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Summary For dryland rivers globally, understanding hydro-ecological function is fun-
damental to informing trade-offs between consumptive water use and aquatic ecosystem
integrity. The Barwon–Darling is an Australian dryland river system recognised for its hydro-
logical variability, which is considered a primary driver of the riverine ecosystem. Emphasis
has been placed on extremes of zero flow and flood but examining low flow hydrology and
hydraulics – through historical and modern droughts – demonstrates that under natural con-
ditions, the river system also exhibits persistent and predictable flow characteristics. From
1885 to 1950, prior to flow regulation, the Barwon–Darling flowed 92% of the time, and
throughout severe droughts (1895–1903 and 1939–1945) the river system was charac-
terised by: near-perennial flows (85% of the time), with lotic (flowing water) habitats; and
near-annual, in channel, flow pulses. Furthermore, evidence of lotic biota is found consis-
tently in Aboriginal middens dating over the past 15,000 years, thus indicating the long-term
persistence of lotic conditions. We propose these consistent hydrological and hydrody-
namic features have shaped the ecology of aquatic biota in the Barwon–Darling River but
are now experiencing unprecedented change. Flow storage and diversion have increased
the frequency and duration of zero flows in some reaches, but arguably the most substantial
impacts, along the entire river, are on: (i) low flows, which are now frequently below lotic
thresholds, and (ii) the magnitude of near-annual flow pulses, which are reduced by over
90%. Consequently, in modern droughts, the river becomes predominantly lentic (still-wa-
ter), an impact that is exacerbated by weirpools which create artificial lentic conditions
for approximately 1000 km (40%) of river. The ecological impacts of these changes are
increasingly apparent, with the loss of lotic biota and a reduction in biodiversity. An ecohy-
draulic perspective explains present impacts, provides new directions and some immediate
solutions for river management, and clarifies choices for stakeholders.
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Implications for
managers

Rehabilitationof theBarwon–Darling
River ecosystem is reliant on:

� Incorporating hydrodynamics and

lotic refugia as explicit objectives

in water management.

� Enabling greater continuity and

near permanency of low flows

of sufficient magnitude to main-

tain lotic habitats.

� Providing alternative water

sources for towns, such as off-

stream storages that can harvest

from high flows, enabling all low

flows to remain in the river.

� Reducing the spatial extent of

lentic weirpool habitats, and

restoring flow pulses.

Introduction

Balancing water security for human

needs and the maintenance of aquatic

ecosystems is one of the great challenges

of modern society (Richter et al. 2003;

V€or€osmarty et al. 2010). This task is exac-

erbated in dryland regions of the world,

where human demands for water are high

but rainfall and runoff are low and unpre-

dictable (Petts 2017; Chu et al. 2018).

Rivers in these regions are often charac-

terised by their extreme hydrological vari-

ability (Walker et al. 1995; Puckridge et al.

1998; Young & Kingsford 2006; Arthing-

ton & Balcombe 2011), commonly

coinciding with intermittency or

ephemerality (Tooth 2000).

In dryland rivers, the frequency and

duration of flooding and intermittency

(periods of zero flow) are key aspects of

hydrology that influence ecosystem pro-

cesses and structure, including the diver-

sity and abundance of biota (Balcombe

et al. 2007; Leigh et al. 2010; Sheldon

et al. 2010; Webb et al. 2012). Yet dry-

land rivers may also spend long periods

of time (months–years) between these

extremes, when low flows can prevail

(Smakhtin 2001; Thoms et al. 2004;

Young & Kingsford 2006). These dis-

parate hydrological states mean intermit-

tent dryland rivers can shift back and

forth between longitudinally connected

lotic (flowing water) systems, and frag-

mented lentic (still-water) systems (Shel-

don et al. 2010).
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The Barwon–Darling River in southeast

Australia is an intermittent dryland river

renowned for its hydrological variability

(Puckridge et al. 1998). Zero flows are a

focal point for descriptions of the river;

such as, “The Darling River at Menindee

ceased to flow 48 times between 1885

and 1960, and. . . did not flow for 364 days

in the 1902–3 drought.” (Murray-Darling

Basin Commission 2004; Blair 2019).

Since the 1960s, the river’s hydrology

has been substantially modified by flow

regulation, in the form of water storages

and extraction. The hydrological impacts

of regulation have been characterised

(Thoms & Sheldon 2000; Australian Acad-

emy of Science 2019), but impacts on

riverine hydraulics and associated ecologi-

cal implications remain largely unex-

plored. Flow regulation in the Barwon–
Darling River has been associated with

ecological degradation (Thoms & Delong

2018), including, in 1991, the world’s

longest (~1000 km) riverine cyanobacte-

rial bloom (Bowling & Baker 1996). More

recently (2019), the deaths of up to a mil-

lion fish were associated with cyanobacte-

rial blooms followed by deoxygenation of

weirpools (Vertessy et al. 2019). Both

events were associated with months of

low or zero flows.

From 2001 to 2009, the Murray–Darling
Basin (MDB) experienced the “Millennium

Drought,” one of the most severe

droughts on record (van Dijk et al. 2013)

followed by another extensive drought

that commenced in 2013 and is ongoing

(Vertessy et al. 2019). Similar droughts,

however, have occurred previously (Fre-

und et al. 2017) prior to the development

of dams and weirs in the catchment.

Droughts are characterised by low

flows that directly affect habitat, hydraulic

conditions, water quality, resource flux

and riverine connectivity; and in turn reg-

ulate the distribution, abundance and

diversity of aquatic biota (Rolls et al.

2012). Understanding these hydro-ecologi-

cal relationships is critical to informing

trade-offs between consumptive water

use and ecosystem integrity (Bunn &

Arthington 2002).

It is within this context that we exam-

ine the low flow hydrology and hydrody-

namics (variation in hydraulics over time

and space) of the Barwon–Darling River

before and after flow regulation, particu-

larly in extreme droughts. Our objectives

are to: (i) understand the interaction of

hydrology and riverine hydraulics, and

the dynamics of lotic habitats; (ii) inte-

grate these findings with contemporary,

historical and paleo-ecological data to pro-

vide an ecohydraulic premise for the reha-

bilitation of the Barwon–Darling River,

and (iii) use these findings to provide rec-

ommendations for water management that

sustains aquatic ecosystems and people.

Study Area

In southeast Australia, the Barwon and

Darling rivers comprise part of Australia’s

longest river system, the Murray–Darling
(Fig. 1); they drain the northern Murray–
Darling Basin (MDB) which is charac-

terised by a mostly semi-arid to arid catch-

ment of 650,000 km2 (Matheson & Thoms

2018). The Barwon River constitutes the

northern reach of the Barwon–Darling,
running from the confluence of the Weir

River and Macintyre River to the junction

with the Culgoa River, where it becomes

the Darling River to the junction with

the River Murray (Fig. 1). Major and more

consistent runoff is derived from the east-

ern tributaries (Border Rivers, Gwydir,

Namoi and Macquarie) that drain the west-

ern slopes of the Great Dividing Range,

while the northern tributaries (Paroo,

Warrego and Culgoa) are arid and more

intermittent, providing minor and more

variable runoff (Thoms et al. 2004).

For over 30,000 years, Aboriginal peo-

ple have had a cultural connection with

the river (Balme 1995). Fish, mussels and

snails were an important food source for

Aboriginal people (Humphries 2007; Gar-

vey 2017), and some of the world’s oldest

examples of stone fish-traps are located on

the Barwon River at Brewarrina (Mathews

1903). Indeed, fish are integral to the cul-

tural heritage of communities throughout

the Barwon–Darling system; they are con-

sidered a sentinel of river health; and con-

tribute to recreational fishing and tourism

(Koehn 2015).

Like many rivers in Australia’s Murray–
Darling Basin, modification of the Bar-

won–Darling river system has been pro-

found (Thoms et al. 2004). European

settlement of the river commenced in

the mid-1800s, but widespread regulation

of flow did not commence until the

1960s. There are now eight major

Figure 1. Study area showing: river gauge locations and period of record; major (>100 GL)

dams (red symbols); key locations of Menindee Lakes (light blue symbol) and towns (black sym-

bols) (Bourke to the west and Mungindi to the east).
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headwater dams in the eastern tablelands

(Fig. 1), multiple weirs, pumped extrac-

tion with off-stream storages, and flood-

plain water harvesting, which modify the

river’s hydrology and fragment the river-

ine ecosystem. Median flows in the mid-

reaches of the Darling River are now

reduced by over 70% (Thoms & Sheldon

2000).

Methods

Hydrology

Firstly, to establish natural patterns of

intermittency, we examine flow records

from 1885 to 1950, before flow regulation.

Secondly, we compare the low flow

hydrology and hydrodynamics of extreme

droughts before and after flow regulation,

using the: Federation Drought (1895–
1903), World War II Drought (1939–45),
Millennium Drought (2001–2009) and

2013–2019 data for the present ongoing

drought (referred hereafter as the 2013–
2019 drought). To further assess the

effects of water diversion on low flows,

we compare gauged data with modelled

natural flows in the Millennium Drought.

At the time of publication, modelled natu-

ral flows for the 2013–2019 drought were

unavailable.

We use main channel records that

include data from 1885–86 onwards, from

reaches in the upper (Walgett [119 m

AHD] from 1886, Gauge 422001), middle

(Wilcannia [63 m AHD] from 1885

[Menindee gauge used pre-1913 as it is

more accurate and an effective surrogate

for Wilcannia prior to the Menindee Lakes

Scheme (Academy of Science 2019)],

Gauge 425008); and lower Darling River

(Menindee [52 m AHD] from 1885, Gauge

425012) (Fig. 1). Up to 1950, historical

flow data were published as monthly

records (minimum, mean and maximum)

(Water Conservation & Irrigation Commis-

sion 1956) while more recent data (1974

onwards) are daily and available online

(www.waterinfo.nsw.gov.au; accessed 15

June 2020).

Modelled natural daily flows were

from the MSM–BIGMOD model down-

stream of Menindee and IQQM model

upstream of Menindee (Murray–Darling

Basin Authority, unpublished data). Mod-

elled data were available from 1895 to

mid-2009, for the three locations on the

Barwon–Darling River: (i) Walgett, (ii) Wil-

cannia and (iii) downstream of Menindee

(including downstream of Menindee

Lakes). Gauged and modelled natural

flows were compared using flow duration

curves.

Hydrodynamics

We obtained water velocity data from

river cross-sections at three hydrographic

gauging stations on the Barwon–Darling
River: two –Walgett and Wilcannia –were

the same as used for hydrological analysis,

while the third was downstream of Menin-

dee (Gauge 425048, near the offtake of

the Great Darling Anabranch), which

ensured all three gauging stations were

in comparable free-flowing river reaches,

not impacted by backwater from a down-

stream weir. Water velocity measurements

spanned the period 1995–2018 and dis-

charges from zero to flood levels

(70,000 ML/d [megalitres per day]). Mean

water velocity versus discharge data were

then used to provide an assessment of the

duration of lotic and lentic conditions in

droughts, acknowledging that mean chan-

nel velocity is a surrogate for hydrody-

namic diversity in reaches not impacted

by backwater from weirs or barriers (Bice

et al. 2017).

To assess the spatial extent to which

weirs in the Barwon–Darling River raise

water levels and create lentic pool habi-

tats, we derived weirpool lengths from

weir crest heights and assumed the weir-

pool surface had a flat hydraulic gradient

at low flows. These were superimposed

on a river channel profile (unpublished

data, WaterNSW). Channel survey was

available for Mungindi to Menindee (Weir

32) (1584 km) and Burtundy to Went-

worth (Lock 10) (180km); while the

unsurveyed reach from Menindee to Bur-

tundy (482 km) was assumed to be a con-

sistent gradient.

To provide a context for changes in

hydrology and hydrodynamics among his-

torical and contemporary droughts, we

examined water management in the

Barwon–Darling river system in the

2013–2019 drought. Specifically, we

characterised inflows and outflows from

headwater storages on major tributaries,

and the operation of main channel weirs,

during 2018-19.

Mussels and snails

In March 2019, 16 sites (Table 1,

Appendix S1) along 1500 km of the Bar-

won–Darling River were inspected for

the presence of River Mussel (Alathyria

jacksoni) and Darling River Snail (Noto-

pala sublineata sublineata). We also re-

examined the paleo-record of these biota

in Aboriginal middens in the lower Darling

River (Balme 1990, 1995) to assess their

long-term presence, and how this might

reflect past hydraulic conditions.

Results

Intermittency prior to flow

regulation

Based on mean monthly flows from 1885–
1950, prior to flow regulation, the Bar-

won–Darling River at Walgett, Wilcannia

and Menindee flowed for 95, 94 and 92%

of the time, respectively; including contin-

uous flows for up to 19 years. The 65-year

period of record includes droughts in

1885, 1888, 1895–1902, 1914–1915,
1919–20, 1923 and 1939–45, which each

have months of zero flow. At Menindee,

there were 81 events of zero flow in this

period: 61 of these were less than one

month, 17 were one to six months dura-

tion, and three were greater than six

months – occurring in 1888 (10 months),

1902 (11 months) and 1919–20
(7 months). In summary, prior to river reg-

ulation, the Barwon–Darling River flowed

for more than 90% of the time and was

characterised by short spells (generally

less than one month) of zero flow.

Hydrology of droughts

The four severe droughts we selected –
Federation Drought (1895–1903), World

War II Drought (1939–45), Millennium

Drought (2001–2009) and 2013–2019 –
all had comparable rainfall and runoff

per annum (Verdon-Kidd & Kiem 2009;

Freund et al. 2017). All droughts are, how-

ever, unique and variation was present

with slightly less rainfall in the Barwon–
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Darling catchment in the World War II

Drought compared with the Millennium

Drought (Leblanc et al. 2012), while

2018 had the second lowest inflows from

the eastern tablelands of any year between

1893–2019 (Vertessy et al. 2019). Flow

duration curves (using mean monthly

flow) for the historical droughts and mod-

elled flow for the Millennium Drought

show very high levels of consistency

between zero and 2,000 ML/d within a

reach (upper, middle and lower river)

(Fig. 2). Along the Barwon–Darling River

there are different patterns of change in

droughts (Fig. 2). In the upper river (Wal-

gett), zero flows are similar in historical

droughts and the Millennium Drought –
occurring for less than 11% of the time –
but increase to 18% of the time in the

2013–2019 drought. In the middle river

(Wilcannia), zero flows increase from his-

torical to contemporary droughts, from

15% to 21–23%; while the lower river

(Menindee) had less zero flows in contem-

porary droughts due to regulated flow

releases from Menindee Lakes. Modelled

natural flow for the Millennium Drought

shows less zero flows (i.e. more flow) at

Walgett and Wilcannia compared to all

droughts, and more zero flow at Menindee.

Baseflows and flow pulses exhibit the

greatest differences. In historical

droughts, flows exceed 700 ML/d at

Walgett and 1300 ML/d at Wilcannia and

Menindee 50% of the time, compared with

175 ML/d at Walgett, 70 ML/d at Wilcan-

nia and 195 ML/d at Menindee in contem-

porary droughts (Fig. 2). Modelled natural

flows in the Millennium Drought exhibit a

similar pattern to historical droughts, with

baseflows of 500 ML/d exceeded 50% of

the time at Walgett and 900 ML/d at Wil-

cannia and Menindee (Fig. 2). Wilcannia

demonstrates the greatest differences at

very low flows, with 40% of flows less

than 10 ML/d in the Millennium Drought,

compared with 400 ML/d for modelled

natural flows, 600 ML/d in the Federation

Drought and 1000 ML/d in the World War

II drought (Fig. 2). Consequently, river

regulation has fundamentally altered low

flows in the Barwon–Darling River.

In the two historical droughts and in

modelled natural flows for the Millennium

Drought, the Barwon–Darling was charac-

terised by near-annual flow pulses (1.25

ARI, Annual Recurrence Interval) ranging

from 8620 to 12,637 ML/d. Discharge of

this magnitude is mainly contained within

the river channel (river cross-sections

from https://realtimedata.waternsw.c

om.au/, accessed 8 December 2019) with

some reconnection of low-lying wetlands

(NSW Department of Primary Industries

2015). These flows in the unregulated

river contrast starkly with the 1.25 ARI

flows for the Millennium and 2013–2019
droughts (analysis includes recent peak

flows in March 2020), which were 670

and 650 ML/d, respectively.

Hydrodynamics

Hydrographic data from three cross-sec-

tions on the Barwon–Darling River show

that mean channel water velocities rapidly

increase from zero to 0.2–0.3 m/s in asso-

ciation with small increases in discharge

from zero to 250 ML/d (Fig. 3). Above

250 ML/d, water velocities plateau above

0.2 m/s in the upper river (Walgett), and

above 0.3 m/s in the middle and lower

river (Wilcannia and downstream of

Menindee). Walgett had two noticeable

groups of data, with higher water veloci-

ties up to 500 ML/d for 1974–1999 and

lower water velocities for the same dis-

charge for 2000–2018, suggesting some

change in channel morphology over this

period.

Water velocities for lotic (flowing) and

lentic (still-water) habitats – considered

applicable for a low gradient river (Mal-

len-Cooper & Zampatti 2018) – are super-

imposed on Figure 3. From these data, we

approximated thresholds of 100 ML/d as

the upper discharge for lentic habitats

and 250 ML/d as the lower discharge for

lotic habitats, while flows in between

were considered transitional between the

two hydraulic conditions. These thresh-

olds were also superimposed on Figure 2,

which then shows the duration of lotic

and lentic habitats.

Outside of droughts from 1885–1950,
there were continuous lotic conditions

(>250 ML/d minimum monthly flow) for

up to six years. In historical droughts

and modelled natural flows for the Millen-

nium Drought, lotic habitats were main-

tained for more than 69% of the time at

all three Barwon–Darling River sites

(Fig. 2). In contrast, the gauged flow data

for the Millennium and 2013–2019
droughts show lotic conditions are

reduced to 37–43% of the time.

The duration of lentic periods greater

than 3 months has also increased. At Wil-

cannia, historical droughts and modelled

natural flows for the Millennium Drought

show lentic periods of 4–9 months except

for 12 months in 1902 (Fig. 4). The

Figure 2. Flow duration curves of droughts pre-regulation (black and grey lines) and post-reg-

ulation (blue solid and dashed lines), shown with modelled natural flow for the Millennium Drought

(2001–09) (red line), for the middle of the Barwon–Darling River (Wilcannia). Lentic (<0.15 m/s)

and lotic (>0.3 m/s) flows, derived from hydrographic data (Fig. 3), are shaded grey and blue,

respectively. Upper river (Walgett) and lower river (Menindee) graphs are in Appendix S1 in Sup-

porting Information online. Video of river is online in Video S1.
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gauged flows in the Millennium and 2013–
2019 droughts, however, have extreme

events of 17 months duration in the Mil-

lennium Drought and 30 months in the

2013–2019 drought, which are the longest

in the 134-year record. It should be noted

that: contemporary data are expressed as

mean monthly discharge to enable a com-

parison with the historical data, and;

within the 30-month period in 2013–
2019, there was 25 individual days with

flows greater than 250 ML/d.

The spatial integrity of lotic habitats in

the Barwon–Darling River is also frag-

mented by weirs, especially at low dis-

charges, where 40% of the river channel

is potentially comprised of lentic weir-

pools (Fig. 5). Consequently, under these

conditions, the longest reaches with

potential lotic habitats are between: 1)

Walgett and the upper weirpool limit of

Brewarrina (169 km), 2) Brewarrina and

the upper weirpool limit of Bourke

(117 km), 3) Tilpa and the upper weir-

pool of Wilcannia (173 km), and 4) Weir

32 and upper weirpool limit of Pooncarie

(287 km).

In summary, regulation of the Barwon–
Darling River has greatly reduced the mag-

nitude of low flows, to the extent that

lotic conditions occur for much less time

and over far less area, while continuous

periods of lentic conditions have

increased. In the post-2000 droughts, the

temporal extent of lotic habitats was

reduced by approximately 50% while the

spatial extent was reduced by weir pools.

In addition, the pre-regulation hydrograph

was characterised by substantial near-

annual flow pulses, even during drought,

but in contemporary droughts the magni-

tude of these has decreased by 92–95%.
Overall, the Millennium and 2013–2019
drought show a change in the Barwon–
Darling River in droughts from a predomi-

nantly connected lotic, to a fragmented

lentic, river.

Mussels and snails

The occurrence of mussels and snails in

the paleo-record provides insights into

the past hydrology and hydraulics of the

Barwon–Darling River. Balme (1990,

1995) examined 220 Aboriginal middens

from a range of geomorphic types in the

lower Darling River. The most common

aquatic fauna in the middens were River

Mussel and Floodplain Mussel (Velesunio

ambiguus), followed by Darling River

Snail. Along the lower Darling River, River

Figure 3. Hydrographic data of mean channel water velocity versus discharge for the middle

of the Barwon–Darling River (Wilcannia). Lentic (<0.15 m/s) and lotic (>0.3 m/s) conditions are

based on water velocity and are shaded grey and blue, respectively. Upper river (Walgett) and

lower river (downstream of Menindee) graphs are in Appendix S2 in Supporting Information online.

Lotic conditions for all three sites occur at relatively low discharges >250 ML/d.

Figure 4. Duration of lentic conditions at Wilcannia >3 months for pre- and post-regulation

droughts, and modelled natural flows for the Millennium Drought. Here, lentic incorporates flows

<250 ML/d which includes the transition zone from lentic to lotic (100–250 ML/d). Also shown are

the total percentage of lentic conditions (Fig. 2) and the 1:1.25 ARI flow. In post-regulation

droughts, lentic conditions dominate, and lentic events are of greater duration; while the magni-

tude of flow pulses has reduced by >90%.
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Mussel was present in all midden sites

associated with river channels, while the

Floodplain Mussel was in almost all flood-

plain midden sites (Balme 1990). Radiocar-

bon dating of the mussel shells (Balme &

Hope 1990) shows the age of sites with

River Mussel spanned from 15,250 to

99 years BP, with increments between

100 and 3420 years.

In 2019, deceased River Mussels were

ubiquitous at 16 sites inspected along

the Barwon–Darling River, while only

one site had live individuals. The River

Snail, which is presumed extinct in the

Barwon–Darling system (NSW Depart-

ment of Primary Industries 2007), was

located at four sites, but all individuals

were recently deceased. All dead snails

were in desiccated rocky habitats and

dead mussels in desiccated runs, both

these habitats would have been charac-

terised by lotic conditions under low

flows.

Water management in low

flows

In 2018–19, there was zero flow in the

Darling River at Bourke (Fig. 1) for

433 days (29th August 2018 to 4th

November 2019, https://realtimedata.

waternsw.com.au/, accessed 25 Novem-

ber 2019). During this period, over

100,000 ML was captured in tributary

headwater dams (Burrendong, Keepit,

Copeton, Pindari, Glenlyon), which is a

typical volume of inflows for a severe

drought (Vertessy et al. 2019). In the same

period, 932,460 ML of storage was

released (https://realtimedata.waternsw.c

om.au/, accessed 8 December 2019),

mostly for irrigation, but also for environ-

mental flows (163,577 ML), with 76% of

this allocated to the Macquarie River

(https://www.environment.gov.au/water/

cewo/catchment/macquarie/history,

accessed 1/1/2020). In conjunction, total

average storage in the headwater dams

decreased from 34% to 4%.

In the same period, a total of

32,671 ML entered the Barwon–Darling
River between Mungindi and Bourke from:

environmental flow releases from dams

(18,095 ML), rainfall/runoff downstream

of headwater dams (7194 ML from the

Culgoa, Castlereagh and Namoi rivers)

and other flows at Mungindi (7382 ML,

which were partly a release from

upstream dams) (https://realtimedata.

waternsw.com.au/, accessed 8 December

2019). Of these flows, 1159 ML was acces-

sible to irrigators with the lowest pump-

ing thresholds (Class A), but this leaves

31,512 ML unaccounted for. Some of this

loss of flow is due to evaporation, seep-

age, rewetting dry channels and filling

water holes (Boulton et al. 2017).

Substantial losses, however, also occur as

a result of weirpools, where water levels

and volume decrease due to extraction

for town water and evaporation (Fig. 6).

This creates airspace in weirpools that

then captures small flow events, further

contributing to the loss of flow down-

stream. Consequently, in 2018–19, a 433-

day period of zero flows in the Darling

River at Bourke was not solely the result

of rainfall drought but also due to active

management of headwater storages and

water extraction from the river channel

for consumptive use.

Discussion

The Barwon–Darling river system has

been categorised as having one of the

most variable and unpredictable hydrolog-

ical regimes in the world (Puckridge et al.

1998; Thoms & Sheldon 2000). An empha-

sis on variability, however, overshadows

three persistent features of pre-regulation

hydrology and hydrodynamics: (i) near-

perennial flows; (ii) lotic (flowing water)

habitats associated with these flows; and

(iii) frequent (e.g. every 15 months) flow

pulses that provided large-scale (100s–
1000s km), contiguous lotic conditions.

We propose it is these features that have

shaped the ecology of riverine biota in

the Barwon–Darling; and which are now

experiencing unprecedented change. We

suggest an ecohydraulic perspective pre-

sents a critical and quantitative path for-

ward for rehabilitating this highly

modified river system and provides clear

choices for stakeholders and river manage-

ment.

Hydrology

The pre-regulation period of record used

in the study (1885–1950) provides an indi-

cation of the natural hydrology of the Bar-

won–Darling River. Although 65 years is

short in comparison to paleo timescales,

it does include the drought-dominated

regime between 1895 and 1946 (Mills

et al. 2013), so these data are representa-

tive of a dry climate and are unlikely to sig-

nificantly overestimate flows compared

with data post-1950. From 1885–1950,
the Barwon–Darling River exhibited a

near-perennial hydrology, flowing

Figure 5. Profile of the Barwon–Darling River, with blue lines showing flowing (lotic) reaches

between weirpools at low flows, and fragmentation of a long-distance lotic ecosystem.
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continuously for up to 19 years and for

more than 85% of the time through the

worst recorded droughts. The persistent

nature of this flow regime is further sup-

ported by the paleo-climate record that

suggests the Federation Drought – with

high baseflows and near-annual flow

pulses – was the most severe drought in

the Murray Basin in 400 years (Freund

et al. 2017).

During the 2013–2019 drought, in the

upper and middle reaches of the Bar-

won–Darling at Walgett and Wilcannia,

flow intermittency increased in compar-

ison to historical droughts. These zero

flow periods could be attributed to dimin-

ished inflows caused by rainfall deficiency

and climate change (Delworth & Zeng

2014). Nevertheless, our analysis shows

that, in 2018–2019, capture and diversion

of flow, firstly in headwater dams and sec-

ondly for town water supplies, con-

tributed to 433 days of zero flow at

Bourke, which is the longest in the 134-

year record. Modelled natural flows for

the Millennium Drought also indicate

more flow and less intermittency than

gauged (actual) flows.

Although the duration and frequency of

zero flows in the Barwon–Darling River

have increased, these events also occurred

prior to flow regulation and are indeed

considered part of the natural hydrology

of the river. What is unnatural, however,

is the impact of regulation on low flows

and flow pulses, and the associated

change in river hydraulics from lotic to

lentic.

Hydrodynamics

Despite the extremely low gradient of the

Barwon–Darling River (1:20,000, Mathe-

son & Thoms 2018), lotic habitats are con-

sistently present at low flows (≥250 ML/

d), and lotic refugia (semi-permanent

regions of flowing water) likely remain

present at very low flows (>100 ML/d).

Prior to 1950, flows greater than

100 ML/d could be present continuously

for years, and even in extreme droughts

were present most of the time (75%).

Hence, lotic habitats were a dominant nat-

ural feature of the Barwon–Darling, under-
pinning ecosystem processes and

determining species composition. This

perenniality and hydrodynamic diversity

is in contrast to the concept of intermit-

tency and persistence of lentic refugia

(waterholes) being key drivers of the func-

tion and form of dryland rivers (Sheldon

2005); both are applicable, but this dispar-

ity demonstrates the broad hydrological

and hydraulic spectrum in dryland rivers.

Hydrological measures (i.e. discharge)

remain prime descriptors of dryland riv-

ers, with timing and duration of intermit-

tence often used as defining characters

(Costigan et al. 2017). Nevertheless, if

flow is present, but insufficient to gener-

ate lotic conditions, there can be an eco-

hydraulic impact that is overlooked. We

suggest that identifying hydraulic thresh-

olds and using lentic (or lotic) duration,

timing, frequency and spatial integrity

can help quantify and ameliorate ecohy-

draulic impacts in these rivers. In this

study, using 250 ML/d as a discharge

threshold revealed the substantial loss of

lotic habitats in the Millennium and

2013–2019 droughts, due to abstraction

of flow and low inflows across the catch-

ment. Exacerbating this impact are weir-

pools, which at low flows, back water

up for approximately 1000 km (>40%) of
the Barwon–Darling; further reducing

lotic habitats and fragmenting the spatial

integrity of lotic reaches.

Considering these impacts, the Bar-

won–Darling River is at risk of transforma-

tion from a near-perennial, connected,

primarily lotic ecosystem to an artificially

intermittent, fragmented, lentic-domi-

nated ecosystem. This is a global issue,

with biodiversity in many perennial, dry-

land rivers impacted by artificial intermit-

tency driven by anthropogenic

modification of flow regimes (Kingsford

et al. 2006; Datry et al. 2014).

Flow pulses

Flow data from historical droughts and

modelled natural flow for the Millennium

Drought indicate that, without storage

and diversion of flow, a flow pulse greater

than 9,000 ML/d – typically an increase in

river level of two metres – would have

occurred every 15 months. These reliable

flow pulses are analogous to the annual

spring flow pulses that characterised the

unregulated flow regime of the adjacent

River Murray (Mallen-Cooper & Zampatti

2018). In the Barwon–Darling and else-

where, these regular hydrological events

shape the life histories of riverine biota,

consequently influencing ecosystem struc-

ture (Mims & Olden 2013). Flow pulses

also provide essential carbon inputs to

the riverine ecosystem in the periods

between less frequent overbank floods

(Sheldon & Thoms 2006), and they pro-

mote reliable and contiguous lotic habitats

over large spatial scales (100s–1000s km)

for biota to exploit. Not surprisingly, these

events are associated with spawning and

strong regional age-classes of Golden

Perch (Macquaria ambigua) (Sharpe

2011; Zampatti et al. 2019), a species

characterised by pelagic (drifting) eggs

and larvae, and flow-related episodic

recruitment (Zampatti & Leigh 2013).

Paleo-ecohydraulics

The paleo-record of mussels and snails in

Aboriginal middens provides further evi-

dence for the persistence of low flows

and lotic conditions in the Barwon–Dar-
ling River. River Mussel and Darling River

Snail are characteristic of lotic ecosystems

and do not persist in lentic habitats and

intermittent rivers with long periods of

zero flow (Walker 1996; Walker et al.

2001; Ponder & Walker 2003). Both these

lotic species are present in middens across

a time span from the wet early Holocene

(11,700 years before present) to the drier

later Holocene (Balme 1990, 1995; Stanley

& Deckker 2002) indicating that flowing

water habitats were enduring and that

periods of zero flow were sufficiently

short to not impact population persis-

tence.

Deaths of fish, mussels and

snails

In the summer of 2018–19, up to to over a

million fish died in a 30km reach of the

lower Darling River, which was attributed

to a combination of low flows, high water

temperatures, cyanobacteria, thermal

stratification and deoxygenation (Vertessy

et al. 2019). The fish deaths attracted glo-

bal attention (Normile 2019; Remeikis

2019), but less recognised were extensive

mortalities of River Mussel and Darling

River Snail, across the Barwon–Darling
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river system. River Mussel deaths

extended from Menindee to the Queens-

land border (1500 km) and four recently

discovered populations of River Snail

between Tilpa and the Queensland border

were all dead, placing this species at high

risk of extinction. It is likely that these

mortalities were a result of the extended

duration of zero flow and loss of lotic habi-

tats, in association with high tempera-

tures. Continuous periods in which daily

maximum air temperatures exceeded

40°C have occurred in other droughts –
notably 11 days in the World War II

Drought and 22 days in the Federation

Drought, which included 13 days above

45°C (Bureau of Meteorology data,

www.bom.gov.au, accessed 16/06/2019).

Nevertheless, these events coincided with

discharges in the Barwon–Darling River

(Wilcannia, Menindee) of greater than

500 ML/d (Water Conservation & Irriga-

tion Commission 1956), which would

have protected fish, mussels (Walker

1981) and other riverine biota, while miti-

gating thermal stratification and risk of

cyanobacterial blooms (Mitrovic et al.

2010).

Climate change

Climate change is predicted to make

south-eastern Australia hotter and drier

(Cai & Cowan 2008; Whetton 2011) caus-

ing dryland rivers to become more inter-

mittent (Larkin et al. 2020). In the

Barwon–Darling River, however, a focus

on the influence of climate change and

drought on the river’s flow regime poten-

tially overshadows the dominant impacts

of flow storage and diversions. Under

present conditions dams and weirs can,

and do, capture up to 100% of inflows in

droughts. By 2030, climate change may

alter runoff in the Barwon–Darling catch-

ment by �10% (range: �29 to +12%)
(CSIRO 2012). In conjunction with cur-

rent flow management, this would lead

to longer periods of zero flows and lentic

conditions; but the predominant cause

would remain storage and diversion.

Implications for
Management

An ecohydraulic premise for

the Barwon–Darling River

Our study indicates that the riverine

ecosystem of the Barwon–Darling has

been shaped by a near-perennial hydrolog-

ical regime and consistency of lotic habi-

tats; arguably as much as the

hydrological extremes of zero flow and

flood. In the Barwon–Darling River, a

focus on hydrological variability overlooks

the influence of persistent hydrodynamic

features, such as flowing water, in shaping

ecological processes and patterns, particu-

larly during low flow periods.

Lotic habitats throughout the MDB sup-

port a suite of specific biota, including bio-

films, snails, mussels, aquatic insects,

crustacea and fish (e.g. Sheldon & Walker

1989; Whiterod & Zukowski 2019).

Indeed, the hydrological and hydraulic

template of the Barwon–Darling supports

a fish assemblage more akin to the peren-

nial lotic habitats of the Murray River (Mal-

len-Cooper & Zampatti 2018), than the

intermittent rivers of the northern Mur-

ray–Darling Basin (Balcombe et al. 2006).

Hence, management of the Barwon–Dar-
ling as a primarily intermittent river sys-

tem, that dries to a series of lentic refuge

water holes, will threaten this lotic ecosys-

tem, with subsequent loss of biodiversity.

Such an approach also disadvantages con-

sumptive users of water in the lower

catchment, and undermines the public

and cultural amenity provided by a near-

perennial, lotic ecosystem.

In contemporary droughts in the Bar-

won–Darling River, two impacts on

hydrology and hydraulics stand out: (i)

the loss of low flows and associated lotic

Figure 6. Example of flow capture in a weirpool (Brewarrina) during low flows in the Barwon–

Darling River: (a) flow approximately 100 km upstream (Gauge 422027), (b) weirpool level (Gauge

42202) and (c) flow passing weir downstream (Gauge 42202).
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conditions, and (ii) a reduction in regular

flow pulses. All aquatic species in the Bar-

won–Darling can survive temporary peri-

ods of zero flow and lentic conditions,

but historically, these were dispersed

within long periods (month–years) of con-
tinuous lotic conditions, enabling popula-

tions of uniquely lotic biota to persist.

Very low flows, below lotic thresholds,

may meet historical metrics of intermit-

tence but do not support a lotic riverine

ecosystem.

Making low flows flow

In the Barwon-Darling River there are four

elements to rehabilitating this lotic ecosys-

tem, and making low flows flow:

1 Incorporating hydrodynamic objec-

tives in water management

Water volumes and discharge are the

universal currency of flow management.

From an ecological perspective, however,

volume and discharge are ultimately surro-

gates for spatio-temporal hydraulics (hy-

drodynamics), including depth, velocity

and turbulence; that is, the physical envi-

ronment in which aquatic biota exist (Lan-

caster & Downes 2010). In the Murray–
Darling Basin, volume and discharge are

fundamental to water policy and manage-

ment (e.g. Commonwealth (Water Act

2007), New South Wales (Water Manage-

ment Act 2000)) but concepts of hydrody-

namics are absent. With some

modification, however, hydrodynamics

can be integrated into contemporary

water management. Discharge would

remain as the main management lever

with hydrodynamics as the primary objec-

tive. In the present study, preliminary

hydrodynamic–hydrological thresholds

have been identified, but to provide spa-

tial detail of ecohydraulic habitats, a com-

prehensive hydraulic model of the river is

required (e.g. Mallen-Cooper & Zampatti

2018).

2 Enabling greater continuity and near

permanency of low flows from headwa-

ter dams

Applying a low flow regime in the Bar-

won–Darling requires alternative water

management in tributaries. Currently,

catchment specific Water Sharing Plans

operate largely independently and have lit-

tle or no requirement to pass water from

upstream storage dams to the Barwon–
Darling River (e.g. Water Sharing Plan for

the Gwydir Regulated River Water Source

2016, https://legislation.nsw.gov.au/#/vie

w/regulation/2015/629, accessed 3 Jan-

uary 2020). The impacts of this compart-

mentalised water management are

exaggerated in a system like the Bar-

won–Darling which receives 99% of its

water from tributaries (Murray-Darling

Basin Authority 2018). Linking operation

of storage dams and tributaries so they

contribute to low flows in the Barwon–
Darling is a key to the future health of

the river.

3 Providing alternative water sources

for towns to prevent extraction at low

flows

The present study has shown that water

abstraction from weirpools for consump-

tive use has a profound impact on lowflows

in the Barwon–Darling. Hence, we suggest

the third key component of providing low

flows – and preventing ecologically detri-

mental periods of zero flow – is to provide

alternative water supplies for towns and

individual landholders on the Barwon–Dar-
ling River. One option is off-stream storage,

which can be filled during periods of ele-

vated flow, thus decoupling the competing

needs of people and the environment at

low flows, especially in droughts. The feasi-

bility of this approach has been demon-

strated by the NSW Government which

built a 500 ML storage for $8.2 million on

a tributary of the Barwon–Darling River at

Nyngan (NSW Treasury 2019). Groundwa-

ter is also an alternative and there may be

scope for recharging underground aquifers

and using these for storage (Ward & Dillon

2012).

4 Reducing the extent of weirpools

In the Barwon–Darling River, most

weirs were built from 1949 to 1980 to pro-

vide water supplies for towns during

droughts (Thoms et al. 1996). The weir-

pools also provide social and recreational

amenity. Some weirs, however, are

remote and support only a few users that

could feasibly be accommodated with

off-stream storage. Presently, weirs on

the Barwon–Darling are being rationalised

under the “western weirs” project (Water

Supply (Critical Needs) Act 2019). This

project presents the opportunity to

reduce the number of weirs and recover

lotic habitats that have been impacted by

weirpools; effectively gaining consider-

able reaches of lotic habitat. The alterna-

tive, of more and/or higher weirs, thus

exacerbating the impact of weirpools,

would further compromise the integrity

of the river ecosystem.

Conclusion

A common premise for the Barwon–Dar-
ling River is a highly variable hydrology

with long periods of zero flow. Yet,

reviewing hydrological and hydraulic data,

particularly during severe droughts,

reveals that within this variability there is

also consistency, with: persistent base-

flows supporting lotic habitats; and near-

annual, landscape-scale flow pulses. This

realisation presents a significant opportu-

nity to improve ecosystem integrity by

recovering these key ecohydraulic facets

of the natural flow regime through inte-

grated water management, alternative

sources of water for consumptive use dur-

ing low flows, and weir rationalisation.

The past provides insight into a Barwon–
Darling River ecosystem that supported

lotic biota and people for millennia, even

with low inflows in extreme droughts.

This context enables an ecohydraulic per-

spective of the river that helps explain

present impacts, provides new directions

for river management, and clarifies

choices for stakeholders.
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Supporting Information

Additional supporting information may be

found online in the Supporting Informa-

tion section at the end of the article.

Video S1. Video of the Barwon–Darling
River upstream of Wilcannia weirpool,

passing 1515 ML/d on 27 May 2020. Video

shows lotic (flowing water) conditions,

with rocky habitat in the foreground and

large woody debris in the background.

Appendix S1. Additional data for Figure 2:
flow duration curves of droughts pre-regu-

lation (black and grey lines) and post-regu-

lation (blue solid and dashed lines), shown

with modelled natural flow for the Millen-

nium Drought (2001–09), for the upper

(Walgett) and lower (Menindee) reaches

of the Barwon–Darling River. Lentic

(<0.15 m/s) and lotic (>0.3 m/s) flows,

derived from hydrographic data (Fig. 3),

are shaded grey and blue, respectively.

Middle river (Wilcannia) data in Fig. 2.

Appendix S2. Additional data for Figure 3.
The upper (Walgett) and lower (down-

stream of Menindee) reaches of the Bar-

won–Darling River. Lentic (<0.15 m/s)

and lotic (>0.3 m/s) conditions are based

on water velocity and are shaded grey and

blue, respectively. Middle river (Wilcannia)

data in Fig. 3. Lotic conditions for all three

sites occur at relatively low discharges

>250 ML/d.

Appendix S3. Locations of sites along the

Barwon–Darling River inspected for River

Mussel and River Snail.
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