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In dryland rivers, flow intermittency means fish populations are often subjected to drought
disturbance. The viability of these fish populations depends on the availability of waterhole
refuges for individuals to survive drought (resistance) and the ability of surviving fish to
repopulate the rivers by recruitment and dispersal once flow returns (resilience). In this
study we combined remote-sensed mapping of the locations of waterholes that lasted
through an extreme drought in the northern Murray Darling Basin, Australia, with an
assessment of the impacts of in-stream barriers on limiting the opportunities for fish to
move and repopulate after drought. We found that at the peak of this 2018–2020 drought,
the worst on record for some rivers and the most spatially synchronous recorded across
the region, waterholes were few and generally small – representing only 11% of the total
river channel network. All the fish in the region that survived the drought were concentrated
into this limited waterhole refuge habitat. Even small instream structures, such as minor
weirs, caused large reductions in the opportunities for fish tomove between river segments
when there is flow. Almost all the 104 instream structures assessed reduced long-term fish
movement opportunities, measured as days with discharge greater than calculated barrier
drown out thresholds, by more than 70% and up to 100%, when compared to
opportunities for movement if the barrier was not present. This large impact from small
instream barriers is a consequence of flow intermittency and is likely to reduce fish
population resilience and impact the capacity of fish populations to recover after
drought. Combining information on the risks posed by limited refuge habitat availability
during drought and from reduced movement opportunity following drought allowed us to
identify river segments where these combined threats are the greatest risk to viability of
local fish populations. Considering the spatial arrangements of these risks provides a
means to systematically prioritize mitigation measures such as weir removal to improve fish
movement opportunities and local management of key waterholes to increase drought
resistance. The approach used here provides a guide for assessing and prioritizing the
management of fish population viability risks from drought and fragmentation by barriers in
any non-perennial river setting.
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INTRODUCTION

Dryland rivers, those where annual evaporation exceeds annual
precipitation, drain more than 50% of the world’s land area and
support more than 20% of its human population (Nanson et al.,
2002). Fish are an important component of their ecosystems, but
the harsh and variable conditions that characterize dryland rivers
pose challenges to fish populations (Arthington et al., 2005;
Balcombe and Arthington, 2009; Vardakas et al., 2017;
Rubalcaba et al., 2020). The relatively low fish species richness
of dryland rivers (Romaní et al., 2017) is due to their extreme
hydrological variability (see Puckridge et al., 1998), which drives
considerable variability in their abiotic environments and the
intensity of biotic interactions such as competition, predation and
disease (Magoulick, 2000). Subsequently, only habitat generalist
species with broad environmental tolerances are able to persist in
these rivers (Horwitz, 1978).

Paramount amongst these harsh conditions, fish populations
in many dryland rivers are subject to frequent hydrological
drought disturbances. Flow stops, and most of the river
channels dry, with remaining water restricted to deeper, in-
channel features, commonly termed waterholes (Knighton and
Nanson, 2000). During drought events, dryland river fish
populations resist biophysical disturbance by utilizing
waterholes as drought refugia (Sedell et al., 1990; Sheldon
et al., 2010), as nearly all lack traits to allow aestivation or
other means of survival without water (Romaní et al., 2017).
After drought breaks with the return of flow, fish dispersal,
reproduction and recruitment allow populations to recolonize
denuded river reaches, making their regional populations
resilient. The high prevalence of drought disturbances in
dryland rivers means that fish populations frequently cycle
through periods of resistance conferred by refugia and
resilience conferred by movement, dispersal, reproduction and
recruitment (Balcombe, 2005; Balcombe and Arthington, 2009;
Arthington and Balcombe, 2011; Kerezsy et al., 2011; Kerezsy
et al., 2013;Marshall et al., 2016). This cycling has been referred to
as “boom and bust ecology” and is characteristic of dryland river
ecosystems (Bunn et al., 2006; Sternberg et al., 2011). Both
resistance and resilience are prerequisite for continuing fish
population viability in these systems (Magoulick and Kobza,
2003; Crook et al., 2010).

The longer a drought continues, the fewer waterholes persist,
as first the shallowest, and then progressively deeper waterholes
dry (Hamilton et al., 2005). Hence, regional fish population
resistance diminishes over time as waterhole refugia fail and
local populations are progressively extirpated. Theoretically, the
fewer the refuge waterholes available to support regional
populations of fish during drought, the greater is the risk of
regional extinctions (Bond et al., 2015). Under such
circumstances, fish population resilience may rely on longer
distance dispersal of individual fish from remote refugia
(Kerezsy et al., 2013).

When drought-breaking flow events occur, dryland river
fishes typically respond rapidly to move out of drought refugia
(Kerezsy et al., 2013; Marshall et al., 2016). However, inter- and
intra-species movement behaviour is highly variable. For

example, studies from Australian dryland rivers have found
that short lived, “extreme colonizing species” can move many
hundreds of kilometers into previously dry river reaches, whereas
longer lived “conservative colonizing species” tend to move
shorter distances, stay within or closer to drought refuges, and
often display philopatry to the waterhole where they resisted a
previous drought (Kerezsy et al., 2013; Marshall et al., 2016).
Within species there is considerable individual variability in
response to flow, with many individuals remaining within a
refuge waterhole (i.e., “partial migation,” sensu Chan, 2001),
random choice of upstream or downstream initial movement
direction and variable philopatry over the initial or subsequent
flow events (Marshall et al., 2016). Movement of individual fish
out of refugia provides both adaptive advantages, such as access to
under-utilised food and other resources and spawning locations
(Labbe and Fausch, 2000), but also confers considrable risks, as
movement itself uses energy and exposes fish to elevated
predation (Brodersen et al., 2008), and stranding away from
refugia as flow recedes represents almost certain death in
systems with intermittent flow (Albanese et al., 2004; Vardakas
et al., 2017). Evidence suggests that movement behaviour of
dryland river fishes represents evolved adaptations to balance
these risks and advantages, as introduced, invasive species and
hybrid individuals adopt maladaptive behaviours in comparison
to native species (Pärssinen et al., 2020). Variability in
intraspecific behaviour, particularly philopatry and partial
migration, are characteristic of this adaptation and are likely
associated with the highly variable and unpredictable hydrology
of dryland rivers, whereby different behaviours are advantagous
at different times (Chan, 2001; Marshall et al., 2016).
Superimposed on this is the role of individual experience and
spatial memory, as fish that have experienced past drought and
flow cycles behave in ways that increase survival more than do
novice individuals (Chapman and Kramer, 1991).

Support for the critical importance of movement and dispersal
for maintaining viable dryland river fish populations comes from
several lines of evidence. Firstly, on occasion all fish are extirpated
from dryland river tributaries through drying, and studies have
found recolonisation occurs, facilitated by hydrological
connection over varying time scales (Kerezsy et al., 2013; Gido
et al., 2015). Secondly, loss of connectivity has been attributed as a
cause of dramatic declines in the range and abundance of dryland
river fish species (Gido et al., 2015; Perkin et al., 2015). For
example, the silver perch (Bidyanus bidyanus (Mitchell, 1838),
Terapontidae) once the predominant large-bodied species in the
northern dryland rivers of the Australian Murray Darling Basin
(Scott, 2005), is now critically endangered and functionally
extinct in these rivers, largely due to the limitation of dispersal
by dams and weirs (Threatened Species Scientific Committee,
2013; Romaní et al., 2017). Finally, the population genetics of
dryland river fishes retain traces of local bottlenecks tempered by
gene flow, further suggesting that dispersal is of paramount
importance (Huey et al., 2011). Despite the importance of
movement, in-channel structures fragment many dryland
rivers by disrupting hydrological connectivity and limiting fish
movement (Gido et al., 2015), as is the case in most rivers (Grill
et al., 2019). Barriers restrict long distance dispersal, with the
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impact greater for movement in upstream rather than
downstream directions and varying with species and fish size
(Stuart and Sharpe, 2020; Hermoso et al., 2021). Fragmentation of
dryland river fish populations by instream barriers that limit
dispersal and recolonisation greatly increases the probability of
extinctions, with the risk increasing with the degree of
fragmentation as populations become smaller (Smith, 1997;
Fagan, 2002; Fagan et al., 2002; Liermann et al., 2012; Gido
et al., 2015).

Metapopulation theory (Levins, 1969) provides a framework
for assessing the consequences of fragmentation for dryland river
fish populations (Gido et al., 2015). Metapopulations are
comprised of the network of connected local populations that
in dryland rivers can be readily identified as fish in spatially
explicit waterholes. But these are unable to exchange migrants by
dispersal except when they are connected via river channels by
discrete flow events (Marshall et al., 2016). Over time, some local
populations go extinct due to drying or stochastic water quality
failures, but the movement of individuals during periods of
connectivity is sufficient to recolonise these extirpated
waterholes, maintaining collective metapopulation viability
(Huey et al., 2011; Bond et al., 2015). However,
metapopulations can survive only if the recolonisation rate of
waterholes is at least equal to their extinction rate, suggesting that
metapopulation scale extinctions can occur even when some
suitable habitat remains (Datry et al., 2017). If extinction rate
increases, for example due to increasing drought severity or
waterhole habitat degradation, or if recolonisation rate reduces
as a consequence of barriers to dispersal or flow regime change,
metapopulations of fish may be driven extinct (Datry et al., 2017).
Fragmentation that reduces recolonisation of local populations is
predicted to lower the genetic diversity of the metapopulation
(e.g., Cole et al., 2016) in proportion to the extent that barriers
limit the geographic range of recolonisation, with minimum
viable fragment sizes varying between fish species based on
their dispersal capabilities (Gido et al., 2015; Murphy et al.,
2015; Tonkin et al., 2018). Adverse effects on fish populations
are more likely to occur in small fragments, isolated with
impermeable barriers, in rivers with frequent disturbance
events (Gido et al., 2015), suggesting dryland river fish may be
particularly vulnerable.

Here we consider how the processes of habitat loss from
drought and river fragmentation by barriers pose risks to the
viability of fish populations in an Australian dryland river setting.

The dryland rivers of the northern Murray-Darling Basin
(MDB), (Queensland, Australia), were subject to a severe
hydrological drought from ca.2018-early 2020 that was one of
the longest periods, (in some rivers the longest), without river
flow on record. Record low rainfall, high rates of evaporative
water loss associated with unprecedented extreme temperatures
(World Meteorological Organization, 2020) and the prolonged
lack of inflow, combined to limit the availability of waterholes as
drought refugia. Furthermore, the quality of remaining refugia
was compromised by hypoxic to anoxic conditions, exacerbating
as they shallowed with increasing drought duration (Queensland
Government, unpublished data), further threatening fish
population resistance (Hopper et al., 2020), and causing widely

publicized mass fish kills (Vertessy et al., 2019). From mid-
January 2020 flow returned to these rivers following
widespread rainfall, ending the long hydrological drought.
However, before the onset of sustained flow, many locations
experienced small “blackwater event” inflows (sensu King et al.,
2012) that caused additional multi-day anoxia in persisting
waterholes (Queensland Government, unpublished data). In
combination, the limited number of waterholes, their poor
water quality during the drought, and the impact of the first
flush blackwater event suggest that few fish may have resisted this
drought in some rivers of the northern MDB, and it is likely to
have caused local to regional scale fish extinctions. Under such
circumstances, movement of surviving fish and their progeny is
critical for the recolonisation of extirpated habitat patches, yet
there are over 100 instream barriers in these rivers that potentially
limit this process.

Here we aim to identify both habitat loss from drought and
river fragmentation by barriers in the northern MDB region. We
then aim to use this information to assess the risk that these
combined threats pose to the viability of the region’s fish
populations. To address these aims, we combined mapping of
the locations and extents of persistent waterholes at the time of
extreme drought, with hydrological evaluations of barrier effects
on opportunities for fish movement to facilitate recolonisation.
This indicates river segments, defined by the locations of the
barriers, where local populations of fishes are at greatest risk from
the combined influences of drought on population resistance, and
barrier effects on their drought resilience.

Given that future climate projections forecast increased
prevalence and duration of extreme droughts for dryland
regions, including those in Australia (Wang, 2005; Kirono
et al., 2020), a better understanding of threats to resistance
and resilience will greatly enhance capacity for sustainable
management of fish populations in dryland rivers. The spatial
distribution of this risk provides an important input into
identifying risk mitigation priorities such as improvements to
fish passage past barriers, waterhole habitat restoration and flow
event management.

MATERIALS AND METHODS

Study Area
This assessment was conducted in the headwaters of Australia’s
largest drainage basin, the Murray-Darling Basin (Fielder et al.,
2011). The Queensland portions of all Murray Darling Basin
rivers plus the Lower Balonne system in New South Wales
downstream to its junctions with the Barwon River were
included in the study (Figure 1). Henceforth, for convenience,
the region is termed the Queensland Murray Darling Basin
(QMDB).

The QMDB drains an area of approximately 260,000 km2

(Newham et al., 2018), and includes catchments of the Border
Rivers, Moonie, Condamine–Balonne, Warrego and Paroo
Rivers, which flow south into the Darling River system.

With the exception of a small temperate climate zone along the
Great Dividing Range at the south-east margin, the area is
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subtropical and dry (Biggs et al., 2013). Annual rainfall declines,
and climatic variability and evaporation increase along a gradient
from east to west (Marshall et al., 2006; Sternberg et al., 2008;
Fielder et al., 2011). The average annual rainfall at Toowoomba in
the east of the region is 952 mm per year, while that of Eulo, on
the Paroo River in the west, is 331 mm (Commonwealth of
Australia, Bureau of Meteorology, 2021). The topography is
generally flat, with low river channel slope which results in
fine sediment accumulation and high turbidity (averaging
more than 500 NTU), increasing with distance from the
headwaters (Moffatt and Voller, 2002; Fielder et al., 2011;
Marshall et al., 2019), and extensive floodplains and wetland
complexes in some areas (Kingsford, 1999; Marshall et al., 2019).

Most rivers in the region are rainfall-runoff, as opposed to
groundwater-fed, and, as rainfall tends to occur as sporadic large-
scale events, their hydrology is typified by frequent periods
without flow punctuated by unpredictable but well-defined
flow events. For example, the Moonie River flows only 35 per
cent of the time and usually exists as a series of disconnected
waterholes (Sternberg et al., 2008). The duration and frequency of
no-flow periods increases from east to west.

The fish fauna of the study region is relatively uniform
throughout the dryland parts of the catchments, being
dominated in terms of biomass and abundance by three
species; golden perch [Macquaria ambigua (Richardson 1845),
Percichthyidae], bony bream [Nematalosa erebi (Günther, 1868),
Clupeidae] and the invasive, alien common carp [Cyprinus carpio
(Linnaeus, 1758), Cyprinidae] (Prior et al., 2005; Negus et al.,
2015a; Negus et al., 2019). An additional ten native species are
also widespread but sporadic in occurrence throughout the
region: Murray cod [Maccullochella peelii (Mitchell, 1838),
Percichthyidae], silver perch [Bidyanus bidyanus (Mitchell,
1838), Terapontidae], spangled perch [Leiopotherapon unicolor
(Günther, 1859), Terapontidae], tandan [Tandanus tandanus
(Mitchell, 1838), Plotosidae], Hyrtl’s catfish (Neosilurus hyrtlii
Steindachner, 1867; Plotosidae), Australian smelt [Retropinna
semoni (Weber, 1895), Retropinnidae], Murray River
rainbowfish [Melanotaenia fluviatilis (Castelnau, 1878),
Melanotaeniidae], unspecked hardyhead [Craterocephalus fluvis
(Günther, 1867), Atherinidae], olive perchlet (Ambassis agassizii
Steindachner, 1867; Ambassidae), western carp gudgeon
[Hypseleotris klunzingeri (Ogilby, 1898), Eleotridae]; as are two

FIGURE 1 | Map of the study area showing the river network (blue lines), catchment boundaries (light grey lines), the border between the Australian states of
Queensland (QLD) and New South Wales (NSW – dark grey line), with numbered red circles the locations and identities (as listed in Supplementary Table S2) of
instream barriers, and black triangles representing the locations of stream gauging stations associated with instream barriers. Insert map shows the location of the study
area within Australia.
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additional alien species: goldfish [Carassius auratus (Linnaeus,
1758), Cyprinidae] and eastern gambusia [Gambusia holbrooki
(Girard, 1859); Poeciliidae]. The assemblage composition of
fishes in refuge waterholes during periods without flow
comprises of the three dominant species plus nested subsets of
the additional regional assemblage (Balcombe et al., 2006).
Within the study area there are also several other fish species
that are either very rare or spatially restricted and which are not
typical elements of dryland river refuge waterhole assemblages:
Rendahl’s catfish [Porochilus rendahli (Whitley, 1928),
Plotosidae] known from several smaller tributary systems of
the Condamine-Balonne System, dwarf flathead gudgeon
[Philypnodon macrostomus (Hoese and Reader, 2006);
Eleotridae] known from few specimens collected in the mid
Condamine River between Dalby and Surat, and three species
that are restricted to localized, headwater regions: southern
purple spotted gudgeon [Mogurnda adspersa (Castelnau,
1878), Eleotridae], mountain galaxias [Galaxias olidus
(Günther, 1866); Galaxiidae] and river blackfish [Gadopsis
marmoratus (Richardson, 1848); Percichthyidae], (Balcombe
et al., 2006; Negus et al., 2015b; Marshall et al., 2019).

Severity and Synchrony of the 2018–2020
Drought
The severity of the 2018–2020 drought was compared to previous
droughts in the region by determining drought durations as
consecutive days without flow across the stream gauges of the
QMDB (Queensland Govrnment, 2020; Water NSW, 2020).
Droughts at each gauge were ranked from longest to shortest
to determine the rank of the recent drought.

Spatial synchrony of drought across the catchments in the study
area was also considered based on these gauge records. Previous
studies have identified that nearly all waterholes in the region are less
than 3m deep when flow ceases and they are full, and that they lose
water, mainly through evaporative loss, at a rate of 1 m per 170 days
(Lobegeiger, 2010; DSITI, 2015). Based upon this, Queensland
Government have adopted 180 days as a drought duration
threshold beyond which broad-scale waterhole persistence and
quality are at risk, and therefore local fish populations are
threatened by drought. Recently, risk at stream gauges
throughout the QMDB has been assessed using this threshold
and summarized at the Basin scale to inform emergency fish
management priorities (MDBA, 2019). We applied this threshold
to the records of all QMDB gauges to develop time-series of the
proportion of stream gauges in each river catchment that were at risk
each day between 1973 and 2020 (chosen to provide representation
of gauges across all rivers). We adopted a definition of catchment
drought as when 50% or more of gauges in a catchment
simultaneously exceeded the 180 days no flow threshold. This
was applied to the Condamine Balonne system, divided into
sections with recognized differences in flow regime and water
management (DES, 2018b); (the upper Condamine River, mid-
Condamine River, Maranoa River and Lower Balonne system);
and the Moonie, Warrego and Paroo Rivers. For the Border
Rivers, 25% of gauges was adopted to define catchment drought
because flow regimes of some parts of this system are much less

intermittent (DES, 2018a). If all these regions were in simultaneous
drought there would be a count of eight as the highest possible
simultaneous drought score. This identified patterns of catchment-
scale drought synchrony across the QMDB and permitted
comparison of the 2018–2020 drought with previous regional
droughts within the broader stream gauge records.

Peak-Drought Waterhole Mapping
Dates for peak drought were identified as the last day before flow
events broke the drought based on stream gauge records
(Queensland Govrnment, 2020; Water NSW, 2020). Because of
the large spatial area of the QMDB and asynchrony of rainfall
across it, a conservative date of January 15, 2020 was selected
when none of the gauges in the area had yet experienced any post-
drought flow. However, in the Condamine Balonne catchment
there was a major release of water from Beardmore Dam into the
lower Balonne distributary system in May 2019 (DNRME, 2019),
which in effect artificially broke the drought in the Lower Balonne
rivers.

Sentinel-2 satellite images from the European Space Agency’s
Copernicus program were sourced to cover the area on dates as
close to and before January 15, 2020 as possible, resulting in 50
images collected between 1–13 January 2020. An additional set of
seven images from 13–16 April 2019 were analyzed for the Lower
Balonne region. The 2015 water index (2015WI), with clouds
removed using its cloud and cloud-shadow mask (Fisher et al.,
2016), was used to identify water on the landscape at 10 m
resolution for each of these images. The data were intersected
with field validation photographic point data of waterhole
presence/absence collected by Queensland Government at this
time (Figure 2) to calibrate the water index thresholds for the
QMDB. The water classification was clipped to the Australian
Geofabric Hydrological Network Surface Network layer (BoM,
2014), with a buffer of 100 m. Data were stitched together for each
catchment. Individual waterholes were defined as polygons
consisting of either individual, isolated water-pixels, or clusters
of connected pixels, with an area attribute for each polygon.

For the Lower Balonne region, comparison was made of
waterholes present in the 2019 and 2020 datasets with the
expectation of more water in 2020 following the Beardmore
Dam release (DNRME, 2019). This was largely substantiated,
but there were some areas that were wet in 2019 but dry in 2020,
which was not consistent with the 2019 data representing peak
drought conditions. Thus, for the Lower Balonne region
waterholes were represented as locations that were wet in both
2019 and 2020 datasets.

To represent the proportion of the river channel network that
was wet, the length of waterholes within river catchments were
expressed as a percentage of the catchment total channel length
derived from the Australian Geofabric Hydrological Network
Surface Network layer (BoM, 2014).

Limitations to Fish Movement From
In-Stream Barriers
The locations, heights and drown out thresholds for all known
instream barriers in the QMDB Rivers (Supplementary Table
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S2) were collated from Queensland Government records (Kerr
et al., 2018) and from previous use in modelling (DSITIA, 2013;
DES, 2018b). In this context the drown out threshold of a barrier
is defined as the river discharge at which the downstream water
level rises to a height where it begins to affect flow over a barrier,
which is the discharge at which fish have opportunity to move
upstream past the barrier (Koehn and Crook, 2013). Many of the
drown out values for these barriers are estimates that have not
been validated with specific field assessments, but those that have
been validated (as per Keller et al., 2012) generally indicate
estimates are reasonable at approximating these characteristics
(Kerr et al., 2018).

Each barrier was next associated with the most relevant active
QMDB stream gauge (Queensland Govrnment, 2020; Water
NSW, 2020) to enable hydrological assessment of fish
movement opportunities for each barrier. Five barriers on
minor tributary streams were excluded from subsequent
analysis because there were no stream gauges representing
their hydrology, leaving 104 barriers included in analyses.

Empirical information on the movement behaviour of QMDB
fish in relation to discharge (Marshall et al., 2016; DES, 2021) was

used to determine 0.058 m3 s−1 (5 ML day−1) as an
approximation of the minimum discharge threshold to
instigate fish movement out of isolated refuge waterholes when
flow commences following no-flow periods, in the absence of
artificial barriers. For the gauge associated with each barrier and
using the entire daily gauge records, calculations were made to
identify firstly, the days when discharge exceeded 0.058 m3 s−1

and secondly, the days when it exceeded the barrier drown out
threshold. The sum of these represented the number of days in
the gauge record where there was opportunity respectively for fish
passage without and with the barrier in place. Because the various
gauges had different periods of flow record, these opportunities
for fish movement were expressed as the percentage of total days
in each gauge record to standardize the data between gauges. We
also calculated the duration of maximum spells between fish
movement opportunities for each barrier based on associated
stream gauge records using the same with and without barrier
flow thresholds.

Loss of long-term movement opportunity for fish due to the
presence of each barrier was calculated as the percentage
reduction in opportunities with the barrier present relative to

FIGURE 2 | The presence or absence of water in rivers of the QMDB was used to calibrate the accurate identification of water from satellite images (A). As an
example, the two site photos here represent sites 70 (B) and 71 (C) on the calibrated remote sensed water data.
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without, termed here barrier risk. Risk categories were defined
based on the magnitude of loss of movement opportunity as
extreme risk (100% loss), high risk (70–100% loss), medium risk
(50–70% loss), low risk (0–50% loss). Each barrier was assigned to
a risk category on this basis as a representation of risk to post
drought resilience.

To better understand resilience to the 2018–2020 QMDB
drought, the gauge records (Queensland Govrnment, 2020;
Water NSW, 2020) were also analyzed to determine if drought
breaking flows in early 2020 were of sufficient magnitude to
provide fish movement opportunities by drowning out each of the
barriers.

Definition of River Segments
Barrier locations were used to divide the QMDB river network
into river segments using the major rivers data from Australian
Geofabric Hydrological Network Surface Network layer (BoM,
2014), with a buffer of 100 m. This was achieved by using the
cutting tool in ArcGIS version 10.7.1 (ESRI) applied
perpendicular to the orientation of the river at the walls of
downstream and upstream defining barriers for each segment.
For conventional linear river segments this was
straightforward resulting in segments with one barrier at
the downstream extent which defined the name and fish
passage opportunities for the segment, and one barrier at
the upstream extent defining the upstream boundary.
However, some segments of the QMDB river network are
highly anastomosed with multiple anabranches and flood
channels leaving and re-joining the main channels which
can result in more than one downstream barrier defining
the segment. Some segments also had barriers on more than
one upstream tributary defining the upstream segment
boundaries. These complexities resulted in 96 river
segments defined by the 104 barriers. In cases with multiple
downstream defining barriers, segment fish passage
opportunities were defined by the barrier that drowned out
more/most frequently.

Waterhole Risk
The waterhole data were intersected with the river segments using
ArcGIS and spatial statistics summarized from the resulting
attribute database (dbf) files via pivot tables in Microsoft Excel
as the count and total area of waterholes present per segment at
the peak of the 2018–2020 drought.

Risk to drought resistance of fish populations per river
segment was determined based on the number and area of
waterholes present in the segment at peak drought, termed
here waterhole risk. Risk categories were defined as extreme
risk (no waterholes present), high risk (fewer than 10
waterholes or less than 1 ha of waterhole habitat present),
medium risk (fewer than 50 waterholes or less than 5 ha of
waterhole habitat present) and low risk (more than 50
waterholes or greater than 5 ha of waterhole habitat
present). Each river segment was assigned to a risk
category on this basis, as a representation of drought
resistance risk.

Assessment of Drought Risk to Local Fish
Populations
Drought risk to local fish populations is the combined risks of
resistance to drought in refuge waterholes and resilience
following drought. To represent this, both the barrier risk and
the waterhole risk for segments were given a score (1.5 for
extreme risk, 1 for high risk, 0.5 for medium risk and 0 for
low risk) and then these were summed to give an indication of
overall drought risk for each segment. Scoring was consistent for
the two contributing risks, in effect conferring them equal
weighting in overall risk.

Spatial, patch-based graphs (Eros et al., 2012) were
developed to represent both peak drought waterhole
availability and fish movement opportunity per segment
and so represent combined resistance and resilience risks to
local fish populations. This was done for both long-term fish
movement opportunities and for opportunities following the
2018–2020 drought.

RESULTS

Severity and Synchrony of the 2018–2020
Drought
Gauge records confirm that the 2018–2020 drought was both
severe and widespread across the QMDB. The drought
duration averaged 354 days without any flow (range
43–1,006 days) across the stream gauges of the QMDB.
Compared to average drought durations, this drought was
between 4.7 and 8.1 times longer, depending on river, but
at some individual gauges it was up to 25 times longer than
average (Table 1, Supplementary Table S1). At many stream
gauges the 2018–2020 drought was the longest drought on
record, and it was amongst the longest three droughts at most
stream gauges. This was the case across all QMDB catchments
(Table 1, Supplementary Table S1).

Between 1973–2020 at least one river was in drought on 34%
of days. On five previous occasions (in 1994, 1995, 2002, 2003,
2006), there were short periods when five of the eight rivers were
simultaneously in drought. The maximum number of rivers in
simultaneous drought was six and this occurred on only one
occasion and for 35 days (0.06% of days) during the 2018–2020
drought (Figure 3), confirming this drought as having the
greatest spatial synchrony across the QMDB of all recorded
droughts.

Peak-Drought Waterhole Availability
At the peak of the 2018–2020 drought remote sensing
identified 13,504 individual waterholes with a total
combined surface area of 8,410 ha across the region.
Waterholes were sparse and occupied on average only 11%
of the river channel network at the peak of the drought
(Table 2), with this scaling in an east to west gradient so
that the highest proportion of the channel that was wet was the
Border Rivers and the lowest the Paroo River.
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TABLE 1 | Summary drought statistics for each QMDB river based on available stream gauge data for long term records and the 2018–2020 drought. For this summary,
droughts are identified as consecutive days with zero flow recorded in gauge records, with means and ranges (minimum-maximum) of values for all gauges in each
catchment (indicated as n). The rank order of the 2018–2020 drought is based on its duration in comparison to all other droughts in each gauge record. Data for individual
gauges are presented in Supplementary Table S1.

River Longest drought
in

record (days)

Average
drought
duration
(days)

2018–2020
drought duration

(days)

2018–2020
drought duration
as proportion of
average duration

Rank order of
2018–2020
drought

2018–2020
drought as

longest drought
(% gauges)

2018–2020
drought in
longest 3
droughts

(% gauges)

Border rivers (n � 15) 235 (9–693) 41 (9–159) 208 (43–693) 7.4 (1–23) 1.9 (1–10) 73 87
Moonie river (n � 3) 480 (385–660) 62 (60–64) 474 (376–660) 7.7 (6–11) 1.3 (1–2) 67 100
Condamine river (n � 15) 491 (173–716) 45 (11–89) 301 (67–403) 8.1 (3–25) 3.7 (1–17) 20 73
Lower Balonne rivers
(n � 17)

609 (141–1,341) 100 (32–230) 451 (141–1,006) 4.7 (2–10) 3.4 (1–14) 21 63

Warrego river (n � 2) 861 (813–908) 117 (101–133) 691 (474–908) 6.3 (4–9) 1.5 (1–2) 50 100
Paroo river (n � 1) 316 54 316 5.9 1 100 100

FIGURE 3 | Drought synchrony across the rivers of the Queensland Murray-Darling Basin between 1973–2020 showing that the 2018–2020 drought had the
greatest synchrony. (A) shows the number of rivers in drought on each day and (B) shows the sum of days with different number of rivers simultaneously in drought, with
zero rivers excluded.
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Limitations to Fish Movement From
In-Stream Barriers
Most barriers were small with a mean height of 2.7 m (range
0.5–12.1 m) and with 88% of all barriers being less than 5 m high
(Figure 4) and only three barriers (120 Coolmunda Dam, 121 E.
J. Beardmore Dam and 122 Glenlyon Dam) over 10 m. Barrier
drown out flow thresholds averaged 100 m3 s−1 (range
1–1,051 m3 s−1) but specific thresholds could not be derived
for the three largest barriers that are known to never drown
out (120 Coolmunda Dam, 121 E. J. Beardmore Dam and 122
Glenlyon Dam). Despite their typically short stature, barriers had
a profound and wide-spread impact on reducing opportunities
for fish movement in the QMDB (Figure 5; Table 3,
Supplementary Table S2). In the hypothetical absence of
barriers, the average opportunities for fish passage occurred on
44% of days (range 11–98% of days). The presence of instream
barriers reduced this average to only 5% of days (range 0–73% of
days). The average loss of fish movement opportunities due to
individual barriers was 87% of those hypothetical opportunities
available without barriers (range 19–100%). Furthermore, twelve
segments lost 100% of without-barrier movement opportunities,
only eight segments lost less than 70% and of those only four
segments lost less than 50% of movement opportunities without
barriers. Barriers also increased the duration of maximum spells

between fish movement opportunities from a mean of 492 days
(range 109–54,160 days) to a mean of 2,619 days (range
160–280,202 days, excluding the barriers that never drown out).

Drought Risk to Local Fish Populations
When the river network was divided into local fish populations in
96 river segments defined by barrier locations, there was
variability in peak drought waterhole habitat between
segments (Table 3, Supplementary Table S3). The number of

TABLE 2 | The percentage of the river channel network that retained surface water
in waterholes (‘wet’) at the peak of the 2018–2020 drought in each QMDB
river system.

Catchment Percentage of river channels “wet” at
peak drought (%)

Border rivers 22.2
Condamine-Balonne 10.1
Moonie 8.8
Warrego 7.9
Paroo 4.6

FIGURE 4 | Frequency histogram of the height of instream barriers in the
QMDB with height bins of 1 m.

FIGURE 5 | Histograms showing the frequency with which flow at the
locations of QMDB instream barriers provide fish movement opportunities,
expressed as the percentage of days in their associated stream gauge
records, in bins of 10%. (A) applying a flow threshold of 0.058 m3 s−1

(5 Ml day−1) in the hypothetical absence of instream barriers, (B) with existing
barrier drown out flow thresholds applied, representing the current case.

TABLE 3 | Numbers of QMDB river segments per risk category for 1) peak
2018–2020 drought waterhole habitat availability, 2) long-term effects of
barriers in reducing fish movement opportunities, 3) long term drought risk as the
sum of waterhole and long-term barrier risks and the number of river segments
within each waterhole risk category that were 4) drowned out providing fish
passage opportunities, or 5) not drowned out preventing fish passage, but the
drought breaking flows of 2020. Risk categories are defined in the Methods
text and results for each river segment are presented in Supplementary
Table S3.

Risk Extreme High Medium Low

1) Waterhole risk 7 20 18 51
2) Long-term barrier risk 12 76 4 4
3) Long-term drought risk 6 47 38 5
4) Drowned out 2020 4 17 13 40
5) Not drowned out 2020 3 3 5 11
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remaining waterholes per segment varied from 0–2,487 with an
average of 140 and the area of persistent waterhole habitat per
segment varied from 0 to 4,220 ha with an average of 88 ha. Seven
segments had zero persistent waterholes, and an additional 20
had less than 10 ha of persistent waterhole habitat (Figure 6).

When the risks from long-term barrier impacts on movement
opportunities (barrier risk) and peak-drought availability of
drought refuge waterholes (waterhole risk) were combined
(Figure 7; Table 3, Supplementary Table S3), fish
populations were found to be at extreme risk from drought in

six river segments and at high risk in further 76 segments,
representing most of the region. All the extreme risk segments
had no waterhole habitat and greater than 70% reduction in fish
movement opportunities because of barriers (Figures 6, 7).

The drought breaking floods in January–February 2020
provided fish passage opportunities to many river segments
where in the long-term opportunities are severely limited by
barriers (Table 3, Supplementary Table S3). However, there
were still 22 segments, including some in every river catchment
except the Warrego and Paroo, where movement opportunities

FIGURE 6 | Spatial, patch-based graph representing both peak drought waterhole availability per river segment as the size of the circles, and magnitude of long-
term fish movement opportunities past segment-defining barriers as the thickness of arrows (or crosses for impermeable barriers), both in the hypothetical absence of
barriers (black arrows) and with barriers (red arrows and crosses). Red circles indicate river segments isolated by barriers. This illustrates the combined, long-term
resistance and resilience risks to local fish populations across the QMDB region.
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were not provided by this flooding. Some of these segments had
little or no refuge water habitat remaining at the end of the
drought (Figure 8) and it is these segments with poor drought
resistance and no opportunity for fish movement to facilitate
drought resilience where local fish populations were at greatest
risk from the 2018–2020 drought (Table 3, Supplementary
Table S3).

DISCUSSION

This study has shown that the twin impacts of drought and
fragmentation by barriers pose profound risks to the long-term
viability of dryland river fish populations. Drought was shown to
threaten survival by eliminating the majority of habitat and was
likely to also have degraded the quality of the small amount of
shrinking waterhole habitat that remained by impacting water
quality, limiting food quality and quantity and by enhancing
biotic interactions such as competition, predation and disease
(Arthington et al., 2005; Bunn et al., 2006; Sternberg et al., 2008;
Sheldon et al., 2010). Then, the potential for population recovery
following drought was severely compromised by the impacts of

numerous in-stream barriers which individually and collectively
acted to severely limit opportunities for fish to move and
repopulate depleted habitat patches. While our study focuses
on dryland rivers of the northern portion of Australia’s Murray
Darling Basin, reliance of fish populations upon refugia and
movement for their viability are characteristic of non-
perennial rivers everywhere, with a recent estimate such rivers
constitute up to 60% of the global river network (Messager et al.,
2021). Therefore, our results have global relevance.

Drought Impacts on Waterhole Habitat
Availability
As expected, given the extreme climatic conditions experienced
by the QMDB over the period 2018–2020 (World
Meteorological Organization, 2020), we found waterhole
habitat throughout the region to be very limited and highly
fragmented by the drought, with the catchment-scale
availability mirroring the east to west climatic gradient of
increasing landscape aridity. This likely put pressure on the
capacity of fish populations to resist the drought, particularly
when combined with degradation of waterhole quality by anoxic

FIGURE 7 | Map of the study area showing river segments, defined by barrier locations, colour coded to indicate the spatial distribution of the combined risks to
local fish populations from drought limitation of refuge waterhole habitat availability and long-term barrier impacts on movement opportunities. Labels indicate the
segment ID numbers listed in Supplementary Table S3.
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conditions. Monitoring of dissolved oxygen profiles in several of
the persistent waterholes over this period (Queensland
Government, unpublished data) showed many episodes
where dissolved oxygen concentrations fell below the
2–3 mg L−1 threshold at which native fishes generally suffer
high mortality rates (Small et al., 2014). With only 11% of river
habitat intact and that with poor water quality in remaining
waterholes, it seems certain that regional population
abundances of fishes were severely reduced. For example,
results of regular, standardized sampling conducted in
2019–2020 for the Murray Darling Basin Authority (MDBA)

found abundances of Murray cod in the Border Rivers dropped
to 10% of pre-drought levels [Greg Ringwood (MDBA), pers
comm].

When disturbances such as drought are asynchronous
“portfolio effects” mean the dynamics of system components
(here local fish populations in different QMDB rivers), correlate
weakly or negatively with each other through space and time. This
results in the dynamics of many biological systems being less
variable than the individual components they are composed of,
which confers system stability and reduces risk of overall system
failure (Schindler et al., 2015). With synchronous drought across

FIGURE 8 | Spatial, patch-based graph representing both peak drought waterhole availability per river segment as the size of the circles, and provision of fish
movement opportunities past segment-defining barriers from the drought breaking flows in 2020. Arrows indicate opportunity and crosses lack of opportunity. Red
circles indicate river segments isolated by barriers. This illustrates the combined resistance and resilience risks to local fish populations across the QMDB region from the
2018–2020 drought.
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a region, such as occurred during the 2018–2020 drought, local
fish populations in rivers fluctuate in unison and their
metapopulations are at greater risk of collapse (Stier et al.,
2020). Our results documenting widespread and synchronous
loss of waterhole habitat during the recent drought suggests that it
posed greater risks of regional fish extinctions than did other
known historical QMDB droughts. However, this may have been
somewhat mitigated by parts of the Condamine-Balonne system
where hydrological drought was less severe, due to local water
management activities such as managed dam releases and treated
wastewater inputs, and which represent exceptions to this broad
synchrony of drought. Without these inputs of water, it is likely
that the synchrony of the 2018–2020 drought and its resulting
risks to viability of fish metapopulations would have been even
greater.

Climate change projections are for a doubling or more of
global land area under extreme drought by 2100 (Pokhrel et al.,
2021) and for increasing prevalence and severity of extreme
heatwaves (Perkins-Kirkpatrick et al., 2016; Arguez et al.,
2020). Regional forecasts for the study area are likewise for
increasing frequency and severity of drought and heatwave
conditions (The Long Paddock, 2020), putting additional
pressure on the persistence of refuge waterholes (Hamilton
et al., 2005) and increasing the prevalence of drought
synchrony. Additionally, catchment land use has increased the
supply of fine sediment beyond river transport capacity within
parts of the QMDB, resulting in waterhole shallowing
(Lobegeiger, 2010; Reid et al., 2017), which reduces their
persistence time during droughts (Lobegeiger, 2010; Negus
et al., 2015a). At catchment scales, aridification associated with
climate change is also altering geomorphological processes in
dryland rivers, further limiting waterhole habitat (Larkin et al.,
2020a; Larkin et al., 2020b). So, although the 2018–2020 drought
studied here was severe, future risks are predicted to be even
greater in these and other global dryland rivers. Simulations have
confirmed that loss of waterhole refuge habitat is a threat to fish
population viability in dryland rivers, with extinction probability
increasing with the number of waterholes lost (i.e., drought
intensity) and the frequency of droughts (Bond et al., 2015).
Patterns in the population genetics of these fishes indicate that
historical extirpations have occurred (Huey et al., 2011), probably
as a result of habitat loss during past droughts more severe than
those known from the instrumental record (see Ault et al., 2014).
Critically however, following past extirpations populations have
recolonized from surviving locations by movement and dispersal,
with signatures remaining of this process as genetic bottlenecks
and founder effects (Huey et al., 2011). Unlike on these past
occasions, movement in the QMDB is now severely constrained
by the anthropogenic loss of opportunity imposed by instream
barriers constructed over the past 50–150 years.

Barrier Impacts on Movement
Opportunities
We found the magnitude of connectivity loss in the QMDB due to
the influence of instream barriers to be large, with some barriers
identified as impermeable and almost all limiting fish movement

opportunities by 70% or more in the long term. An additional
threat imposed by these barriers is their effect of increasing the
duration of spells between fish movement opportunities. Our
result that they increase the average maximum such spell from
just over 1 year to over 7 years implies they have the potential to
reduce the frequency of movement opportunities beyond the
longevity of many QMDB fishes, allowing individuals no
movement opportunities within their lifetimes, thus further
impacting population viability. For example, the critically
endangered silver perch requires opportunities for upstream
migration to form spawning aggregations, yet this species
rarely exceeds 7 years of age in the wild (Koehn et al., 2020).
This threat may be even greater for shorter lived species because
they have a lower probability of movement opportunity occurring
during their lifespans.

River fragmentation is one of the major anthropogenic drivers
of changes to global freshwater fish faunas and is a major threat to
the survival of many freshwater species, both globally and in
Australia (Hughes, 2021; Su et al., 2021). Of the barriers
considered in this study, only three were higher than 10 m
with the median height being just 2.7 m. Despite their
diminutive size, we found them to fragment rivers resulting in
severe limitation of fish movement opportunities. This is
consistent with other recent studies that highlight the
importance of small instream barriers in fragmenting rivers
and curtailing fish movement (e.g., Couto et al., 2021). Owing
to their high abundance and broad geographical extent, the wide-
spread proliferation of small barriers may be an important, yet
underappreciated, threat to the persistence of lotic fishes,
particularly in the setting of dryland rivers with intermittent
flow regimes.

Despite emerging recognition of the importance of small
barriers in fragmenting rivers, the impact they had here on
limiting fish movement opportunities was larger than we
initially expected. This is because the highly intermittent
hydrology of these rivers is dominated by small flow events,
adequate to permit fish passage in the absence of instream
structures, but insufficient to drown out even small barriers.
This means that naturally (i.e., without artificial barriers) most
days that these rivers flowed permitted fish passage, but now
many flow-days do not, as larger events that drown out barriers
are comparatively rare. Water resource development may have
exacerbated this effect by reducing the occurrence of flows
sufficient to allow passage, particularly for some of the larger
weirs, but it is the influence of physical barriers imposed by the
weirs themselves that is the major driver of the reduced fish
movement opportunities we have documented for the QMDB. In
a broader context, the average loss of fish connectivity of 87%
observed here in a dryland river setting is much greater than the
average 24% reduction in connectivity simulated to result from
tens of thousands of small hydroelectric dams on Brazilian rivers
(Couto et al., 2021). Although different methods were used to
assess connectivity, this difference indicates the inherent and
magnified threat that even small barriers pose to fish movement
in rivers with intermittent flow regimes.

Barriers have greatest impact on fish movement when flows
are low. At higher flows, barriers can potentially be passable when
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drowned out, though some fish may still avoid them despite
opportunity to pass (Koehn and Crook, 2013). When flow
provides opportunity for adult fish in QMDB waterholes to
move, those that do move upstream and downstream in
approximately equal proportions (Marshall et al., 2016;
Harding, 2020; DES, 2021), so they encounter barriers in both
upstream and downstream directions. In general, instream
barriers have greater impact upon fish movement in upstream
rather than downstream directions (Stuart and Sharpe, 2020).
This is demonstrated for the QMDB by a study of fish passage in
the Moonie River (Marshall et al., 2016). Golden perch were
recorded moving both downstream and upstream past in-stream
barriers. Upstream passage occurred only during drown out
conditions and when flow height was at least 0.2 m higher
than the weir wall. Most but not all downstream passage also
occurred when the weir was drowned out (Queensland
Government, unpublished data). Similar results have been
found for golden perch and Murray cod in the Condamine
River (Harding, 2020) and for golden perch, Hyrtl’s tandan
and common carp in the Narran and Culgoa Rivers (DES,
2020). While opportunities to move downstream may be less
constrained, downstream passage over barriers can be hazardous
for fish. Changes in pressure associated with downstream passage
of adult fish, larvae and eggs over weirs can severely limit survival
and thus dispersal success (Boys et al., 2016a; Boys et al., 2016b;
Pflugrath et al., 2018). No data on these impacts have been
collected for QMDB barriers, so the significance of this
“barotrauma” as a constraint to downstream passage is uncertain.

It is also well recognized that different species of fishes and
different sized individuals of the same species have different
capabilities in passing barriers when there are opportunities
provided by flow (Hermoso et al., 2021). Australian freshwater
fishes have a reduced swimming capacity in comparison to
species on other continents, but swimming performance data
for Australian species is scarce (Watson et al., 2019 in review). In
a recent multi-species study, body length explained most of the
interspecific variation in swimming performance of Australian
freshwater species, including several that are ubiquitous
throughout the QMDB (Watson et al., 2019 in review). This
study also found that swimming endurance and success in
traversing a distance decreased with increasing flow velocity,
with golden perch as an example having a sprint swim speed
(i.e., maximum speed) of less than 0.5 m s−1. This swimming
performance, typical of others from the study area, helps explain
why QMDB fishes require barrier drown out for upstream passage,
as without drown out there is a rapid increase in flow velocity
across the weir which exceeds their swimming capability to pass.

While the detrimental effects of barriers on river fishes are well
documented, they can also have potentially beneficial effects on
waterhole habitat persistence by artificially increasing water depth
(Sheldon et al., 2010). This is the primary purpose of most of the
barriers in our study where they increase the availability of water
during drought for use by riparian properties as a stock and
domestic water source. The benefits of this for fish are uncertain
(Sheldon et al., 2010), as there is insufficient information on the
relative quality of habitat in ponded areas associated with barriers in
comparison to natural waterholes. Barriers can also protect

upstream fish populations from invasive, alien species expanding
from downstream introductions (e.g., Koehn et al., 2000). The
impacts of invasive common carp on native fishes and other
ecosystem components have been demonstrated to be substantial
in the study region (Marshall et al., 2019). However, barriers cannot
prevent this damage, as the three invasive species present, common
carp, goldfish and eastern gambusia, are already pervasive
throughout these rivers (Negus et al., 2015a; Negus et al., 2019),
possibly because they invaded and dispersed widely prior to the
construction of barriers. However, there is potential that the existing
network of barriers may limit or slow the advance of future
invasions.

Combined Risk From Barriers and Drought
Considering the distribution of QMDBwaterhole habitat at peak-
drought, in relation to barrier locations and their impacts of fish
movement opportunities, allowed us to identify river segments
where fish populations are at greatest risk from their combined
impacts. In the long-term, this risk was particularly high at 30% of
the river segments which had little or no peak-drought waterhole
habitat, and fish movement opportunities reduced by barriers by
more than 70%. At these segments, located in the Condamine-
Balonne, Moonie and Border Rivers catchments, extirpations of
local fish populations are most likely, with a low probability, or at
best slow rates, of natural recolonisation. As the 2020 drought-
breaking flows were historically large and widespread
(Queensland Government, unpublished data), fish passage
opportunities from this event were much greater than the
long-term averages, resulting in only 6% of river segments
being at high risk. These were again distributed across the
Condamine-Balonne, Moonie and Border Rivers catchments.
The spatial distribution of this risk and its underlying
processes of resistance and resilience has informed site
selection for an ongoing project investigating abundance,
movement and recruitment of local fish populations as they
recover from the 2018–2020 drought.

Framing these dryland fish populations as metapopulations
clarifies the ramifications of drought and fragmentation. Local
populations are extirpated by drought as waterholes dry or become
inhospitable, and connectivity during flow events, permitting
dispersal, allows local population recolonisation, so maintaining
metapopulation viability. However, asmetapopulations can survive
only if the recolonisation rate of local populations is at least equal to
their extinction rate (Datry et al., 2017), dispersal plays a
fundamental role in maintaining populations in patchy
environments (Zhang et al., 2021) such as fish in dryland rivers.
This implies that if the extirpation of local fish populations
increases, as predicted under the influences of drought, climate
change and other stressors to waterhole refuge persistence and
function outlined above, metapopulations would remain viable
only if there is an equivalent rate of recolonisationmaintained. Our
results showing fragmentation and large reductions in movement
opportunities imposed by barriers cast doubt that this will be the
case. However, vulnerability of different fish species to
metapopulation extinction will depend on a complex interplay
between fragment sizes and interactions of their life history traits
such as longevity and dispersal capability with hydrology and
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barrier hydraulics (Gido et al., 2015; Carvajal-Quintero et al., 2017).
Some fish species that were historically abundant in QMDB rivers
(Scott, 2005) are already extinct or functionally extinct in places,
including silver perch throughout the region, southern purple
spotted gudgeon throughout the region (apart from some
headwater reaches), eel-tailed catfish in the Paroo River and
Australian smelt and Murray river rainbowfish in the Moonie
River (Koehn et al., 2020; MDBA, 2020; Queensland Government,
2020). The roles of drought and fragmentation in these extirpations
is unclear but given the risks we have identified it is reasonable to
assume they have played a role.

As metapopulation extinctions from drought and
fragmentation are expected to be preceded by losses of genetic
diversity (Cole et al., 2016), trends in genetic diversity in dryland
fish metapopulations, using metrics such as effective population
size (Hughes et al., 2012), should be monitored to forewarn of
impending extinctions. Future work should also be undertaken to
cross-check fish distributional records with the risk indexes
presented in this study to assess if barriers impact different
species of fishes differently. However, the general homogenous
fish fauna of the region (Prior et al., 2005; Negus et al., 2015b;
Marshall et al., 2019; Negus et al., 2019), with individual sites
representing nested subsets of the regional fauna (Balcombe et al.,
2006), suggests that all refugia are important and that networks of
multiple, connected waterholes are required to maintain regional
metapopulations of all species. This renders systematic spatial
prioritization approaches to mitigation of barriers (Hermoso and
Filipe, 2021) less useful here than in situations with stronger
spatial structure to regional fish assemblage composition.

Management Implications
Results of this study are directly relevant to informing the
management of native fish in the QMDB, and the approach is
applicable to dryland rivers and others with intermittent flow
regimes elsewhere. Sustainable management of native fish
populations in the QMDB is a core objective of management and
policy at multiple jurisdictional scales: at the federal scale via the
Basin Wide Environmental Watering Strategy of the Murray-
Darling Basin Plan (Murray-Darling Basin Authority, 2019), at
the Queensland state scale via the Water Act 2000 and subsidiary
catchmentWater Plans (The State of Queensland, 2017; The State of
Queensland, 2019a; The State of Queensland, 2019b), and at local
scales via initiatives such as catchment restoration (Southern
Queensland Landscapes, 2021) and native fish habitat
improvement (OzFish, 2021). The spatial arrangement and
locations of refuge waterholes at peak drought mapped here
provide obvious targets for focusing local management of
stressors to resident fish within waterholes (Negus et al., 2015a;
Negus et al., 2015b), such as habitat augmentation (e.g., artificial
watering or “re-snagging” with large wood), riparian vegetation
restoration, mitigation of fine sediment accumulation, stock and
feral mammal exclusion fencing, invasive carp control and
management of poor water quality. Superimposing the barrier
effects on this landscape-scale habitat template permits
prioritization of works to improve fish passage past barriers, such
as by weir removal, addition of suitable fish passage devices or by
managing flow events to achieve barrier drown out for the best

benefit to fish populations at nested spatial scales. To this effect,
recommendations based upon this study were provided by the
Queensland Government to the Australian Government to aid
their prioritization of such measures under an AUS$180million
programme of works to complement the benefits of water buy-backs
for native fish in the northern Murray Darling Basin (Australian
Government, 2020). Ideally, all unnecessary barriers should be
removed or modified to facilitate fish passage, but such
considerations require a detailed and strategic cost benefit
analysis that has not presently been undertaken. Such an analysis
should consider the socio-economic and ecological benefits of each
barrier versus the risks it imposes to fish populations (Couto et al.,
2021). The results of this study provide the necessary information for
the QMDB on the ecological costs of existing barriers and the
benefits that passage mitigation would proffer to native fish
populations. Small barriers, such as those that are characteristic
of our study region, have been shown to be the easiest and most
economically feasible to remove (Poff and Hart, 2002), giving hope
that, with suitable policy and funding, the risks we identify here
could be mitigated. Finally, the river segments with the greatest
combined risk (i.e., extreme risk segments on Figure 7 and in
Supplementary Table S3) are the locations where extirpations of
local populations of fishes are most likely with the least likelihood of
recolonisation. To maintain local populations throughout the
QMDB, these six segments are the top priority for mitigation
measures. There are also 47 high risk segments, with some in
every river except the Paroo and including all the segments of
the Moonie River, where consideration should also be given to
measures that would reduce risk to local populations of fishes.
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