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Abstract. Large dryland and semi-arid rivers are among the world’s most heavily modified ecosystems, and the
Darling–Baaka River of eastern Australia highlights the challenges in conserving such ecosystems. Since 2000, the

hydrology at the downstream end of the system (the Lower Darling River, LDR) has been transformed from a naturally
near-perennial flowing system to an intermittent one by increased water abstraction, prolonged drought and climate
change. This hydrological change has placed immense pressure on the native fish populations, such as the imperilled

Murray cod (Maccullochella peelii), as evidenced by the 2018–19 catastrophic fish kills. Here we outline an ecohydraulic
conceptual model for designing environmental flows to support spawning and recruitment of Murray cod. An
environmental flow based on this model was released in 2016–17, following 524 consecutive days of continuous zero

flows. The LDR flow consisted of an increased discharge in late winter–spring to promote broad-scale lotic (i.e. .0.3 m s–1) 

of Murray cod during and following the flow revealed successful spawning and recruitment. This finding is significant

because it provides justification for altering current water management policies that are failing to protect this nationally
significant ecosystem.
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Introduction

Large dryland rivers are among the most heavily modified eco-
systems on Earth due to resource exploitation, including flow
regulation, water extraction, hydropower development and
floodplain reclamation (Tockner and Stanford 2002; Vörösmarty

et al. 2010). In rivers with highly variable natural flow regimes,
including tropical, semi-arid and arid rivers, there is ongoing
construction of new dams or the renewal of existing infrastructure

to increase the reliability of water supply for human use (Nilsson
et al. 2005;Grill et al. 2019).The large dryland rivers of the south-
western US and Australia’s Murray–Darling Basin highlight this

point, where at least 50% of flow is removed annually, mainly for
agriculture (Walker et al. 1995; Gido et al. 2013; Richter et al.
2020).The natural hydrology in these rivers has becomeso altered

due to overallocation of water that whole hydrological and
hydraulic components havebeen lost, including perennial or near-
perennial lotic base flows, hydraulic complexity, seasonal flow

pulses and regular floodplain connections (Acreman et al. 2014;

Mallen-Cooper and Zampatti 2020).
Alteration of flow regimes and floodplain inundation patterns

can increase the frequency and intensity of fish kills, such as
observed in Australia (Whitworth et al. 2012; Ellis et al. 2021),

theUS (Sargent andGalat 2002) andEurope (Petriki et al. 2021).
After extreme kills, fish communities can be substantially
altered and natural recovery can sometimes only occur after

years of population augmentation by immigration or artificial
stocking (Lyon and O’Connor 2008; Thiem et al. 2017).

In heavily altered river systems, oneway of supporting aquatic

ecosystems and preventing fish kills is through the manipulation
of flow regimes using water storages or regulating structures
(Richter and Thomas 2007). These managed ‘environmental

flows’ aim to reinstate components of the natural flow regime
that may be otherwise missing in altered rivers (Acreman et al.

2014; Moyle 2014; Webb et al. 2017). To achieve the best

CSIRO PUBLISHING

Marine and Freshwater Research

https://doi.org/10.1071/MF20377

Journal compilation � CSIRO 2021 Open Access CC BY-NC-ND www.publish.csiro.au/journals/mfr

SPECIAL ISSUE

conditions, hydraulic complexity and continuous base flows to maintain connectivity and water quality. Monitoring

https://orcid.org/0000-0002-4191-6467
https://orcid.org/0000-0002-4191-6467
https://orcid.org/0000-0002-4191-6467
http://creativecommons.org/licenses/by-nc-nd/4.0/deed.en_US


ecological response from environmental flow management, it is
essential to understand ecohydraulic relationships so that specific

flow regimes can be designed and long-term water plans devel-
oped to support fish recovery (Watts et al. 2018; New South
Wales Department of Planning, Industry and Environment 2020;

Yarnell et al. 2020).
The Darling River, in the Murray–Darling Basin, is 2850 km

long and one of Australia’s largest semi-arid rivers. It is a good

example of the environmental challenge facing many of the
world’s semi-arid rivers. Nearly all (95%) run-off occurs in the
headwater tributaries, where there is also gross overabstraction of
flows, converting the near-perennial hydrology into a largely

intermittent system,with intensification of zero-flow days, loss of
continuous base flowsandamuch-reduced frequencyof small and
medium floods (Thoms and Sheldon 2000; Leblanc et al. 2012;

Mallen-Cooper and Zampatti 2020). These hydrological impacts
are most evident in reaches downstream of the major abstraction
areas, where perennial lotic habitats are becoming increasingly

rare. The species most susceptible to these hydrological changes
are the lotic water specialists, including native silver perch
(Bidyanus bidyanus), golden perch (Macquaria ambigua), bony
herring (Nematalosa erebi) and Murray cod (Maccullochella

peelii); Sharpe 2011; Tonkin et al. 2019), as well as river mussels
(Alathyria jacksoni) and endemic Darling River snails (Notopala
sublineata). Clear evidence of these impacts was seen in the

Lower Darling River (LDR) in 2018–19 when river regulation,
overabstraction, drought and extreme summer temperatures all
contributed tomultiple major fish deaths (Australian Academy of

Science 2019; Vertessy et al. 2019).Murray codwere one species
most affected by these fish kills and are classified as ‘vulnerable’
under Australia’s Environmental Protection of Biodiversity and

Conservation Act (1999).
In this paper we describe the development of an ecohydraulic

conceptual model that can be used to design environmental flows
to support spawning and recruitment of Murray cod in the LDR.

The model was developed using a hydrological dataset spanning
the period 1974 and 2020 and used to design the first ever LDR
environmental flow, which was delivered in 2016–17. Here we

report the results of fish sampling during and following the
environmental flow and draw conclusions regarding its effective-
ness in supporting Murray cod spawning and recruitment. Fol-

lowing this study, extended cease-to-flow conditions returned to
the LDR, culminating in the catastrophic fish kills of the summer
2018–19 (AustralianAcademy of Science 2019).We discuss how
our findings helped inform a ‘river restart’ following the fish kills

and how they can inform future planning to restore perennial
flows in the LDR to protect fish communities.

Materials and methods

Site description

The LDR drains a semi-arid region of NSW and constitutes the
510 km downstream reach of the Darling River between the
Menindee Lakes and the Murray River at Wentworth (Fig. 1).

Baaka is the Aboriginal name for the LDR that has been used by
the local Barkandji people for tens of thousands of years. There
are no significant tributaries within this reach, with river flows
originating from the upper catchment upstream of the town of

Bourke (Thoms and Sheldon 2000). Small and medium flows

upstream of Bourke can be entirely captured, and there is also

major floodplain water harvesting with levees and block banks
(Kingsford 2000).

Flows to the LDR are entirely regulated by the Menindee

Lakes, whichwere converted into a floodplain storage scheme in
the early 1960s (Thoms and Sheldon 2000) and now control
flows into the LDR from the .1800 km upstream reach. The

natural seasonality of flows to the LDR has not changed
markedly, but the discharge magnitude has reduced, with fewer
small and medium floods (10 000–50 000 ML day�1) and a

greater frequency and duration of low flows (,500 ML day�1;
Thoms and Sheldon 2000). The LDR occupies an incised low-
gradient channel with abundant instream habitat and a terraced
flood plain fringed by open desert plains and semi-arid wood-

lands (Sharpe 2011).
There are three low-level (,3 m high) weirs on the LDR that

re-regulate flows for stock and domestic purposes, with each

contributing to a cumulative total of,100 km of lentic habitat.
Naturally, the LDR was a near-perennial lotic habitat (Mallen-
Cooper and Zampatti 2020), but since 2000 there has been gross

overextraction in the upper catchment and an increasing fre-
quency of drying and shorter water retention times in the
Menindee Lakes (Kingsford 2000). Consequently, there has
been a 56% decrease in average annual discharge and an

increasing frequency of zero-flow sequences in the LDR
(Mallen-Cooper and Zampatti 2020; New South Wales
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Fig. 1. The Murray–Darling Basin (inset, shaded area, the black rectangle

indicates the study area) and Darling River in the north. Stars indicate boat
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Department of Planning, Industry and Environment 2020;
Stuart and Sharpe 2020).

Murray cod: ecohydraulic conceptual model

From a global perspective, freshwater megafauna (i.e. body mass
.30 kg) are particularly prone to extinction (He et al. 2019).
Murray cod underscore this point, being a nationally vulnerable

freshwater fish species, growing to 1.5 m long and 50 kg, with an
estimated maximum life span of 48 years (Anderson et al. 1992;
Koehn et al. 2020). In the late 20th century, Murray cod popu-
lations declined dramatically due to overfishing, habitat

destruction and river regulation contributing to broad-scale loss of
perennial lotic conditions, hydraulic complexity and continuous
base flows (Rowland 2004, 2020). There are conservation efforts

throughout the range of Murray cod, mostly targeting physical
habitat restoration and the stocking of hatchery-reared fingerlings
(Thiem et al. 2017). The lower 500-km reach of the Darling River

is a population stronghold for Murray cod and other native spe-
cies, supported by lotic conditions and historic base flows
(Stuart and Sharpe 2020).

Murray cod preferentially select nest sites in lotic habitats

where they spawn annually in spring and early summer (October–
December), whenwater temperature exceeds,188C (Koehn and
Harrington 2005, 2006). Eggs are laid on hard surfaces, such as

clay ledges, undercut banks, rocks and hollow logs (Rowland
2020), andmales guard the nest for up to 18days (Rowland 1998).
Evidence from closely related species (the eastern freshwater cod

Maccullochella ikei) suggests that spawning occurs in shallow
(0.3–1.0 m) water (Butler and Rowland 2009). Hatching occurs
4–13 days after fertilisation depending on water temperature

(Rowland 1988), with larvae commonly drifting downstream
from the nest but also possibly dispersing locally (Koehn and
Harrington 2006; King et al. 2009; Stuart et al. 2019).

Young-of-the-year (YOY)Murray cod occupy large and small

woody debris, often in shallow near-riverbank habitats (Koehn
2009; Lieschke et al. 2016). Juvenile recruitment (i.e. survival to
1-year of age) appears to only occur in habitats characterised by:

(1) hydraulic complexity (faster- and slow-flowing water), which
is largely perennial or with short periods of zero flow outside the
spawning season; (2) an increase in discharge in spring, with no

rapid ormajor declines indischargeduring the corenesting season
so as to maintain the viability of eggs in nests in shallow areas;
(3) a continuous summer base flow for juveniles to access
productive littoral habitats for rapid growth and enhanced survival

(Tonkin et al. 2017; Stuart et al. 2019); (4) base flows inwinter to
maintain lotic habitats, hydraulic complexity, connectivity and
water quality, and thus reduce density-dependent pressure to

improve survival of juvenile fish; (5) abundant large structural
habitat; (6) a natural temperature regime; and (7) good water
quality with few anoxic blackwater events (Koehn 2004;

Stuart et al. 2019; Koehn et al. 2020; Tonkin et al. 2021).
In lowland rivers, flooding can enhance productivity, adult

condition and the survival and growth of early life stages for

Murray cod (Rowland 2004; Tonkin et al. 2017; Stoffels et al.
2020; Lyon et al. 2021). Despite evidence of spawning, there is
very little recruitment to Murray cod populations in lentic
riverine habitats or impoundments (Rowland 2004; Forbes

et al. 2016), which appears related to both a low proportion of

eggs hatching and insufficient suitable zooplankton to support
larval feeding and survival (Matt McLellan, NSW DPI Fisher-

ies, pers. comm.).

Antecedent hydrology

Although some aspects of this ecohydraulic conceptualmodel are
generic, there are elements that are context specific in rivers due to

climate, hydrological and hydraulic characteristics (Tonkin et al.
2017). The key to planning the LDR environmental flow was to
examine the local hydrological data, which, before our study,

were characterised by remarkable contrasts. Specifically,
between 1974 and 2000 there were no zero- or near-zero (i.e.
,15 ML day�1)-flow days at Burtundy gauge (No. 425007).

However, between January 2000 and June 2020 there were six
separate zero-flow events and a total of 1733 zero- or near-zero-
flow days, including two separate events of 524 (March 2015–

August 2016) and 555 (October 2018–April 2020) consecutive
zero- or near-zero-flow days (Fig. 2). Major fish deaths occurred
in 2004, 2018–19 and 2019–20, during these long, continuous,
zero or near-zero flows, coupled with extreme hot weather and

intense blue–green algal blooms, or at the recommencement of
flows, when oxygen-stratified refuge pools became mixed and
hypoxic (Ellis and Meredith 2004; Vertessy et al. 2019).

Environmental flow

By applying the ecohydraulic conceptualmodel,we can conclude
that since 2000 the prevailing hydrology of the LDR was
unsuitable for Murray cod. Specifically, there were: (1) periodic

severe fish death events due to poor water quality caused by long
periods of zero flow and extremely hot temperatures (Ellis and
Meredith 2004; Vertessy et al. 2019); (2) variable regulated flows

each spring with major discharge reductions interrupting Murray
cod nesting during the spring spawning period; (3) losses of
preferred perennial lotic conditions for nesting due to regular and

long-duration continuous zero-flow events (Mallen-Cooper and
Zampatti 2020); and (4) losses of end-of-system connection flows
and fish movement opportunities to the perennial Murray River.

A potentially effective way to address these issues was
through delivery of an environmental flow regime that applied
the ecohydraulic principals, with four key functional compo-
nents (Table 1). The environmental flow was delivered in

spring–summer 2016–17 and adaptively managed and opti-
mised in real time as monitoring data were collected (Fig. 2,
3) and included:

� a late winter–spring increase in discharge to promote broad-
scale lotic (i.e. .0.3 m s�1) conditions and to inundate low-

lying benches and woody habitats to maximise nesting habitat
availability, hydrodynamic complexity, depth, productivity and
food availability to enhance larval survival (Tonkin et al. 2017)

� a spring and early summer increase in discharge to inundate
low-lying benches and woody habitats to maximise habitat
complexity, hydrodynamic complexity, depth, productivity,

water quality and feeding conditions to enhance larval sur-
vival, with no major water level drops (i.e. ,0.30 m total
reduction) during the core spring and early summer Murray
cod nesting season to enable fish to complete their nesting and

for larval retention (Stuart et al. 2019)
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� an annual summer continuous base flow to enable juvenile

fish to access productive littoral habitats for rapid growth and
enhanced survival (Tonkin et al. 2017; Stuart et al. 2019;
Stoffels et al. 2020) and to maintain water quality conditions

� an annual overwinter continuous base flow to maintain lotic
habitats, hydraulic complexity, connectivity andwater quality
to reduce density-dependent pressure to improve survival of
juvenile fish and promote adult conditioning (Tonkin et al.

2017; Stuart et al. 2019).

Sampling for larval Murray cod

Throughout the delivery of the environmental flow, sampling of
larval Murray cod was undertaken six times in the LDR. At
fortnightly intervals, Murray cod larvae were sampled during

the breeding and post-spawning period in Austral spring and
early summer (September 2016–January 2017). Six larval
sampling sites, approximately 80 km apart, were selected along
the 510-km length of the LDR, from ,35 km upstream of the
Darling–Murray river confluence to ,50 km below Menindee
Weir (Table 2). Five sites were in lotic habitats, with one in a

slow-flowing weir pool environment in the LDR, some 5 km
above the weir pool influence of Lock 10 on the Murray River.

At each site, three drift nets (500-mmmesh, opening diameter

0.5 m, length 1.5 m) and four light traps (clear Perspex with a
yellow light stick) were set immediately before dusk and

retrieved early the following morning (i.e. ~14-h soak time).
The drift nets were suspended from fallen trees, in the central

river channel, to filter the top 0.5 m of the water column. Each
light trap had 3-mm mesh across the opening to exclude small
predatory fish and was set in slow-flowing littoral habitats (e.g.

,0.5 m deep, partially inundated sedges, saplings, macrophytes
and fallen branches) where fish larvae may accumulate (Vilizzi
et al. 2008). To provide an estimate of the volume of water

filtered by each drift net, a measurement of water velocity was
taken with a water velocity meter (FlowMate, Hong Kong,
China) in the mouth of each net upon deployment and retrieval.
All larval samples were preserved in .70% ethanol and

returned to the laboratory for identification. Larval catch from

the sites and different time periods is presented as a raw number.

Electrofishing and netting for YOY Murray cod

In spring 2016 and winter 2017, field surveys determined the

relative abundance of YOY Murray cod before and after the envi-
ronmental flow was implemented at the same six sites as for
the larval netting. The 5.2-m electrofishing boat was equipped with

an on-board 5.0-kVA Smith–Root Model GPP 5.0 H/L electro-
fishing system that usually operated at 1000 V DC, 7.5 A pulsed at
120 Hz and a 35% duty cycle. All boat electrofishing followed

Sustainable River Audit sampling protocols with  twelve 90-s ‘power-on’
replicates per site and one dip-netter at the front of the boat to collect
stunned fish (Davieset al.2010).All fishcapturedwereweighedand
measured (total length, TL) and then released. For broad compar-

ison, the historic size structure of the Murray cod population is
presented from the same region in 2007 (Wallace et al. 2008).

This work was conducted under Griffith University animal

care and ethics committee permit ENV0414AEC.

Results

Environmental flow

Environmental flows from the Menindee Lakes into the LDR

began in August 2016 and broadly matched the ecohydraulic
conceptual model for Murray cod. Environmental water invest-
ments totalling 119.2 GL were contributed by various state and
commonwealth agencies, with delivery aligned to the ecohy-

draulic conceptual model (Fig. 3). During September–December
2016, changes in water level at Weir 32 gauge (number 425012)
on the LDR were relatively minor (i.e. maximum fall ,0.05 m

day�1) and matched the regime prescribed by the ecohydraulic
conceptual model to support Murray cod nesting.

Leading up to and for the duration of the Murray cod nesting

period (September–December 2016), discharge increased from
,400 ML day�1 (historically exceeded 50% of the time since
1974 at Weir 32 gauge) to a steady flow of ,850 ML day�1

(historically exceeded 39% of the time since 1974 at Weir 32
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gauge) using NSW and Commonwealth environmental water.

Between 1 September and 31 December 2016, water level
stability was maintained, varying up or down by 0.01 m day�1

(s.d. 0.018mday�1) with amaximumdaily drop of,0.05m and

a maximum cumulative drop of 0.21 m.

From early December 2016, when monitoring had indicated

Murray cod spawning was complete, the environmental flow
was adaptively managed to include a rapid increase in discharge
from 860 to 2253 ML day�1 in early December 2016 to

stimulate downstream out-migration of golden perch from the

Table 1. Ecohydraulic conceptual model of Murray cod populations in the Lower Darling River (LDR) based on local hydrology and the scientific

literature

Emphasised are four key seasonal hydrological and hydraulic functional elements included in the 2016–17 environmental flow. This environmental flow

framework informs an urgent need for a perennial lotic flow regime in the LDR

Season Hydraulic functional ele-

ment: water level for LDR

Hydrological operational criteria

for the LDR at Burtundy gauge

(425007)

Ecohydraulic and spatial objectives

1. Late winter–early

spring (Aug.–Sep.)

No major reductions in

water level (e.g. maxi-

mum cumulative drop

,0.3m)

Slow increase in discharge to

450MLday�1

Promote broad-scale (i.e. 500 km) continuous lotic hydraulics

(i.e. .0.3m s�1) and hydraulic complexity

Enable adult fish to move and select breeding habitats (Rowland

1998)

Initiate egg maturation

Inundate spawning sites, including snags, undercut banks and

benches, and establish littoral macrophytes and food resources for

larvae (Rowland 2004)

Minimise cumulative water level drops (i.e. .0.3m) to avoid nest

abandonment (Stuart et al. 2019)

Maintain end-of-system connectivity with the Murray River

2. Spring and summer

(Oct.–Feb.)

No major reductions in

water level (e.g. maxi-

mum cumulative drop

,0.3m)

Slow spring increase in discharge

to 850ML day�1

Promote broad-scale (i.e. 500 km) continuous lotic hydraulics

(i.e. .0.3m s�1) and hydraulic complexity

Late spring increase in discharge

to 1200MLday�1

Inundate spawning sites, including snags, undercut banks and

benches

Nest construction, courtship, mating, egg laying, males to guard nest

(Rowland 1998; 2020)

Inundate low-lying dry benches, maintain primary and secondary

productivity and food for larvae along the length of the LDR

(i.e. 510 km; Jenkins and Boulton 2003)

Minimise cumulative water level drops (i.e. .0.3m) to avoid nest

abandonment

Enhance egg hatching, larval feeding and survival, dispersal to

nursery habitats, including submerged woody debris and littoral

areas

EnableYOY to inhabit littoral zone and submergedwoody debris for

enhanced survival and rapid growth (Koehn 2009; Lieschke et al.

2016)

Maintain end-of-system connectivity with the Murray River

Maintain dissolved oxygen and water quality conditions

3. Summer and

autumn (Jan.–Apr.)

Summer continuous base flow

and slow discharge and water

level recession to 700MLday�1

Maintain broad-scale (i.e. 500 km) continuous lotic hydraulics

(i.e. .0.3m s�1) and hydraulic complexity

Increase littoral habitats for YOY dispersal

Increase snag habitats for subadults and adults (Koehn 2009; Jones

and Stuart 2007)

Inundate low-lying benches food resources for YOY survival and

growth

Maintain dissolved oxygen and water quality conditions

Maintain end-of-system connectivity with the Murray River

4. Winter (Apr.–Aug.) Slow water level (,0.15m

per 24 h) recession

Slow discharge recession to

winter base flow of 350ML

day�1

Maintain broad-scale (i.e. 500 km) continuous lotic hydraulics

(i.e. .0.3m s�1) and hydraulic complexity

Maintain connectivity and enable native fish to move to permanent

winter habitats (i.e. deep refuge pools)

Maintain base flow to reduce density-dependent pressure and

improve survival of YOY, subadults and promote adult condi-

tioning (Tonkin et al. 2017)

Maintain dissolved oxygen and water quality conditions

Maintain end-of-system connectivity with the Murray River
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Menindee Lakes and spawning in the LDR (Stuart and Sharpe
2020). To this point, the implemented flow regime closely

matched the ecohydraulic conceptual model for Murray cod.
In mid-January 2017, there was a second and larger rapid
increase in releases of water from the Menindee Lakes to a

maximum discharge of 6544 ML day�1 as part of operational
demands in the lower Murray River. From January to April
2017, there was an attenuated flow recession in the LDR, after
which there was a return to zero flows from mid-February 2019

to late March 2020.

Larval occurrence

Seven species of fish eggs or larvae were collected from six trips
at the six monitoring sites. Murray cod represented 23% of total

catch and were present at all sites (Table 3). Bony herring, carp
gudgeons (Hypseleotris spp.) and Australian smelt (Retropinna
semoni) were also common. Murray cod were first detected on 2

November 2016 when the water temperature was 20.18C (Fig. 4).
No Murray cod larvae were collected after mid-December 2016,

but golden perch were collected at this time during a rapid
increase in river discharge. Most Murray cod larvae were col-

lected from the drift nets set in the central part of the river
channel.

The sampling sites commonly had abundant large woody

debris and fast lotic water (mean 0.32 m s�1 in early November
2016; range 0.15–0.53 m s�1; discharge,850 ML day�1). The
size range of Murray cod larvae was 8–25 mm (mean � s.d.,
12.01 � 2.86 mm) and, based on their developmental stage

(Serafini andHumphries 2004), spawningwas estimated to have
occurred between 2 October and 28November 2016when flows
were 833–918 day�1 and water level varied by ,0.1 m.

In June 2017, YOY Murray cod were sampled with boat
electrofishing at six sites in the LDR alongwith four other native
fish species. In all, 117 Murray cod were collected, ranging in

size from 70 to 1210 mm TL (mean � s.d., 503 � 350 mm TL)
with YOY (based on a size of,115mmTL) accounting for 14%
of the fish sampled (Table 4; Fig. 5). For broad comparison, the

size of fish from 2007, well before fish kills, is also provided
(Wallace et al. 2008).
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Table 2. Six sites in the LDR sampled for Murray cod larvae between November 2016 and January 2017

The same sites were also sampled for juveniles in winter 2017

Site number Site name Distance from Murray River (km) Site coordinates

1 Bono 460 –32.5685420, 142.3968210

2 Karoola 370 –32.9377840, 142.3652050

3 Moorara 280 –33.125993, 142.231249

4 Mallara 200 –33.382257, 142.4427546

5 Lelma 125 –33.612819, 142.427833

6 Tapio 35 –33.780088, 142.167968
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Table 3. Number of larvae collected per trip in the LDR in 2016–17

Pelagic eggs collected are indicated in parentheses. Cyprinus carpio is a non-native species

Date Murray cod

(Maccullochella

peelii)

Golden perch

(Macquaria

ambigua)

Silver perch

(Bidyanus

bidyanus)

Australian smelt

(Retropinna

semoni)

Bony herring

(Nematalosa

erebi)

Carp gudgeon

(Hypseleotris

spp.)

Common carp

(Cyprinus

carpio)

Trip number

1 2–5 Nov. 2016 618 0 (35) 61 93 132 539

2 14–17 Nov. 2016 217 0 0 113 147 52 137

3 28 Nov.–2 Dec. 2016 50 0 0 6 119 49 19

4 12–17 Dec. 2016 0 20 0 0 0 0 0

5 28–30 Dec. 2016 0 0 0 47 229 79 221

6 2–4 Jan. 2017 0 0 0 0 0 0 0

Subtotal 885 20 (35) 227 588 312 916
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Fig. 4. Daily discharge (solid line), water temperature (dashed line) fromWeir 32 gauge and the raw

abundance of Murray cod larvae collected in drift nets in the Lower Darling River in spring–summer

2016–17.

Table 4. Total number and percentage contribution to overall community structure for fish in the LDR at six sites sampled by boat electrofishing in

winter 2017

Common carp, gambusia and goldfish are non-native species

Murray cod Golden perch Silver perch Australian smelt Bony herring Common carp Gambusia Goldfish Total

Site

1 15 105 6 1 22 44 193

2 19 69 34 49 22 1 1 195

3 37 67 21 29 23 23 3 203

4 17 73 462 19 40 611

5 22 23 471 37 31 584

6 7 24 1 952 12 40 1036

Total 117 361 7 1941 168 200 24 4 2822

Percentage 4.1 12.8 0.2 68.8 6 7.1 0.9 0.1 100
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Post-fish kill restart flow

The LDR ceased to flow and major fish kills occurred between

February 2019 andMarch 2020 (AustralianAcademy of Science
2019; Vertessy et al. 2019). When water returned to the
Menindee Lakes in February 2020 from flooding in the northern

Darling River catchments, there was an opportunity to restart the
disconnected LDR. This was achieved with a fast, 7-day ramp-
up of flows by 2 April 2020 to 3484 ML day�1 (i.e. ,40%
bankfull; historically exceeded 25% of the time since 1974 at

Weir 32 gauge)with a slow, 30-day recession back to a base flow
of 200 ML day�1 by 3 May 2020. The rapid flow ramp-up was
designed to push water through refuge pools as quickly as

possible to restore connectivity and water quality. There was no
evidence of further fish mortalities occurring during or imme-
diately following the restart flow.

Discussion

Large semi-arid rivers present some of the most complex chal-

lenges for recovery, with flow regimes characterised by
increasing water extraction, intermittency and highly stressed
ecosystems (King and Brown 2006; Archdeacon and Reale

2020). Our case study of the first environmental flow delivered
into the LDR in 2016–17 demonstrated spawning and recruit-
ment of Murray cod and other native fish species. The

present study also helped inform how recovery of a vulnerable
native fish can be achieved by adaptively managing environ-
mental flows, especially to support recovery after the 2018–20

catastrophic fish kills. For Murray cod recovery in the LDR, the

priority was for a perennial flow regime, without cease-to-flow
events, especially during theMurray cod spawning season, from
which additional within-channel flow components can be added

(Stuart et al. 2019).

Environmental flow outcomes

We hypothesise that the YOYMurray cod collected in the LDR

can be explained by the 2016–17 environmental flow and were
not present due to other causes (e.g. immigration) because the
LDR was disconnected from the Murray River for 524 conse-

cutive days; hence, prior migration into the 510-km study reach
would likely be impossible, and no augmentation of the popu-
lation by hatchery stocking had occurred since 2010–11 (New
South Wales Department of Primary Industries Fisheries 2020).

Downstream migration into the LDR was also an unlikely
explanation of the occurrence of YOY in the study reach
because there are few Murray cod in the ephemeral Menindee

Lakes (Sharpe 2011). Otolith microchemistry also provides
evidence of a self-sustaining local Murray cod population with
few immigrants (Thiem et al. 2021). Hence, for Murray cod,

local-scale interventions, such as environmental flows, are
likely to be influential in post-fish kill recovery and long-term
local population maintenance.

Spatial context of hydrodynamics and habitat

In the LDR, the environmental flows were applied over a large
within-river spatial scale of 510 km, with lotic water dominating
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(.400 km) even at the lowest flows observed during this study
(,100 ML day�1; historically exceeded 90% of the time since

1974 atWeir 32 gauge). Applying a perennial lotic flow regime,
including continuous base flows, over relatively long river
distances builds on previous work for Murray cod recovery at

smaller (i.e.,50 km) spatial scales (Stuart et al. 2019). Murray
cod provide an instructive case study of life history flexibility,
where populations may be able to be recovered at a broad range

of spatial scales (i.e. tens to hundreds of kilometres). This insight
suggests a range of transferable management opportunities for
recovering specific reaches of the Murray–Darling Basin (e.g.
the lower Goulburn River) or entire valleys (e.g. the Edward or

Murrumbidgee rivers), particularly where Murray cod popula-
tions have declined. In these cases, discharge is the scalable tool
that can be used to create perennial lotic habitats and hydraulic

complexity, and there is potential to embed the designed eco-
hydraulic conceptual model for Murray cod within current
consumptive flow management without affecting service to

other river users.

Saving Murray cod

Our present understanding of the life history of Murray cod
enabled development of an ecohydraulic conceptual model with

clear relationships to four important functional elements of the
hydrological and hydraulic flow regime of the LDR. During the
design of the environmental flow regime, it was especially
important to examine prior recruitment and hydrological data

to optimise environmental flow conditions during the short
(3-month) Murray cod breeding window in 2016. This included
reviewing knowledge of flow strategies used elsewhere to

support other nesting fish species with complex breeding strat-
egies (Grabowski and Isely 2007; Butler and Rowland 2009;
Couch et al. 2020).

One functional element of the flow regime that needed to be
reinstated was a spring discharge rise to provide adults access to
preferred spawning habitats, including lotic zones to build nests
and brood young and for larval fish to disperse from the nest.

A second element was an elevated summer discharge to inun-
date productive littoral habitats to support the rapid growth of
young fish (Tonkin et al. 2017; Rowland 2020) followed by

gradual summer flow recession. Continuous winter base flows
likely also supported juvenile survival by increasing habitat
availability and productivity and reducing predation rates

(Stuart et al. 2019; Bestgen et al. 2020). Some key ecological
knowledge gaps remain that could further inform designed flow
hydrographs and recovery for Murray cod, including the pre-

ferred depth of nest sites, thresholds of water level variability to
prevent nests being abandoned and minimum summer and
winter base flows to improve juvenile survival.

Hydrological challenges

During regulated conditions at the Menindee Lakes, there were
major interannual and interseasonal variations in discharge to

the LDR, including two separate zero- or near-zero-flow events
of 524 and 555 days. Catastrophic fish kills followed these zero-
flow events and highlight that during dry conditions there is
presently not enough water retained in the Darling system to

avoid loss of Murray cod populations. Murray cod do not

naturally inhabit ephemeral rivers (Rowland 2020) and so, in
spring 2016, our primary objective was to provide an increase in

discharge with continuous reach-scale (i.e. 500 km) lotic habi-
tats. To sustain these vulnerable fish populations, protection of a
perennial flow regime in the LDR is needed to improve survival

of early life stages ofMurray cod.We also support recent calls to
maintain lotic hydraulics and hydraulic complexity (Mallen-
Cooper and Zampatti 2020) and add the need for setting end-of-

system flow and hydraulic targets at Burtundy to maintain the
health of the LDR (New South Wales Department of Planning,
Industry and Environment 2020; see Table 1).

An emergency element of the planned adaptive environmen-

tal flow regime in the LDR was required in March 2020 after a
very long period (555 days) of zero, or near-zero, flows and
major fish deaths (Vertessy et al. 2019). Following rainfall in the

upper Darling catchment in 2020 and despite mass upstream
extraction of water for agriculture, theMenindee Lakes partially
refilled and the planned flow included a rapid ramp-up and

relatively high discharge (i.e.,40% bankfull) in the LDR. This
restart flow enabled restoration of connectivity and improved
water quality conditions to sustain fish that had survived the
protracted cease-to-flow event and catastrophic fish kills that

occurred in the LDRwithout further fish death events (Ellis et al.
2021). No further fish deaths were observed during the restart
flow. Nevertheless, the restart flow was considered ‘high risk’

compared with preventing cease-to-flow and disconnected con-
ditions by operating the LDR as perennial or near perennial, as
per the natural flow regime (Mallen-Cooper andZampatti 2020).

Fish deaths and the future of the LDR

The science for preserving large river ecosystems is clear:
important elements of the natural flow and hydraulic regime
must be protected, otherwise there will be severe damage to
ecosystems (Poff et al. 1997; Ward et al. 2001). Unfortunately,

this warning manifested, when the LDR was returned to zero
flows and ‘artificial drought’ conditions (Boulton 2003) despite
flow events occurring in upstream tributaries (Mallen-Cooper

and Zampatti 2020). These zero flows, together with high daily
air temperatures and toxic blue–green algae were major causal
factors in catastrophic fish deaths (Vertessy et al. 2019; Jackson

andHead 2020) and significant social impacts (Ellis et al. 2021).
After the fish kills, to help recover Murray cod, an environ-
mental flow was implemented in spring–summer 2020–21,
informed by the present case study.

Can the natural character of the Darling River ecosystem be
maintained while gross overallocation of water continues
upstream? Our case study underscores a difficulty in answering

this question. To redress overextraction of river flows and
collapsing riverine ecosystems, governments must continue to
provide economic compensation to acquirewater from irrigators

as willing sellers, with scientists and river managers designing
flows with the goal of optimising ecological outcomes from
reallocations of water for environmental purposes (Sisto 2009;

Wheeler et al. 2014; Yarnell et al. 2015). In practice, large semi-
arid rivers still present major restoration challenges because
water resources are often fully utilised and there has been
human-made intensification of droughts, with added stress from

declining rainfall patterns (Propst et al. 2008; Arthington and
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Balcombe 2011). Aquatic ecosystems now require protection
from these ‘artificial droughts’ (Boulton 2003). For recovery of

semi-arid rivers, a key is to apply both environmental and
operational water in a manner that sustains ecosystems while
supporting regional community needs (Bestgen et al. 2020).

New directions

Ecosystem recovery is a common shared objective of environ-
mental flows and, on the LDR, the designed and adaptively

implemented flow regime appeared to support the life history of
Murray cod. The most likely cause for enhanced Murray cod
survival was implementation of the annual environmental flow,

including promotion of perennial lotic habitats. Further multi-
year experimental work is currently being conducted to explore:
(1) juvenile survival rates atmuch reduced spring discharge (e.g.

400ML day�1), which appears a more common future scenario;
(2) tolerances of adult fish to river level variation during nesting;
(3) the value of summer and winter continuous base flows to
improve connectivity, water quality and fish survival rates; and

(4) the inundation of flood plains, which may be important for
enhancing productivity. Our case study addresses only a few of
these aspects but may be instructive for future planning for other

perennial lotic specialists, such as silver perch, river mussel and
Darling River snail.

Conclusion

The challenges facing conservation of imperilled Murray cod in

the LDR are emblematic of global losses of arid and semi-arid
river fishes, commonly as a direct result of human over-
allocation of flows, exacerbated by climate change (Archdeacon

and Reale 2020). In particular, serious overabstraction of water
in the upper Darling catchment has contributed to an increased
frequency and duration of zero-flow events in the LDR resulting
in major fish kills (Vertessy et al. 2019), compromising major

environmental assets (Kingsford 2000; Jackson andHead 2020).
Our study highlights that Murray cod populations can poten-
tially be protected and recovered with environmental flows that

adaptively promote base flows, flow pulses, perennial lotic
conditions, hydraulic complexity and prevention of cease-to-
flow conditions. For the LDR, these flow components must be

incorporated into planning for a long-term flow regime. Failing
to provide perennial lotic habitats for Murray cod by main-
taining current water diversion policies will ultimately fail to
protect this nationally significant species and other aquatic

biota. Across the Tasman Sea, the Whanganui River of New
Zealand was recently granted legal ‘personhood’ asserting the
rights of Nature (Brierley et al. 2019). For the Darling River,

such a profoundly different approach may be needed to protect
the long-term health of a nationally significant native fish and its
ecosystem.
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