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Field trials to determine the efficacy of aerators to mitigate
hypoxia in inland waterways
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Abstract. Following a series of fish deaths in the lower Darling River in the austral summer of 201819, several field trials
were undertaken over two summers to determine the efficacy of various aerators to mitigate the effects of hypoxia to prevent
fish deaths. The aerators evaluated included: low-powered, solar bubble-plume diffusers; high-flow, single-port Venturi
systems; pontoon-mounted multi-port Venturi systems; and an ultra-fine bubble generator. The effectiveness of bubble
diffusers appears related to their power, the number of units used and their running time. Pontoon-mounted multi-port Venturi
aerators and high-flow, single-port Venturi aerators were much more successful in maintaining oxygen levels and may have
prevented fish deaths in the Darling River in early 2019. However, the Venturi aerators were expensive to run, consuming
hundreds to thousands of litres of diesel fuel per week. Trial of an ultra-fine oxygen bubble pump showed promise because it
supersaturated the water with dissolved oxygen while not elevating total gas pressure to levels that would cause gas-bubble
trauma in fish. Although aerators may play a role in emergency responses to hypoxic fish deaths, they have limitations

regarding their area of influence (at best thousands of square metres) and their cost to deploy and operate.
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Introduction

Most of inland Australia is either arid or semi-arid. As a result,
many Australian inland lowland rivers are intermittent: during
periods of drought they cease to flow, reducing to a series of pools
or becoming totally dry on occasion. Like other intermittent rivers
and ephemeral streams elsewhere in the world (Gomez et al. 2017),
ephemeral rivers in Australia are susceptible to periods of poor
water quality (Baldwin 2020a), especially periods of low oxygen
concentrations in the water column. Hypoxia (low concentrations
of dissolved oxygen, DO) and anoxia (no DO) have contributed to a
significant number of fish deaths in inland Australia. Recent
examples include substantial fish deaths following the recom-
mencement of flows in the Darling River in 2004 (Ellis and
Meredith 2004), flooding in the Murray River in 2010 (King ef al.
2012; Whitworth et al. 2012) and a series of three fish kill events in
the Darling River during the summer of 2018-19 that resulted in
millions of dead fish (Vertessy et al. 2019). There was also a fish
kill in the Murrumbidgee River that coincided with the last of the
three fish death events in the Darling River (Baldwin 2019a).
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There are numerous ways that DO concentrations in inland
waterways can fall to levels that are lethal to fish, generally
thought to be between 2 mg O, L' (Gehrke 1988) and
3 mg O, L™! (Small et al. 2014) for large-bodied Australian
native fish. The 2010 deaths in the Murray River and its tributaries
were caused by hypoxic blackwater (Whitworth et al. 2012),
generated by the inundation of flood plain that had remained dry
for several years. Dissolved organic carbon was leached from
both live and dead vegetation on the flood plain. The dissolved
organic carbon was consumed by bacteria, in turn consuming
oxygen. The rate of oxygen replenishment from the atmosphere
was less than the rate of oxygen consumption, resulting in a deficit
in oxygen concentrations in the water column.

The 2018-19 fish deaths in the lower Darling River in New
South Wales (NSW), Australia, were caused by hypoxia in the
water column following destratification (Baldwin 20195).
Under low- and no-flow conditions the water column in a river
channel can become thermally stratified. Thermal stratification
is caused by the differential heating of surface water compared

www.publish.csiro.au/journals/mfr


https://orcid.org/0000-0002-5355-6745
https://orcid.org/0000-0002-5355-6745
https://orcid.org/0000-0002-5355-6745
https://orcid.org/0000-0002-6434-2937
https://orcid.org/0000-0002-6434-2937
https://orcid.org/0000-0002-6434-2937
https://orcid.org/0000-0002-0051-5114
https://orcid.org/0000-0002-0051-5114
https://orcid.org/0000-0002-0051-5114
https://orcid.org/0000-0001-5512-4498
https://orcid.org/0000-0001-5512-4498
https://orcid.org/0000-0001-5512-4498
http://creativecommons.org/licenses/by-nc-nd/4.0/

212 Marine and Freshwater Research

with bottom water (hypolimnion). The surface water absorbs
heat and so becomes less dense and floats on the cooler bottom
waters. Oxygen consumption by microbes in the sediment
removes oxygen in the bottom waters. Because the bottom
waters are not mixing with surface waters, reoxygenation from
the air does not occur, which can lead to hypoxia in the
hypolimnion. During a mixing event, the hypolimnic water
mixes with the surface layer, which can lead to hypoxia
throughout the water column.

Other factors that can lead to hypoxia in inland waterways
include algal blooms and the disturbance of acid sulfate soils.
During a large algal bloom, the DO concentration can change
from supersaturation to near hypoxia in a 24-h period as the
algae shift from photosynthesis during the day to respiration at
night (see McDonnell and Kountz 1966). Inland acid sulfate
soils have only relatively recently been recognised as an issue in
inland waterways (Environment Protection and Heritage Coun-
cil and the Natural Resources Management Ministerial Council
2011). They are formed when bacteria use sulfate as an electron
acceptor during anaerobic respiration. Sulfate is reduced to
sulfide, which, in turn, reacts with metal ions to form mineral
sulfides. If the sulfidic sediments are exposed to oxygen they are
oxidised, consuming oxygen in the process. In extreme cases
this can lead to hypoxia (e.g. Sullivan et al. 2002).

There are several intervention strategies that may be used to
minimise the impact of hypoxia on fish communities, including
flow manipulations (e.g. Watts et al. 2018), chemical amelior-
ants (e.g. Dunalska er al. 2015) and physical oxygenation
(Whitworth et al. 2013). Although the use of these strategies
is common in aquaculture, their deployment in response to
potential or actual fish deaths in river systems is much rarer.
When interventions are undertaken, they tend to be reactive and
often are not accompanied by a robust monitoring program to
determine their efficacy. A series of massive fish deaths in the
lower Darling River in December 2018 and January 2019 caused
by destratification of a disconnected weir pool (Baldwin 20195)
initiated an emergency response with the objective of protecting
fish in other disconnected pools until flows in the system
returned. A desktop review (Boys et al. 2021) led to several
different mechanical aeration and mixing devices being
deployed immediately into the lower Darling River because
they were considered to be of low environmental risk and were
could be deployed quickly in remote areas by government staff
and members of the general public without extensive technical
expertise or training. The deployments were to be treated as pilot
trials and their effectiveness monitored. The aerators were
deployed from January to April 2019 and again over the
subsequent summer of 2019-20. An additional aerator trial
was performed by WaterNSW in the summer of 2019-20 to
protect refuge pools in a section of the lower Macquarie River
that was considered at high risk of fish deaths. Furthermore, a
pilot trial of an ultra-fine oxygen-bubble pump was undertaken
in a small pond at a government native fish hatchery. This paper
presents a synthesis of these quasi-independent trials in order to
assess the effectiveness and limitations of various aerator
technologies in mitigating hypoxia in semi-arid lowland rivers
with the specific aim of progressing our understanding on how to
respond to future events. These studies were chosen because in
each instance a robust monitoring program was implemented as
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a part of the aerator deployment and reference stations (without
aerators) were included in the study design.

Materials and methods
Overview

This synthesis considers the results of four quasi-independent
trials of aerators at three locations in the Murray—Darling Basin
(Fig. 1) during the period from January 2019 until April 2020.
Various aerators were deployed in the individual trials (Table 1),
including:

« high-volume, single-port Venturi aerators, which used a high-
volume water pump (either 30.5 or 66 cm) to push water
through a single-port Venturi aerator

multi-port Venturi aerators, which were composed of a pump
on a floating pontoon. The pump draws water from a depth of
~1 m and discharges the water onto the water surface through
either four or six Venturi outlets at a rate of between 2 and
8 ML day !

« solar-powered bubble diffusers with or without battery stor-
age, which pump air through diffusers placed at the bottom of
the waterbody, creating a bubble plume that rises to the
surface, entraining water in the process

ultra-fine bubble-injection pumps, which create bubbles with
a diameter <1 pm that persist in the water column.

Darling River, February—May 2019

Following successive fish deaths in the Darling River in 2018
and early 2019, aerators were deployed in the lower Darling
River in early 2019 for a period of up to 3 months (see Table S1
of the Supplementary material). The aerators deployed included
commercially available multi-port Venturi aerators (with a
power output of between 5.5 and 7.5 kW) powered by diesel—
electric generators, a diesel-powered 30.5-cm water pump
pushing water through a single-port Venturi aerator at a rate of
10-15 ML day ' and several low-powered (~0.5 kW) solar
bubble-plume diffusers.

A multi-port Venturi aerator was installed in each of two
isolated pools, one immediately downstream of Weir 32 on the
Darling River near Menindee NSW (2019-A) and one ~600 m
downstream of Weir 32 (2019-B). These pools were selected for
aerators because fish moving upstream had aggregated in them
in late 2018 before the complete cease of flow in January 2019.
A reference station without an aerator (2019-C) was established
in a third residual pool ~1.4 km downstream of Weir 32.

A 30.5-cm water pump connected to a purpose-built Venturi
aerator was installed upstream of a block bank on the Darling
River at Karoola Station in January 2019 (Table S1). Water was
pumped across a narrow strip of land, then through a single-port
Venturi aerator to an outlet point (2019-D; Fig. S1 of the
Supplementary material). A solar-powered bubble-plume dif-
fuser (2019-E) was also deployed in the same pool, ~3400 m
downstream of 2019-D. The efficacy of the aerators in the
Karoola block bank pool were determined by comparing water
quality near the aerators with a reference station in the same
block bank pool located approximately equidistant between the
two units (2019-F; Fig. 2). A solar-powered aerator (2019-G)
and upstream reference station (2020-H) were established in
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Fig. 1. Location of the field trials of aerators described in this study.

Table 1. Aerator types assessed in the present study

Aerator type

Darling River,
Jan.—May 2019

Darling River,
Dec. 2019-Apr. 2020

Study

Narrandera Fisheries Centre,
Mar.—Apr. 2020

Macquarie River,
Oct. 2019-Jan. 2020

High-volume, single-port Venturi aerator

30.5 cm +

66 cm -
Multi-port Venturi aerator +
Solar-powered bubble-plume aerator

Without battery +

With battery -

Ultra-fine bubble-injection pump -

Pooncarie Weir Pool. A solar-powered bubble-plume diffuser
was also deployed in an isolated pool upstream of Burtundy
(2019-1) and its efficacy was compared with a reference station
in a pool a further 4 km downstream (2019-J).

Sampling at each site was undertaken either weekly or every
2 weeks from February until April or May depending on the site
(Table S1), with the exception that 4 weeks elapsed between the
second-last and last sampling trips as a result of rainfall and road

closures. At each sampling site, temperature, DO concentration,
electrical conductivity and pH were measured at 0.5-m intervals
throughout the water column. At each of the aerator sites
additional measurements were taken along longitudinal trans-
ects to capture the extent of the influence of the aerators. At four
sites (2019-D, 2019-F, 2019-G and 2019-H) D-Opto loggers
(Zebra Tech) were deployed beneath the surface and just off the
bottom of the pool. The D-Opto loggers were programmed to
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Fig. 2. Sampling locations in the treatment (Pond 30) and reference
(Pond 29) pools for the deployment of the micro-bubble aerator at Narran-
dera Fisheries Station.

measure DO concentration and water temperature every 15 min.
The loggers were retrieved on every sampling trip, cleaned and
then redeployed. This meant that, with the exception of the
last sampling trip, the loggers were deployed for no longer than
~1 week between cleaning.

Darling River, December 2019-April 2020

Pontoon-mounted multi-port Venturi aerators were deployed in
Lake Wetherell (2020-A) and in Weir 32 (2020-C) from late
November 2019 to March 2020 (Table S1). Temperature and
DO concentration profiles were determined at stations 5, 25, 50
and 100 m immediately downstream of each aerator and at ref-
erence stations between 1000 m (2020-B) and 1500 m (2020-D)
upstream of aerators 2020-A and 2020-C respectively.

A 66-cm water pump and Venturi aerator were deployed in the
Weir 32 weir pool (2020-E; Table S1). Water was piped from a
point ~2300 river metres downstream of the outlet at a rate of
70-100 ML day ' to the Venturi acrator outlet across a narrow
strip of land on an elongated bend in the river (analogous to
Fig. S1). DO and temperature profiles were collected at a series of
eight stations starting 250 m upstream of the Venturi aerator outlet
and ending at a station 200 m downstream of the Venturi aerator
inlet (a total distance of ~2.5 river kilometres). A reference
station 2020-F was located 1500 m upstream of the aerator.

Sampling occurred at all sites at least weekly, typically
between 0800 and 1000 hours Australian Eastern Summer Time.
DO and temperature profiles were measured using a YSI
ProSolo meter. In addition, a thermistor chain was deployed at
2020-F. The 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 end.

D. S. Baldwin et al.

The top thermistor was 0.1 m below the surface and the
bottom thermistor was 0.5 m above the sediment (at a depth of
3.5 m); the other three thermistors were placed at 1.05, 2 and
2.75 m. (Thermistor chains were also deployed at 2020-A,
2020-B, 2020-C, 2020-D and 2020-E, but relevant thermistors
either failed or the chain was lost during river re-start; for further
details, see Baldwin 20205.)

Macquarie River, October 2019-January 2020

Solar-powered bubble-plume diffusers were deployed in a
section of the Macquarie River ~35 km downstream of
Warren. This section of the Macquarie River had ceased to flow
from late September 2019 and had become a series of dis-
connected refuge pools that were considered at high risk of
stratification and the development of cyanobacterial blooms in
the 2019-20 summer. The diffusers were deployed in three
pools ~4-4.5 m deep and 50-100 m long. The pools were
selected for aeration based on advice from the state fisheries
department relating to their predicted persistence throughout
the summer. Three non-aerated pools were also monitored as
reference sites for comparison.

At each aerated pool, two solar-powered bubble-plume
diffuser units were positioned on the riverbank and each unit
was connected to two ring diffusors that were placed in the
deeper channel sections of each pool. The aerator units were
operated on an alternating 12-h timer cycle to allow for contin-
uous aeration while each battery unit was charging.

An initial round of baseline sampling was performed for all
monitored pools from 29 to 31 October 2019, immediately
before aerator installation, which took place on the same dates.
After the aerators were installed, monitoring was conducted
approximately fortnightly until late January 2020, when an
inflow event reconnected the refuge pools. Temperature and
DO readings were taken at the deepest part of each pool with an
EXO multiparameter sonde (Xylem) at depths of 0.2 and 0.5 m,
and then at further 0.5-m intervals to the maximum depth of
the pool.

Narrandera Fisheries Centre, March-April 2019

A pilot experiment was conducted involving a proprietary ultra-
fine (bubble diameter <1 pm; ISO 20480-1, International
Organization for Standardization 2017) bubble-injection pump
(HeliX1 Custom Fluids, Melbourne, Vic., Australia). The unit
(600 mm wide x 750 mm high x 850 mm long) consists of a
pump (originally 300 L min~', but upgraded to ~480 L min~")
and an oxygen condenser, with a combined power requirement of
2900 W (240 V). The condenser injected oxygen (>90% purity)
at 20 PSI at a rate of up to 10 L min~'. The proprietor states that
this results in a DO gas weight of 12960 L day ™' at a standard
oxygen transfer efficiency of 90% (although this was not con-
firmed during the trial). During the trial, the configuration and
operation of the unit were altered in an attempt to improve
functionality, and these changes have been noted in the Results.

The experiment was conducted in two un-stocked hatchery
ponds (Ponds 29 and 30) at the NSW Department of Primary
Industries Narrandera Fisheries Centre between March and
April 2019. Throughout the trial the prevailing daytime mean
air temperature was 25°C (range 14-32°C) and the mean wind
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Fig. 3. (a) Water temperature and (b) surface dissolved oxygen concen-

trations at the reference station 2019-F in the pool formed by the temporary
block bank at Karoola on the Darling River. The dashed line in panel
(b) represents the putative lethal concentration below which large-bodied
Australian native fish die. Modified from Baldwin (2019b) licenced from the
Murray—Darling Basin Authority under a Creative Commons Attribution 4.0
Australia Licence.

speed was 12 km h™' (range 3-22 km h™"). The ponds were of
similar dimension (Pond 29: 120 m long, 25 m wide, mean depth
1.2 m, volume 3 ML; Pond 30: 118 m long, 24 m wide, mean
depth 1.3 m, volume 3.3 ML). The ultra-fine bubble pump was
set up at one end of Pond 30, whereas Pond 29 was left untreated
as a control. DO concentration (mg L"), temperature (°C) and
total dissolved gas (TDG) were measured along the thalweg at
stations spaced 10 m apart, starting at the pump (0 m) and
extending 100 m into the pond (Fig. 2). At each station,
measurements were taken at three depths: at the surface and at
depths of 0.5 and 1 m. Measurements were taken in the morning
and in the afternoon on 14 days over 52 days of the trial. DO and
temperature were measured with a hand-held Horiba U-50
Water Quality Checker (Horiba, Kyoto Japan). TDG was
measured with an In-situ Inc. (Fort Collins, Canada) TDG
pressure meter with a T900 probe. The probe measures TDG
pressure directly using the membrane diffusion method, report-
ing it as a percentage of atmospheric pressure. Using this method
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most closely models the behaviour of fish gills. To compare the
trend of DO concentration and TDG through time between the
two ponds, measurements were averaged across all stations and
depths for each date of measurement.

Results
High-volume, single-port Venturi aerators

High-volume, single-port Venturi systems were deployed in the
lower Darling River in both early 2019 and late 2019—early
2020. In both cases, the systems were deployed on a river bend,
with the inlet downstream of the outlet (where the Venturi
aerator was located).

In 2019 the system was driven by a 30.5-cm diesel-powered
pump capable of moving 10-15 ML day . It was deployed in an
extended pool created by a temporary block bank in the river. A
reference station (2019-F) was located ~1700 m downstream of
the Venturi aerator outlet. Continuous DO concentration and
temperature loggers at 2019-F showed the reference station under-
went six periods of stratification from the beginning of February to
the beginning of May 2019 (Fig. 3a): from 1 to 14 February; from
14 to ~20 February; from ~22 February to 13 March; from 16 to
26 March; from 2 to 10 April; and from 15 toil 26 April.

There were several hypoxic events (DO concentrations
<2 mg L") during this period (Fig. 3b): the night of 8-9
February for 5 h; the night of 9-10 February for 8.5 h; the
morning of 13 February for 2 h; the night of 13—14 February for
8 h; and the night of 13—14 March for 8 h.

In early 2019, the Venturi aerator suppressed thermal strati-
fication at the outlet. Although there were multiple periods of
thermal stratification at the reference station (Fig. 4) until the
aerator ceased operation (Fig. 4a, dotted vertical line), there was
only one brief period of stratification at the outlet of the Venturi
aerator in mid-February, which coincided with a period when
the aerator was turned off for maintenance (Fig. 4a). Further-
more, the thermal stratification was much weaker during this
period of stratification compared with that at the reference
station (see Fig. 3a). Unlike the reference station, before March
28 when the Venturi aerator was turned off, there were no
instances where hypoxia was observed at the surface near the
Venturi aerator outlet (Fig. 4b). Soon after operation of the
Venturi aerator ceased, hypoxia rapidly formed in the bottom
waters at this site (Fig. S2).

In summer 2019-20 a high-volume, single-port Venturi sys-
tem was deployed in Weir 32 weir pool (2020-E). This time the
system was driven by a 66-cm diesel-powered pump. A reference
station (2020-F) was located ~1500 m upstream of the Venturi
aerator outlet. Continuous temperature measurements showed
that the reference station (2020-F) was thermally stratified
(defined as a temperature difference between the surface and
bottom of 0.1°C; Bormans and Webster 1997) for periods longer
than 5 days on at least 9 occasions (Fig. 5). The weekly DO
concentration profile at the reference station broadly followed the
thermal stratification pattern (i.e. there were periods of hypoxia in
the hypolimnion during periods of thermal stratifications and
near-uniform oxygen concentrations throughout the water col-
umn following mixing; Fig. S3). However, at no stage did a
destratification event lead to hypoxia throughout the water
column at the reference station.
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Fig. 4. (a) Water temperature and (b) surface dissolved oxygen concen-
trations at the outlet of the high-volume, single-port Venturi aerator (Station
2019-D) in the pool formed by the temporary block bank at Karoola on the
Darling River. The dashed line in panel (b) represents the putative lethal
concentration below which large-bodied Australian native fish die. Modified
from Baldwin (2019b) licenced from the Murray—Darling Basin Authority
under a Creative Commons Attribution 4.0 Australia Licence.

The high-volume Venturi aerator at Station 2020-E could
maintain oxic conditions throughout the water column for a
distance of up to ~500 m downstream of the Venturi aerator
outlet. For example, on 31 January 2019 the water column at the
reference station was thermally stratified (Fig. 5) and the DO
concentration was hypoxic below a depth of ~2 m (Fig. 6).
However, the oxygen concentration at Station 2020-E was oxic
throughout the water column at both 25 and 175 m downstream
ofthe aerator (a depth of 3.5 m; Fig. 6). By 500 m downstream of
the aerator, the DO concentration at the deepest point measured
(2 m) was similar to that at the reference station.

Multi-port Venturi aerators

In early 2019, multi-port aerators were deployed in two adjacent
pools immediately downstream of Weir 32 on the Darling River
(2019-A and 2019-B). The next isolated pool downstream

D. S. Baldwin et al.
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Fig. 5. Differences in water temperature measured at depths of 0.1 m
(surface) and 3.5 m (bottom) at the reference station 2020-F in Weir 32 weir
pool in the Darling River. The horizontal dotted line indicates a temperature
difference of 0.1°C. The solid horizontal bars indicate periods of stratification.
Modified from Baldwin (20200) licenced from the Murray-Darling Basin
Authority under a Creative Commons Attribution 4.0 Australia Licence.
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(2019-C) was used as a reference pool. Following a period of
thermal stratification lasting for a period of ~7 days (see
Fig. S4), a cool change resulted in destratification of the
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Fig.8. Depth profiles of dissolved oxygen concentrations 10, 30 and 60 m
from the pontoon-mounted multi-point Venturi aerator at Station 2019-A,
taken following the cool change on 5 March 2019.

reference pool on 5 March 2019, which, in turn, led to hypoxia
throughout the water column (Fig. 7), causing the death of
several fish (G. McCrabb, pers. comm.)

Transects taken on the same day in the two pools with multi-
port aerators showed that although oxygen levels were low in
both pools, they were above levels known to be lethal for native
fish. For example, DO concentrations in 2019-A varied from
~3.7 mg L™ adjacent to the aerator to 2.8-3.2 mg L™ 60 m
away from the aerator (Fig. 8). In 2019-B, the multi-port aerator
could maintain an oxic zone adjacent to the aerator but the effect
dissipated with distance, with DO concentrations 100 m away
from the aerator at a depth of 1 m similar to those seen in the
reference pool (Fig. 9).

Multi-port aerators were also deployed in weir pools in the
Darling River during the summer of 2019-20. Although there
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were several periods of stratification leading to hypoxia in the
hypolimnion in both Weir 32 weir pool (adjacent to the township
of Menindee) and Lake Wetherell (the weir pool immediately
upstream of Weir 32 weir pool), subsequent weather-driven
destratification did not lead hypoxia throughout the water
column. However, the aerators clearly influenced the oxygen
profile in their immediate vicinity compared with reference
stations. For example, although hypoxia was present in the
hypolimnion at the reference station upstream of the aerator
deployed in Lake Wetherell (2020-B) on 16 January 2020, the
oxygen concentration up to 100 m downstream of the aerator
remained oxic (Fig. 10).

Solar-powered bubble-plume diffusers

The solar-powered bubble plume diffuser in the pool created
by the block bank at Karoola (2019-E) was substantially less
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(2019-E) and reference station (2019-F) during a period of stratification
on 21 March 2019. Modified from Baldwin (2019b) licenced from the
Murray—Darling Basin Authority under a Creative Commons Attribution 4.0
Australia Licence.

effective in modifying oxygen profiles than the high-volume,
single-port Venturi aerator (2019-D). For example, Fig. 11
shows the oxygen concentration depth profiles at 2019-D,
2019-E and the reference station (2012-F) on 21 March 2019
during a period of thermal stratification in the block bank pool.
Although there is a substantial difference between the DO
concentration profile at 2019-D and 2019-F, the oxygen profiles
(at the surface) for the reference station and 2019-E are very
similar. This suggests that it is unlikely that the bubble-plume
diffuser behind the block bank at Karoola station had a sub-
stantial impact on DO concentration in the pool. A side-scanning
sonar image of the bubble plumes at 2019-D and 2019-E
(Fig. S5) clearly shows that the bubble-plume profile of the
high-volume, single-port Venturi aerator is ~1 order of mag-
nitude wider at the water surface than that of the solar-powered
bubble-plume diffuser.

A solar-powered bubble-plume diffuser was also deployed in
Pooncarie weir pool (2019-G). The DO concentration in the weir
pool never fell to levels that would cause concern to large-
bodied native fish (Fig. 12). Nevertheless, there was no substan-
tial difference in the DO concentration at the bubble plume
(2019-G; Fig. 1la) compared with the reference station
(2019-H; Fig. 11b).

Multiple solar-powered bubble-plume diffusers were
deployed in small, isolated pools in the Macquarie River
downstream of Warren during the summer of 2019-20. Baseline
measurements taken on 29 October 2019 show that all pools
were stratified at a depth of 1-2 m before deployment of the
bubble-plume diffuser (Fig. 13a). The depth of all treatment
pools decreased by ~1 m over the course of the study. In
general, although reference pools maintained a distinct oxy-
cline, with hypoxia in the hypolimnion on most occasions,
aerator pools generally remained mixed from November 2019
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Fig.12. Surface dissolved oxygen concentrations (a) adjacent to the solar-
powered bubble-plume diffuser at 2019-G and (b) the reference station
2019-H from February to April 2019.

to January 2020. For example, Fig. 135 shows DO concentra-
tions in reference pools and in pools with aerators on 18 and 19
December 2019. Although the reference pools all had a clear
oxycline, the pools with aerators had an even DO concentration
throughout the water column. Some stratification was visible in
aerator pools on some sampling dates when aerators had
temporarily stopped working because of falling pool levels.
The non-aerated pools remained stratified for most of the study
period, but some individual pools were periodically mixed
during storm events with stronger winds (data not shown).

Trial of the ultra-fine bubble-injection pump

When the trial started, mean DO did not differ between the
aerated and control ponds (Fig. 14a). Multiple changes were
made to improve the performance of the pump between 21
March and 5 April, including increasing the size of the pump and
condenser and changing the fittings. As a result, the mean DO
concentration in the treated pond became consistently higher
than that in the control pond (Fig. 14a). The aerated pond
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and pools with solar-powered bubble-plume diffusers (open symbols) before
the deployment of the units (28 and 29 October 2019) and () during a period
of thermal stratification in the reference pools (18 and 19 December 2019).

became supersaturated throughout its length and depth and, on
11 April, averaged 140% saturation (range 130-160%). The
water remained supersaturated with DO at a concentration
above that of the control pond until the pump was turned off.
When water quality was measured 8 days after the pump was
turned off, DO concentration had fallen back down to levels
equivalent to that in the control pond (~90%). Importantly, at
no stage did TGP in the aerated pond exceed the range of
110-120%, which is considered to be the lower limit for causing
gas-bubble trauma in fish (Weitkamp and Katz 1980; Fig. 14b).

Discussion

It is likely that the operation of aerators in the Darling River
prevented fish deaths in the Darling River in early 2019. The
multi-port Venturi aerators in Pools 2019-A and 2019-B kept the
DO concentration in both pools above ~3 mg L' on 5 March
2019, whereas the next adjacent pool became hypoxic, resulting
in fish deaths. Similarly, the oxygen concentration near the
single-port Venturi aerator at 2019-D remained oxic even
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though there were multiple periods of hypoxia during February
and March 2019 at the reference station (2019-F) located in the
same pool.

There was a clear relationship between the efficacy of the
aerators and their energy consumption. Over summer 2019-20
in the lower Darling River, the two most effective aerators were
the high-volume, single-port Venturi systems, with the system
equipped with a 66-cm pump being able to maintain oxygen
levels in ariver reach that was ~500 m in length. However, these
systems were also the most expensive to run, consuming
hundreds of litres of diesel fuel per week. The multi-port Venturi
aerators consumed less fuel (although still in the range of several
hundred litres of diesel per week), but were also less effective,
with a zone of influence of ~100 m from the aerator.

Although the solar-powered bubble-plume diffusers were
essentially cost-free to run, the trials in the Darling and Macquarie
rivers showed that their effectiveness depends on achieving
sufficient power output relative to the surface area and depth of
the pools. The purpose of the bubble-plume diffusers is to prevent
stratification and hypoxia in the hypolimnion by maintaining a
vertical flow pattern that allows bottom waters to be oxygenated
by exposure to air at the surface. Therefore, single bubble-plume
diffuser units operating only during daylight hours provided
insufficient power to mix the weir pools in the Darling River
trial. By contrast, the Macquarie River trial deployed two diffuser
units per pool that were operated over a 24-h cycle by connecting
the units to battery storage. This arrangement provided sufficient
energy to successfully mix the Macquarie River pools. A further
consideration in deploying the bubble-plume diffusers is the
surface area of the pool relative to its depth. The diffusers are
less effective in shallow waters with a larger surface area because
they produce relatively large bubbles that rise rapidly to the
surface, generating less vertical flow than in a deeper pool of
the same surface area. The weir pools in the Darling River trial had
a larger surface area than the refuge pools in the Macquarie River
trial, and this may also explain why the solar-powered diffusers
were less effective than the diesel- or diesel-electric-powered
system in the Darling River weir pools.

The trial of the ultra-fine bubble pump was also promising.
The pump supersaturated DO in the treated pond, making DO
concentration significantly higher than the control, without
raising TGP. The advantage of smaller bubbles over bubbles
with a diameter of ~1 mm is that they have a much larger
surface-area to volume ratio (more than 95% of the of gas
molecules in the suspension can exist in the dissolved phase;
Kim et al. 2020) and they are more stable, remaining in the water
column for far longer (Thomas et al. 2021). Because of this, they
are more efficient at increasing the DO concentration of hypoxic
water and do so in a more energy-efficient way (Ovezea 2009).
An important observation in the present trial was that the ultra-
fine bubble pump did not lead to an elevation in TGP. The reason
why this technology was trialled in a hatchery pond rather than
in the river was due to the fear that saturation of the water with
ultra-fine oxygen bubbles could lead to elevated total dissolved
gas pressures that can be lethal to fish. When the total dissolved
gas pressure exceeds 110%, fish restricted to shallow water can
develop gas-bubble trauma, where emboli form in the organs
and gills (Pleizier et al. 2020). This can disrupt oxygen absorp-
tion and eventually kill fish. Although there may have been
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some natural differences in the TGP between ponds due to algal
activity, TGP followed a similar trajectory through time in both
ponds and, when variance around the mean values was observed
(i.e. minimum and maximum values), TGP was only signifi-
cantly higher in the control pond on two occasions. Critically,
during the trial, the TGP did not approach levels considered of
concern for gas-bubble disease in either pond.

Future deployment of aerators in inland waterways

The installation of aerators in the Darling River in early 2019
occurred under extremely short time constraints and in the face
of an ongoing environmental emergency. Therefore, aerators
were selected primarily based on availability. One of the issues
faced was the ability to supply energy to the aerators in remote
locations, hence the reliance on solar energy or diesel fuel for
power. There is the potential to drive down the cost of operating
the aerators without compromising efficacy. First, hybrid solar—
fossil fuel electrical generators are commercially available and
could be used to power aerators, and would be even more
adaptable if they included battery technology. Furthermore, if
sufficiently powerful, the aerators do not need to run continu-
ously. Linked DO and temperature sensors in conjunction with
computer models to predict the onset of hypoxia could be used to
improve the timing of aerator operation, noting that turning on
an aerator in a stratified pool can lead to mixing and potential
hypoxia. Nevertheless, supplying sufficient power to operate
effective aerators in remote locations will be expensive.

There are also other factors to consider when selecting
aerators. The aerator system needs to be able to be operated at
night or early in the morning when DO concentrations in the
water column are lowest and mixing events are more likely to
occur. If solar-powered systems are deployed, this would require
either battery backup or an alternative fuel source to allow the
aerator to operate at night. The system needs to operate under
extreme conditions, including air temperatures exceeding 50°C,
water temperatures exceeding 35°C, high ultraviolet radiation
and high turbidity in the water column.

The system should be low maintenance and, ideally, the
ongoing performance of the aerator could be assessed remotely.
The aerators need to be light and small enough to be deployed in
areas with steep banks. The systems should be portable to allow
for storage and redeployment in different areas as required.
Finally, to the extent possible, the system should be vandal proof.

The deployment of aerators should only be considered a very
localised, short-term solution. To supply aerators can costs
thousands of dollars to many tens of thousands of dollars per
pool, with operating costs of up to several thousand dollars per
week depending on the fuel source and the size of the pump.
Furthermore, even the most effective aerators only affect DO
concentrations over very small spatial scales (hundreds to, at
best, thousands of square metres) compared with the surface
area of the lowland rivers in the Murray—Darling Basin (millions
of square metres). Although aerators play a role in emergency
responses, longer-term solutions need to be assessed. In partic-
ular, the use of environmental flows to mitigate the risk of
hypoxia should be strongly considered. Such flows could be
used to prevent thermal stratification in the first place. Alterna-
tively, flow pulses could be used to periodically disrupt thermal
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stratification before DO concentrations in the hypolimnion
reach levels low enough that they would lead to hypoxia on
turn over. Effective management of hypoxia in inland water-
ways in Australia will increasingly become important into the
future as periods of hypoxia become more prevalent in the face
of a changing climate (Baldwin 2020a).
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