. The effectiveness of aerators will be
considered in Section 4. For sites where only bi-weekly or weekly samples were taken, the
approximate periods of stratification and mixing can be inferred from interpolation between
sampling periods. On the 3-dimensional graphs, periods when the water temperature
becomes uniform (the same colour at the surface as at depth) immediately following a
period where the surface water is warmer than at depth, represents a mixing event. The
dissolved oxygen concentration also becomes uniform with depth. Interpolation is not
without its issues. Compared to logger data, the exact time of mixing can only be
approximated. When assessing periods of stratification, references were always made back
to the original depth profiles. Furthermore, interpolation will potentially miss short term (<
day) periods of hypoxia 1.
For the logger data, mixing is indicated when there is no difference in water temperature
between the surface and the bottom loggers.

3.1. Sites

3.1.1. LDR 1 (Downstream of Menindee Main Weir)
LDR 1 is located at the northernmost end of Weir 32 weir pool, just downstream of Main
Weir. The site is relatively shallow, with the maximum depth of sampling between 1.5 to 2
metres. There were three periods of stratification at this site:• From the beginning of sampling until a point prior to February 11th;
• From about February 11th until a point between February 18th and 21st; and
• From about February 27th until a point between March 7th and 14th.
After March 14th, the site was relatively well mixed. Destratification events did not result in
hypoxia (Figure 3).

For the purposes of this report hypoxia is defined as oxygen concentrations below 2 mg/L, the proposed
lethal level for large bodied native fish (Gehrke, 1988; also see Small et al., 2014).

1
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Figure 3: Temporal variation in temperature (top panel) and dissolved oxygen concentration
at LDR 1 from February to mid-April, 2019.
3.1.2. LDR 2 (Upstream of Weir 32)
This shallow site, immediately upstream of Weir 32, was only sampled once (on February
7th, 2019). The site was abandoned to allow sampling efforts to be directed to other sites.
3.1.3. LDR 5 (Big Camp)
This site is approximately 1.4 kilometres downstream of Weir 32 and serves as the reference
site for evaluating the efficacy of the aerators at LDR 3 and 4. Sampling depths varied from
2 to 3 metres, and became increasingly shallower over the sampling period.
This site was thermally stratified for three periods during the sampling period (Figure 4):• Prior to sampling commencing until a point prior to February 12th;
• From about February 13th until a point between February 18th and 21st;
• From about February 27th until a point between March 5th and 8th.
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The dissolved oxygen concentration data suggests that there was also a mixing event
sometime between March 22nd and March 27th, although the temperature profiles show
that the site was thermally mixed at both of these times.

Figure 4: Temporal variation in temperature (top panel) and dissolved oxygen
concentrations (bottom panel) at LDR 5 from early February to mid- April 2019.
Following the onset of stratification after February 27th dissolved oxygen concentrations
deteriorated to the point that the whole water column became hypoxic on March 5th (Figure
5). Several cod were found dead in the vicinity of LDR 5 on March 5th (Graeme McCrabb
pers. comm - Figure 6).
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Figure 5: Dissolved oxygen concentration depth profiles at LDR 5 0n February 21st, February
27th and March 5th, 2019.

Figure 6 - One of the dead Murray cod found in the Darling River downstream of Weir 32 on
the morning of March 5th (image supplied by Graeme McCrabb).
3.1.4. LDR 8 (Karoola North)
The Karoola North site is the reference site for determining the efficacy of the aerator at
LDR 7. At the commencement of the sampling program the site was 2.5 - 3.0 metres deep,
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but by the end of the program the site was about 1.5 metres deep. The site had D-Opto
loggers deployed at the surface and in the bottom waters.
The site had seven periods of thermal stratification (Figure 7):• From February 1st until February 9th;
• From February 15th until about February 20th; 2
• From about February 22nd until March 6th;
• From March 8th until March 12th;
• From March 16th until March24th;
• From April 3rd until April 7th; and
• From April 15th until April 19th.
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Figure 7: Water temperature on the surface (black trace) and at the bottom (red trace) at
LDR 8 between early February and the end of April, 2019.
Mixing on February 9th, caused by a cool change on February 8th, lead to a drop in dissolved
oxygen at the surface in the early morning of February 10th. The dissolved oxygen
concentration fell below 2 mg/L for about 30 minutes. (Figure 8). Similarly, the dissolved
oxygen fell below 3 mg/L following the mixing event on March 24th.

Determined from the 3-dimensional plots of temperature and dissolved oxygen concentration - data not
shown. Three-dimensional graphs were also used to determine stratification and destratification from 17th to
26th February for LDR 10 and LDR 15.
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Figure 8: Dissolved oxygen concentrations at the surface of LDR 8 from the beginning of
February to the end of April, 2019. The red dashed line on the bottom panel indicates the
dissolved oxygen concentration, below which, large native fish die.
3.1.5. LDR 10 (Karoola South)
The Karoola South site was relatively deep, with sampling depths varying from 3 to 6 metres
(mostly ≥ 6 metres). The site is upstream of the Karoola block bank and serves as a
reference site for aerators at LDR9 and LDR 12.
LDR 10 underwent six periods of stratification from the beginning of February to the
beginning of May, 2019 (Figure 9):• From February 1st to February 14th;
• From February 14th until about February 20th;
• From about February 22nd until March 13th;
• From March 16th until March 26th;
• From April 2nd until April 10th;
• From April 15th until April 26th.
There were a number of hypoxic events during this period. Dissolved oxygen concentrations
fell below 2mg/L on:• The night of February 8th - 9th for 5 hours;
• The night of February 9th - 10th for 8.5 hours;
• The morning of February 13th for 2 hours;
• The night of February 13th - 14th for 8 hours;
• The night of March 13th - 14th for 8 hours.
It is not possible to tell from the 3-dimensional dissolved oxygen trace generated from biweekly and weekly oxygen concentration profiles (Figure 10) if the mixing event on or
about February 20th, resulted in transient hypoxia. As noted above, the interpolation is not
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sensitive enough to identify periods of transient hypoxia; and indeed, couldn't identify the
periods of transient hypoxia recorded at LDR 10 - Figure 10.
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Figure 9: Temperature (top panel) at the surface (black trace) and at the bottom (red trace)
of LDR 10 and dissolved oxygen concentration (bottom panel) at the surface of LDR 10 from
early February to the end of April, 2019. The red dashed line on the bottom panel indicates
the dissolved oxygen concentration, below which, large native fish die unless they are able
to move to zones with more oxygen.
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Figure 10: Temporal variation in dissolved oxygen concentration throughout the water
column at LDR 10 from early February to mid-April, 2019.
The hypoxic events at LDR 10 are interesting. A cool change occurred on February 8th, which
didn't result in immediate (complete) thermal mixing, but was co-incidental with hypoxia at
the surface. This suggests that the cool change lowered the thermocline, sufficient to
create hypoxia at the surface, but not totally breakdown the thermocline (similar to what is
suggested had occurred upstream of Weir 32 in late January, 2019, co-incident with a large
fish death event - discussed in more detail in Section 5.2.3).
The observation that a hypoxic event occurred the following evening (the night of the
February 9th - 10th), suggests that algal activity contributed to the second hypoxic event.
The oxygen created by photosynthesis during the day of the February 9th was not sufficient
to prevent hypoxia that evening when the photosynthetic organisms switched from being a
net producer of oxygen to a net consumer of oxygen. The hypoxic event that occurred on
February 13th was co-incidental with mixing, and again the hypoxic event the following
evening indicates the role of photosynthetic organisms. This point is discussed further in
Section 3.2.6.
The hypoxic event of March 13th also coincided with mixing following stratification.
3.1.6. LDR 13 (Moorara Downstream)
This site was only sampled once - on February7th, and results won't be discussed further.
3.1.7. LDR 14 (Moorara Upstream)
This depth of sampling at this site varied from 2.5 to 3.5 metres. Stratification occurred on 5
occasions at this site (Figure 11):• From the start of sampling at this site (February7th) until a point prior to February
11th;
• From about February 13th until about February 19th;
• From about February 21st until a point between March 4th and 7th;
• From about March 13th until about March 24th; and
• From about March 26th until at least April 16th.
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The site was not stratified when resampled on May 17th.
While mixing events resulted in falls in dissolved oxygen concentrations throughout the
water column, the water column did not become hypoxic during the monitoring period
(Figure 11).

Figure 11: Temporal variation of temperature (top panel) and dissolved oxygen (bottom
panel) throughout the water column at LDR 14 from early February to mid-April, 2019.
3.1.8. LDR 15 (Pooncarie Upstream).
This is one of the two sites in the Pooncarie Weir pool and is a reference site for the aerator
at LDR 16. The site was about 2 - 3 metres deep during sampling and had D-Opto loggers at
the surface and in the bottom waters.
The site was thermally stratified over 7 periods from the end of January to the beginning of
May (Figure 12):-
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•
•
•
•
•
•
•

From January 30th until February 9th;
From February 14th until about February 20th;
From about February 22nd until March 6th;
From March 8th until March 13th;
From March 16th until March 26th;
From April 3rd until April 9th;
From April 15th until April 23rd.

None of the mixing events led to a hypoxic water column during the sampling period (Figure
12).

35
Bottom temperature
Surface temperature

Temperature (oC)

30

25

20

15

10
04 Feb

18 Feb

04 Mar

18 Mar

01 Apr

15 Apr

29 Apr

Dissolved oxygen concentration (mg/L)

Date
20

15

10

5

0
04 Feb

18 Feb

04 Mar

18 Mar

01 Apr

15 Apr

29 Apr

Date

Figure 12: Temperature (top panel) at the surface (black trace) and at the bottom (red trace)
of LDR 15 and dissolved oxygen concentration (bottom panel) at the surface of LDR 15 from
early February to the end of April, 2019. The red dashed line on the bottom panel indicates
the dissolved oxygen concentration, below which, large native fish die.
19

3.1.9. LDR 17 (Mallara)
LDR 17 is a quite shallow site, with sampling occurring in between 1 and 2 metres of water.
This site was only ever weakly stratified, with temperature differences between the surface
and bottom waters typically < 1 oC (Figure 13). Dissolved oxygen concentrations were
generally of no concern (Figure 13).
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Figure 13: Temporal variation of temperature (top panel) and dissolved oxygen (bottom
panel) throughout the water column at LDR 17 from early February to mid-April, 2019.
3.1.10. LDR 18 Lelma
Lelma is the southernmost site sampled and is upstream of the Jamesville block bank. It is
also quite deep, with typical depth profiles sampled 4 and 6 metres. Until about March 30th
the site remained strongly stratified, with a distinct thermocline at about 4 metres deep
(Figure 14). While the 3-dimensional dissolved oxygen concentration plot (Figure 14)
suggests that the oxycline remained in place throughout the sampling period, based on the
individual depth profiles, it is likely the oxycline broke down on March 30th. A second
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mixing event occurred on about April 10th. When the site was re-sampled on May 16th, it
was fully mixed.

Figure 14: Temporal variation of temperature (top panel) and dissolved oxygen (bottom
panel) throughout the water column at LDR 18 from early February to mid-April, 2019.

3.2. Synthesis of the monitoring data
3.2.1. Under no-flow conditions, air temperature can be used to empirically predict the onset
of stratification in the lower Darling River
Ideally, one of the tools that needs to be developed in the on-going management of lowland
rivers is one that can predict future periods of stratification, destratification and hypoxia
based on current and predicted conditions. The tool should be applicable to all lowland
weir pools in the Murray-Darling Basin. However, until such a tool can be developed, it
would be useful to derive a number of empirical relationships between readily obtainable
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data and key physical events, particularly stratification and destratification, in the lower
Darling River weir pools and block bank pools.
Stratification and destratification events are simply a manifestation of water temperature.
Examination of the temperature profiles collected using the D-Opto loggers at LDR 8, 10 and
15 shows that surface temperature at all three sites were similar to each other and follow
the same patterns of periodic rises and falls (data not shown).
The trajectory of temperature at the bottom of the weir pools differs depending on depth.
At the shallower sites (LDR 8 and 15 - ca. 3 metres) the temperature at the bottom of the
weir pool was influenced to some degree by the surface temperature (Figures 7 and 12). So
as the surface temperature rose, the temperature at the bottom of the weir pool also rose,
but not to the same extent. Furthermore, the temperature in the bottom water at these
sites does not have the same diurnal variation in the surface water, and there was a distinct
lag between changes in surface water temperature change and the corresponding change in
temperature in the bottom water, particularly during cooling events. At LDR 10 (ca. 6
metres) the bottom temperature remained relatively constant and the onset of
stratification and destratification depended solely on the surface water temperature (Figure
9). At all three sites periods of stratification began as soon as surface water temperature
began to rise, following a period where the water temperature fell (e.g. LDR 8 see Figure 7).
Onset of total thermal mixing differed between sites. At the shallower sites, where the
bottom water was warmer than the deeper site, total mixing occurred soon after the
surface water temperature began to fall. For the deeper site, total mixing took a number of
days following a cooling of the surface water (see Figure 9). Therefore, being able to predict
surface water temperature would allow the prediction of periods of stratification and
destratification.
As outlined in Appendix 1, water temperature is (obviously) linked to air temperature, but
not necessarily in a linear fashion. Using the water temperature data for the three sites
where we have D-Opto temperature data, it is possible to derive an empirical relationship
between changes in air temperature and changes in water temperature and, therefore the
start of stratification. Figure 15 shows the relationship between surface water temperature
and a derivative of air temperature at LDR 8; the onset of periods of stratification are
identified by circles at the bottom of the graph. Changes in surface water temperature are
closely aligned to changes in the midpoint of daily air temperature (i.e. the mid-point
between the daily minimum air temperature and the daily maximum air temperature) after
first smoothing the air-temperature curve with a Loess 3 function using a moving window
covering 10% of the data. To account for the lag between air and water temperatures
changes, the smoothed mid-point air temperature function was also off set (advanced) by 1
day. While there is some variation in the absolute temperature values, the smoothed midpoint air temperature closely mimics periods of rises and falls in surface water temperature.
As noted above, the onset of stratification at LDR 8, 10 and 15 occurs when surface water
begins to rise. Therefore, changes in the predicted air temperatures can be used to predict
the onset of future stratification events.
Loess (locally estimated scatterplot smoothing) is a local smoothing technique available in Sigmaplot using
tri-cubic weighting and polynomial regression.
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Figure 15: Surface water temperature (black trace) and the mid-point between daily
minimum and maximum temperatures (red trace which has been smoothed using a Loess
function and advanced by 1 day) at LDR 8. The onset of stratification is indicated by the
black circles at the bottom of the graph. There is uncertainty about the exact date of the
event on about February 20th as it is based on interpolation of the weekly sampling data.
3.2.2. Lack of flows does not preclude destratification
The model developed to predict periods of stratification and destratification developed by
Bormans and Webster (1997) for Maude Weir (outlined in Appendix 1) predicts that periods
when flow (and therefore flow velocity) is zero should lead to the onset of permanent
stratification. (The cube of low flow velocity is in the numerator of the equation, if flow is
zero, then the resulting R value is zero, and by their criteria, the system should be stratified).
This relationship breaks down for the lower Darling River weir pools. For example, flow at
Pooncarie (LDR 15) ceased in mid-January 2019 (data not shown) yet there were a number
of destratification events (see Figure 12). The relationship derived to determine
stratification and destratification in Maude Weir pool by Bormans and Webster (1997) is
based on well-established physical limnological principles. Therefore, rather than abandon
their approach, it is suggested that their relationship between physical attributes and
periods of stratification could still be used to create a generic tool for predicting water
quality in weir pools, but would need to be adapted for no-flow conditions.
3.2.3. Mixing events following stratification are strongly linked to a substantial fall in
maximum air temperature.
The difference in maximum air temperature between consecutive days at Menindee 4 is
presented in Figure 16. As noted above, the cool changes in early December, early January
Where the maximum air temperature was not recorded on a particular day by the Bureau of Meteorology for
Menindee, the maximum air temperature at Pooncarie was used.

4
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Change in maximum air temperature (oC)

and late January all coincided with fish kills in the Weir 32 weir pool (marked with * in
Figure 16). From February to the end of May there were seven instances where maximum
air temperature fell by more than 8 oC between two consecutive days (Figure 16, Table 2).
There was also one instance (March 11th and 12th) where the maximum air temperature fell
by more than 8 degrees over a two-day period.
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Figure 16: Differences in maximum air temperature on consecutive days at Menindee from
the beginning of December 2018 to the end of April 2019. Where air temperature was not
available for Menindee on a particular day the temperature at Pooncarie was used instead.
* Fish death events upstream of Weir 32. 1-8 Mixing events (see Table 2). a This is prior to
the main monitoring program commencing. b All sites were still mixed following the
previous destratification event.
When we compare the dates of mixing following stratification at the eight sites without
aerators, with the dates of cool changes at Menindee, we see a strong relationship. All
destratification events (with the exception of the breakdown of two periods of weak
thermal stratification at LDR 8 in April) occurred either during, or soon after, a cool change
(Table 2). (There was a lag of several days between the cool changes on February 8th and
April 22nd and destratification at LDR 10, but examination of the logged temperature data
clearly shows that the surface temperature began to fall in both cases following the cool
change.) Not every cool change resulted in destratification at all sites, but each cool change
resulted in destratification at least one site.
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Table 2: The dates of cool changes (when maximum air temperature fell by more than 8 oC
between two consecutive days) and the thermal state of the sites D = destratified, s =
stratified, m = mixed, ns = not sampled. The temperature at sites marked with an asterix (*)
were determined continually using D-Opto loggers, all other sites are based on interpolation
from bi-weekly or weekly temperature profiles. a At LDR 10 on February 8th and April 22nd
the thermocline substantially deepened, actual destratification occurred several days later.
Cool
change
(∆ oC)

1.
8/2/19
(8.7)
2.
19/2/19
(14.9)
3.
6/3/19
(15.8)
4.
11-12/3
(8.6)
5.
24/3/19
(15.8)
6.
30/3/19
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7.
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3.2.4. Surface hypoxia doesn't require total destratification
There were a number of hypoxic events in the lower Darling River during the monitoring
period, however not all of them were associated with complete thermal mixing. For
example, during the hypoxic event at LDR 5 on March 5th, there was a 1.5 oC difference
between the surface and the bottom waters. Mixing at this site probably didn't occur until
the next day following the cool change. It is possible that the reason for the hypoxia on this
occasion was that the rate of sediment oxygen demand was simply greater than could be
supplied through oxygen diffusion from the atmosphere or from photosynthesis. The role
of night time consumption of oxygen by photosynthetic organisms also cannot be
discounted (see Section 3.2.6.). The behaviour of LDR 5 on March 5th probably reflects what
was happening at Texas Downs, upstream of Weir 32 on January 16th (this is discussed in
Section 5.2.2).
3.2.5. Predicting whether mixing will lead to a hypoxic water column is not straightforward
Based on depth profiles of oxygen concentration, mass balance calculations can be used to
estimate the dissolved oxygen concentration that would occur in a pool if it turned over on
the day of sampling. 5 However, on the current data it is not possible to a priori predict the
rate of oxygen depletion in the hypolimnion, and therefore predict dissolved oxygen
concentrations into the future. As an example, LDR 5, 8 and 15 are, on the face of it, similar.
All are of a similar depth (2 - 3 metres) and they all showed similar patterns of stratification
and destratification - at least up until early March (for LDR 5). Yet they showed different
responses with respect to hypoxia. The whole water column at LDR 5 was hypoxic for an
unknown period of time on March 5th, the whole water column at LDR 8 was hypoxic for a
period of about 30 minutes on February 10th; while oxygen concentrations at LDR 15, for the
most part, remained above 4 mg/L.
Dissolved oxygen concentrations in these weir pools are dynamic. Oxygen is added to the
weir pools from the atmosphere (which will increase with increasing wind) and from
photosynthesis during the day. Oxygen is consumed by respiration, especially from the
sediment microbiota, but also from algae, invertebrates and vertebrates. While all of these
factors can be modelled, sediment oxygen demand driven by microbial activity is difficult to
predict. It requires an understanding of the sediment carbon load, its bioavailability, the
rate of input of fresh carbon from the surface and the impact of temperature on microbial
respiration. This is discussed further in Section 5.1.
3.2.6. The secondary impact of night-time algal respiration should not be overlooked in
assessing hypoxia risks.
Figure 17 shows the surface oxygen concentration at LDR 10 from the 7th to the 11th of
February (the date markers are positioned at midnight). From the graph it can be seen that
the oxygen concentration at the surface on both February 8th and 9th was quite high during
the day, yet fell below 2 mg/L during the subsequent night. It is possible that the initial fall
It assumes a simple U-shaped channel with a flat bottom. The dissolved oxygen concentration between one
depth and the next is assumed to be constant. It is also assumed that the profile goes to the bottom of the
weir pool. The dissolved oxygen concentration at each depth where a measurement was taken is multiplied by
the difference in depth between that measurement and the one immediately above it. The [O2] x depth are
then summed across the depth profile and divided by the total depth to give the approximate dissolved
oxygen concentration on mixing.
5
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Dissolved oxygen concentration (mg/L)

in dissolved oxygen concentration on the evening of February 8th- 9th was caused by a
lowering of the thermocline, mixing hypoxic deeper water with more oxic surface water,
without totally breaking down the thermocline. Surface oxygen concentrations during the
day on February 9th and the night of February 9th - 10th were strongly influenced by
photosynthetic organisms - producing oxygen during the day and consuming it at night - to
the point of generating hypoxia. (For this to occur, it also means that the dissolved oxygen
concentration throughout the rest of the water column would need to be relatively low).
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Figure 17: Dissolved oxygen concentration at LDR 10 from the 11th to the 17th of February.
The red dashed line on the bottom panel indicates the dissolved oxygen concentration,
below which, large native fish die.
The secondary role that photosynthetic organisms have in generating hypoxia has
implications for designing future monitoring programs to assess the risk of hypoxia in inland
rivers in the Murray-Darling Basin (see Section 7.4.1.).
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4. Interventions

The principal interventions following the fish death events at Menindee in 2019 were the
translocation of large-bodied native fish and the installation of aerators. This section of the
report deals with determining the efficacy of the aerators and furthermore, briefly exploring
alternative interventions that could be employed into the future.

4.1. Efficacy of individual aerators

Following the fish deaths, at least 11 aerators were deployed in the lower Darling River.
This included a mix of solar-, electric-, diesel-electric and diesel-powered systems. At the
study sites covered in this report, aeration systems were either small-bubble 6 injection solar
powered systems, and diesel, or diesel-electric venturi systems. In bubble injection
systems, air is pumped from the surface to diffusers placed either on the bottom of the
water body, or at a specified depth. Air bubbles then rise to the surface, with some of the
air diffusing from the bubble into the water column 7. In venturi systems, water enters the
venturi at high pressure, creating a vacuum. The vacuum draws in air from the atmosphere
where it is mixed into the water stream. In venturi systems, water can be drawn from any
level in the water column and released at any level.
Water quality data collected as a part of the monitoring program covered by this report
allowed an assessment of the efficacy of the aerators at:• LDR 3 (5.5 kw diesel-electric powered, proprietary, high-efficiency multiport venturi
system);
• LDR 4 (7.5 kw diesel-electric powered, proprietary, high-efficiency multiport venturi
system);
• LDR 7 (solar powered, small-bubble aerator);
• LDR 9 (diesel powered, high-volume throughput, single venturi system);
• LDR 12 (solar powered, small-bubble aerator);
• LDR 16 (solar powered, small-bubble aerator);
• LDR 19 (solar powered, small-bubble aerator).
4.1.1. LDR 3 (Downstream of Weir 32) and LDR 4 (Little Camp) aerators.
LDR 3 and 4 are immediately upstream of LDR 5. The aerators at both sites are proprietary
highly-efficiency multiport venturi HyflowTM systems supplied by AP Pumps
(www.appumps.com.au; Figure 18). The systems are capable of processing between 2 - 8
ML water/day. The two aerators were powered by diesel-powered electric generators.

The definition of bubble size is problematical. While there is an International Standards Organisation (2017)
definition of bubbles less than 100 microns in diameter (a fine-bubble has a diameter of less than 100 micron,
an ultra-fine bubble of less than one micron), the definition of larger bubbles is not consistent in the literature.
For this report I define small bubbles as one that are approximately 1 mm in diameter.
7
While similar in operation this should not be confused with bubble-plume destratification. This approach also
places a diffuser at the bottom of a water body; as the stream of bubbles rise to the surface it entrains the
bottom water moving it to the surface (Moshfeghi et al, 2005). Because it is colder than the surface water it
falls back to the bottom of the water body, therefore creating circular currents between the bottom and
surface water, which can break down stratification. Bubble-plume stratification works well in relatively deepwater bodies such as dams. (Moshfeghi et al, 2005).
6
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Figure 18: Multiport venturi aerators deployed at LDR 3 (top panel) and LDR 4 (bottom
panel; images supplied by Graeme McCrabb).
As noted in Section 3.1.3, the water column at LDR 5 was hypoxic on the morning of March
5th when the pool was sampled during the biweekly/weekly monitoring program. On March
5th the water column at LDR 3 was above 3mg/L for a zone approximately 60 m upstream
and downstream of the aerator (Figure 19). At the aerator itself, dissolved oxygen
concentrations remained above 3.5 mg/L.
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Figure 19: Dissolved oxygen concentration in the water column near the aerator at LDR 3.
Negative distance indicators downstream.
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At LDR 4, the water column was hypoxic approximately 80 - 100 metres downstream of the
aerator (Figure 20), but there was a zone stretching approximately 50 metres downstream
of the aerator that had sufficient oxygen to sustain large-bodied native fish (Figure 20).
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Figure 20: Dissolved oxygen concentration upstream (positive numbers) and downstream
(negative numbers) of the aerator at LDR 4.
A dead Murray cod was observed in a shallow stretch of water between the LDR 3 and LDR 4
aerators on the morning of March 5th (Graeme McCrabb, pers .comm).
There is little doubt that the operation of the aerators at LDR 3 and 4 averted a fish death
event immediately downstream of Weir 32 on the morning of March 5th.
4.1.2. LDR 7 (Keiara)
There was a solar-powered small-bubble aerator installed at LDR 7. While not ideal, the
efficacy of the aerator at LDR 7 can be determined by comparing the dissolved oxygen
profiles at LDR 7 with those at LDR 8. This of course assumes that the drivers of oxygen
concentrations in the water column (sediment oxygen demand, algal activity, respiratory
demand etc.) are similar at both sites.
As can be seen from Figure 21, the dissolved oxygen profiles at both sites are similar over
the period where dissolved oxygen profiles were taken at LDR 7 (which commenced on
February 15th, later than at LDR 8). Both showed similar periods when there was hypoxia
below 1 metre depth, but mixing didn't result in hypoxia through the water column. 8
Oxygen concentrations at the surface are similar at both sites. Therefore, if the assumption
that the drivers of oxygen concentration at the two sites are similar is correct, then the
conclusion must be reached that the aerator at LDR 7 had little effect on the oxygen profile
at this site.

The 3-dimensional graph does not cover the period where hypoxia at the surface was recorded by the loggers
deployed at LDR 8.
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Figure 21: Dissolved oxygen profiles at LDR 7, at the aerator, and LDR 8 (the reference site).
4.1.3. LDR 9 Karoola Venturi and LDR 12 (Karoola solar aerator)
LDR 10 (Section 3.1.5) can be used as a reference site for determining the efficacy of the
two aerators installed above the Karoola Block bank. Because the three sites (LDR 9, LDR 10
and LDR 12) are in the same weir pool it is likely that the drivers of oxygen concentration at
the three sites are similar.
The venturi was built and installed by Millewa Pumping. The aerator was installed on
January 21st and operated until March 28th. The system pumped water from LDR 11, across
the river bend and through a venturi (Figure 22), where the aerated water was dispersed
onto the water surface (Figure 23). The pumping rate was approximately 10 - 15 ML/day
(Chris Clake pers. comm.). The higher flow rate implies higher energy input requirements
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for the venturi at LDR 9 than the venturi aerators at LDR 3 and LDR 4 (which pumped
somewhere between 2 - 8 mL/day).

Figure 22: Spatial arrangements of venturi inlet (LDR 11), outlet (LDR 9) and the reference
site (LDR 10) in the Karoola Block bank pool. The location of the solar aerator at LDR 12 is
also included.

Figure 23: The venturi outlet at LDR 9. The venturi is the silver structure at the bottom of
the photo (photo supplied by Millewa Pumping).
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The venturi aerator suppressed thermal stratification at LDR 9. While there were multiple
periods of thermal stratification at LDR 10 (see Section 3.1.5), until the aerator ceased
operation (red dashed line, Figure 24), there was only one brief period of stratification at
LDR 9 in mid-February - which coincided with a period when the aerator was turned off for
maintenance (Iain Ellis pers. comm.). Furthermore, the thermal stratification was much
weaker during this period of stratification compared to LDR 10 (see Figure 9).

Figure 24: Temperature at the surface (black trace) and at the bottom of LDR 9. The red
dashed line indicates when the aerator was turned off.
Unlike LDR 10, where there were 5 instances of hypoxia throughout the water column that
lasted up to 8 hours (see Section 3.1.5), prior to March 28th, there were no instances where
hypoxia was observed at the surface (Figure 25). It is of note that soon after operation of
the venturi aerator ceased at LDR 9, hypoxia rapidly formed in the bottom waters at LDR 9
(Figure 26).
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Figure 25: Dissolved oxygen concentration at the surface of LDR 9. The red dashed line
indicates the dissolved oxygen concentration, below which large native fish die.

Figure 26: Dissolved oxygen profile at LDR 9. The dashed line indicates when the aerator
was turned off. Following the turning off of the aerator hypoxia rapidly formed at the site.
There is no doubt that the operation of the Karoola venturi aerator prevented multiple fish
death events in the pool above the Karoola Block bank.
The solar small-bubble aerator in the Karoola Block bank pool was substantially less
effective in modifying oxygen profiles compared to the venturi aerator. For example, Figure
27 shows the oxygen concentration depth profiles for LDR 9 (venturi aerator), LDR 10
(reference site) and LDR 12 (small-bubble aerator) on March 21st. While there is a
substantial difference between LDR 9 and LDR 10, the oxygen profiles (at the surface) for
LDR 10 and LDR 12 are similar; with LDR 12 actually having a lower dissolved oxygen
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concentration than LDR 10. Therefore, it is unlikely that the aerator at LDR 12 had a
substantial impact on dissolved oxygen concentration in the Karoola Block bank pool.
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Figure 27: Dissolved oxygen profiles at LDR 9 (green triangles), LDR 10 (black circles) and
LDR 12 (red circles) on March 21st, 2019.
4.1.4. LDR 16 (Pooncarie Downstream)
LDR 15 (Section 3.1.8) can be used as a reference site for determining the efficacy of the
solar powered, small-bubble aerator installed above the Pooncarie Weir (LDR 16). Because
the two sites are in the same weir pool it likely that the drivers of oxygen concentration at
these sites are similar - especially in February and early March when the two sites were
hydraulically well connected.
Surface dissolved oxygen concentrations at LDR 16 were slightly better than at LDR 15.
While dissolved oxygen concentrations at LDR 15 frequently dropped below 4 mg/L (Figure
12; Section 3.1.8), it only briefly fell below 5 mg/L at LDR 16 on one occasion (Figure 28).
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Figure 28: Oxygen concentration at the surface near the aerator at LDR 16. The red dashed
line indicates the dissolved oxygen concentration, below which large native fish die
The extent of hypoxia through the water column at LDR 16 was also reduced at LDR 16
compared to LDR 15 - especially in late February - early March (Figure 29).
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Figure 29: Dissolved oxygen depth profiles at LDR 15 (top panel) and near the aerator at LDR
16 (bottom panel).
Only one series of transects away from the aerator was taken - on March 12th. Based on the
temperature logger data at LDR 15, this was a period where the weir pool was well mixed
and oxygen concentrations were quite good. Therefore, it is not possible to determine how
far the effects of the aerator extend beyond the immediate vicinity of the aerator.
4.1.5. LDR 19 (Kapana Aerator)
LDR 19 is located approximately 4 river kilometres upstream of LDR 18. While LDR 18 can
be considered a reference site for the efficacy of the solar powered, small-bubble aerator
aerator at LDR 19, the same caveat applies when using LDR 8 as a reference site for LDR 7
(Section 4.1.2) - it assumes that the drivers of oxygen concentrations in the water column
(sediment oxygen demand, algal activity, respiratory demand etc.) are similar at both sites.
The temperature profiles at LDR 18 and LDR 19 are totally different. Where LDR 18 was
permanently stratified from early February to the end of March (Figure 14, Section 3.1.10),
LDR 19 was only stratified on a number of occasions - twice in February, and once in early
March (Figure 30). Furthermore, dissolved oxygen concentrations at LDR 19 remained oxic
in the top approximately 4 -5 metres of the water column throughout the sampling period.
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Figure 30: Temporal variation in temperature (top panel) and dissolved oxygen
concentration (bottom panel) at LDR 19.
LDR 19 was mostly sampled between the bubble plumes (the solar powered small bubble
plume aerators usually created more than one bubble plume at each site). Two transects
away from the aerators were undertaken on February 15th and 26th. On February 15th, the
site was well mixed and therefore it is difficult to determine the spatial influence of the
aerator on that occasion (data not shown). By February 26th, the site had begun to
thermally stratify and hypoxia had built up at the bottom (Figure 30). The transect sampled
on February 26th showed that the aerator was not strong enough to prevent hypoxia in the
bottom waters, although it was slightly suppressed towards closer to the aerator (Figure
31). This is because the bubble plume entrains a plume of the hypoxic water and moves it
towards the surface, increasing the oxygen concentration as it ascends. It is of note that the
dissolved oxygen concentration at the surface near the aerator is actually about 1 mg/L
lower than 10 metres either side of the aerator (Figure 31).
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Figure 31: Dissolved oxygen concentration profile at LDR 19 on February 26th, 2019 (top
panel) and dissolved oxygen concentration at 0.5 m along the transect (bottom panel).

4.2. Analysis of aerator operation
4.2.1. The operation of aerators at LDR 3, 4 and 9 prevented fish deaths
As noted in the previous section, the operation of the aerators at LDR 3 and LDR 4
prevented fish deaths on the morning of March 5th. The aerator at LDR 9 created an aerated
refuge in the Karoola Block bank pool that prevented fish deaths on a number of occasions
in February and March when the water column at LDR 10 was hypoxic.
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4.2.2. The most efficient aerators were also the most powerful, but also cost the most to run
There was a clear relationship between the efficacy of the aerators and their energy
consumption. The most effective aerator was the venturi aerator at LDR 9 (Karoola), but it
was also the most expensive to run - the pump was fuelled by diesel. The aerators at LDR 3
and 4 also required diesel to run. While the solar aerators were essentially cost-free to run,
there is a real question about their efficacy. The solar aerator at LDR 7 had no apparent
effect on dissolved oxygen or temperature profiles. 9 The aerator at LDR 16 appeared to
improve dissolved oxygen in the water column, at least immediately adjacent to the bubble
plume. However, the aerators at LDR 12 and 19 appeared to supress the dissolved oxygen
concentration adjacent to their bubble plumes on certain occasions. (This apparent
contradiction can be explained by the bubble plumes entraining hypoxic bottom water
and/or sediments, the latter which are subsequently oxidised, consuming oxygen).
The installation of aerators in the Darling River in 2019 occurred under extreme timeconstraints and in the face of an ongoing environmental emergency. Therefore, it was more
a case of what was available rather than what was most efficient. One of the issues faced
was being able to supply energy to the aerators in remote locations, hence the reliance on
solar energy or diesel for power. There is the potential to drive down the cost of operating
the aerators without compromising efficacy. Firstly, hybrid solar-fossil fuel electrical
generators are commercially available and could be used to power aerators, and would be
even more adaptable if they included battery technology. Furthermore, the aerators do not
need to run continuously. Use of linked dissolved oxygen and temperature sensors in
conjunction with computer models to predict the onset of hypoxia, could be used to
improve the timing of aerator operation; noting that turning on an aerator in a stratified
pool can lead to mixing and potential hypoxia. Nevertheless, supplying sufficient power to
operate effective aerators in remote locations will be expensive.
4.2.3. The location of aerators needs to be based on best available knowledge.
As noted above, the installation of aerators in the lower Darling River was, by its nature (and
this is not said as a pejorative) rushed. In future, the location of aerators should be based
on a set of guiding principles including:• Local knowledge;
• Assessment of the distribution of fish populations;
• Persistence of the waterhole during drought;
• Likelihood of hypoxia (based on sediment oxygen demand and carbon load);
• Propensity for formation of algal blooms (which can be assessed in part from
sediment chemistry (see Section 7.4.2) and potential upstream sources of algae.
4.2.4. Clustering of the solar bubble-plume aerators may be more effective
As stand-alone systems the solar powered bubble-plume aerators, especially at LDR 7 and
LDR 12, were not very effective in influencing dissolved oxygen concentrations in the
remnant pools. However, if more of them could be deployed at the same location to create
a field of bubble-plumes this may increase their efficacy. The effectiveness of this approach
could then be assessed during subsequent monitoring programs.

9

Assuming of course that LDR 8 was an adequate reference site.
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4.2.5. Aerators could cause localised destratification
When using the aerators, consideration should be given to when they are turned on and off.
If left ideal for a period of time (days-weeks) stratification could form in a pool. Depending
on the location, power and type of the aerator, turning it on in such circumstances could
lead to a breakdown in the stratification and potentially lead to hypoxia. Therefore, it
would be preferable to have the aerators operating at all times.
4.2.6. Useful attributes for aerators used in the Darling River and other remote locations
Following a review of the performance of various aerator there are a number of attributes
that should be considered when selecting aerator systems for the Darling River and other
lowland rivers into the future. While not extensive, the following points could be used to
inform future procurements:
1. The aerator system's purpose is to create an oxygenated refuge, not destratify the
whole weir pool.
2. The principal driver of hypoxia in the hypolimnion is sediment oxygen demand.
3. The impact of aerators on preventing algal blooms, or mitigating dissolved oxygen
issues caused by algal blooms, is a secondary, but important, consideration (see
Section 3.2.6)
4. The aerator should impact on a minimum zone of several 1000 m3 (approximately
the size of an Olympic size swimming pool or, preferably, larger).
5. The zone of influence produced by the aerator system should be verifiable a priori,
based on previous (documented) performance of similar systems.
6. Ideally, the aerator should be powerful enough to prevent hypoxia at all times
throughout its zone of influence; so, by necessity this would require some
understanding of the underlying sediment oxygen demand at the site - see Section
5.5.4.
7. At a minimum, at all times the dissolved oxygen concentration in the refuge zone
needs to be at least 3.5 mg/L - especially immediately following mixing events.
8. The concentration of ammonia and reduced sulfur compounds in the zone of
influence should be well below toxic levels during aerator operation (see Section
6.2).
9. Solar energy is the preferred power source (both from a cost perspective, but also to
limit greenhouse gas emissions).
10. The aerator system needs to be able to be operated at night/early morning when
oxygen levels are lowest and mixing events are more likely to occur. Following from
point 9 this would require either battery back-up or, an alternate fuel source to
allow the aerator to operate at night.
11. The system needs to operate under extreme conditions (air temperatures exceeding
50 oC, water temperatures exceeding 35 oC, high UV radiation, high turbidity in the
water column etc.).
12. The system should be low maintenance; and ideally the on-going performance of the
aerator could be assessed remotely.
13. The aerators need to be light/small enough to be deployed in areas with steep
banks.
14. The systems should be portable, to allow for storage and re-deployment in different
areas as required.
15. To the extent possible, the system should be vandal proof.
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16. To the extent possible, the system should be animal proof.
17. The system should be dust proof.
18. Cost of supply and installation will always be an issue.
4.2.7. Aerators are only a very localised, short-term solution
Supply and operation of aerators is extremely expensive (in the order of $1000's - $10,000's
per pool). Even the most effective aerators only influence dissolved oxygen concentrations
over very small spatial scales (hundreds to at best thousands m2) compared to surface area
of the lower Darling River (millions m2). While they play a role in emergency responses,
more longer-term solutions need to be assessed. Assessing long-term solutions is beyond
the scope of this study, but ideas are canvassed in both Vertessy et al. (2019) and Academy
of Sciences (2019) which warrant consideration.

4.3. Other potential short-term intervention strategies
There are a number of other interventions which could limit the impact of hypoxia in the
lower Darling River.
4.3.1 Flow
While flow really wasn't an option in managing the fish death events in 2018/19,
nevertheless it remains one of the more important levers that river managers have in
managing hypoxia. In their study on stratification, Bormans and Webster (1997) indicated
that the likelihood of a weir pool undergoing stratification is closely linked to flow velocity
(see Appendix 1 for further details). Mitrovic et al (2011) showed that for the weir pool
above Weir 32, flows above 300 ML/day substantially reduced both the strength and length
of stratification. In that study it is of note that stratification (albeit weak) was still observed
at times in the weir pool at flows above 1000 ML/day. Furthermore, the maximum daily air
temperatures during the period of their study (late spring and summer of 2007/2008 and
2008/2009) were not as extreme as observed in 2018/19. For example, there were no days
in December 2007 with a daily maximum air temperature ≥ 40 oC and only 1 in December
2008. This compares to 11 days in December 2018. Similarly, in January 2008 there were 8
days over 40 oC, and 11 days in January 2009. In January 2019 there were 18 days over 40
oC. So, a targeted flow rate of 300 ML/day at Weir 32 to prevent stratification should be
considered indicative, and not definitive.
Flows can also be used to improve water quality once the river has ceased to flow and
receded to a series of waterholes (assuming access to water stored in the Menindee Lake
system). Periodic short flow events could be used to break down stratification and refresh
water quality. However, caution should be used when undertaking such a procedure as
there is the risk of creating a short-term hypoxic event caused by the inflow breaking down
stratification and mixing hypoxic bottom waters with surface waters. This occurred in the
Darling River below Weir 32 in 2004 when releases of 150-400 ML/day resulted in the
deaths of thousands of (mainly) Murray cod (Ellis and Meredith, 2004). It also occurred in
2008 when a dilution flow (peaking at 4500 ML/day) first reached an isolated pool (which
was then about 4 metres deep) it resulted in hypoxia throughout the water column that
lasted for about 5.5 hours (Wallace et al, 2008).
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4.3.2. Other bubble technologies
The solar aerators used small-bubble injection to promote aeration. Small-bubble injection
is not very effective in re-oxygenating water, especially in shallow water. Most of the air
that is entrained in the bubble plume is released at the surface, therefore only a fraction of
the entrained air is used to oxygenate the water column. An alternate is the injection of
fine- (>100 microns in diameter) or ultrafine-bubbles (with a diameter of less than 1 micron)
into the water column. The advantage of this technology over larger size bubble injection is
that the bubbles remain dispersed in the water column rather than rapidly floating to the
surface. This means there is a greater opportunity for air encased in the bubble to diffuse
into the water column. This technology is still emerging, but NSW Department of Primary
Industry - Fisheries have completed an initial evaluation in ponds at their Narrandera facility
(Craig Boys pers. comm.).
4.3.3 Chemical ameliorants
The addition of chemicals, particularly calcium peroxide or sodium percarbonate, have been
suggested as ways to increase oxygen concentration in water ways. Both break down to
produce oxygen, with calcium peroxide breaking down over a period of months, while
sodium percarbonate can break down over a matter of minutes to hours. The use of
chemical oxidants does have a number of risks associated with it. It would probably require
regulatory approval, the chemicals need to be sourced and a deployment plan developed,
which could slow implementation. Also, the addition of chemical oxidants remains untested
on such a large scale in Australia.
4.4.4. Prevention of algal blooms
As noted in Section 3.2.6, algal blooms are a secondary issue when dealing with hypoxia in
the Darling River - preventing algal blooms alone will not completely remove the risk of
hypoxia, but it could prevent some instances of hypoxia.
There are numerous ways of preventing or disrupting algal blooms, some are more easily
deployed than others, and some technologies are more advanced than others. Two
approaches that could be considered are flow, and chemical amelioration of the sediments.
Mitrovic et al., 2011 has shown that flow can impede algal blooms in the Darling River in a
number of ways. High flows can be used to disperse an algal bloom downstream, while at
lower flows, disruption of stratification limits the supply of an essential nutrient
(phosphorus) to the algae. (Phosphorus is released from sediments under anaerobic
conditions, and is released to the overlying water column following mixing). Another
approach is to chemically bind the phosphorus in the sediments so that it can't be released
to the overlying water column, and hence starve the algae of an essential nutrient.
PhoslockTM, a proprietary modified-clay developed by CSIRO, has been successfully used
both nationally and internationally to reduce the incidence of algal blooms.
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5. Identifying risk factors for fish deaths in the Darling River
Three fish death events occurred above Weir 32, near the town of Menindee, on the lower
Darling River during the summer of 2018/19. Both the Independent Panel report (Vertessy
et al, 2019) and the Australian Academy of Science report (Moritz et al, 2019) concluded
that the three fish death events were caused by destratification of the pool upstream of
Weir 32, which mixed oxygen depleted bottom (hypolimnetic) water with relatively oxygenrich surface water. The resulting oxygen concentration in the water column was below the
lethal threshold for large-bodied fish (between 2 and 3 mg/L (Gerhke, 1989; Smart et al,
2014). A similar conclusion was reached in a preliminary report prepared by NSW
Department of Primary Industries following the second fish death event, but prior to the
third event (NSW DPI, 2019). The reports base their conclusion on the observed change in
air temperature immediately prior to the fish death events (Figure 16) and the subsequent
fall in surface water temperature (Figure 32). The fall in water temperature is consistent
with, but doesn't prove, mixing following stratification when warmer surface water mixes
with cooler bottom water.
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Figure 32: Surface water temperature above Weir 32 (black trace) in Pooncarie weir pool
(red trace) and in Burtundy weir pool (blue trace) during the three fish death events
observed in Weir 32.

5.1. Stratification and Destratification 10
At its simplest, in very low- or non-flowing waterbodies during the day, the surface of the
waterbody heats up more rapidly than the deeper water. The warmer surface water is less
10

This section has been adapted from Baldwin (2019).
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dense than the colder bottom water so they tend not to mix. During the night the surface
water cools down, and if it cools to the same or lower temperature than the bottom water
mixing occurs. However, if the surface water does not cool down sufficiently, mixing does
not occur so that during the next day, the temperature difference between the surface and
bottom waters increases, strengthening the degree of thermal stratification and making it
harder to mix the following evening. Ultimately this can lead to the situation where the
surface water and deeper water do not mix for a prolonged period - they are separated by a
clear temperature boundary (called the thermocline) and the waterbody is said to be
stratified.
Oxygen levels in the surface water are continually replenished from the atmosphere.
However, during stratification, because the surface water and deeper water don't mix,
oxygen levels in the bottom water are not replenished. As oxygen in the deeper water is
consumed through respiration (particularly by microorganisms in the sediment at the
bottom of the waterbody) the oxygen concentration begins to fall. Therefore, we can end
up with the situation where the waterbody is separated into two distinct layers - a warm,
relatively well oxygenated surface layer and, a cooler, oxygen-depleted bottom layer.
In deep waterbodies like large lakes and reservoirs, where the thermocline is well below the
surface, stratification can last for many months - or even indefinitely. In shallow
waterbodies, where the thermocline is shallower and the temperature difference between
the surface and the bottom is not as great as in deeper waterbodies, the surface and
bottom layers are more easily mixed by periodic climatic events such as storms or cool
changes. Strong winds, lower air temperatures and increased inflows (either from rain
events or managed flows) can all lead to the breakdown of stratification. This is discussed in
more detail in Appendix 1. As the surface and bottom water mix, the overall water
temperature will fall, as will the concentration of dissolved oxygen.
Weir pools are susceptible to periods of stratification and destratification. They are much
deeper than free flowing sections of the river and therefore for the same volume of flow per
unit of time, flow velocities are reduced, therefore more likely to stratify. However, they
are usually not very deep (typically 5 -10 metres in Australian lowland rivers) so climatic
conditions can lead to sporadic destratification (Bormans and Webster 1997, 1998; Mitrovic
et al., 2011). Furthermore, because of low flow velocity weir pools tend to be deposition
zones, so the bottom sediments accumulate carbon, and therefore sediment oxygen
demand tends to be higher in weir pools than in free-flowing sections of river.

5.2. Proximate Cause of the fish death events

Both the proximate cause and long-term factors contributing to the fish death events are
the subject of two recent reports (Vertessy et al., 2019; Australian Academy of Science,
2019) and therefore, only a brief overview of the events will be discussed here; with
particular emphasis on data not included in those studies.
The first event occurred around December 13th 2018. The second occurred around January
6th 2019 and the last occurred around January 26th 2019. As noted above, all three fish
death events were preceded by cool changes and subsequent drop in water temperature;
which is consistent with, but does not definitively prove, that the fish death events were
associated with mixing following a period of stratification.
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WaterNSW undertook depth profiles of temperature and oxygen concentrations at a
number of sites (Figure 33) upstream of Weir 32 following both fish death events in January,
2019. The results are broadly consistent with the conclusion that the fish death events
were the result of mixing following a period of stratification; at least for the last two fish
death events. However, there are a number of anomalies in the data.

Figure 33: Location of WaterNSW sampling sites in the Menindee Lakes and upstream of
Weir 32. The four sites in weir 32 are (from upstream to downstream) N1711 (Texas
Downs); N1095 (at the pump station which is upstream of the old Menindee Weir), N1095A
(at Menindee Town Gauge (which is downstream of the Old Menindee Weir) and N1086
(which is immediately upstream of Weir 32. (Image courtesy of WaterNSW).
5.2.1. January 7th 2019.
A fish death event occurred upstream of Weir 32 on about January 6th 2019. On January 7th
2019, WaterNSW undertook measurements of water temperature and dissolved oxygen
concentrations at the Menindee pump station (site N1095; which is immediately upstream
of the submerged Old Menindee Weir structure) adjacent to the Menindee Town Gauge
(N1095A; which is downstream of the Old Menindee Weir) and immediately upstream of
Weir 32 (Site N1086). The two upstream sites (N1095 and N1095A) were both strongly
thermally stratified, with oxygenated surface water, and hypoxia (low dissolved oxygen
concentrations) in the bottom 3 metres of the water column (Figure 34). However, near the
weir structure, which was shallower than the other two sites, the site was only weekly
stratified (Figure 34) and the dissolved oxygen concentration throughout the water column
was less than 2 mg/L (the lethal threshold for large-bodied Australian native fish). One
interpretation of these results is that N1086 was fully mixed by the cool change that arrived
on the about January 6th, and this led to hypoxia throughout the water column. Sites
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N1095 and N1095A didn't completely destratify, but the thermocline deepened, mixing
hypoxic bottom water with surface water, hence the hypoxia below about 2 metres. The
surface water at N1095 and N1095A has once again begun to warm, hence explaining the
temperature difference between the surface and 1 metre depth. The high oxygen
concentration at the surface is because of photosynthesis (Section 3.2.6).

0

Depth (m)

-1
N1095
N1095A
N1086

-2

-3

-4

-5
22

23

24

25

26

27

28

29

30

o

Temperature ( C)
0

Depth (m)

-1
N1095
N1095A
N1086

-2

-3

-4

-5
0

2

4

6

8

10

Dissolved oxygen concentration (mg/L)

Figure 34: Temperature (top panel) and dissolved oxygen concentration profiles (bottom
panel) at N1095 (black circles), N1095A (red circles) and N1086 (green triangles) on January
7th, 2019.
5.2.2. January 16th 2019.
WaterNSW undertook depth profiles at site N1095 and N1086 again on January 16th 2019.
Both sites were thermally stratified (with surface temperatures of 30 and 29 oC, and bottom
temperatures of 24 and 25 oC respectively (Figure 35). Dissolved oxygen concentrations in
the top 1 metre of the water were relatively high (6 - 7 mg/L at N1095 and 4-5 mg/L at
N1086) but were hypoxic below depths ≥ 1 metre (Figure 35). A depth profile was also
taken at Texas Downs (Site N1711) at the northern end of the Weir 32 weir pool. The data
for this site was anomalous - while the dissolved oxygen concentrations throughout the
water column was hypoxic (all measurements of dissolved oxygen concentrations were ≤ 1.6
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mg/L) the water column was also strongly thermally stratified - with a surface temperature
of about 29 oC and the water temperature at the bottom of the water column (3 metres
deep) of 24 oC (data not shown).
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Figure 35: Temperature (top panel) and dissolved oxygen concentration profiles (bottom
panel) at N1095 (black circles), N1086 (green circles) and N1171 (blue triangles) on January
16th, 2019.
5.2.3. January 29th 2019.
Following the fish death event on about January 26th 2019, WaterNSW undertook depth
profile measurements at N1095, 1095A and 1086. Again, the data is slightly anomalous.
Dissolved oxygen concentrations throughout the water column at sites N1095 and N0195A
were hypoxic (Figure 36) but the sites still (formerly) remained stratified (Figure 36).
Conversely, at N1086 there was no thermal stratification, but the water column was mostly
oxic (Figure 36). One possible explanation of these observations is that all three sites were
stratified prior to the cool change that arrived at Menindee on January 26th 2019. The two
deeper sites (N1095 and 1095A) would have had to have fairly low oxygen concentrations
throughout the water column, with only the very top layer having any oxygen - which is
consistent with the profile taken on January 16th (Figure 35). The cool change on January
26th lowered the level of the thermocline, mixing hypoxic bottom water with surface water,
resulting in hypoxia at the surface.
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The measurements at N1086 are more difficult to explain. The dissolved oxygen
concentration profiles taken at N1086 were not dissimilar to that observed at N1095 on
January 16th. Therefore, it would be reasonable to expect that if the water column at N1086
mixed following the cool change on January 26th (which is consistent with the temperature
profile - Figure 36), then the dissolved oxygen concentration profile should be similar to that
observed at N1095.
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Figure 36: Temperature (top panel) and dissolved oxygen concentration profiles (bottom
panel) at N1095 (black circles), N1095A (red circles) and N1086 (green triangles) on January
29th, 2019.

49

5.3. Why were the fish death events restricted to the weir pool upstream of Weir 32?
Even though there are other permanent weirs and temporary block- banks in the lower
Darling River, the three fish death events were all restricted to the weir pool upstream of
Weir 32 11. That raises the question of why the fish deaths were not observed at other sites?
Unfortunately, the available water quality data is quite limited, and therefore no conclusive
answer can be arrived at. However, the available data does suggest a number of possible
reasons why there were no fish deaths in Main Weir pool, Pooncarie Weir pool or Burtundy
Weir pool.
Main Weir pool - A water quality profile was taken in the Main Weir pool (the next weir
pool upstream of Weir 32) by WaterNSW on December 13th - coincidental with the first fish
death event at Menindee. The temperature profile showed that the temperature difference
between the surface and the bottom (2.7 metres deep) was only 0.1 oC. Similarly, the
dissolved oxygen concentration (4.6 - 4.7 mg/L) was uniform throughout the water column,
except for the bottom most sample, which was hypoxic. The dissolved oxygen and
temperature distribution are consistent with a pool that has recently mixed. Because the
oxygen concentration was relatively high following mixing, it means that the overall
concertation in the weir pool prior to mixing was also relatively high. This either meant
that, because the weir pool was relatively shallow, it mixed frequently, or the sediment
oxygen demand in this weir pool was low compared to the Weir 32 weir pool.
Pooncarie Weir pool - The only water quality data available for Pooncarie Weir pool coincidental with the three fish death events are surface water temperature and blue-green
algal counts. The surface temperature in Pooncarie Weir pool was very similar to that
observed at Weir 32 - with both showing drops in water temperatures co-incidental with the
fish death events (Figure 32), with only very small diurnal variation during the falling phase.
This is consistent with mixing following stratification. The lack of short-term diurnal
variation suggests both sites are relatively deep; the mass of water in the weir pool buffers
water temperature from changes in air temperature for a period following mixing. I was
unable to find depth readings for Pooncarie Weir pool during December and January, but it
was at least 3 metres deep in early February (see Section 3.1.8), which was after flows from
the weir ceased.
One difference between Weir 32 Weir pool and Pooncarie Weir pool during the three fish
death events was the presence of a blue-green algal bloom in the former (Figure 37).
Photosynthetic organisms produce dissolved oxygen during the day, and consume it at
night. Therefore, during an algal bloom the dissolved oxygen concentration in the surface
water is lowest just before dawn. This is also the time when air temperatures are lowest,
and therefore the time when destratification is more likely to occur. If destratification
occurs during the night and during an algal bloom, if all else is equal, the dissolved oxygen
concentration throughout the water column will be lower than if there wasn't an algal
bloom present, or if mixing occurred during the day. Alternatively, if all but the surface layer

A fish death event occurred at Redbank Weir on the Murrumbidgee River which was co-incidental with the
fish death event on or about January 26th 2019 (Baldwin, 2019).
11
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is hypoxic, algal respiration during the night could lead to transient periods of hypoxia as the
surface layer is stripped of oxygen. This is discussed further in Section 3.2.6.
Another impact of algal blooms is that when algal cells die, they are likely to sink to the
bottom and decompose. The decomposition process will consume oxygen, increasing the
likelihood of hypoxia. This is not to say the declines in temperature directly led to an
increase in algal mortality - the water temperature following mixing in Weir 32 was well
above that considered to be lethal for the main blue-green algal species present (Robarts
and Zohary, 1987 and references therein).
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Figure 37: Blue-green algal biovolume in Weir 32 (black circles), Pooncarie Weir pool (red
triangles) and Burtundy Weir pool (blue squares) from late spring 2018 to mid-summer
2019.
Burtundy Weir pool - As with Weir 32 and Pooncarie Weir pools, the temperature in
Burtundy Weir pool fell at the same time as the fish death events, however there were a
number of significant differences. Firstly, the water temperature in Burtundy Weir pool was
much higher than the other weir pools prior to the cool changes arriving (reaching 36.4 oC
on January 4th 2019 - which is above the putative lethal temperature for Murray cod (33 oC;
Mosig, 1982). Similarly, the minimum temperature observed was much lower than
observed in the other weir pools. Finally, the diurnal changes in temperature were much
greater than the other sites. Taken together, this suggests that the Burtundy weir pool
didn't have much thermal mass, implying that it was quite shallow. Because it was shallow,
stratification didn't persist for long, and therefore it was less likely for hypoxia to form in the
bottom waters.

5.4. How frequently do fish death events occur in the Darling River?
Both the Independent Panel (Vertessy et al, 2019) and the Australian Academy of Sciences
(2019) discussed previous fish death events in the Darling River - but focused only on the
recent past, relying on the NSW Department of Primary Industries database. The Australian
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Academy of Sciences (2019) note that, prior to the current events, recent fish death events
include:•
•
•
•
•

Menindee Lakes in 1984 (unknown causes);
Thegoa Lagoon in 1998 (drying related);
Between Weir 32 and Pooncarie in 2004 (probably disturbance of stratified
waterhole pools by inflows; Ellis and Meredith, 2004);
Menindee Lakes in 2011 (hypoxic blackwater);
North Bourke Bridge in 2011 (low dissolved oxygen).

For this report I undertook a search of the Australian National Library's database of scanned
newspapers (Trove) to determine if there were reports of fish deaths in the Darling River
prior to the development of the NSW Department of Primary Industries database. Based on
the search, there have been at least 10 fish death events on the Darling River, large enough
to be reported in newspapers (in many instances the reports were duplicated in more than
one newspaper). The reports date back to 1869.
1. March 1869 at Wellington? "The Darling has the most stagnant appearance, vegetable
matter accumulating on the surface and the water being quite impure. There was a slight
rise in the river beyond Para (?) of about 10 inches and this has brought down tons of dead
fish." The South Australian Register - March 2nd 1869.
2. March 1884 at Bourke. "….. There were to be seen floating placidly by, with their white
and shiny upturned bellies glistening in the sun, thousands of dead fish. These had been
swept in from the bed of the Culgoa, which river has for some time been merely a chain of
waterholes.” Adelaide Advertiser - March 29th 1884.
3. February 1903 upstream of Wentworth. "The rise in the Darling reached Wentworth on
Sunday afternoon. The river commenced to rise rapidly, and has now risen about 2 ft. 8 in.
altogether. Several steamers sailed up yesterday, and two arrived down, one with 90 tons
of wool. Captain Anderson describes the present rise as inexplicable. He found three
different sorts of water, one as salty as the sea. He also states that there are thousands of
dead fish, nearly all very large ones, on the surface." Chronicle (Adelaide) - February 14th
1903.
4. November(?) 1914 at Brewarrina. Under the headlines 110 IN THE SHADE - DEAD FISH IN
THOUSANDS - TERRIBLE DROUGHT CONDITIONS " The bailing out of 2,000 fish (principally
cod, some weighing 60 lbs., has just been effected [sic] on Mr. Gus Sullivan's property on
the Bogan-Cowga Station, near Brewarrina. Mr. Sullivan, the well-known owner of "Rock
Forest" yesterday showed us a letter from his manager on the station containing the
information with the explanation that the water in Darling River was so low that the fish
were dying in thousands. In fact, a lower level had not been reached since 1888. The heat
for several days has averaged 110 in the shade." Bathurst Times - November 11th 1914.
5. June 1920 at Wilcannia. "The River Darling is reputed to have recently reached the lowest
ebb ever witnessed by the oldest inhabitant along its banks. The first of the water in a late
freshet proved so salty and brackish as to be almost undrinkable, while It also had the effect
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of killing large numbers of fish in and around Wilcannia. The residents were to be seen
dragging large dead fish out of the river and burning them. One 130 lb. cod was caught in a
sick and dazed condition. With the advent of the white water the stream became much
fresher. The river has again ceased running in most parts of the western district." Murray
Pioneer and Australian River Record (Renmark) - June 4th 1920.
6. October - November 1929. "Question asked in Assembly last week:- MR DAVIDSON: Has
the attention of the Chief Secretary been drawn to the fact that an excessive number of
dead fish are being carried down the Darling River? In view of the agitation for the closing of
fishing of any description, will the Minister have inquiries made by a special officer to
ascertain the cause of a large number of fish being killed?
CAPTAIN CHAFFEY: That matter has already been taken in hand and investigations are at
present being made. "Western Herald (Bourke) - October 25th 1929.
Under the heading DEAD FISH IN DARLING RIVER - PEOPLE GIVE VIEWS REGARDING CAUSE
"At Pooncarie and other places along the River Darling about a week ago complaints were
made of the large number of dead fish floating down-stream. Some of them weighing
between 40 and 50 lbs. The cause of death was a mystery to the fishermen, the only thing
noticeable about the dead fish being that their fat and gills were of a yellowish tinge. Live
fish, when seen in the water, were always noticed near the surface, they apparently not
being able to get down to the bottom to feed. Some of the fishermen were inclined to
attribute the cause to dynamiting higher up the river.......... Sergeant Canning, who is
stationed at Menindee, said when in Broken Hill yesterday, that no fish are now dying, and
he attributes this to a "fresh" which came down. When the river was low water from
springs, which was brackish and contained mineral, flowed into the river, and the draining
of the stagnant water from pools higher up fouled the water so much that fish could not live
in it." Barrier Miner (Broken Hill) - November 21st 1929.
7. January 1942 at Wilcannia. Under the heading RIVER IN DEPLORABLE STATE - FISH
PERISH IN THE HOLES "The river situation has taken a newer and graver turn. Not only have
more stringent restrictions been imposed on consumers in the reticulation area, and not
only have the pumps had to be shifted to another water hole, which when it is pumped dry
will leave town residents facing the position of having to cart their own water, but the
numerous species of fish and other aquatic life are faced with extinction. Already pools
along the river are filled with dead and dying fish in all stages of growth. As these pools
become more and more heated and stagnant, more fish will die. If no relief comes before
the end of the summer the supply of fish in the Darling River must be depleted by huge
losses." Western Grazier (Wilcannia)- January 30th 1942.
8. Bourke February 1951. "We learn that there has been no dead fish in the river above
Walgett but it is reported that a lot of the dead fish came into the river with the water from
the Macquarie marshes. At present there are not many dead fish coming down, the majority
of them evidently having passed Bourke." Western Herald (Bourke) - February 2nd 1951.
"From Bourke it is reported that the Darling River smells of dead fish which are coming
down in vast quantities, some of them Murray Cod weighing up to 20lb. Near the edges of
the river are thousands of apparently dazed or sick shrimps and crayfish upon which the fish
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appear to be grazing. Wire nets are being used to secure record hauls of both fish and
crustaceans, one party netting 125 fish in one haul. People are being warned not to drink
the water from the river without first boiling it. Varied opinions have been put forward to
account for the dead fish which, in many cases, have their mouths and stomachs full of
undigested shrimps. The death of so many fish will mean years must elapse before they
breed sufficiently to replace the losses. No authoritative explanation has been given for the
death of the fish or the appearance and condition of the shrimps and crayfish." Warialda
Standard and Northern Districts Advertiser - February 5th 1951.
9. February 1952 at Wilcannia "With the level of the Darling River between Wilcannia and
Menindee gradually dropping, graziers expect it to be a series of water holes within two
months unless good rains fall. Campers who have visited the river in recent weeks report
that in some sections it is possible to walk across the river bed. Fish are still plentiful in the
river with some big cod being caught. There are not many dead fish in the Menindee area
but at Wilcannia small fish are dying in hundreds and polluting the water." Barrier Miner
(Broken Hill) - February 11th 1952.
10. February 1974 at Wilcannia. “’Residents of the far-west township of Wilcannia were
having to drink sewage-polluted water,’ the Anglican minister, the Reverend C. Ware, said
today. Pollution of the flooded Darling River Wilcannia's water supply source, was at twice
the level accepted for human consumption. Mr. Ware said it was' possible that townspeople
were drinking their own sewage, ‘but we are certainly drinking sewage from Moree and
Walgett after the flooding up there. The sewer system over flowed into the river in these
towns and many other towns, too,’ he said. ‘The water coming out of the taps is a dark
chocolate colour and absolutely putrid. Dead fish litter the river and crayfish are crawling
out to die on the banks.’" Canberra Times February 26th 1974.
There were two additional reports of fish death events in March 1945 and October 1946 which both attribute the death of small fish to dynamiting (similar to the 1929 report);
although as there is no indication that dynamiting actually occurred, these two reports have
been excluded from the following analysis.
Analysis of the newspaper accounts indicates a number of similarities (Table 3). All but one
of the fish death events occurred in the warmer months (November to March). Four of the
reports specifically mention drought conditions, while an additional three mention that the
deaths occurred in isolated pools or in stagnant water. Furthermore, the 1903 fish kill event
coincided with the end of the Federation Drought. Therefore, of the 10 fish kill events, eight
were linked to periods of drying or drought. 12
Six of the fish death events were specifically linked to rising water levels. As to the actual
causes of the fish death events, three of the accounts (1929, 1951 and 1974) report
behaviour, particularly of the crustacea, that is indicative of hypoxia. During recent
blackwater events, one of the key observations has been the movement of large
crustaceans (yabbies and crayfish) out of the water and onto land. Similar reports of
The two instances of fish deaths attributed to dynamiting also coincided with drought (the 1937 - 47
drought).
12
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crustacean behaviour, also likely linked to hypoxia, have been observed in the
Murrumbidgee River (see Baldwin, 2019). While the 1974 event was attributed by a local to
sewage pollution, given the population density along the river, hypoxia would more likely be
driven by blackwater (consistent with the reports of dark coloured water coming from the
taps). It is interesting that four of the reports specifically mention the impacts of salt. This
will be explored further in Section 6.2.1).
Table3: Analysis of historic newspaper accounts of fish deaths in the Darling River to
determine co-incident factors.
Event
NovemberDrought
Isolated Pools or
Rising
Evidence of
March
Stagnant Water
Water
Hypoxia
1869
X
X
X
1884
X
X
X
1903
X
1914
X (?)
X
X
X
1920
X
X
1929
X
X
X
1942
X
X
X
1951
X
X
X
1952
X
X
X
1974
X
X
X

Salt

X
X
X
X

5.5. Synthesis - Risk Factors
Taking all of the information together a number of risk factors begin to emerge for the
likelihood of fish deaths in the Darling River, some of which have previously been identified
(Mitrovic et al., 2011; Vertessy et al, 2019).
5.5.1 Periods of no, or low, flow
Prior to the installation of weirs and block banks in the Darling River, the river would have
contracted to a series of waterholes under no-flow conditions. Historically, fish kills in the
Darling River corresponded to those periods. Since the construction of the weirs and
installations of block banks, stratification events can occur during low flow conditions. For
example, prior to the fish death event in December 2018, the flows in the Darling River at
weir 32 were in the range of 300 - 350 ML/day.
5.5.2 Depth is a critical factor
In very shallow pools (≤ about 1.5 metres e.g. LDR 17), forcing factors such as wind and
changes in air temperatures means that the systems are not stratified for long periods of
time, and therefore oxygen concentrations in the bottom water is less likely to fall to levels,
where on mixing, it causes hypoxia throughout the water column (although this is obviously
dependent on the rate of oxygen depletion in the pool; which varies between pools).
However, the surface water temperature of shallow pools is also hotter (e.g. Burtundy Weir
pool) than deeper weir pools. This can place stress on native fish for a variety of reasons
(see DPI fisheries, 2019 for examples). Also, shallower pools will dry out more quickly than
deeper pools.
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In intermediately deep pools (ca - 2 - 6 m e.g. LDR 10, LDR 15, LDR 18), the number of mixing
events is reduced as more energy is necessary to breakdown stratification. Therefore, there
is more time for hypoxia to develop to critical areas in bottom waters, leading to a higher
likelihood of hypoxia in the water column following mixing. Although, for deep pools (e.g.
LDR 10) total mixing is not necessary to create hypoxia throughout the water column,
deepening of the thermocline can be sufficient. It is also worth noting that depth is not the
only factor. Both LDR 10 and LDR 18 were of similar depth, but where LDR 18 appears to
have mixed once between February and April, LDR 10 mixed multiple times.
5.5.3. Temperature is important
Air temperatures at the time of the fish death events were extremely high. The higher the
temperature gradient between the surface and deeper waters, the stronger the
stratification and therefore the more energy (strength of disturbance) necessary for mixing
(or substantial deepening of the thermocline) to occur. That means longer periods of
stratification, and therefore greater risk of hypoxia in the water column.
The rate of respiration and decomposition increase with temperature, increasing the rate of
drawdown of oxygen from the water column. Furthermore, the warmer the water
temperature the lower the amount of oxygen that can physically be dissolved in the water.
Therefore, all things being equal, the warmer the temperature, the less oxygen in the water
column.
5.5.4. Sediment oxygen demand is critically important in driving hypoxia, but appears to be
highly spatially variable
Once the aerator was turned off at LDR 9 and following the onset of stratification, the water
in the bottom 4 metres of the pool rapidly became hypoxic (in less than 7 days). Conversely,
at other sites (e.g. LDR 15), the onset of stratification didn't result in the rapid onset of
hypoxia. The difference could be attributed to differences in sediment oxygen demand.
Therefore, understanding the rates of sediment oxygen consumption, and the factors that
account for different rates between pools is critical in the on-going management of fish kill
events in the lower Darling River (discussed at Section 6.1).
5.5.5 Algal blooms, while not the principal cause of fish deaths, nonetheless, can contribute
to their severity
There were two periods of hypoxia in the water column at LDR 10 on subsequent nights in
early February, 2019. The first was probably caused by a significant deepening of the
thermocline in response to a cool change. The second was probably caused by algal
respiration at the surface. Therefore, algal blooms are a significant risk factor for hypoxic
events.
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6. Knowledge gaps identified during the course of this study
6.1. Heterogeneity in the rate of oxygen depletion in weir pools

As noted in Section 3.2.6, the rate of oxygen depletion in the weir pools was highly variable.
This could partly explain why fish kills occurred in some locations and not others. Mapping
the difference in the rate of oxygen depletion, as well as understanding the key drivers of
this heterogeneity, will assist in managing the lower Darling River during periods of
increased risk of hypoxia; including selecting sites for the placement of aerators and the
positioning of block banks to create artificial fish refuges.
A better understanding of the specific factors driving different oxygen depletion rates will
also be required in order to more accurately model hypoxic events associated with
stratification and mixing.
Recommendation 1: Commission a study of the drivers of sediment oxygen demand in the
lower Darling River (see Section 7.4.2 for details).

6.2. The importance of toxicants generated under hypoxic/anoxic conditions.
6.2.1. Sulfide
During the fish deaths above Weir 32, local residents reported the smell of sulfur (Graeme
McCrabb pers. comm.), and this was flagged in the Australian Academy of Sciences report
(2019) report. Under anaerobic conditions sulfate is converted to sulfide by microbes, and
sulfide is toxic. For example, the 96 - hour LC50 (i.e. the concentration of a substance when
50% of individuals die within 96 hours of exposure) for free sulfide (as H2S - commonly
known as rotten egg gas) for goldfish (Carassius auratus) at 25 oC is about 3 parts per billion
(Bagarinao, 1992). Sulfide toxicity is similar to cyanide toxicity, in that it impacts on the
respiratory system. In most freshwater systems there is very little free sulfide. Sulfide
readily reacts with metals, particular iron, to form mineral sulfides (the key component of
acid sulfate soils). Mineral oxides are readily oxidised, consuming oxygen in the process.
The conversion of sulfate to sulfide requires three components - the lack of oxygen, a
source of carbon and a source of sulfate. Low oxygen environments exist in the sediments
of the weir pools and in the hypolimnion in many of the pools during stratification. The
sediments are also a source of carbon (see Section 5.1). Normally sulfate concentrations are
low in freshwater systems, but it is present if the system is saline. Mean electrical
conductivity during the current monitoring program was 1063 ± 107 (mean ± 1 s.d), which is
lower than the range typically associated with the formation of acid sulfate soils in inland
waterways (about 5000 EC; Baldwin et al., 2007). Nevertheless, as discussed in Section 5.4,
historical fish kills in the Darling River have anecdotally been associated with increased
salinity. Furthermore, Donnelly et al. (1997) have identified elevated levels of sulfidic
minerals in Bourke Weir pool which were attributed to salt intrusions into the weir pool
under low-flow/no-flow conditions.
6.2.2. Ammonia
Ammonia (NH3) is another toxic compound produced by bacteria in low oxygen
environments. Ammonia toxicity is dependent on pH. Under neutral pH conditions
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ammonia is in equilibrium with the ammonium ion (NH4+) which is far less toxic than free
ammonia:NH3 + H2O <-------------> NH4+ + OHThe pKa of the equilibrium (i.e. the pH where half of the compounds are in the NH3 form and
half are NH4+) is 9.26. At pH levels of 7.3 only about 1% of the ammonia is free ammonia
(NH3) and at about pH levels of 11.2, 99% of the ammonia is free ammonia. The Australian
and New Zealand Guidelines for Fresh and Marine Water Quality (ANZECC & ARMCANZ,
2000) trigger values for further action for freshwater systems therefore varies with pH. At
pH 6 the value is 2.75 mg/L, at pH 9 it is 0.18 mg/L. The pH at the sites during the sampling
period was quite high (Figure 38). The 25th percentile was about pH 8.3 and the 75th
percentile was about pH 8.9. Therefore, ammonia toxicity is potentially a real concern in
the Darling River and should be included in future monitoring programs (see
Recommendation 8, Section 7.4.1)
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Figure 38: Distribution of all the pH measurements taken in the lower Darling River during
the current monitoring program.
As an aside, high pH is also associated with algal blooms. As they consume carbon dioxide
during photosynthesis, the pH increases.

6.3. Fish movement in response to low dissolved oxygen.

There were instances where low dissolved oxygen concentrations were recorded, yet there
were no reports of fish deaths (e.g. at Texas Downs on the January 16th - see Section 5.2.2 or
at LDR 5 on March 5th - see Section 3.1.3). Either there were no fish present, or more likely,
the fish are moving to zones with more oxygen. Understanding the movement of fish in
response to hypoxia will help in the ongoing management of waterholes in the lower
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Darling River - especially if flows are used to refresh the water quality in isolated pools (see
Section 4.3.1).
Recommendation 2: Install acoustic logging stations and tag greater numbers of fish with
acoustic tags in the lower Darling River weir pools, to better understand movement
patterns, especially during periods of no, or low flows.

6.4. Fish physiology and behaviour

There are still a number of questions on how native fish physiology is affected by all the
factors operating in weir pools during extremely hot conditions. So, while there are
indicators of oxygen concentrations thresholds, below which native fish die, there are
factors at play including:
• Sub-lethal effects of water temperature of fish physiology and behaviour
(particularly cumulative effects over time)
• Highly variable oxygen levels (from supersaturation to near-hypoxia) in the surface
water during algal blooms
• Crowding effects on fish behaviour (including predator avoidance by smaller fish)
• Impact of conditions on prey items.
• Cumulative effects of multiple stressors
Recommendation 3: Commission a literature review on the effects of contraction of lowland
rivers to pools on the behaviour and physiology of native fish.

6.5. Bathymetry

Having detailed bathymetry for the lower Darling River would help during extended dry
periods. It would help with:• The identification of the location of all refuge pools;
• The identification of the most sensible place to locate block banks to create artificial
refugia;
• The identification of barriers to movement of fish within waterholes as they dry out;
• Selecting future monitoring locations;
• Predicting the likely dissolved oxygen concentration following turnover based on
dissolved oxygen profiles. As part of the adaptive management of the residual pools,
mass balance calculations were used to estimate the potential dissolved oxygen
following mixing based on dissolved oxygen concentration profiles. The calculations,
by necessity, were based on a simple 'U' shaped river profile. If more detailed
bathymetric information was available, it would lead to better estimates of the risk
of hypoxia following mixing.
Bathymetry of the river can be determined when the river has contracted to a series of
pools through a combination of LIDAR (dry sections) and SONAR (pools).
Recommendation 4: Determine the bathymetric profile of the lower Darling River and
commission detailed habitat mapping for the lower Darling.
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7. Elements of future monitoring programs
7.1. Governance, responsibility and accountability

The Australian Guidelines for Water Quality Monitoring and Reporting (ANZECC, 2000) have
developed a framework for the design and implementation of water quality monitoring
programs (Figure 39)

Figure 39: A framework for the design and implementation of water monitoring programs
(from ANZEC, 2000).
Implicit in this framework is that the organisation(s) responsible for each of these steps has
been identified. This wasn't the case following the fish deaths above Weir 32 in 2018 and
2019. Although the need for further monitoring and assessment was recognised, the actual
organisation responsible for co-ordinating this process was not clearly identifiable. There
were a number of organisations or groups that could have potentially undertaken the role:• NSW Department of industry - Water; specifically, through the BarwonDarling/Lower Darling Critical Water Advisory Panel whose remit specifically includes
"extreme events such as droughts or water quality incidents" NSW Department of
Industry, 2018);
• WaterNSW (who undertake routine water quality monitoring in NSW);
• The NSW Water Quality Monitoring Co-ordination group (although that group has
only recently formed);
• NSW Office of Environment and Heritage (OEH);
• NSW Department of Primary Industries – Fisheries (DPI- Fisheries);
• The Murray-Darling Basin Authority (MDBA, although there are clear jurisdictional
issues);
• The Lower Darling River Technical Advisory Group (TAG; who include representatives
from OEH, MDBA, the Commonwealth Environmental Water Office, DPI - Fisheries
and NSW National Parks and Wildlife Service).
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In the end, the monitoring program was designed and implemented (well after the first and
second fish kills had occurred) by the TAG in conjunction with the MDBA.
It is clear that for future monitoring initiatives there needs to be a clear understanding
about which organisation is responsible for the various phases of the monitoring program,
including resourcing.
Recommendation 5 - Prior to the beginning of the summer of 2019/20 a meeting of all
stakeholders to specifically address the question of who has responsibility for the design,
implementation, data interpretation, reporting and resourcing of future monitoring
programs in the lower Darling River at sites that are not currently being routinely monitored
by WaterNSW.

7.2. Objective Setting.

The Australian Guidelines for water quality Monitoring and Reporting (ANZECC, 2000)
includes a checklist for determining information needs and monitoring program objectives:1. Has the issue or question been defined?
2. Have the identities of all the information users been ascertained, so that information
is obtained that will address all of the stakeholder needs?
3. Has all the available information relating to the issue or problem been collected,
checked and put in a common form?
4. Have knowledge gaps been identified and the information obtained, or have
limitations and restrictions of not having that information been evaluated?
5. Has a shared conceptual process model been made explicit?
6. Have the assumptions underlying the model been made explicit?
7. Has an analysis been undertaken to identify the essential information required?
8. Are specific objectives:a. Clear and concisely defined?
b. Sufficient to specify what is to be achieved?
c. Specific enough to indicate when each stage is complete?
While the objectives of the current monitoring program were relatively well defined specifically to assess the ongoing ecological condition of fish refuges in the lower Darling
River and to assess the effectiveness of aerators; nevertheless, it would be useful, as part of
the meeting suggested in Recommendation 5, that the objectives for any ongoing
monitoring program be assessed against the 8 questions outlined in the Australian
Monitoring Guidelines.
Recommendation 6: As part of the proposed meeting of key stakeholders
(Recommendation 5), the objectives of an ongoing monitoring program be assessed using
the approach recommended by The Australian Guidelines for Water Quality Monitoring and
Reporting (ANZECC, 2000).
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7.3. Location and frequency of monitoring
7.3.1. Monitoring Sites
In the current monitoring program, a total of 19 sites were identified, of which 16 were
sampled on a regular basis. The sites were well distributed from below Main Weir (near
Menindee) to immediately upstream of Burtundy. The sites were chosen for a variety of
reasons, but were mostly seen as refuge pools, were sites with aerators, or could be used as
a reference site for sites with aerators. These sites need to be re-assessed prior to the start
of the next monitoring campaign.
It is suggested that into the future, emphasis be placed on:• Deeper refuge pools (deeper than about 2 metres);
• Pools known to be persistent;
• Sites with known significant remnant fish populations;
• Sites behind weirs or block banks; and/or
• Sites with aerators.
The emphasis on deeper sites is because the shallower sites appear to undergo frequent
mixing, therefore hypoxia is less likely to build up to dangerous levels in the hypolimnion.
Rather than have reference sites for the aerator sites, the impact of the aerator’s efficacy
could be assessed using routine depth profiles along transects.
Therefore, from the current list of sites it would be possible to drop LDR 8 and LDR 17 from
the program without a significant impact. LDR 11 was included to help with assessing the
effectiveness of the venturi pump and could also be removed.
Additional sampling in the Weir 32 weir pool (upstream of the weir and either side of the
old Menindee Weir) and in the Main weir pool should also be considered.
Recommendation 7: The location of sampling sites should be re-assessed prior to the next
monitoring campaign, with emphasis placed on deeper refuge pools, sites with known
significant remnant fish populations, sites behind weirs or block banks and sites where
aerators are planned to be deployed.
7.3.2. Frequency
The weekly sampling frequency proved to be adequate for assessing the changes in water
quality at the sites - especially when coupled with the dissolved oxygen and temperature
data recorded on the D-Opto loggers. If cool changes are predicted, then the sampling
schedule should include sampling both prior to, and immediately after the arrival of the cool
change.

7. 4. Measurement parameters
7.4.1 Additional water quality parameters
In the current monitoring program, temperature, dissolved oxygen, pH and electrical
conductivity were measured at each site every 0.5 metres. These measurements should be
included in future monitoring campaigns, but also include a measurement at the surface (10
cm depth) and at the very bottom of the profile. In addition, surface and bottom samples
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should be collected for the measurement of ammonia-N, total nitrogen, sulfate-S, sulfide-S,
soluble reactive- P, total- P and chlorophyll a. Ammonia and sulfide are potential toxicants
(Section 6.2) and sulfate is a precursor for sulfide production. Total nitrogen, total
phosphorus and soluble reactive phosphorus can give an indication for the potential
formation of algal blooms. Chlorophyll a will give an estimate of the total abundance of
algae and blue-green algae at the site. (The water quality samples do not have to be
collected at all sites along transects).
Recommendation 8: Unless there are substantial inflows in the lower Darling River, water
quality monitoring should be undertaken from late spring to late autumn in 2019/20, and in
subsequent years with low or no flow. Future monitoring programs include measurements
of pH, dissolved oxygen, temperature and electrical conductivity at the surface (top 10cm)
and bottom of the sampling site. In addition, water samples should be taken at the surface
and in the hypolimnion for total nitrogen, total phosphorus, soluble reactive phosphorus,
ammonia, sulfide and sulfate and chlorophyll a on at least a weekly basis.
7.4.2. A sediment quality assessment.
The sediments are a major driver of what happens in the overlying water column, yet we
have little information on the composition or rates of key biogeochemical processes. It is
recommended that a one-off sediment quality assessment be undertaken at key sites in the
lower Darling River. Sediments should be evaluated for:• Particle size;
• Sediment oxygen demand;
• Carbon content;
• The presence of acid sulfate soils;
• Heavy metal levels.
Sediments can be quite variable in their composition (e.g. Baldwin and Howitt, 2007) so
more than one sample will be required in each waterhole. Key sites would include sites
with apparently high sediment oxygen demand (Texas Downs, LDR 5, LDR 10, LDR 18) but
should also include each of the main weir and block bank pools.
7.4.3 Non-telemetered loggers
The dissolved oxygen concentration and temperature data captured by the D-Opto loggers
was very valuable in the current monitoring program, and should be included in any future
monitoring campaign. The frequency of data downloading and cleaning of the D-Opto's
could be extended from weekly to fortnightly without any loss of data quality, but shouldn't
extend beyond fortnightly.
While the D-Opto data was very useful, they are relatively expensive (ca. $6000 each and
you need 2 per site). While it would be good to have them deployed at more sites, the cost
would probably be prohibitive. An alternate would be to deploy thermistor chains at key
locations. Thermistors measure and log temperature. If a number of them are deployed at
various depths in key waterholes we could have a much better understanding of the
thermal dynamics of these systems compared to weekly profile data. Thermistors are
relatively inexpensive (of the order of several hundred dollars each) and chains could be
constructed for under $1000 each. The other advantage of thermistors is they are robust,
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and don't needing regular cleaning. Chains can be deployed for several months without any
maintenance, and can be re-used for many years.
Recommendation 9: Thermistor chains should be deployed in all pools with a maximum
depth ≥ 2 metres over the summer of 2019/20, and in subsequent years with low or no flow
in the lower Darling River.
7.4.4. Telemetered oxygen and temperature probes
It is possible to install telemetered dissolved oxygen and temperature probes in the various
waterholes which would give real-time data. However, the telemetry is expensive, the
oxygen probes still require frequent (fortnightly) cleaning and, in the recent fish deaths in
the Murrumbidgee, they proved to be unreliable. Furthermore, given the limited
management intervention strategies available in the lower Darling River, especially when
the river ceases to flow, the value of real-time data is questionable, especially due to the
expense.

7.5. Case study - Monitoring the impacts of managed flow into remnant pools
One of the few tools available to managers in dealing with stratification is flow. Periodic
flow pulses could be used to breakdown stratification prior to the onset of hypoxia.
Alternatively, a large flow could be used to refresh water quality in a pool that is at risk of
destratification (e.g. following a predicted cool change) which would result in hypoxia. The
risk with either of these approaches is that the flow leads to destratification, but the volume
of the inflow is not sufficiently large to prevent transient hypoxia; which is exactly what
occurred in the Darling River in 2004 and 2008 (discussed in Section 4.3.1).
The overall objective of the monitoring program would be to collect sufficient information
to predict how the inflow would impact on hypoxia. A secondary objective would be to
determine, even if hypoxia does occur, whether or not the flow front could act as a refuge
to swim into, particularly for large bodied natives.
Ideally the flow front would be:
• Timed to reach the pool prior to the point where mixing would result in hypoxia
throughout the water column
• Timed to reach the pool during daylight hours (particularly the afternoon) so that
oxygen concentration at the surface is its highest.
• Sufficiently deep that large-bodied native fish could swim up-stream into water with
a higher concentration of oxygen than is currently in the pool.
A series of interacting conceptual (and computational) models can be described 13:
13

The models would potentially be based on a number of assumptions that would need to be stated and
explored. Assumptions would include:
• We can accurately predict dissolved oxygen concentrations into the future based on current
conditions;
• We understand the relationship between stratification/destratification on flow velocity as well as
other factors such as depth and air temperature;
• We understand how fish will respond to chemical cues such as oxygen concentration/
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•
•
•
•
•
•

Linking oxygen concentration with sediment oxygen demand and algal activity;
Predicting the likelihood of destratification based on flow velocity (e.g. Appendix 1);
Predicting oxygen concentration throughout the water column following mixing
using a mass-balance approach;
Determining the time the flow front will arrive based on known travel times;
Predicting the depth of the flow front based on bathymetry and hydrology;
Predicting fish response to the flow front.

The models would then be used to generate a series of questions that would then be used
to determine monitoring activities and subsequent indicators and methods (Table 4).
Table 4:
Question
Is the pool currently
stratified?

Activity
Determine the temperature
profile in the pool

Will the pool be stratified
Predict mixing based on
when the flow front arrives? predicted weather

What is the current oxygen
status of the pool?

Determine the current
oxygen concentration
profile in the pool
What will the oxygen
Determine the rate of
concentration be when the change of oxygen
flow front reaches the pool? concentration over time
Will the flow front cause
destratification?
Will the inflows be deep
enough for native fish to
access?

Modelling
Determine bathymetry of
the pool and upstream
reaches

Indicators and methods
Temperature determined
either by depth profiling or
using thermistor chains
Air temperature (as well as
other factors) using
empirical relationships (this
report) or modelling
(Appendix 1)
Oxygen concentration
determined using depth
profiling
Oxygen concentration
determined using profiles
taken at the same time of
day, over several days,
followed by modelling.
See Appendix 1
Current and predicted water
depth.
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Appendix 1 - Factors affecting stratification and destratification in weir
pools.
During the 1990's Bormans and Webster (1998) developed a computational model of
temperature profiles in the Maude Weir pool on the Murrumbidgee river and free flowing
section of the Murray River based on the freely available Princeton Ocean Model (see
www.ccpo.odu.edu/POMWEB/). Their model was used to develop a specific criterion for
the formation and destruction of thermal stratification in turbid rivers (Bormans and
Webster 1997) which was tested against observed stratification in both the Murrumbidgee
and Murray Rivers. The criterion is a non-dimensional parameter (R) which can be
calculated from location, time of year, time of day, amount of cloud cover, air and water
temperature, flow velocity, wind speed, water depth, turbidity and % humidity viz:
𝑈𝑈 3
𝑅𝑅 =
𝛼𝛼𝛼𝛼
2𝑄𝑄
𝐻𝐻 �𝑄𝑄𝑛𝑛𝑛𝑛𝑛𝑛 − 𝐻𝐻𝐻𝐻 𝑖𝑖 � 𝜌𝜌𝐶𝐶
𝑑𝑑
𝜌𝜌
Where:
U = depth averaged flow velocity
H= Water depth
α = thermal expansion coefficient which depends on water temperature
g = gravity acceleration
ρ = density of water which is temperature dependent
Kd = light attenuation co-efficient (a measure of turbidity)
Qi = net downward short-wave radiation (the amount of sunlight which depends on location,
time of year, time of day and amount of cloud cover).
Qnet = net surface heat flux into the water column ; Qnet = Qi - QB - QS -QE
QB = upward long-wave thermal radiation which is dependent on surface water temperature
QS = upward sensible heat flux which depends on wind speed, water temperature and air
temperature
QE = Heat flux due to evaporation which depends on wind speed, water temperature, air
temperature and humidity.
For R values of less than 35,000, stratification was always observed in Maude Weir pool and
the Murray River while at values greater than 55,000, stratification broke down. The critical
R values will vary depending on the site, but can be determined from on-site observations.
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