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Executive summary
In 2018/19 there were three substantial fish kills in the Weir 32 weir pool, adjacent to the
township of Menindee in western NSW. The first occurred in mid-December 2018 and
resulted in the deaths of several thousand fish. The second event, in early January 2019
resulted in several hundred thousand dead fish; while the last event, around Australia day
2019, resulted in at least a million dead fish. Interestingly, no fish deaths were reported in
lake Wetherell, immediately upstream of Weir 32
Following the fish deaths in the lower Darling River in the summer of 2018/19, the Murray–
Darling Basin Authority and NSW Department of Primary Industries- Fisheries installed 10
aerators to provide oxygenated refuges in anticipation of potential hypoxia following
destratification. As part of the deployment, a monitoring program was undertaken to
determine the effectiveness of the aerators in 2019/20. The oxygen concentration and
temperature profiles near four of the aerators, as well as reference sites, were determined
approximately weekly from November 2019 until March 2020.
Although there was a series of destratification events between November 2019 and March
2020, they didn't result in either hypoxia or fish deaths in Lake Wetherell of the Weir 32
weir pool. There were a series of fish deaths in isolated pools below Weir 32 which were
attributed to desiccation and potentially, destratification. There was also a large fish death
(ca. 100,000 fish) in early March 2020 in Lake Wetherell, but this was associated with poor
water quality at the flow front as the Darling River began to flow again after years of no-, or
very low flow; fish kills were also observed at Brewarrina and upstream of Louth as part of
the same event.
Explanations of why fish deaths caused by hypoxia following a destratification event did not
occur in the Weir 32 weir pool in 2019/20 are explored in this report. The water level in the
Weir 32 weir pool was shallower in 2019/20 compared to 2018/19, which means that there
was less hypoxic water to mix with oxic surface water following destratification. It is also
probable that the periods of stratification observed in 2019/20 were shorter than in
2018/19. (Periods of stratification in the Weir 32 weir pool during 2018/19 were not directly
determined at the time, but were inferred based on modelled water temperature as part of
the current project.)
Because there were no hypoxic events caused by destratification, it was not possible to
determine how effective the aerators were in creating oxygenated refuges. (The aerators
in Lake Wetherell were removed prior to the fish kills associated with the arrival of flows).
However, some idea of their effectiveness could be gleaned from how effective they were in
maintaining high oxygen concentrations in the bottom waters, when oxygen concentrations
fell at reference sites. (The reference sites were located at least a kilometre up-stream of
the aerators.) The largest aerator studied was a 26" (66 centimetres) water pump attached
to a venturi which was deployed in the Weir 32 weir pool. (A venturi is a device used to
inject oxygen into a water stream). This aerator maintained an oxygenated zone at least
500 metres, but less than 1000 metres, downstream of the outlet. A second single venturi
1

unit, this time attached to a 12" (30.5 centimetres) pump was placed in a small (about 100
metres long) isolated pool downstream of Pooncarie. The aerator maintained high oxygen
levels throughout the study period. The effectiveness of two pontoon aerators fitted with
multiple venturis were also studied - one was located in Lake Wetherell and one in the Weir
32 weir pool. Low dissolved oxygen concentrations were not recorded at either the
reference site or sites near the aerator in Lake Wetherell. The multi-port aerator in Weir 32
weir pool could maintain an oxygenated zone for about 100 metres downstream of the
aerator.
A number of recommendations have arisen as part of the current study:
1. Lake Wetherell is an important refuge during periods of no flow in the Darling River.
There were no reported deaths of fish in Lake Wetherell during the 2018/19 summer, and
the fish kill in March 2020 could be attributed to hypoxia at the flow front as the river began
to flow again. Therefore, in the past two summers, there hasn't been an incidence of fish
kills in Lake Wetherell caused by hypoxia following a destratification event. The question
becomes whether or not to deploy aerators in Lake Wetherell in future years. One
hypothesis for the lack of fish deaths in Lake Wetherell is because of a lower sediment
oxygen demand than other locations in the lower Darling River, but this is based on
observations at one location in the lake. It is recommended that a study is undertaken into
the variability of sediment oxygen in Lake Wetherell, with particular emphasis placed on the
main river channel (rather than the flood plain or depression lakes). Furthermore, weekly
sampling of temperature and dissolved oxygen be undertaken at a number of sites within
the main river channel (thalweg) from November 2020 until the end of March 2021.
2. It is highly likely that there will be sufficient water stored in Lake Wetherell and Lake
Pamamaroo to maintain flows in the Weir 32 weir pool over the Summer of 2020/21; which
can be used to prevent stratification in the weir pool. However, because the drivers of
stratification and destratification are governed by factors in addition to flow (predominantly
components of the weather) then it is recommended that rather than rely on a single flow
metric (commonly regarded as 300 ML/day) in the Weir 32 weir pool over the Summer of
2020/21, that flows are adaptively managed to consider the current thermal stratification
and oxygen concentration profiles in the weir pool (which will need to be monitored) in
addition to predicted weather patterns; with, for example, flows increasing during extended
periods of hot weather.
3. In subsequent years, if aerators are deployed in the lower Darling River, it is
recommended that their location is matched to their capabilities - with multiport pontoon
aerators placed in residual pools, and larger water pumps with venturis located in weir
pools.
4. Following the fish deaths in the Darling River in late February and early March at
Brewarrina, upstream of Louth and in Lake Wetherell (as well as other places in New South
Wales) for future river instances where flows recommence after an extended period of no flow it is recommended that guidelines are prepared outlining the risks and mitigation
strategies that should be deployed when rivers restarts occur (whether natural or managed).
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There are a number of recommendations from an earlier report into water quality in the
lower Darling River (Baldwin 2019a) that are still worth pursuing including:
• Studies to understand fish movement in response to poor water quality events;
• Studies into the physiological requirements of Australian large bodied native fish;
• Permanently installing thermistor chains in Lake Wetherell and the Weir 32 weir
pool. Ideally, the thermistors should be telemetered to allow data interpretation in
real time.
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Glossary
Bathymetry
Destratification (synonyms turnover or
total mixing event)

Hypoxia or hypoxic
Thalweg
Surface mixed layer
Thermal stratification
Thermistor
Thermocline

Venturi

Measurement of the depths and shapes of
underwater terrain.
Mixing of the water column which breaks
down thermal stratification. In this report
if the temperature difference between the
surface and bottom is less than 0.1 oC it is
considered mixed. 1
Low concentration of dissolved oxygen. In
this report this generally refers to oxygen
concentrations of less than 2 mg/L
The line of lowest elevation (greatest
depth) in a water course
The depth which is mixed on a daily basis
by wind, turbulence or flow - essentially the
layer above the thermocline.
The development of relatively stable
warmer (surface) and colder (bottom)
layers within a water body
A type of resistor whose resistance is
dependent on temperature and therefore
can be used to measure temperature
An abrupt temperature gradient in a body
of water marked by a layer above and
below which the water is at different
temperatures
A short tube with a tapering constriction in
the middle which can be used to increase
the concentration of oxygen in a fluid.

Bormans and Webster (1997) used a value of 0.05 oC, but the measuring equipment used in this study was
not that precise.
1
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1. Background
1.1. Purpose

Following the fish deaths in the Weir 32 weir pool over the summer of 2018/19, the
Murray–Darling Basin Authority and NSW Department of Planning, Industries and
Environment- Fisheries (DPI-Fisheries) planned to deploy a series of aerators in the lower
Darling River, starting from late spring 2019. The purpose of the aerators was to create
oxygenated refuges in case of hypoxia throughout the water column following
destratification of a previously stratified water column. As part of the deployment, a
monitoring program was undertaken to determine the effectiveness of the aerators in
2019/20. This document outlines:
• The evolution of the monitoring program;
• A description of the final approach adopted;
• The results of the monitoring program; and
• A series of recommendations for managing oxygen levels in the lower Darling River
into the future.

1.2. 2018/19 Fish Kills

In December 2018 and January 2019 there was a series of fish kills in the Weir 32 weir pool.
The proximate and ultimate causes of the fish deaths have been extensively reviewed (NSW
Department of Primary Industries - Fisheries, 2019; Australian Academy of Sciences, 2019;
Vertessy et al., 2019; Baldwin 2019a) and won’t be explored in any detail here. Briefly, the
first event occurred around December 13th 2018. The second occurred around January 6th
2019 and the last occurred around January 26th 2019. 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. WaterNSW undertook depth profiles of temperature
and oxygen concentrations at a number of sites upstream of Weir 32 following both fish
death events in January, 2019. Their results were broadly consistent with the conclusion
that these fish death events were the result of mixing following a period of stratification,
notwithstanding a number of anomalies in the data (see Baldwin 2019a). A fish kill in the
Murrumbidgee River at Redbank Weir was coincidental with the third fish kill in the Darling
River (January 26th, 2019). Water quality profiles taken just prior to, and immediately after
the fish kills in Redbank Weir pool clearly indicated that the fish deaths were caused by the
onset of hypoxia following a destratification event (Baldwin 2019b). Therefore, taken
together, the consensus view is that the fish deaths in the Weir 32 weir pool in 2018/19
were caused by hypoxia following a destratification event. (As an aside there were no data
to support the hypothesis promoted in the media at the time that the fish deaths were
caused by a 'crash' of an algal bloom that was occurring in the Weir 32 weir pool.)

1.3. Deployment of aerators in the lower Darling River in early 2019.

There were at least 11 aerators deployed in the Darling River by agencies or local
community members from January - April, 2019. They were a mix of solar, electric-, dieselelectric- and diesel-powered units. The efficacy of 7 of the systems was assessed - 4 solar
small-bubble injection aerators, 2 diesel-electric powered multi-port pontoon venturi
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aerators and one diesel-powered large single-venturi aerator (Baldwin 2019a). The venturi
aerators performed much better than the solar-electric aerators. Evidence was presented
to show that a pontoon multi-port aerator deployed in a residual pool immediately
downstream of Weir 32 prevented fish deaths on 5th March 2019. Similarly, a single venturi
attached to a 12" water pump likely prevented fish deaths at Karoola Station on multiple
occasions in early 2019 (see Baldwin 2019a for further details).

1.4. Development of the 2019/20 monitoring program

Based on climate predictions, it was anticipated that conditions in the lower Darling River
over the summer of 2019/20 would be similar, or even worse, than observed in 2018/19.
Given the limited options for interventions (principally because of a lack of water to create
flow) and anticipating further fish deaths in the lower Darling River, the Murray-Darling
Basin Authority and DPI-Fisheries undertook to deploy aerators in the lower Darling River
over the period from late Spring 2019 to early Autumn 2020. In conjunction with the
deployment, Murray-Darling Basin Authority and DPI-Fisheries undertook to implement a
monitoring program to further understand the efficacy of the aerators in mitigating hypoxia.
After reviewing the monitoring program undertaken as part of the response to the fish
deaths in 2018/19, Baldwin (2019a) made a number of recommendations for improving the
monitoring program in subsequent years. These included:
• Engaging stakeholders in the planning process;
• The monitoring program should be developed following the approach recommended
in The Australian guidelines for water quality monitoring and reporting (ANZECC,
2000; see Figure 1);
• Increase the range of sampling locations (all sampling locations in the 2018/19
monitoring program were downstream of Weir 32);
• Expand the number of constituents monitored to include potential toxicants
(ammonia and sulfide) as well as nutrients;
• Install thermistor chains (strings of temperature loggers) at key locations in the
lower Darling River.
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Figure 1: Framework for the design and implementation of a monitoring program (from
ANZECC, 2000)
1.4.1. Establishment of a reference panel
The first task in the development of the 2019/20 monitoring program was to establish a
reference panel to assist in setting the scope of the program. The reference panel consisted
of representatives from the Murray-Darling Basin Authority, DPI-Fisheries and three
independent scientists (Nick Bond from La Trobe University, Michael Stewardson from
Melbourne University and Darren Baldwin from Rivers and Wetlands).
1.4.2 Establishing guiding principles and objectives of the program.
In consultation with the rest of the reference panel, Rivers and Wetlands developed a
preliminary document outlining the guiding principles behind the proposed monitoring
program; as well as the objectives of the program (replicated in Appendix 1). The objectives
initially identified for the monitoring program were:
1. To determine the zone of influence of the venturi aerator including the extent that
the aerator can suppress the formation of a thermocline and prevent hypoxia in
bottom waters.
2. To determine the effectiveness of the venturi aerator in maintaining an oxygenated
zone following destratification events in the Weir 32 weir pool.
3. To determine the extent the aerator prevented fish deaths in the event of hypoxia
following destratification
4. To collect sufficient climatic and thermal information to either develop a model, or
validate a pre-existing model(s), for predicting stratification and destratification in
the lower Darling River under no-flow conditions.
For each objective a potential approach (or approaches) were suggested to inform the
design of the final monitoring program (see Appendix 1).
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1.4.3. Operationalising the guiding principles
After the acceptance of the guiding principles for the monitoring program, the next phase
was to translate these principles into a Standard Operating Procedure (reproduced in
Appendix 2). Between the establishment of the Guiding Principles and the Standing
Operating Procedure a number of changes occurred. Firstly, the number of aerators being
deployed increased from one or two to a total of ten (Table 1; Figure 2).
Table 1: Location of aerator deployment sites. (LDA5 and LDA 10 were reference locations see Section 2.1. for further details).
Location Water Body
Locality
Type
LDA1
L. Wetherell
Viewmont
Multi-port pontoon
LDA2
L. Wetherell
Wyndalle
Multi-port pontoon
LDA3
L. Wetherell
Lake Wetherell Cutting
26” venturi
LDA4
Weir 32
Menindee Pump station
Multi-port pontoon
LDA6
Weir 32
Paul Gross (private land)
26” venturi
LDA7
Darling R. d/s weir 32
Immediately d/s Weir 32
Multi-port pontoon
(Appin private land)
LDA8
Darling R. u/s Pooncarie Karoola Station
12” venturi
LDA9
Darling R. u/s Pooncarie Moorara Station
12” venturi
LDA11
Darling R. d/s Pooncarie Kapana Station
12” venturi
LDA12
Darling R. d/s Pooncarie Jamesville Station
12” venturi
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Figure 2: Locality map showing the location of the aerators as well as two of the reference
stations.
Furthermore, because of resource constraints, analysis of key weather parameters as well
as toxicants and nutrients were not included in the final monitoring program; an outline of
the final sampling program is presented in Section 2.
1.4.5. Bathymetry
As an adjunct to the monitoring program, and following one of the recommendations from
Baldwin (2019a), the Murray-Darling Basin Authority commissioned a bathymetric survey of
the Weir 32 weir pool and the main channel in Lake Wetherell. The results from the survey
were used to inform the location of aerators and sampling stations; as well as the
refinement of estimates of dissolved oxygen concentration profiles following
destratification events (discussed in Section 4.1.2). Similarly, DPI Fisheries instigated a
process of identifying the location of larger refuge pools in the river downstream of Weir 32
to inform aerator deployment. The process utilised recent satellite imagery (where
available) and aerial imagery of the Lower Darling collected by DPI Fisheries and the
Western LLS in 2016 (during the previous cease to flow event). Resources utilised included
publicly available SENTINAL and PLANET satellite interfaces and Google Earth.
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2. Sampling Program
2.1. Sampling locations

Ten sites were selected for aerator deployment however (Table 1), but given the
remoteness of the sites and the large distances between them, it wasn't logistically possible
to monitor all 10 locations on a weekly basis. Therefore, a sub-set of sites was selected for
monitoring.2 The selection criteria were that:
• There was at least one location in Lake Wetherell and one downstream of Weir 32;
• There was one location upstream and one downstream of the Old Town Weir in the
Weir 32 weir pool; and,
• At least one type of each aerator (multi-port pontoon, 12" venturi and 26" venturi)
was monitored.
Four Locations were selected
2.1.1 LDA1 - Viewmont
A multi-port pontoon aerator was deployed in Lake Wetherell at Viewmont (LDA1; 32.170340°, 142.785808; Figure 2). The aerator was activated on 21st November 2019.
Temperature and dissolved oxygen profiles were collected on a weekly basis from 27th
November 2019 to 26th February 2020 at stations 5 (LDA1_5D)3, 25 (LDA1_25D), 50
(LDA1_50D) and 100 metres (LDA1_100D) downstream of the aerator, as well as a reference
station approximately 1 kilometre upstream of the aerator (LDA1_1000U; Figure 3). In
addition, thermistor chains, each consisting of 5 thermistors were deployed at LDA1_1000U,
LDA1_5D and LDA1_50D on 11th November 2019; the thermistors were lost in early March
when Lake Wetherell began to fill.

Stations were assigned to each location in case citizen scientist could be recruited to do monitoring at the
additional locations (see Appendix 2).
3
The nomenclature used to identify stations used throughout this report is: Location name_distance from
aerator/venturi UPSTREAM (U) or DOWNSTREAM (D); hence LDA1_5D is a station 5 metres downstream of the
aerator at LDA1.
2
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Figure 3: Sampling stations at LDA1
2.1.2. LDA4 (Pump Station)
A multi-port pontoon aerator deployed in the Weir 32 weir pool at the Menindee Pump
Station up stream of the old town weir (Figure 2; -32.388704°, 142.431538°). The aerator
was activated on the 21st November 2019. Temperature and dissolved oxygen profiles were
collected on an approximately weekly basis from 26th November 2019 to 24th March 2020 at
stations 5 (LDA4_5D), 25 (LDA4_25D), 50 (LDA4_50D) and 100 metres (LDA4_100D)
downstream of the aerator, as well as a reference station approximately 1.5 kilometres
upstream of the aerator (LDA4_1500U; Figure 4).

Figure 4: Sampling stations to determine the impact of the aerator at the pump station on
water quality.
2.1.3 LDA5 and 6 (Paul Gross private land)
A 26" water pump and venturi were deployed in the Weir 32 weir Pool on private property
owned by Paul Gross (LDA6; -32.414583°, 142.380062° Figure 2). Water was piped from
downstream to upstream across a narrow strip of land on an elongated bend in the river.
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Dissolved oxygen and temperature profiles were collected at a series of eight stations
starting 250 m upstream of the venturi outlet and ending at a station 200 m downstream of
the venturi inlet (a total distance of approximately 2.5 kilometres; Figure 5). A reference
station (LDA5: -32.408398°, 142.376571°) was established approximately 1500 m upstream
of the outlet of the venturi. Thermistor chains were deployed at the reference site (LDA5)
and 25, 1000 and 2300 metres downstream of the venturi aerator on 11th November 2019
and retrieved on 13th March 2019. Unfortunately, the bottom thermistors at the last two
stations failed.

Figure 5: Locations of the sampling stations at LDA5 and LDA6. Water was pumped from
the 26" pump to a venturi located at the outlet.
2.1.4. LDA10 and LDA11 (Kapana Station)
A 12" pump and venturi were deployed in the Darling River in a relatively small pool on
Kampana Station (LDA 11; -33.6827, 142.3862) approximately 35 km downstream of
Pooncarie (Figure 2). Three stations were located 5 metres (LDA11_5D), 20 metres
(LDA11_20D) and 40 metres (LDA11_40D) downstream of the aerator. A reference station
(LDA10; -33.6522, 142.3826) was established approximately 8 river kilometres upstream of
LDA 11 in a hydrologically similar location (Figure 2). The aerator at LDA 11 was activated
on 4th December 2019. Thermistor chains were deployed at LDA10 and at the three stations
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at LDA11 on 4th December, 2019 and retrieved on 5th April. The thermistor chain at
LDA11_20D was lost when the chain separated from its buoy.

2.2. Sampling
2.2.1. Frequency
Temperature and oxygen profiles were undertaken nominally on a weekly basis from late
November 2019 to mid-March 2020, at approximately the same time of day (early to midmorning). On some occasions (e.g. the end of January 2020), the sampling frequency was
increased to get a better understanding of the risk of hypoxia following predicted
destratification events. Sampling at LDA10 and LDA11 was reduced in late February, 2020
as staff were deployed to assess the risk of fish deaths further upstream (see Section 3.5.).
2.2.2. Profiles
Dissolved oxygen concentrations and temperatures were measured using a YSI ProDIGITAL
meter equipped with a combined dissolved oxygen and temperature probe attached to a
10-metre long cable that had depths pre-marked on it. Measurements were made at 0.1
metre, 0.5 metre and then in 0.5 metre depth increments until the bottom was reached. 4
Measurements were recorded on data sheets (see Appendix 2), the data sheets were
photographed and then emailed to the data co-ordinator (Rivers and Wetlands) where the
data were entered into Excel data files. An archive of the photographs and data files has
been lodged with the Murray-Darling Basin Authority.
2.2.3. Thermistor Chains
Each thermistor chain consisted of five HOBO Pendant MX2201 temperatures loggers
attached to a plastic chain. The chain was anchored at one end using two bricks, and had a
100 mm diameter polystyrene float attached to the other. The thermistors were spaced
depending on depth. The top thermistor was 0.1 metres below the surface, the bottom
thermistor was 0.5 metres above the sediment. The other three thermistors were placed so
that one was at mid-water, one was half-way between the top thermistor and the midwater thermistor, and one was placed half-way between the mid-water thermistor and the
bottom thermistor. The thermistor chains were deployed from mid-November until midMarch. As noted in Section 2.1. some thermistors chains were lost, and some failed during
deployment.

2.3 Reporting

Weekly reports were prepared outlining the results of that week's sampling, as well as
predictions on the likelihood of a deepening/turnover event (discussed in Section 4.1.2.). If a
deepening/turnover event was predicted to occur, the risk of hypoxia was also assessed see Appendix 3. A copy of the raw data (both images of the data sheets as well as the data
transcribed into an Excel file) has been supplied to the Murray-Darling Basin Authority for
archiving.

Because of interference of suspended sediments on dissolved oxygen concentrations (because of sediment
oxygen demand) a bottom reading was not taken in the profile. Therefore, the last reading in a profile could
be as much as 0.45 metres above the sediment.
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3. Results of the sampling program
3.1. LDA 1 (Viewmont).
3.1.1. Temperature
Although thermistor chains were deployed at this location, they were lost following the
rapid inflows into Lake Wetherell in early March before they could be retrieved. Therefore,
periods of stratification and destratification at this location had to be inferred from 3
dimensional plots (date x depth x temperature) based on weekly sampling data. By its
nature, the weekly data can only approximate when periods of thermal stratification and
destratification occurred at this location.
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Figure 6: Temperature profiles over time at LDA1_1000U, the reference site for the aerator
at LDA1.
Based on the weekly data (Figure 6) at the reference station (LDA1_1000U), water
temperature began to warm until mid-December, with no appreciable thermal stratification
- with similar temperatures (colours) throughout the water column. Thermal stratification
started forming at the station around about 20th December 2019 and persisted until early
January 2020. A second period of stratification started just before 8th January and persisted
until about 24th January. The water column at the reference station remained well mixed
through the rest of January, up until about 15th February, after which stratification once
again set in. Temperature profiles at the 4 stations downstream of the aerator remained
well mixed throughout most of the sampling period (e.g. see Figure 7), with the exception of
a brief period at the end of December.
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Figure 7: Temperature profile at LDA1_50D, a station 50 metres downstream of the aerator
at LDA1. Temperature profiles at the other 3 stations downstream of the aerator showed
similar profiles (data not shown).
3.1.2. Dissolved oxygen concentration
The dissolved oxygen concentration profiles at the reference site (LDA1_1000U) showed
that the water column remained oxic up until early January 2020 (Figure 8). Following the
onset of stratification that started at this station on about 8th January (Figure 6), a strong
oxycline formed, with hypoxia below about 2 metres. However, as predicted (Appendix 3),
this did not result in hypoxia throughout the water column following a turnover event in
late January. Another period of hypoxia in the bottom waters started to form in late
February (Figure 8).
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Figure 8: Dissolved oxygen profiles at LDA1_1000U.
The aerator at LDA1 maintained the dissolved oxygen concentration above 5mg/L
throughout the water column for at least 100 m downstream (Figure 9).
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Figure 9: Dissolved oxygen profiles 5 metres (top panel), 50 metres (middle panel) and 100
metres downstream (bottom panel) of the aerator at LDA1.
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3.2. LDA4 (Pump Station)
3.2.1 Temperature
The temperature profile at the reference station LDA_1500U showed that there were a
number of periods of stratification interspersed with destratification events in the Weir 32
weir pool upstream of the old town weir (Figure 10). There appeared to be persistent
thermal stratification at this station throughout December, with surface water
temperatures reaching 28 oC by late December. A destratification event occurred on New
Year’s Day, 2020 which was followed by a brief period of stratification in mid-January.
Periods of thermal stratification were also observed at the end of January and from midFebruary to the end of February.
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Figure 10: Temperature profiles at the reference station located approximately 1500 metres
upstream of the aerator at LDA4.
The aerator at LDA4 maintained a relatively constant temperature throughout the water
column for at least 100 metres downstream of the aerator (Figure 11). The exception was
towards the end of December, 2019, when there was a nearly 2oC difference in temperature
between the surface (29.8 oC at LDA4_100D) and the bottom (28 oC).
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Figure 11: Temperature profile at the station (LDA4_100D) located 100 metres downstream
of the aerator at LDA4.
3.2.2 Dissolved oxygen concentration
The oxygen profile at the upstream reference site (LDA4_1500U) was clearly influenced by
the periods of stratification (Figure 12 c.f. Figure 10 ). During periods of stratification
dissolved oxygen concentrations began to decline, leading to periods of hypoxia. However,
each subsequent destratification event didn't result in hypoxia throughout the water
column. The lowest recorded dissolved oxygen concentration following turnover was 3.43.8 mg/L on 3rd March, 2020.
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Figure 12: Dissolved oxygen profile at the reference station LDA4_1500U.
While the dissolved oxygen concentration in the water column immediately downstream of
the aerator at this location remained oxic for most of the period of deployment, unlike
LDA1, there were a number of instances (mid-December, late-December and early
February) when the bottom approximately 1 metre of the water column was hypoxic (Figure
13). It is of note that the water column was marginally deeper at LDA4 than LDA1.
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Figure 13: The oxygen profile at the station 100 metres downstream of the aerator at LDA4
(LDA4_100D).
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3.3. LDA5 and 6 (26" pump on private land).
3.3.1 Temperature
A thermistor chain was located at the reference station LDA5. When the temperature
difference between the surface and bottom waters is close to zero the water column can be
assumed to be well mixed. (For this analysis the water column is defined as mixed if there is
less than 0.1 oC difference between the surface and the bottom - dashed line Figure 14). A
divergence of temperatures indicates that stratification is occurring. Based on the
thermistor data it can be seen that the water column at the reference station (LDA5) went
through 9 periods of stratification between mid-November 2019 and the beginning of
March 2020 that lasted longer than 5 days (Figure 14):
1. From 13th November until 27th November 2019 (14 days)
2. 3rd December until 13th December 2019 (10 days)
3. 13th December until early morning on 1st January 2020 (18 days)
4. 7th January until 17th January 2020 (10 days)
5. 24th January until early morning on the 3rd February 2020 (10 days)
6. 4th February until 10th February (6 days)
7. 12th February until 19th February (7 days)
8. 20th February until 27th February (7 days) and;
9. From the 6th March until at least the 13th March.
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Figure 14: Temperature difference between the top-most thermistor (0.1 m deep) and
lowest thermistor (3.5 m deep) at the reference station LDA5. When the temperature
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difference between the two is less than 0.1 oC (dashed line), the water column is defined as
well mixed for the purpose of this study. The red bars indicate periods of stratification
longer than 5 days.
The aerator at LDA6 only stopped full thermal stratification immediately adjacent to the
aerator. As an example, Figure 15 shows the temperature profiles upstream and
downstream of the aerator on 31st January 2020. The only zone that was fully mixed (of
uniform colour throughout the profile) was within about 100 metres of the aerator. It is of
note that the aerator had little apparent impact on thermal stratification at the deepest site
which was about 1000 metres downstream of the aerator - with apparent periods of
stratification similar to those observed at LDA5 (Figure 16).
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Figure 15: Temperature profiles upstream and downstream of the aerator at LDA6 taken on
31st January 2020 during a period of stratification in the Weir 32 weir pool. Positive
numbers are upstream - the station 1500m upstream of the aerator is the reference station
LDA5.
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Figure 16: Temperature profile at LDA6_1000D over time, based on weekly sampling data.

3.3.2. Dissolved oxygen concentration.
The dissolved oxygen concentration profiles at LDA5 (Figure 17) broadly follows the thermal
stratification pattern (Figure 14). However, at no stage did a destratification event lead to
hypoxia throughout the water column. The aerator at LDA6 maintained an oxic
environment throughout the water column for at least 500 metres downstream of the
aerator, even when the bottom water at the reference station was hypoxic (e.g. see Figure
18). (Based on the bathymetry at this site, the oxygenated zone may have extended up to
900 metres downstream of the aerator; 3-dimensional graphs spatial graphs do not
faithfully replicate the bathymetry at locations, but rather are simple linear interpolation
between stations)
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Figure 17: Dissolved oxygen concentration profiles at the reference station LDA5 over time.
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Figure 18: Oxygen profiles upstream and downstream of the aerator at LDA6 on 31st January
2020. Positive numbers are upstream - the station 1500m upstream of the aerator is the
reference station LDA5.
The aerator had little impact on dissolved oxygen concentration profiles in the deep pool
about 1000 metres downstream of the aerator (LDA6_1000D). The bottom water was
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hypoxic below a depth of about 2 - 2.5 metres for most of the sampling period (Figure 19).
Turnover only occurred on 4 occasions at this station:
1. Late November early December 2019, coinciding with the turnover event at LDA5 on
about 26th November;
2. Early January 2020, coinciding with the turnover event on the morning of 1st January
2020;
3. Late-February - early-March corresponding to the turnover event on 28th February;
4. Mid-March 2020.
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Figure 19: Dissolved oxygen concentration profiles as a function of time at the station
LDA6_1000D, located 1000 metres downstream of the aerator at LDA6.

3.4. LDA10 and LDA 11 (Kapana Station)
3.4.1. Temperature
Based on the thermistor data it can be seen that the water column at the reference station
(LDA10) went through 8 periods of stratification that lasted longer than 5 days between
early-December 2019 and the end of March 2020 (Figure 20; periods of stratification are
defined here as periods when the surface temperature was at least 0.1oC warmer than the
bottom temperature - measured at 3.5 metres; dashed line Figure 20; periods of
stratification longer than 5 days are represented by red bars):
1. Prior to deployment of the thermistor chain until 14th December (>10 days);
2. From 14th December 2019 until 31st December 2019 (17 days);
3. From 7th January 2020 until 19th January 2020 (12 days);
4. From 23rd January 2020 until 11th February 2020 (19 days);
5. From 11th February 2020 until 18th February 2020 (7 days);
6. From 18th February 2020 until 27th February 2020 (9 days);
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7. From 7th March 2020 until 14th March 2020 (7 days); and
8. From 15th March 2020 until 22nd March 2020 (7days).

10
8
6
4
2

M
ar
30

M
ar
16

M
ar
02

Fe
b
17

Fe
b
03

n
20

Ja

n
Ja
06

23

09

D
ec

0

D
ec

Difference between surface and
o
bottom temperatures ( C)

12

Date
Figure 20: Difference between surface and bottom temperatures at LDA10. A difference in
temperature of less than 0.1 oC (dashed line) is defined as mixed water column. The red
bars indicate periods of stratification longer than 5 days.
There were a number of other instances where the mixed layer significantly deepened, but
didn't totally mix. For example, Figure 21 shows the temperature difference between the
surface and the second last thermistor (deployed at 2.75 m). The longest period when the
temperature difference between the surface thermistor and the second last thermistor
exceed 0.1 oC on consecutive days, was ten days. This is discussed in further detail in
Section 4.2.3.

26

8

6

4

2

M
ar
02

Fe
b
17

Fe
b
03

n
20

Ja

n
Ja
06

D
ec
23

D
ec
09

25

11

N
ov

0

N
ov

Temperature difference between the top
and 4th thermistor (oC)

10

Date
Figure 21: Temperature difference between the surface thermistor and the thermistor
deployed at 2.75 metres.

Downstream of the aerator at LDA11 there were no periods of time greater than about 2
days when the temperature at the surface was noticeably warmer than at depth (e.g. see
Figure 22).
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Figure 22: Temperature difference between the surface and bottom at a site 40 metres
downstream of the aerator at LDA11 (LDA11_40D).
3.4.2. Dissolved Oxygen Concentration.
The dissolved oxygen concentration below about 1.5 metres at the reference station LDA10
was very low for most of the sampling period (Figure 23). It is likely that the water column
mixed during destratification events, but because the dissolved oxygen sampling was on a
weekly basis and temperature was logged every 15 minutes, we may have missed the
impact of the mixing events on dissolved oxygen concentrations. If that is the case, it would
suggest that the sediment oxygen demand at this site is quite high. This hypothesis is
supported by the rapid onset of hypoxia observed at the beginning of December 2019.
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Figure 23: Dissolved oxygen concentration profiles over time at the reference station LDA10
from early December 2019 until late February 2020.
Conversely, the dissolved oxygen concentration near the aerator (LDA11_40D) remained
oxic except right at the sediment-water interface (Figure 24) on a number of occasions.
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Figure 24: Dissolved oxygen profiles at the station 40 metres downstream of the aerator at
LDA11 (LDA11_40D) over time.

3.5. Impact of the Darling River re-start on water quality in Lake Wetherell and the
Weir 32 weir pool.
Good rainfall in the upper catchment of the Barwon-Darling River catchment in late summer
2020 resulted in a restart of the river. Unfortunately, the restart also resulted in a number
of fish kills. Media reported about several thousand dead fish upstream of Brewarrina
following inflows (Davies, 2020), while a fish kill was reported upstream of Louth (I. Ellis
pers. comm.). The cause of the fish kill was most likely hypoxia associated with blackwater.
As the river began to flow, leaf litter on the dry river channel would have been entrained in
the flow front. Dissolved organic carbon would be leached from the litter, which would fuel
microbial respiration, resulting in a depression in of the dissolved oxygen at the water front.
Following the reports of the fish deaths, DPI-Fisheries staff were diverted from monitoring
LDA10 and LDA11 to monitor the flows as they passed through the towns of Bourke and
Wilcannia. Although dissolved oxygen concentrations of 2 mg/L were recorded, no dead
fish were observed at these sites (I. Ellis, pers. comm.).
Anticipating potential water quality issues in Lake Wetherell when the flow front arrived
(and then downstream in the Weir 32 weir pool), additional water quality monitoring was
undertaken, initially in Lake Wetherell. The inflows from upstream reached the top end of
Lake Wetherell (Viewmont Station boundary) on 9th March 2020. An attempt to sample the
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inflows (and the impact of the aerator on water quality) on the following day was
abandoned because of the rapid rise in water levels at LDA1 (which resulted in the loss of
the thermistor chains deployed at LDA1).
About 100,000 dead fish were reported in Lake Wetherell upstream of the Lake Tandure
inlet on 13th March 2020. The dead fish mostly comprised of bony herring, with only a
relatively few Murray Cod and Golden Perch. Water quality profiles were taken on 14th
March at three sites in Lake Wetherell:
• At the inlet to Lake Tandure (for locations see Figure 25)
• Approximately 1.0 river kilometre above the Lake Tandure inlet
• Approximately 2.5 river kilometres upstream of the Lake Tandure inlet.
There was a zone of water with very low dissolved oxygen concentrations throughout the
water column upstream of the inlet to Lake Tandure (Figure 26), with dissolved oxygen
concentrations nearing 1 mg/L at the outlet. Fortunately, rather than proceeding further
downstream, which would inevitably lead to further fish deaths, the slug of poor water
quality pushed into Lake Tandure, to the north. Figure 27 shows Sentinel 2 satellite images
of Lake Tandure (using the NDWI script which highlights water) taken on 9th March (prior to
the flow front arriving) and 15th March after the flow front had reached Lake Tandure's
inlet.

Figure 25: Locality map for Lake Tandure inlet. For scale it is approximately 7.2 river
kilometres between Lake Wetherell outlet and Lake Tandure inlet.
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Figure 26: Dissolved oxygen concentration profiles at Lake Tandure inlet as well as at two
upstream sites taken on 14th March 2020.
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Figure 27: Sentinel 2 satellite imagery of Lake Tandure prior to flows arriving at the lake's
inlet (top panel) and after the flow's arrival (bottom panel). Blue colour indicates water.
Depth profiles taken upstream of Lake Wetherell Outlet from the 15th to the 17th March
showed that not all of the slug of poor water quality was diverted into Lake Tandure. For
example, on 17th March, the water quality at the main outlet for Lake Wetherell (Lake
Wetherell Outlet an undershot structure) was quite poor, dominated by algae at the surface
and hypoxia below 2.5 metres (Figure 28). Therefore, a decision was made by WaterNSW,
following advice from DPIE-Fisheries, to initially release most of the water into Weir 32 weir
pool through the Menindee Main Weir, where water quality was better. Using the Main
Weir rather than the Lake Wetherell Outlet allowed water to be drawn from further up in
the water column. The disadvantage of using Main Weir rather than Lake Wetherell Outlet
is that downstream flows into Weir 32 weir pool were restricted to less than 250 ML/day
due to access requirements via a bank downstream of Main Weir. Flow releases from Lake
Wetherell into the Weir 32 weir pool commenced on 21st March. The majority of water
(200 ML/day) was released through Main Weir, with 50 ML/day released through the Lake
Wetherell outlet. This did not compromise water quality in the Weir 32 weir pool as the
better-quality water coming from Main Weir diluted the poorer-quality water coming from
the outlet.
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Figure 28: Dissolved oxygen concentrations upstream of Lake Wetherell outlet taken on
Tuesday 17th March, 2020. Water could be drawn from close to the surface at the Main
Weir, whereas releases at the Wetherell Outlet ordinarily draw water from the bottom of
the water column (thus low in DO at this time).
Further sampling at Lake Wetherell Outlet and Main Weir from 18th March through to 24th
March showed that dissolved oxygen concentrations were improving at both sites. By the
24th March dissolved oxygen concentrations throughout the water column were above 4
mg/L at both sites. However, of some concern was the mobilisation of carbon (Figure 29)
from the inundated floodplain as the water level in Lake Wetherell continued to rise over
the river channel banks (Figure 30).
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Figure 29: Rafts of particulate organic matter above the inundated floodplain between Lake
Wetherell outlet and Main Weir (photo courtesy of G. McCrabb - used with permission).

Figure 30: Inundated areas (green and blue zones) in Lake Wetherell and Lake Tandure on
23rd March (top panel) and 24th March (bottom panel). The bottom panel shows the
extensive inundation of the Lake Wetherell floodplain. (Sentinel images courtesy of DPIFisheries).
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Dissolved oxygen concentration levels in the newly inundated floodplain were below 4, and
based on our experience with blackwater events elsewhere in the Murray-Darling Basin,
were expected to fall further over coming days. As a precaution WaterNSW, in consultation
with DPI-Fisheries, made the decision to delay releases of water from Lake Wetherell to the
Weir 32 weir pool and instead released water from Lake Wetherell into Lake Pamamaroo on
24th March, hence diverting the carbon rich water onto the floodplain and not downstream
into the Weir 32 weir pool. 5 Flows to the Weir 32 weir pool through Main Weir (500
ML/day) subsequently commenced on 26th March 2020, and were increased to 3000
ML/day by 29th March. Water quality monitoring prior to and during the increased releases
did not identify any risk from increasing flows from Lake Wetherell on dissolved oxygen
levels in the Weir 32 weir pool.

The diversion of flows into Lake Pamamaroo did not impact on water resources in the lower Darling River as
the volume in Lake Wetherell at the time of diversion, coupled with forecast inflows had reached a stage
where such diversions were viable without impacting on the resource.

5
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4. Synthesis
4.1. Risk posed by destratification in 2019/20
4.1.1 Hindcasting
Lake Wetherell: Based on the final data sets, the risk of a fish kill caused by a destratification
event (as opposed to the blackwater event) in Lake Wetherell, at least at LDA1, was low
throughout the 2019/20 sampling period. There was a period from mid-January until the
end of January where hypoxia did begin to build up in the bottom waters (Figure 8) but it
was confined to the bottom ca. 1 metre. This likely reflects lower sediment oxygen demand
in Lake Wetherell (at least at LDA1) than the Weir 32 weir pool. Baldwin (2019a)
commented on the extreme variability in sediment oxygen demand (microbial activity) in
lower Darling river sediments. A recommendation from that report was to undertake a
detailed assessment of oxygen demand, amount of labile carbon and microbial activity in
the sediments of the lower Darling River, which this report endorses (see Section 5.1.1.).
The Weir 32 weir pool: It is clear that the risk of a hypoxic event caused by stratification
was higher at the reference station upstream of the old town weir (LDA4; Figure 12) than at
the reference station downstream of the old town weir (LDA5; Figure 17). At LDA4's
reference station (LDA4_1500U), there were extensive periods of hypoxia throughout
December 2019 and in February 2020. Although Figure 12 indicates almost constant
hypoxia in the bottom water during December 2019, in reality there was a destratification
event on the 13th December, as well as a deepening of the thermocline on 23rd December
(Figure 14, see also Section 4.2.3.). Neither event resulted in fish deaths at LDA4. The
reason that these turnover/deepening events were no observed to impact on dissolved
oxygen profiles can be attributed to the weekly sampling regime (missing the
turnover/deepening events) coupled with rapid onset of hypoxia likely caused by a high
sediment oxygen demand.
At LDA5, the oxygen profile was more similar to that seen at LDA1 (in Lake Wetherell) than
LDA4 (in the Weir 32 weir pool) - with brief periods of hypoxia in the bottom water in midJanuary and the end of February to early March 2020. The extent of hypoxia was never
extensive enough to cause hypoxia on turnover/deepening of the thermocline.
Downstream of Weir 32: The bottom water at the reference station LDA10 was hypoxic for
most of the sampling period except for a period from early to mid-January (Figure 23).
While there was a series of turnover/deepening events (Figure 22), no fish deaths were
recorded at this site. However, fish deaths at other isolated pools were recorded in the
lower Darling River below Weir 32 over this time frame (Table 2). While at least two of the
fish kills coincided with turnover events at LDA10, it is not possible to unequivocally assign
the cause of death of these fish because these locations were not included the sampling
regime.
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Table 2: Reported fish deaths in isolated pools in the lower Darling River from November
2019 to March 2020 (data supplied by NSW DPI- Fisheries). The fish kills on 14th and 31st
December 2019 were coincidental with total turnover events at LDA 10; the fish kill on 6th
February is coincidental with a deep mixing event at LDA10.
Date
Location
Species
Number of
Size range (cm)
dead fish
27/11/19
Karoola Station Murray Cod
20
60 - 120
28/11/19
Tolarno Station Murray Cod
17
80 - 110
14/12/19
Bindara Station Murray Cod
15
83 - 100
31/12/19
Upstream of
Murray Cod
4
70 - 100
Pooncarie
Township
6/2/20
Karoola and
Murray Cod
10
50 - 100
Menincourt
Stations

4.1.2 Forecasting
One of the objectives of the monitoring program was to collect data which could be used
predict the likelihood of a fish kill in the near future (a 14-day window). The predictions
would be used to inform Murray-Darling Basin Authority and DPI-Fisheries communications
as well as aiding Central Darling Shire Council on whether or not they needed to place fish
clean-up crews on standby in the event of a fish kill. The likelihood of a fish kill occurring
depended on the risk of a turnover/deepening event and the likely extent of hypoxia in the
bottom water. There are models that can be used to predict the likelihood of stratification
occurring in weir pools (e.g. Bormans and Webster, 1997), however these proved unsuitable
for use in this study. Firstly, the equation underpinning the Bormans and Webster model
has flow as the only component of the numerator (see Appendix 1). Therefore, under no
flow conditions, the model would predict that Lake Wetherell and the Weir 32 weir pool
would have remained stratified during the course of the current study (which was clearly
not the case). Furthermore, the Bormans and Webster model requires weather data (e.g.
wind speed, relative humidity) which aren't reported by the Bureau of Meteorology for
Menindee.
Baldwin (2019a) showed that, in the absence of flow, the midpoint between the maximum
and minimum air temperature on the previous day could be used to predict the onset of
stratification (as the value increases) as well as turnover/deepening events (when the value
rapidly falls) in the lower Darling River. A similar relationship between air temperature and
the onset of stratification/breakdown of stratification observed in the Darling River in
2018/19 was observed in 2019/20 (Figure 31).
Figure 31 is based on actual maximum and minimum air temperatures. During the course of
this project the forecast onset of stratification and turnover/deepening was based on the
predicted maximum and minimum air temperatures for the following 14 days (sourced from
the Weather Channel). Generally speaking, the accuracy of weather forecasts begin to drop
off after 5 days (NOAA, undated). Nevertheless, there was generally good agreement
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between the prediction of the onset of stratification or turnover/deepening events and
what was actually observed at LDA5 over the study period (see Appendix 3).
The risk of hypoxia as a result of a turnover/deepening event can be estimated using a
simple mass balance model (Baldwin 2019a) based on the dissolved oxygen concentration
profile. Initially, the predictions were based on a (simplistic) model where the dissolved
oxygen concentration at each depth carried the same weight, even though the depth
profiles in Lake Wetherell and the Weir 32 weir pool were not constant, and deep sites are
rare. Hence, this model would overestimate the likelihood of a hypoxic event because it
places relatively greater emphasis on deeper sites (which are more likely to be hypoxic) than
their actual distribution would warrant.
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Anticipating the potential for a fish kill following a predicted turnover on 2nd February 2020,
the model was improved by weighting the dissolved oxygen concentrations determined at
various depths according to the distribution of depths along the thalweg6 in both weir pools
(Table 3). Using the new model, the likelihood of a fish kill following destratification was
estimated to be moderate, and only then if dissolved oxygen concentrations significantly
deteriorated from the last occasion when dissolved oxygen profiles were taken (31st January
2020) and the anticipated destratification event.

Date
Figure 31: Modelled surface water temperature estimated from the mid-point between the
actual maximum and minimum air temperatures at Menindee (red solid line; left axis) and
the temperature difference between the surface and bottom water temperatures at LDA5
(black dotted line; right axis). When the temperature difference between the surface and
the bottom water is close to zero, the system is well mixed.
6

Thalweg = the line of lowest elevation (greatest depth) in a water course.
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Table 3: Weighting factors used to estimate dissolved oxygen concentrations in Lake
Wetherell and the Weir 32 weir pool based on depth distributions in late January 2020.
Depth Interval (metres)
Weighting factor (based on
depth distribution)
0 to 0.5
1
0.5 to 1.0
1
1.0 to 1.5
1
1.5 to 2.0
1
2.0 to 2.5
1
2.5 to 3.0
0.95
3.0 to 3.5
0.6
3.5 to 4.0
0.4
4.0 to 4.5
0.3
4.5 to 5.0
0.1
Below 5.0
0.05

4.2. Why wasn't there a fish kill in 2019/20 associated with a destratification event?
There were 3 fish kills in the Weir 32 weir pool in 2018/19 caused by hypoxia following
destratification events. Even though fish kills were expected in the Weir 32 weir pool in
2019/20 there were none; and the fish kill in Lake Wetherell in March was caused by
hypoxic blackwater as inflows arrived (not destratification). This section explores possible
reasons why there wasn't a fish kill in 2019/20 associated with destratification.
4.2.1 Blue-green algal biovolume
There was conjecture that the blue-green algal biovolume this season was less than last
year, hence explaining why there weren't hypoxic destratification events. Blue-green algae,
and other photosynthetic organisms can contribute to fish kills. While they produce oxygen
during the day, they consume oxygen at night, often resulting in quite low levels if the
biomass is sufficiently large. Destratification is more likely to occur at night. Therefore,
hypoxia throughout the water column is more likely to occur during algal blooms.
The algal biovolume in the Weir 32 weir pool at the time of the fish kills in 2018/19 was
variable - ranging from less than 5 mm3/L to above 25 mm3/L (Figure 32).
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Figure 32: Blue-green algal biovolume in the Weir 32 weir pool at the time of the fish kills in
the lower Darling River in 2018/19 (From Baldwin, 2019a).
The algal biomass was also variable in the Weir 32 weir pool in 2019 /20 (Figure 33). The
highest biovolume was at a site downstream of Lake Wetherell's Main Weir and was around
20 mm3/L for most of the sampling period. The biovolumes at the other sites were lower,
but still in the range observed in 2018/19. Based on the data it is not possible to
unequivocally rule out lower blue-green algal biomass as a factor for no fish deaths due to
hypoxia following destratification in 2019/20.
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Figure 33: Blue-green algal biomass in the Weir 32 weir pool in 2019/20. N1171 is located
downstream of Lake Wetherell's Main Weir, N1095 is located near the Menindee Pump
Station (LDA4) and N1086 is upstream of Weir 32. (data supplied by WaterNSW).
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4.2.2 Depth
As noted in Baldwin (2019a), depth is a critical factor in determining the extent of hypoxia
during destratification. Generally speaking, the top 1- 2 metres of the water column remains
oxic (e.g. see Figure 12). The reason for this is that diurnal changes in air temperature
causes diurnal changes in water temperature, but the effect tapers off with depth. For
example, Figure 34 shows the number of consecutive days that the temperature difference
between the surface and 1.05 metres (top panel) and the surface and 2.0 metres depth
(bottom panel) exceeded 0.1 oC at LDA5. The temperature difference between the surface
and 1.05 metres depth was less than 0.1 oC (that is totally mixed) on a daily basis on all but 3
occasions, while it was less than 40% of days at a depth of 2 metres. Why this is important
is the top approximately 1.5 metres remains well mixed, and therefore can be reoxygenated from the atmosphere. This zone is called the surface mixed layer.
During a stratification event leading to hypoxia throughout the bottom water, the deeper
the site the greater the ratio of the water in the hypoxic zone is to the water in the surface
mixed layer, therefore the lower the oxygen concentration throughout the water column
will be on turnover. At the time of the first fish kill in the Weir 32 weir pool in December
2018 the water height at gauge 425012 (Darling River U/S Weir 32) was about 1.42 metres,
and fell to about 1.22 metres by the time of the last fish kill in late January 2019. By
November 2019 the water height had fallen to about 1 metre by the beginning of November
2019 and was less than 0.6 metres when the gauge stopped logging in early January 2020
(Figure 35). Assuming that the rate of fall followed the same trajectory in January as it did in
December (red dashed line Figure 35) the water height would have been 0.2 metres, or
approximately 1.2 metres lower than in the first fish death in the Darling River in 2018.
While not necessarily the main reason that there wasn't a fish kill in the Weir 32 weir pool in
2019/20, lower water levels are likely to have been a factor.
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Figure 34: The number of consecutive days when the temperature difference between the
top thermistor at LDA5 (deployed at a depth of 0.1 metres) and the thermistors deployed at
1.05 metres (top panel) and 2 metres (bottom panel) exceeded 0.1 oC.
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Figure 35: Water height at Gauge 425012 (Darling River U/S Weir 32).
4.2.3. Weather patterns in 2019/20 leading to shorter periods of stratification
Weather was also a likely factor in preventing a fish kill in the Weir 32 weir pool in 2019/20.
Unfortunately, there weren't thermistor chains deployed in the Weir 32 weir pool (or Lake
Wetherell) in 2018/19 so it is not possible to unequivocally determine how long the periods
of stratification persisted prior to each of the fish kills. However, using the semi-empirical
relationship between maximum and minimum air temperature and the onset of
stratification as well as turnover/deepening (Baldwin, 2019a; Figure 31) and applying it to
the temperatures observed at Menindee in 2018/19 it is possible to tentatively assess the
maximum period of stratification prior to each of the fish kills (Figure 36). The assessment is
tentative because, unlike 2019/20, there was some flow in the Weir 32 weir pool prior to
the first fish death (discussed further in Section 5.1.2.). Based on this approach the
maximum period of stratification prior to each of the fish kills in 2018/19 were 22 days (23rd
November until 15th December), 13 days (24th December until 6th January) and 20 days (6th
January until 26th January). In 2019/20 the two longest periods of total stratification at the
reference station LDA5 were 14 and 18 days. However, as discussed in Section 3.3.1., there
were numerous periods of substantial deepening of the surface layer. Indeed, the longest
period when the difference in temperature between the surface thermistor and the
thermistor at 2.75 metres was greater than 0.1 oC, was 10 days (Figure 37).
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Figure 36: Modelled water temperature in the Weir 32 weir pool in 2018/19. The timing of
each of the fish kills is indicated by an asterisk.
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Figure 37: The frequency distribution of the number of consecutive days when the
temperature difference between the surface thermistor and the thermistor located at 2.75
metres at LDA5 (red bars, top panel) and the surface and bottom thermistors (black bars,
bottom panel) exceeded 0.1 oC.
The frequent deepening of the surface layer would reduce the risk of hypoxia following the
subsequent destratification.

4.3. How effective were the aerators?

A total of 10 aerators were deployed in the lower Darling River in 2019/20. Their specific
purpose was to create oxic refuge zones in case of hypoxia following a destratification
event. As noted in Section 4.2. such an event did not occur. (The fish kill in Lake Wetherell
on 13th March was caused by hypoxic blackwater at the flow front.) The aerators in Lake
Wetherell had been decommissioned either prior to, or just as, the flow front arrived
therefore, it is not possible to directly determine how effective the aerators could be in
mitigating fish deaths in the face of a hypoxic event. However, some insight can be gained
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by comparing the oxygen dynamics in the reference stations compared to stations
downstream of the aerators.
4.3.1 Multi-port pontoon aerators.
Four multi-port pontoon aerators were deployed in the lower Darling River in 2019/20 - two
in Lake Wetherell (LDA1 and 2), one in the Weir32 weir pool upstream of the old town weir
(LDA4) and one in a residual pool immediately downstream of Weir 32. Two sites with
multi-port aerators (LDA1 and 4) were monitored as part of the current study.
All the multi-port pontoon aerators were 7.5 kW Hyflow aerators. One (LDA4) was
connected directly to 3-phase power while the other three were powered by diesel
generators. The fuel consumption of the latter was estimated to be about 5L/hour. The
aerators had a pumping rate of 92 L/sec or approximately 8 ML/day. If we assume an
average width of the lower Darling River of 50 metres and an average depth of 2 metres,
then the aerators could process all the water in an 80-metre reach of the river every 24
hours.
Of the two monitored locations where multi-port pontoon aerators were deployed, the risk
of hypoxia at LDA1 was the lowest. Hypoxia did start to form in the bottom waters at the
reference station for this location from mid-January until the beginning of February (Figure
8), but the whole water column downstream of the aerator remained oxic for at least 100
metres (Figure 9; noting that the station 100 metres downstream of the aerator was quite
shallow- ca. 2 metres deep - so was often in the surface mixed layer anyway).
Hypoxia in the bottom water was more prevalent at the reference station at LDA 4 than the
reference station at LDA1 (Figure 12). While the aerator at LDA4 maintained an oxic zone at
least 100 metres downstream for most of the sampling period, there were times when
hypoxia began to form in the bottom water 100 metres downstream of the aerator; (Figure
13)- albeit at a much slower rate than at the reference station upstream. For example, on
28th January 2020, while the bottom water at the reference station was hypoxic, the
dissolved oxygen concentration downstream of the aerator was uniform (Figure 38).
However, by the 31st January, there was a decline in oxygen concentrations below about 2.5
metres, and hypoxia below 3.5 metres at LDA4_25D, LDA4_50D and LDA_100D (Figure 39).
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Figure 38: Dissolved oxygen profiles at LDA4 on 28th January 2020.
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Figure 39: Dissolved oxygen profile at LDA4 on 31st January 2020.
When discussing the multi-port pontoon aerators, it is worth noting that when the aerator
at LDA7 (in the pool immediately downstream of Weir 32, which wasn't monitored as part
of the current study) was turned off for maintenance on 24th March 2020, within one hour
the fish in the pool began to become visibly stressed (G. McCrabb, pers. comm.), indicating
that the oxygen levels in the pool were being maintained by the aerator.
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4.3.2. 12" pumps fitted with a venturi device
Aerators which used 12" pumps to drive water through a venturi, which injects air into the
water flow, were deployed at four sites in the lower Darling River (LDA8, LDA9, LDA11 and
LDA12); all sites were located in isolated pools below Weir 32. The aerator at LDA11 was
monitored, as was as a reference pool about 8 km upstream (LDA10). The pool the aerator
was deployed in was relatively small (approximately 150 metres long). Given that the pump
is capable of moving 10-15 ML/day, then all the water in the pool would have passed
through the aerator approximately every 1 - 1.5 days 7. Therefore, it is not surprising that
the oxygen levels in the pool were mostly oxic throughout the sampling period (Figure 24).
4.3.3. 26" pumps fitted with a venturi device
Aerators which used 26" pumps to drive water through a venturi, were deployed at two
sites in the lower Darling River, one upstream of Main Weir in Lake Wetherell (LDA2) and
one downstream of the old town weir in Weir 32 (LDA6). The water quality at LDA6 was
monitored as part of the current study, as was a reference site approximately 1km upstream
(LDA5). The pump was capable of keeping a zone at least 500 metres downstream of the
venturi aerated (e.g. Figure 18). Based on the bathymetry of the reach, the zone of
influence probably extended up to about 900 metres downstream. However, the system
did not seem to impact either on the oxygen levels in the deep hole approximately 1000
metres downstream of the venturi, or stations further downstream.

7

Assuming the pool was 50 metres wide and had an average depth of 2 metres.
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5. Conclusions and recommendations
5.1. Arising from the current study of conditions in 2019/20.
5.1.1 There is still not enough information in order to manage Lake Wetherell to prevent fish
deaths from hypoxia resulting from destratification.
Lake Wetherell is an important refuge during periods of no flow in the Darling River. There
were no reported deaths of fish in Lake Wetherell during 2018/19 when fish deaths were
reported in the Weir 32 weir pool; and the fish kill in Lake Wetherell in March 2020 could be
attributed to hypoxia caused by blackwater at the flow front as the river restarted (Section
3.5). Therefore, in the past two summers, there hasn't been an incidence of fish kills caused
by hypoxia following a destratification event. The question becomes whether or not to
deploy aerators in Lake Wetherell into the future. If inflows into the lake from upstream
remain relatively strong (putatively above 300 ML/day (Mitrovic et al, 2011; - but see
Section 5.1.2. ) from late spring 2020 to early autumn 2021, then it is unlikely that aerators
will be needed to create oxygenated refuges in Lake Wetherell. If inflows into the lake do
cease, then based on our current knowledge base, it isn't possible to predict whether they
will be required or not. Based on the data from LDA1, the sediment oxygen demand in Lake
Wetherell would appear to be low, so that there isn't a build-up of hypoxia in the bottom
waters during periods of stratification. But this is based on a single site. To better
understand oxygen dynamics in Lake Wetherell it is recommended that:
A study is undertaken into the variability of sediment oxygen demand in Lake Wetherell, with
particular emphasis placed on the main river channel (rather than the flood plain or
depression lakes). Furthermore, weekly sampling of temperature and dissolved oxygen be
undertaken at a number of sites within the main river channel from November 2020 until the
end of March 2021.
5.1.2. Adaptively manage flows through the Weir 32 weir pool in 2020/21.
Unlike 2019/20, following the recent inflows into Lake Wetherell and Lake Pamamaroo,
there should be sufficient water stored upstream of the Weir 32 weir pool to maintain flows
in Weir 32 weir pool (and downstream of Weir 32) from late spring 2020 to early autumn
2021. If flows are high enough, they should prevent the onset of stratification in the Weir
32 weir pool, and hence mitigate against fish deaths. (This means that it probably not
necessary to deploy aerators in the Weir 32 weir pool over the coming summer.) The
critical question though is how high the flows should be to prevent stratification. In their
earlier study Mitrovic et al (2011), observed that persistent stratification (over periods of
weeks) only occurred when flows in the Weir 32 weir pool were less than 300 ML/Day. At
flows above 300 ML/day thermal stratification only persisted for less than 4 or 5 days
(Mitrovic et al., 2011). However, their observations are at odds with the first fish death
event in the Weir 32 weir pool in December 2018. The consensus view (NSW Department of
Primary Industries - Fisheries, 2019; Australian Academy of Sciences, 2019; Vertessy et al.,
2019; Baldwin 2019a) is that the first (and subsequent) fish kill in 2018/19 was caused by a
destratification event. Thermistor chains were not deployed in the Weir 32 weir pool during
the period, so it is not possible to unequivocally determine when the onset of stratification
occurred. However, based on modelled water temperatures (Figure 36) the onset of
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stratification prior to the first fish kill started either on the 23rd November or 3rd December,
with destratification occurring somewhere between 13th and 15th of December. Flows in the
Weir 32 weir pool were approximately 220 ML/day from 23rd until 29th November 2018,
before increasing to about 330 ML/day by 29th November and falling back to about 300
ML/day on 7th December. Flows remained at around 300 ML/day for the rest of December
2018 (Figure 40). Therefore, for most of the period when stratification was likely to have
formed in the Weir 32 weir pool prior to the first fish kill, the flow was around 300 ML/day.
It follows, based on this analysis, that it is not possible to assert that a flow of 300 ML/day
will prevent stratification under all circumstances. The drivers of stratification are complex
(Bormans and Webster, 1997); the onset and breakdown of stratification is a function of
many factors including flow, air temperature, water temperature, wind speed and direction,
solar irradiation, and humidity. Therefore, it is recommended that:
rather than rely on a single flow metric (putatively 300 ML/day) in the Weir 32 weir pool in
2020/21, and subsequent years, flows are adaptively managed to consider the current
stratification and oxygen concentration profiles in the weir pool (which will need to be
monitored) as well as predicted weather patterns; with, for example, flows increasing during
extended periods of hot weather.
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Figure 40: Flow at gauge 425012 (Darling River u/s Weir 32) from mid-November until the
end of December 2019.
5.1.3 If aerators are deployed in the lower Darling River they should be placed in locations
that suit their capabilities.
During this study, single and multi-port aerators were located in both weir pools and
isolated pools in the lower Darling River. Based on the data collected, it is apparent that the
location of the aerators could be further optimised based on their capabilities.
Following the influence of the multi-port pontoon aerator to the period of hypoxia at LDA4
at the end of January 2020 (Figure 39) it would appear that in the Darling River the effective
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zone of influence of the aerator is not too much greater than about 100 metres from the
aerator, especially in slightly deeper water. Therefore, it is suggested that these aerators
are better suited to being deployed in isolated pools downstream of Weir 32, rather than
the weir pools. The pools with the multi-port pontoon aerators could be used as refuge
pools for the translocation of native fish following cease to flow conditions.
The larger single venturi pumps appear to have a larger zone of influence than the multiport pontoons (Baldwin, 2019a, this study) and are better suited to deployment in the weir
pools. At Karoola station in 2018/19 (Baldwin, 2019a) and at LDA2 and LDA6 in this study,
the pumps were located in such a way as to generate flow around a river bend, potentially
maximising their zone of influence. Although they undoubtedly created a continuous flow
between the inlet and outlet points, this didn't translate into oxygenation of the bottom
waters across the whole reach (e.g. Figure 18). Additionally, increasing outlet pipe length
(approx. 200m at LDA6) to reach upstream reduces fuel efficiency due to increased friction
and increases operational logistics to contractor. In future, consideration should be given
to prioritising locating the inlet in the deepest hole possible in the target reach to maximise
oxygenation in the reach; minimising the length of required pipe and height of the pump
above water (i.e. lift), while still having the outlet upstream of the inlet. Therefore, it is
recommended that:
The location of specific types of aerators be optimised based on the capabilities and
limitations of each type of aerator.

5.1.4. Planning for river restarts (including managed flows).
This year saw the deaths of fish in a number of river systems, including the Darling River,
when the rivers restarted following a prolonged period of drought. These flows included
natural and managed flows. While fish deaths on river restart is not inevitable, it is highly
likely. Guidelines should be developed to help managers in delivering managed flows along
dry river channels or, responding to first flushes under natural conditions. The guidelines
would include such things as:
• Ways to predict the risk of hypoxia on river restart;
• Ways to communicate the risks to key stakeholders;
• Appropriate monitoring strategies;
• Potential interventions including aeration or diversion of the poor water quality in
the flow front.
Therefore, it is recommended that:
Guidelines are prepared outlining the risks and mitigation strategies that should be deployed
when river restarts are either planned or occur naturally.
These guidelines will build upon the Murray-Darling Basin Authority's "Guideline: ‘having
regard’ to Water Quality Targets for Managing Water Flows" (MDBA, 2019).
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5.2. Revisiting recommendations from Baldwin (2019a).

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. They also commissioned a report (Baldwin, 2019a) whose objectives were 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;
• Inform the optimal design of future monitoring programs (including governance
arrangements).
The report produced a series of 9 recommendations. This section examines whether or not
these recommendations are still warranted for the on-going management of the lower
Darling River.
5.2.1 Commission a study of the drivers of sediment oxygen demand in the lower Darling
River.
As noted in Section 5.1.1., sediment oxygen demand is the principal driver of hypoxia in
these systems and remains a significant knowledge gap in managing the lower Darling River,
particularly the weir pools. Therefore, this recommendation is still relevant.
5.2.2. 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.
Fish movement in response to poor water quality events is still relevant (Theim et al, 2020).
If not already implemented, consideration should be given to commissioning such a study.
5.2.3. Commission a literature review on the effects of contraction of lowland rivers to pools
on the behaviour and physiology of native fish.
One of the observations in the current study is that large-bodied native fish seem to be able
to withstand dissolved oxygen concentrations lower than determined in laboratory studies
(Gehrke, 1988; Small et al, 2014). Native fish physiology remains an important knowledge
gap in our understanding of Australian aquatic systems which should be addressed.
5.2.4. Determine the bathymetric profile and commission detailed habitat mapping for the
lower Darling River.
As part of the current study a bathymetric survey of the Weir 32 weir pool and the main
channel of Lake Wetherell was undertaken. The data generated from the survey was used
to help locate sampling stations (especially refence stations) as well as being used to
generate a weightings table in order to estimate dissolved oxygen profiles on turnover.
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5.2.5. Engaging stakeholders
The adaptive management of flows into the Weir 32 weir pool from Lake Wetherell in
March 2020 (discussed in Section 3.5.) is an excellent example of how stakeholder
engagement coupled with near real-time monitoring can be used to inform management
decisions, with the best possible outcome for the environment.
5.2.6. Recommendations 6 - 9: the design and implement a monitoring program for 2019/20
A full discussion on the design and implementation of the current monitoring program is
discussed in Section 1.4.. Recommendation 9 was that a "[t]hermistor 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". It is strongly suggested that as part of the recommended ongoing monitoring
of Lake Wetherell (Section 5.1.1.) and the Weir 32 weir pool (Section 5.1.2.) in 2020/2021,
thermistor chains are deployed at a number of stations in both these waterbodies. Ideally
they would be telemetered to allow monitoring in real time.
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Appendix 1: Fundamental elements of a monitoring program

Memorandum
Subject:

Monitoring dissolved-oxygen interventions in the lower Darling River

Attention:

Asitha Katupitiya & Craig Hardge, Murray-Darling Basin Authority

From:

Darren Baldwin, Rivers and Wetlands

Date:

September 13th, 2019

1. Purpose

In anticipation of further fish deaths in the lower Darling River over the coming summer, the
Murray-Darling Basin intends to deploy at least one, high through-put venturi aerator in the
lower Darling River. The purpose of this file note is to outline the fundamental elements of
a monitoring program to gauge the efficacy of the intervention.

2. Proposed Installation

In February 2019 a venturi aerator, attached to a 12" pump, with a pumping capacity of
about 10 ML/day was deployed in a pool behind a temporary block-bank at Karoola on the
Darling River. The aerator was effective in preventing a probable fish kill in the block-bank
pool in early March 2019 (Baldwin 2019). It has been proposed that the same, or a similar,
set -up be deployed upstream of Weir 32 in the Darling River through the summer and early
autumn of 2019/20. The objective of the deployment is to maintain an oxygenated fishrefuge zone to prevent fish deaths in the Weir 32 weir pool.

3. Proposed Monitoring Program
3.1 Objectives

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 1). The first step is to set the monitoring program objectives.
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Figure 1: Framework for the design and implementation of a monitoring program (from
ANZECC, 2000).
Following discussions with the Murray-Darling Basin Authority, the principal objectives of
the monitoring program (in order) are:
5. To determine the zone of influence of the venturi aerator including the extent that
the aerator can suppress the formation of a thermocline and prevent hypoxia in
bottom waters.
6. To determine the effectiveness of the venturi aerator in maintaining an oxygenated
zone following destratification events in the Weir 32 weir pool and other possible
locations where venturis may be deployed
7. To determine the extent the aerator prevented fish deaths in the event of hypoxia
following destratification
8. To collect sufficient climatic and thermal information to either develop a model, or
validate a pre-existing model(s), for predicting stratification and destratification in
the lower Darling River under no-flow conditions.

3.2 Study Design and Field Program
The final study design and field program can only be finalised once the location of the key
elements of the configuration of the venturi-aerator system(s) has been established.
Critical considerations include:
• The size of the pump and the volume of the water pumped
• The position of the outlet.
• The distance between the inlet and outlet points.
The size of the pump and the volume of the water pumped will directly influence the zone
of influence of the aerator, and hence the location of sampling sites. If we assume that the
average depth of the weir pool is 3 metres and the width is 30 metres then each 10-metre
reach contains about 1 ML of water. Therefore, a 10 ML/day capacity pump can refresh a
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reach of about 100 metres in a day, a larger pump could refresh a greater length and
therefore would have a larger zone of influence to sample.
The position of the outlet will also impact on the zone of influence. At Karoola the outlet
was positioned perpendicular to the bank. This meant that the plume of oxygenated water
extended both upstream and downstream of the outlet. If the outlet was positioned
parallel to the bank (facing downstream)8, the zone of influence would be restricted to the
downstream reach (although the flow would entrain some water from upstream), which
would reduce the required number of upstream sampling sites.
The distance between the inlet and outlets will influence the size of the reach to be
monitored. If we assume no flow in the weir pool except for the flow generated by the
pumping, the zone of influence of the venturi-aerator would not extend beyond the
position of the inlet point. (It is a given that the inlet point is downstream of the outlet.)
It is difficult to suggest a maximum distance between the inlet and outlet points and could
be assessed. Because of the sampling design and the bathymetry of the Karoola block-bank
pool, it was not possible to unequivocally assess the zone of influence of the Karoola
venturi-aerator. The zone of influence did extend at least 20 metres upstream and at least
80 metres, but less than 1500 metres, downstream. Rates of oxygen depletion could be
used as a starting point to determine the distance between the inlet and outlet points.
Oxygen depletion in the lower Darling River during 2018/19 was highly variable (2019), but
at its most rapid, total hypoxia in the water column could occur after about 6 - 7 days.
Therefore, taking a conservative approach, the inlet and outlet points should be no more
than about 2 - 3 travel days apart (e.g. about 200 - 300 metres assuming a 10 ML/day flow
rate and an outlet positioned parallel to the river bank facing downstream).
Objective 1: To determine the zone of influence of the venturi aerator including the extent
that the aerator can suppress the formation of a thermocline and prevent hypoxia in bottom
waters. 9
Following the experience of last summer, this objective is best served by manually taking
temperature and dissolved oxygen profiles in the weir pool. Using a hand-held meter, the
dissolved oxygen concentration and temperature would be measured at 0.1, 0.5, 1.0, 1.5
etc metres below the surface until reaching the bottom. Profiles would be taken 1 km, 100,
50, 25 and 10 m upstream of the outlet and at similar intervals downstream of the inlet. In
addition, profiles would be taken at the outlet, then 10, 25, 50, 100, 200, etc metres
downstream of the outlet. 10 All profiles would be taken in the deepest part of the weir
pool.11 Temporally, the profiles would be taken 2 days and 1 day prior to the pump being
Preferably at the deepest point in the channel, which would be on the outside of a bend in the channel.
The following discussion is based on a 300 m zone of influence and would need to be adjusted for a larger or
smaller zone.
10
Location of sampling points should be determined by GPS, then marked with buoys to ensure consistency in
sampling.
11 Additional profiles along transects across the weir pool close to the inlet and outlet periodically could help
in understanding of the water dynamics near the inlet and outlet zones.
8
9
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turned on, the day the pump is turned on, then daily for the next 5 days, then weekly
unless a destratification event is anticipated (i.e. if the daily maximum air temperatures is
predicted to be at least 8 oC less than the previous day - see Baldwin 2019 Section 3.2.3 for
details). Where a potential destratification event is anticipated, profiles would be taken the
day before a destratification event, the morning immediately following the destratification
event, and then daily for the next three days.
Because of the intense nature of the proposed monitoring schedule, it is suggested that the
MDBA Regional Engagement Officer assist with monitoring, or assist the MDBA Project
Manager with the coordination of voluntary or contracted local resources to undertake the
monitoring. The MDBA would provide the DO/temperature probe/s (estimated cost <
$3500 including GST); training in the use and calibration of the probe would need to be
provided. This does raise issues around insurance and management of occupational health
and safety and public liability which will need to be addressed. Management of these
issues through existing MDBA arrangements is recommended. However, it is probably
prohibitively expensive to bring a contractor from anywhere apart from the local area. It is
suggested that the MDBA liaise with NSW DPI-Fisheries, who may be following a similar
approach, and may be able to assist with resourcing for the monitoring program.
Objective 2: To determine the effectiveness of the venturi-aerator in maintaining an
oxygenated zone following destratification events in the Weir 32 weir pool and other
possible locations where venturis may be deployed.
This objective can, for the most part, be addressed following the design outlined for
Objective 1. The data collected to address Objective 1 could be augmented by the
deployment of D-Opto oxygen and temperature loggers at the surface and the bottom of
the weir pool deployed 1km upstream (control) and 25, 100 and 250m downstream of the
venturi-aerator. Deploying D-Opto loggers would require additional training for personnel
in cleaning the loggers and downloading the data. Based on the results from the 2018/19
monitoring program cleaning and data downloads would need to be undertaken
approximately fortnightly.
Objective 3: To determine the extent the aerator prevented fish deaths in the event of
hypoxia following destratification.
This objective can be addressed using a variety of techniques varying in the amount of
intervention and cost. Before settling on a given method it is recommended that the MDBA
liaise with NSW DPI-Fisheries to determine what fish population evaluation projects they
have planned in the lower Darling River over the coming Summer.
The lowest cost approach would be to use a boat equipped with a recreational fish finder to
count the number of fish observed either along a fixed transect or over a set period of time
both within and outside the zone of influence of the venturi-aerator immediately before
and immediately after predicted destratification events. This approach is equivalent to the
20 minute/1 ha approach undertaken to estimate the density of woodland birds. The
measurements could be undertaken by the same personnel as that undertaking the depth
profiles.
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Objective 4: To collect sufficient climatic and thermal information to either develop a model,
or validate a pre-existing model(s), for predicting stratification and destratification in the
lower Darling River under no-flow conditions.
An initial proposal has suggested using the relationship first proposed by Bormans and
Webster (1998) based on results from Maude Weir on the Murrumbidgee (see Appendix 1)
to determine the onset of stratification and destratification in residual pools in the Darling
River. However, monitoring in the Darling River in 2019 showed that the relationship
breaks down under no flow conditions. (The equation would predict that under no flow
conditions the pools would not de-stratify, but there were at least 8 instances between
January and April 2019 when at least one residual pool in the Darling River underwent
destratification). A semi-empirical relationship, based on daily maximum and minimum air
temperatures can be used to predict the onset of stratification in both shallow (< 2m) and
deep pools (> 4 m), as well as destratification in deep pools (if bottom water temperature is
known) but does not predict stratification in shallow pools. It was suggested that as part of
the monitoring program, additional data could be collected to improve our capacity to
predict thermal changes in non-flowing pools.
Thermistor/Light Chains: It is suggested that at least 4 thermistor chains are installed in the
Weir 32 weir pool in the vicinity of the venturi:
• About 1 km upstream of the outlet;
• Immediately downstream of the outlet;
• Upstream of the outlet; and
• About 1 km downstream of the outlet.
The upstream and downstream sites would be used to calibrate the model, the two sites
in the zone of influence would allow an assessment on how effective the venturi-aerator
was in disrupting a thermocline.
Each thermistor chain would consist of a buoy and anchor connected by both stainlesssteel wire and plastic chain. Temperature and light loggers (suggested Hobo Pendants cost about $140 each including GST) would be placed at 50 cm intervals, starting at the
surface. Temperature and light data would be logged relatively frequently (every 10 -15
minutes)
In addition, it would also be necessary to install a weather station at one location,
preferably deployed on a raft in the river, but if not, in a location which would experience
similar conditions to the river surface. At a minimum the weather station would need to
record:
• Wind speed and direction
• Air temperature
• Short- and long-wave radiation and
• Humidity
Measurements would need to be logged relatively frequently (approximately every 10 - 15
minutes).
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3.3 Laboratory Analyses

Baldwin (2019) proposed that periodic sampling for ammonia and sulfides be undertaken in
any future monitoring program in the Darling River. However, this would appear to be
beyond the scope of the current project. Rather it is suggested that measurements of
ammonia and sulfide be included in the proposed study looking at sediment oxygen
demand, if this research was to proceed.

3.4 Data Analysis and Interpretation

It is proposed that data analysis and interpretation follow the same process as undertaken
during the 2019 monitoring program - with on-going data analysis and interpretation
occurring within days of data acquisition to allow for rapid adaptive management of the
intervention. This would be followed by a more detailed assessment of the intervention at
the end of the project.

3.5 Reporting and Dissemination

Again, it is proposed that the reporting and dissemination of results follows the same
protocol used for the 2019 monitoring program, with;
• generation of a draft report to be circulated for comment,
• a final report of the 2019-20 monitoring analyses, findings and recommendations
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Appendix:

Bormans and Webster (2018) developed a criterion for predicting the onset of stratification
and subsequent destratification in flowing waters. The criterion is a non-dimensional
parameter (R) which can be calculated from air and water temperature, flow, wind speed,
water depth and location viz:𝑅𝑅 =

𝐻𝐻 �𝑄𝑄𝑛𝑛𝑛𝑛𝑛𝑛

𝑈𝑈 3
𝛼𝛼𝛼𝛼
2𝑄𝑄
− 𝐻𝐻𝐻𝐻 𝑖𝑖 � 𝜌𝜌𝐶𝐶
𝑑𝑑
𝜌𝜌

Where:
U = depth averaged velocity (input would be flow - need conversion from volume/day to
velocity)
H= Water depth (direct input)
α = thermal expansion coefficient which is based on water temperature
g = gravity acceleration (constant - 9.8 m/s2)
ρ = density of water which is temperature dependent
Kd = attenuation co-efficient
Qi = net downward short-wave radiation.
Qnet = net surface heat flux into the water column ; Qnet = Qi - QB - QS -QE
Qi = net downward short-wave radiation calculated by
Qi = 900*sinβ
where:
Sinβ = sinφ∗sinδ + cosφ∗cosδ∗cosh
φ = latitude (-ve in southern hemisphere)
δ = solar declination = 23.4 cos[360(tj + 10)/3645]
tj = Julian date
h = angle hour = 15(12-t)
t = apparent solar time
QB = upward long-wave thermal radiation and can be calculated
QB = 5.54 x 10-8 (Ts +273.16)4 * (0.39 - 0.05ea1/2)
where:
Ts = surface water temperature (oC)
ea = vapour pressure of water, which varies with temperature
QS = upward sensible heat flux and can be calculated
Qs = CpρaCHW(Ts - Ta)
where:
CP = specific heat capacity of air
ρa = density of air - varies with temp and pressure
CH = dimensionless exchange co-efficient for sensible heat exchange.
W = wind speed (m/s)
Ts = surface water temperature (oC)
Ta = air temperature
QE = Heat flux due to evaporation
QE = LvρaCEW(qs - qa)
where:
Lv = latent heat of evaporation (a constant)
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ρa = density of air
CE = dimensionless exchange co-efficient for sensible heat exchange.
W = wind speed (m/s)
qs and qa = specific humidity calculated from surface 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.
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Appendix 2: Standard operating procedure
Standard Operating Procedure: Water quality monitoring to
determine the efficacy of aerators deployed in the lower Darling
River over the Summer of 2019/20
1. Purpose of this document
In anticipation of further fish deaths in the lower Darling River over the coming summer, the
NSW Department of Primary Industries (DPI-Fisheries) and Murray-Darling Basin Authority
(MDBA) intend to deploy a number of pump/aerator systems in pools in Lake Wetherell, in
the weir pool above Weir 32 and in persistent pools below Weir 32. The purpose of this
document is to provide details of the monitoring program to be undertaken to assess the
efficacy of the aeration program.
Three types of pump/aerator systems are set to be deployed:
• Commercially sourced diesel-electric multi-port aerators ("Pontoons") with a power
consumption of between about 5.5 - 7.5 kW. A total of 4 of these systems will be
deployed (Table 1).
• Single-venturi aerators powered by diesel-powered 12" pumps. The outlet (venturi)
will be placed several hundred metres upstream of the inlet. Four of these systems
will be deployed.
• Single-venturi aerators powered by diesel-powered 26" pumps. Two of these
systems will be deployed.

2. Objectives of the monitoring program:
The objectives of the monitoring program are 12 to determine:
•

whether or not the aerators can be turned on without causing catastrophic
destratification. If the waterbody where the aerators are thermally-stratified, initial
operation of the aerators could lead to localised destratification and, potentially, deoxygen of the water column. Therefore, one objective of the monitoring program is
to assess the risk of initially turning on the various aeration systems.

•

the zone of influence of the venturi aerator including the extent that the aerator can
suppress the formation of a thermocline and prevent hypoxia in bottom waters.

12

Determining the extent the aerators prevented fish deaths in the event of hypoxia following
destratification could be also considered as part of the overall monitoring effort in the lower Darling River
in 2019/20, but is outside the scope of this document.
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•

the effectiveness of the venturi aerator in maintaining an oxygenated zone following
destratification events.

3. Monitoring Approach
3.1. Sites
Every site where an aerator is deployed will be called a LOCATION. Each location will be
given an unambiguous name, by sequential numbering from the most upstream location to
the most downstream starting with LDA1 13 to LDA12 - See Table 1. The exact position of the
aerator outlet needs to be determined using GPS, recorded and sent to the Central Data Coordinator (see below).
Location

Site description

Aerator
type

Monitored
by

LDA1
LDA2

Viewmont Station
Windale Station

Pontoon
Pontoon

LDA3

Lake Weatherallcutting
Menindee pump
station
Weir 32_weirpool

26"

Contractor
Citizen
science
Citizen
science
Contractor

LDA4
LDA5
LDA6

Pontoon

Total no.
of
stations
5
5

0

9

0

5

Reference
site
26"

Contractor

1

1

Contractor

4

8

Pontoon

Citizen
science
Citizen
science
Citizen
Science
DPI Fisheries
DPI Fisheries
To be
determined

0

4

0

3

0

3

1

1

3

3

0

3

LDA8

Paul Gross Private
Property
Weir 32_ D/S
refuge pool
Karoola Station

LDA9

Moorara Station

12"

LDA10

Kampana Station

LDA11

Kampana Station

Reference
site
12"

LDA12

Jamesville Station

12"

LDA7

No. of
Thermistor
chains
3
0

12"

Table 1: Locations for the aerators to be installed in the Lower Darling River. Locations
highlighted in Green will be monitored on a weekly basis, all other locations will be
monitored on an ad hoc basis.

13

LDA = Lower Darling Aerator
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At each Location a series of STATIONS needs to be established. The preferred placement of
each of the Stations can be found in Appendix 1.
The Stations should ideally be located in the deepest part of the channel (which has
preferably located using a depth sounder). The Stations should be marked by a small buoy
(e.g. 150 mm polystyrene float) attached to an anchor (e.g. a house brick or half-sized
concrete block) by rot-resistant rope. The position of each Station needs to be determined
by GPS, recorded and the location sent to the Central Data Co-ordinator. Each Station will
be given an unambiguous name consisting of the Location name, the distance the station is
from the aerator in metres, and whether the station is upstream (U) or downstream (D) of
the aerator (e.g. LDA1_50D). The Station number should be written in permanent marker
on the buoy.
Dissolved oxygen concentration and temperature at each Station is measured with a
handheld metre. Additionally, at selected stations temperature will also be measured and
logged using thermistors deployed through the water column.
3.2. Equipment
Temperature and dissolved oxygen will be measured periodically through the water column
using an electronic hand-held water quality meter equipped with an optical dissolved
oxygen probe and electronic thermometer attached to the metre by at least 5 metres of
cable. The cable should be marked to show depth of 10 cm (measured from the tip of the
probe), then 0.5m. 1.0 m, 1.5 m, 2.0m etc. The system should be calibrated, used, and
stored between measurements, according to manufactures instructions. Unless specified by
the manufacture, the optical dissolved oxygen probes should be calibrated at least once
every four weeks.
Continuous temperature loggers (thermistor chains) should also be deployed at a number of
Locations/Stations. Preferred locations of the thermistor chains are presented in Appendix
1. The thermistor chain consists of an anchor weight (e.g. house brick or half-sized concrete
block) attached to a float (e.g. 250 mm polystyrene balls) by both a rope of suitable breaking
strain as well as plastic chain. The thermistors14 are attached to the plastic chain using cable
ties. Each chain will have 5 thermistors attached. The depth of each thermistor will depend
on the depth of the site - Table 2. The first thermistor should be placed 10 cm below the
float, the last thermistor should be placed 0.5 m above the bottom. The middle (3rd)
thermistor should be located at mid-depth. The 2nd and 4th thermistors are placed midway
between the 1st and 3rd, and 3rd and 5th thermistors, respectively.
Maximum
depth
3.0 m
4.0 m
5.0 m
6.0 m
14

Thermistor 1

Thermistor 2

Thermistor 3

Thermistor 4

Thermistor 5

0.1m
0.1 m
0.1 m
0.1 m

0.75 m
1.0 m
1.25 m
1.5 m

1.5 m
2.0 m
2.5 m
3.0 m

2.0 m
3.0 m
3.75 m
4.25 m

2.5 m
3.5 m
4.5 m
5.5 m

HOBO Pendant MX temperature loggers.
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7.0 m
0.1 m
1.75 m
3.5 m
5.0 m
6.5 m
8.0 m
0.1 m
2.0 m
4.0 m
5.75 m
7.5 m
Table 2: Approximate location of thermistors on the thermistor chain, based on the depth
of the site.
3.3. Thermistor deployment
A series of thermistor chains will be deployed at each of five Locations15:
• One Location with a multi-port aerator (LDA6; with three thermistors chains);
• One Location with a 12'pump and venturi (LDA10; with three thermistor chains);
• One Location with the 26" pump and venturi (LDA5; with4 thermistor chains) and
• Two control Locations (LDA4 and LDA11; with one thermistor chain at each location).
The thermistors should be programmed to log temperature every 15 minutes (see
manufacturer's instructions for details). The date and time of deployment of each
thermistor chain should be noted as well as the serial number and depth deployed for each
individual thermistor in the chain. A model worksheet is included in Appendix 2. This
information should be sent to the central data co-ordinator as soon as practicable after
deployment of the thermistor chains.
Following retrieval, each thermistor should be placed in a separate ziploc bag on which is
written in permanent marker:
• The Location,
• Station number
• The depth the thermistor was deployed at
• The thermistors serial number
• The date and time of retrieval.
As soon as practicable the data on each thermistor should be downloaded (see
manufacturer's instructions for details), and stored into files whose labels unambiguously
include the Location, Station number and depth the thermistor was deployed at.
3.4. Depth Profiles
3.4.1 Method
Unless otherwise indicated in Section 3.3.2.1, at each Station at a Location, temperature
and dissolved oxygen should be measured using the hand held-probe at depths of 0.1m. 0.5
m, 1.0m, 1.5m etc. until the probe reaches the bottom of the channel. The temperature
and dissolved oxygen concentration (in mg/L) as well as other relevant data should be
recorded (legibly) on a data sheet (see Appendix 3) that has been printed on to water proof
paper. As soon as practicable (but within 24 hours) the data needs to be scanned and
emailed the central data co-ordinator (discussed below).
A series of other observations also need to be recorded on the data sheet including:
• Weather conditions at the time of sampling (sunny/cloudy; approximate wind speed
and direction; evidence of rain)
15

For a total of 12 thermistor chains.
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•
•
•
•

Whether blue-green algal scums are present
Approximate number of birds known to eat fish ( in particular cormorants, pelicans
and sea eagles)
Are dead fish present
Fish behaviour

3.4.2. Sample scheduling and effort
Depth profiles will be needed to be taken during three scenarios:
• Prior to turning on the aerators, or on restarting the aerators after they have been
turned off for a period of longer than 48 hours;
• Routine monitoring at a frequency of at least weekly until initial data is assessed;
• If the maximum daily air temperature is forecast to fall by 8 oC between two
consecutive days.
Prior to turning on the aerators, or on restarting the aerators after they have been turned off
for a period of longer than 48 hours: As noted, there is a risk that the initial operation of the
aerators could result in pool destratification and potential hypoxia. Therefore, immediately
prior to the commencement of aeration dissolved oxygen concentration depth profiles
should be taken at three sites in the pool. For multi-port venturi systems, the sites should
be immediately adjacent to the aerator and the deepest parts of the channel 50 metres
upstream and downstream of the aerator. For the single venturi aerators, the sampling
sites should be at the inlet and outlet points as well as a point midway between the two.
Dissolved oxygen concentrations (in mg/L) should be measured at 0.5 metre intervals
throughout the water column, starting at 0.5 metres below the surface. The approximate
dissolved oxygen concentration that would occur at each site can be estimated by summing
the concentrations measured and then dividing by the number of measurements. 16 If the
estimated dissolved oxygen concentration if destratification did occur is less than 3 mg/L,
then there is a real risk that turning on the aerators could lead to adverse outcomes for the
fish community.
Routine monitoring: Locations should be sampled initially at least once per week at sites
monitored by the Contractor or DPI- Fisheries while the aerators are in operation. For those
sites being monitored by citizen scientists weekly sampling is preferred, but less frequent
sampling is acceptable. Note the frequency of sampling and number of stations being
sampled may change following an initial review of the monitoring data. It is preferable to
sample each individual Location at approximately the same time each week; and preference
should be given to morning sampling.
If the maximum daily air temperature is forecast to fall by 8 oC or more between two
consecutive days: During the 2018/19 sampling program destratification events occurred at
many sites when the maximum daily air temperature fell by 8 oC or more between two
consecutive days. Therefore, in order to determine the efficacy of the aerators it is
important to understand how they perform during destratification events. Therefore,
For example, if the pool is 2.5 metres deep and the dissolved oxygen concentrations through the profile
were 10 mg/L at 0.5 m, 10 mg/L at 1 m, 5 mg/L at 1.5 m, and 1 mg/L at both 2 and 2.5 m the concentration of
dissolved oxygen on turnover would be (10 + 10 + 5 + 1 +1)/5 = 5.4 mg/L
16
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Locations should be sampled on the day preceding the predicted fall in daily airtemperature, and the day of the cool change. It is possible that not all Locations can be
sampled in this time-frame. In that case, at least one Location with a multi-port aerator,
one Location with a 12" pump and venturi, and one Location with the 26" pump and venturi
should be sampled. The central data co-ordinator will inform samplers if and when this
additional sampling will need to occur.

4. Central data co-ordinator

The Central Data Co-ordinator for the monitoring program is Rivers and Wetlands (email:
darren@riversandwetlands.com.au; telephone/SMS: 0431449711). Data can be sent either
as an Excel file or as an image of the data sheets. Within 48 hours of receiving the data the
co-ordinator will issue a brief report on the operation of the aerators, and any suggested
changes to the monitoring program.
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Appendix 1:
Table A1: Location of sampling STATIONS
Location Station #
LDA1
LDA1_1000U
LDA1_5D

LDA2

LDA3

Approximate Coordinates
-32.162163°, 142.782585°
-32.170340°, 142.785808°

LDA1_25D

-32.170415°, 142.785649°

LDA1_50D

-32.170582°, 142.785416°

LDA1_100D

-32.170874°, 142.785027°

LDA2_5D

-32.292069°, 142.643541°

LDA2_25D

-32.292284°, 142.643509°

LDA2_50D

-32.292467°, 142.643436°

LDA2_100D

-32.292908°, 142.643146°

LDA2_900D
LDA3_Cutting 1

-32.292823°, 142.634923°
-32.299671°, 142.525006°

LDA3_Cutting2
LDA3_750U
LDA3_200U
LDA3_250D
LDA3_750D
LDA3_2000D
LDA3_3000D

-32.299035°, 142.526152°
-32.303671°, 142.532050°
-32.300764°, 142.528299°
-32.297675°, 142.525507°
-32.292593°, 142.522691°
-32.298897°, 142.518224°
-32.302430°, 142.524658°

LDA3_3500D

-32.305297°, 142.524689°

Comments
Reference site
5 metres
downstream of
aerator
25 metres
downstream of
aerator
50 metres
downstream of
aerator
100 metres
downstream of
aerator
5 metres
downstream of
aerator
25 metres
downstream of
aerator
50 metres
downstream of
aerator
100 metres
downstream of
aerator
Reference site
Approx. 25
"upstream" of
the outlet in the
cutting

Thermistor
Yes
Yes

Yes

Approx. 25
metres
downstream of
the inlet
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LDA4

LDA5
LDA6

LDA7

LDA8

LDA4_1500U
LDA4_5D

-32.387231°,142.448003°
-32.388704°, 142.431538°

LDA4_25D

-32.388863°, 142.431488°

LDA4_50D

-32.389113°, 142.431440°

LDA4_100D

-32.389459°, 142.431456°

LDA5_Control
LDA6_250U
LDA6_25D

-32.408398°, 142.376571°
-32.412422°, 142.382417°
Approx. -32.414583°,
142.380062°

LDA6_175D
LDA6_500D
LDA6_1000D
LDA6_1500D
LDA6_ 2300D

-32.414437°, 142.378449°
-32.415320°, 142.375654°
-32.413703°, 142.370601°
-32.417498°, 142.376879°
Approx. -32.417467°,
142.383075°

LDA6-2500D
LDA7_5D

-32.418888°, 142.382527°
-32.437797°, 142.379923°

LDA7_25D

-32.438102°, 142.380089°

LDA7_50D

-32.438423°, 142.380227°

LDA7_100D

-32.438740°, 142.380325°

LDA8_5D

-32.929305,142.362460

Reference Site
5 metres
downstream of
aerator
25 metres
downstream of
aerator
50 metres
downstream of
aerator
100 metres
downstream of
aerator
Reference Site
Approx. 25
metres
downstream of
outlet

Yes
Yes

Yes
Yes

Approx. 25
metres
downstream of
inlet

Yes

5 metres
downstream of
aerator
25 metres
downstream of
aerator
50 metres
downstream of
aerator
100 metres
downstream of
aerator
5 metres
downstream of
outlet
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LDA9

LDA10
LDA11

LDA12

LDA8_40D

-32.928875, 142.363597

LDA8_80D

-32.929751, 142.362977

LDA9_5D

-33.212371, 142.371606

LDA9_40D

-33.212055, 142.371847

LDA_80D

-33.211803, 142.372159

LDA10
LDA11_5D

-33.655014, 142.382795
-33.682632, 142.383635

LDA11_20D

-33.682736, 142.383473

LDA11_40D

-33.682864, 142.383372

LDA12_5U

-33.716643, 142.306572

LDA12_40U

-33.716654, 142.306886

LDA12_80U

-33.716589, 142.307410

40 metres
downstream of
outlet
80 metres
downstream of
outlet
5 metres
downstream of
the outlet
40 metres
downstream of
the outlet
80 metres
downstream of
outlet
Reference
5 metres
downstream of
the outlet
20 metres
downstream of
the outlet
40 metres
downstream of
the outlet
5 metres
downstream of
the outlet
40 metres
downstream of
the outlet
80 metres
downstream of
outlet

Yes
Yes
Yes
Yes
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Figure A1: Preferred sites of sampling Stations at LDA1
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FigureA2: Preferred sites of sampling Stations at LDA2.

Figure A3: Preferred sites of sampling Stations at LDA3.
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Figure A4: Preferred sites of sampling Stations at LDA4, note the upstream control site in
the first panel.
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FigureA5: Preferred sites of sampling Stations at LDA5 and LDA6.
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Figure A6: Preferred sites of sampling Stations at LDA7.
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Figure A7: Preferred sites of sampling Stations at LDA8.
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Figure A8: Preferred sites of sampling Stations at LDA9.

Figure A9: Preferred sites of sampling Stations at LDA10.
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Figure A10: Preferred sites of sampling Stations at LDA11.
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Figure A11: Preferred sites of sampling Stations at LDA12.
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Appendix 2: Thermistor Chain Worksheet
A model data worksheets for thermistor deployment is attached. The worksheet is available
as a Word documents. Multiple copies of the worksheet should be printed onto waterproof
paper. A separate worksheet should be used for each thermistor chain. The time that each
thermistor is activated (commences to log) should be recorded in addition to the depth the
individual thermistor was deployed at, and its serial number. Data should be entered either
using a pen with waterproof ink (preferable) or a pencil.
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Location: LDA
Station #:
Date:
Maximum Depth:
Time Thermistor Chain Deployed:
Thermistor #
1

Serial Number

Depth below
surface
(m)

Thermistor
activated
(Date and Time)

2
3
4
5
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Appendix 4: Depth-Profile Worksheet
A model data worksheets for thermistor deployment is attached. The worksheet is available
as a Word documents. Multiple copies of the worksheet should be printed onto waterproof
paper. A separate worksheet, or set of worksheets, should be used for each Location. On
the worksheet record:
•
•
•
•

The Location
The date
The time that sampling commenced and ended at the location
The person/people who undertook the sampling.

For each depth profile record:
• The Station number (in full)
• The depth the measurement was taken in metres
• The dissolved oxygen concentration (in mg/L) and'
• The temperature (in oC)
Please leave a gap of at least one row between the different records for different stations.
A section is available to record any comments or observations.
Data should be entered either using a pen with waterproof ink (preferable) or a pencil.
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Page __ of __

Location: LDA
Date:
Time commenced:

Time ended:

Sampled by:
Station #

Depth
(m)

Dissolved Oxygen
(mg/L)

Temperature
(oC)

Observations:

Weather conditions:
Blue-green algal scums present?
Approximate number and type of fish-eating birds present:
Are dead fish present/ how many:
Fish behaviour:
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Appendix 3: Predicted vs actual stratification and destratification events
Week Beginning
9/12/19

Report Prepared
14/12/19

Prediction
Destratification or
deepening 23/12/19

16/12/19

19/12/19

Destratification or
deepening 23/12/19

23/12/19

26/12/19

29/12/19

2/1/20

5/1/20

9/1/20

12/1/20

17/1/20

19/1/20

23/1/20

26/1/20

1/2/20

Destratification or
deepening 31/12/19
Cool Change occur on
5/1/12. Risk of Fish
deaths low
Onset of stratification on
about 14/1/20 and last
until 24/1/20, most
likely longer
Breakdown of
stratification on
18/1/20. Onset of
stratification about
25/1/20 - lasting at least
until 1/2/20
Onset of stratification
about 25/1/20 - lasting
at least until 1/2/20
Breakdown of
stratification on 2/2/20.
"The turnover will most
likely not lead to
substantial fish kills in
Lake Wetherell." The risk
of fish deaths in Weir 32

Observation at LDA5
Significant deepening of
stratification on
22/12/19
Significant deepening of
stratification on
22/12/19
Destratification occurred
on 31/12/19
The water column was
well mixed on 5/1/20.
Stratification began on
the 7/1/20 until
turnover on 19/1/20.
Destratification occurred
on 19/1/20.
Restratification began
on 23/1/20 and lasted
until 11/2/20.
Stratification began on
23/1/20 and lasted until
11/2/20.
Substantial deepening of
the thermocline in the
early morning of 3/2/20.
Ni fish deaths were
observed.
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2/2/20

6/2/20

9/2/20

14/2/20

16/2/20

20/2/20

23/2/20

27/2/20

1/3/20

5/3/20

is moderate.
..........extensive fish kills
will only occur [In Weir
32 eir pool] if the
dissolved oxygen load
significantly worsens
between the date of
sampling (31st January)
and onset of
destratification"
Low likelihood of fish
deaths over the next 1014 days

Period of stratification
until 19/2/20 or
20/2/20.
No water quality issues
at least until 6/3/20
There should have been
a deepening of the
surface mixed layer on
27/2/20. A period of
stratification should
then persist for the next
10 days or so.
Water column should
remain well mixed for
the 14 days.

Following the deepening
of the thermocline on
3/2/20, total mixing
occurred on 11/2/20.
This was followed by a
brief period of
stratification.
Stratification lasted from
11/2/20 until 18/2/20.
Non were identified.
Destratification occurred
on 27/2/20.
Restratification started
on 7/3/20 and persisted
for 7 days.
Restratification started
on 7/3/20 and persisted
for 7 days. However, a
substantial deepening of
the mixed layer occurred
on 9/3/20
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8/3/20

12/3/20

No prolonged period of
stratification in the next
fortnight.

15/3/20

19/3/20

22/3/20

26/3/20

A period of weak to
moderate stratification
up until 20/3/20
No predictions

Stratification started on
15/3/20 and lasted until
14/3/20. Because of
logger issues it is not
known if there was a
deepening of the
thermocline.
Stratification started on
15/3/20 and lasted until
22/3/20.
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