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ABSTRACT

Context. Native fish populations in Australia’s Murray—Darling Basin (MDB) have experienced
severe declines since European settlement. Information on their status is needed to guide
management and recovery. Aims. To quantify trends in MDB fish populations in New South Wales
(NSW) from 1994 to 2022. Methods. Relative abundance, biomass, and size structure were
examined using generalised additive mixed models at NSW MDB and river catchment (valley)
scales for five native species (Murray cod, Maccullochella peelii; golden perch, Macquaria ambigua;
silver perch, Bidyanus bidyanus; Macquarie perch, Macquaria australasica; freshwater catfish, Tandanus
tandanus) and one alien species (common carp, Cyprinus carpio). Key results. There was strong
inter-annual variation in relative abundance, biomass and population structure for all species. At
the Basin scale, relative abundance of Murray cod, golden perch and common carp increased
across the time series, with no clear trends for silver perch, Macquarie perch or freshwater catfish.
Patterns in relative abundance, biomass, and population structure were variable among valleys for
most species. Conclusions and implications. Although native fish populations in the MDB remain
degraded and face escalating threats, recent increases in the abundance of some native species
are an encouraging sign that integrated restoration efforts can improve the outlook for native fish.

Keywords: biomonitoring, fish, fish biomass, fisheries, electrofishing, population trends,
recruitment, relative abundance, river restoration.

Introduction

Freshwater fishes are highly vulnerable to anthropogenic disturbance and have experienced
major declines in many regions of the world over the past century (Feio et al. 2023). In
Australia’s Murray-Darling Basin (MDB), the continent’s largest river basin with an area
of >1 x 10° km?, native fish populations are widely considered to be in a highly
degraded state (Kearney and Kildea 2004; Koehn et al. 2014a, 2020). During development
of the Murray-Darling Basin Commission’s Native Fish Strategy, an expert panel estimated
a decline in native fish abundance of ~90% since European settlement (Murray-Darling
Basin Commission 2003). More recently, the expert technical panel advising the Native
Fish Recovery Strategy of the Murray-Darling Basin Authority (2020) concluded that
native fish populations have declined even further since the 2003 assessment. The decline
of native fish in the MDB has been attributed to a wide range of human disturbances,
including changes to the hydrological regime, habitat degradation, river regulation and
infrastructure, over-fishing, and impacts from alien species (Koehn and Lintermans 2012;
Lintermans 2013a). Climate change is predicted to amplify these impacts, with increasing
water temperatures and decreasing rainfall leading to a loss of climatically suitable habitat
for most native fish species over coming decades (CSIRO 2008; Galego de Oliveira et al. 2019).

Monitoring of temporal variation in the status of fish populations provides fundamental
information for the development and prioritisation of policy and management initiatives to
mitigate threats to native fish. Nonetheless, many monitoring programs lack long-term
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funding commitment and the rigorous design and sampling
protocols for collection of data over a sufficiently long
period to ensure sufficient statistical power to detect trends
or changes in fish populations (Radinger et al. 2019). In the
MDB, initial monitoring of fish populations was conducted
for stock assessment of commercial fisheries by the collation
of catch records (Reid et al. 1997). As commercial fisheries
across the MDB were progressively closed, monitoring
effort moved towards fishery-independent surveys (primarily
using electrofishing), which have been routinely undertaken
since the early 1990s (e.g. New South Wales, NSW, Rivers
Survey, Harris and Gehrke 1997; Sustainable Rivers Audit,
Davies et al. 2010; MDB Fish Survey, Murray-Darling Basin
Authority 2014; Commonwealth Environmental Water Holder’s
Long Term Intervention Monitoring, Stoffels et al. 2016; NSW
Department of Planning, Industry and Environment 2020).

Outputs from these monitoring programs have mainly been
used to report on spatial patterns in diversity or abundance
(e.g. Gehrke and Harris 2000; Chessman 2013) and to
generate report-card style indices that summarise the status
of fish populations over specific reporting periods (e.g. ‘index
of Biotic Integrity, Harris and Silveira 1999; ‘fish index’, Davies
et al. 2010). Although such metrics provide easily communi-
cated ‘snapshots’ of fish population status, their categorical
and aggregative nature limits their utility for quantitative
analyses of temporal variability. Direct analysis of standardised
monitoring data at relevant spatial scales can provide
important temporal context for policy and management by
allowing contemporary population status to be considered as
part of a long-term time series. The past three decades of
fish monitoring in the MDB has generated data with
considerable potential to provide this critical information.

In this study, we use existing monitoring data to examine
multi-decadal trends (1994-2022) in the status of several
large-bodied fish species in the NSW portion of the MDB
(~57% of the area of the MDB). Using mixed models in a
two-step process, we analyse trends in relative abundance,
biomass, and size structure at NSW MDB and river catchment
(valley) scales in NSW for five native species (Murray cod,
Maccullochella peelii; golden perch, Macquaria ambigua;
silver perch, Bidyanus bidyanus; Macquarie perch, Macquaria
australasica; freshwater catfish, Tandanus tandanus) and one
alien species (common carp, Cyprinus carpio). We discuss the
importance of long-term data to contextualising the contem-
porary condition of fish populations and emphasise the need
to monitor and manage species at appropriate spatial and
temporal scales.

Methods

Data extraction and preparation

Data were extracted from the NSW Department of Primary
Industries (NSW DPI) Fisheries Freshwater Ecosystem
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database encompassing data collected during 142 monitoring
and research projects between 1994 and December 2022. This
database includes catch (abundance of each species) and
biological (length, weights, health assessments, etc.) data
collected using a range of methods, including various forms
of electrofishing, net samples, angling and eDNA surveys.
At the time of writing, 14 110 sampling events (consisting
of multiple samples) were recorded in the database across
4757 sites, with >2 million fish sampled from 219 taxa.
The electrofishing data (boat and backpack methods) were
collected using standardised techniques (see Robinson et al.
2019 for details). Although there is some variation in the
number of samples taken at each site among projects, boat
electrofishing surveys (i.e. sampling events) usually consisted
of 10-12 ‘shots’ of 90-s power on time, whereas backpack
electrofishing surveys usually consisted of 8-10 shots of
150-s power on time.

To generate a dataset suitable for analysis, all elec-
trofishing data (boat and backpack methods) from the NSW
MDB were extracted and then filtered to include only records
including site latitude and longitude, and fishing effort
(power on time). Research projects that targeted species for
specific purposes (as opposed to representative fish-assemblage
surveys) were identified and excluded from the analysis. Each
record contained the catch for a single species in a single
electrofishing shot (hereafter referred to as a ‘sample’; previous
work has sometimes referred to this as an ‘operation’). This
resulted in 58 253 samples suitable for analysis, although not
all samples were used in all analyses as detailed below
(Table 1, Fig. 1). During sampling, most fish that were collected
had length in millimetres (total length, TL, for round-tailed
species or fork length, FL, for fork-tailed species) recorded
(at least the first 50 of a species in each sampling event).
A subset of fish was also weighed to the nearest gram. To
facilitate biomass estimates from the available length data,
bias-corrected length-weight relationships for each species
were derived by pooling all corresponding length and weight
measurements across the dataset. Full details of the length—
weight relationships are provided in Supplementary Table S1.

All data preparation and analysis after extraction was
conducted using R (ver. 4.2.1, R Foundation for Statistical
Computing: Vienna, Austria, see https://www.r-project.org/),
and data manipulation and visualisation used the ‘tidyverse’
package (ver. 1.3.1, see https://cran.r-project.org/package=
tidyverse; Wickham et al. 2019). Using latitude and longitude
values, each sample was matched to a NSW Water Resource
Planning Area (WRPA; Murray-Darling Basin Authority
2021), henceforth referred to as ‘valleys’. The ‘NSW Murray
and Lower Darling’ WRPA was split into ‘NSW Murray’ and
‘NSW Lower Darling’ valleys, as we considered these distinct
geographic regions for the purposes of our analyses. This
resulted in 10 valleys across the NSW MDB (Fig. 1). To
prepare a dataset suitable for analysis for each species, we
included all data from sites that had at least one record of
the species and excluded data from sites where the species
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Table I. Summary of catch and sampling effort for each of the six
species within the NSW Murray—Darling Basin.

Species Boat Backpack Number Number of

electrofishing electrofishing of sites events the
(%) (%) species species was
sampled detected

Murray cod 15376 (96.2) 612 (3.8) 699 1411

Golden 13946 (98.9) 153 (1.1) 808 1575

perch

Silver perch 1113 (98.9) 12 (1.1) 209 421

Macquarie 191 (40.55) 280 (59.45) 51 Il

perch

Freshwater 908 (58.0) 657 (42.0) 255 383

catfish

Common 129473 (86.5) 20245 (13.5) 1530 2247

carp

Numbers show the total number of individuals collected by each method and the
percentage of total collected by each method. The number of sites that each
species was collected and the number of sampling events (days) that each
species was collected are also shown.

was never recorded (Table 1). This approach allowed for
assessment of changes in relative abundance within each
species’ contemporary known geographic range.

The fish surveys that generated the data used in our
analyses were conducted under permits approved by the
NSW Fisheries Animal Care and Ethics Committee.

Relative abundance models

To examine trends in relative abundance at the NSW MDB
scale, four generalised additive mixed models (GAMMs)
were run for each species and the goodness of fit for each
model was compared using simulated residuals to select the
most appropriate model. All models contained the same
structure and differed only in the error distribution. The four
error distributions tested for each species included Poisson,
negative binomial, zero-inflated Poisson and zero-inflated
negative binomial. These were selected as possible appro-
priate distributions on the basis of the abundance data
being positive integer count data with a large proportion of
zeros. Owing to the complexity of the zero-inflated error

24°S A
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N
28°S
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30°S A
Water Resource Planning Area %
3
Barwon-Darling Watercourse =
©
- Gwydir = 32°9 -
. Intersecting Streams
D Lachlan
D Macquarie—Castlereagh 34°S A
D Murrumbidgee
D Namoi
oa P
D New South Wales Border Rivers 36°S A
D New South Wales Lower Darling
. New South Wales Murray
D Other Murray-Darling Basin 38°S 1,
138°E

Fig. 1.

Longitude

Map of the 10 valleys (water-resource planning areas) included in the current study (NSW Murray—

Darling Basin, MDB) in colour, with other parts of the MDB shown in grey. Major rivers and streams are
shown in dark grey. The Barwon—Darling Watercourse includes only the main channel, so has been buffered
to be visible on the map. Crosses mark the locations of electrofishing sites included in the current analysis
(n = 2185). Abbreviations show the surrounding Australian states: NSW, New South Wales, SA, South
Australia, Qld, Queensland; Vic., Victoria. The inset map shows the location of the study within Australia,

highlighting the MDB.
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distributions, all models were fit in a Bayesian framework
by using default weakly informative priors, four chains,
and 2000 or 5000 iterations for each chain depending on
convergence (half as warm-up), implemented using the
‘brms’ R package (ver. 2.17.0, see https://cran.r-project.
org/package=brms; Biirkner 2017, 2018). For species
where a single electrofishing method accounted for 90% of
the species catch (boat: Murray cod, golden perch, silver
perch), we discarded the other method and used the
following model:

Abund ~ s(time) + (1|Site) + (1|fDate)

where s(time) is a thin-plate regression spline where time is
modelled as days since the first sampling event, (1|Site) is a
random intercept effect for each unique site, and (1|fDate)
is a random intercept for each date of sampling. These
random effects account for the natural dependency structures
within this dataset with repeated sampling at some sites and
some sites being sampled on the same dates. The random
effects also account for factors such as varying efficiency of
electrofishing, depending on the environmental conditions
(Lyon et al. 2014; Gwinn et al. 2019).

For species where both methods accounted for >10% of the
total catch (freshwater catfish, Macquarie perch, common
carp; Table 1), we incorporated the electrofishing method
as a random slope effect with the following model:

Abund ~ Method + s(time) + (1 + method|Site)
+ (1 + Method|fDate)

The inclusion of Method as a fixed term in addition to the
random slope allows the estimates for each method to have
differing intercepts. Using the ‘DHARMa’ R package (ver.
0.4.5, F. Hartig, see https://CRAN.R-project.org/package=
DHARMa), the most appropriate models for each species
were selected on the basis of simulated model residuals as
follows: Murray cod and silver perch, negative binomial;
golden perch, zero-inflated negative binomial; freshwater
catfish, Macquarie perch and common carp, negative binomial
with Method random slope. To visualise the temporal trends in
abundance, we generated prediction plots for each species on
the basis of the expectation of the posterior predictive
distribution, not including the random effects, by using the R
package ‘tidybayes’ (ver. 3.0.2, see https://cran.r-project.
org/package=tidybayes; Kay 2021).

Biomass models

To model biomass trends over time for each species at the
NSW MDB scale, catch data were converted into biomass data
by multiplying the abundance by the mean fitted weight of the
catch on the basis of the observed lengths in each catch. We
then ran models of similar structure to the abundance models
by using only the boat electrofishing data. As biomass is a
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continuous positive variable with zeros, we used a ‘gamma
hurdle’ error distribution, which combines a presence-absence
style distribution with a gamma distribution, therefore allowing
values of zero. The biomass models were also fitted within the
Bayesian framework by using the same software as the relative
abundance analysis, and had the following structure:

Biomass ~ s(time) + (1|Site) + (1|fDate)

We initially tested the inclusion of backpack electrofishing
data, but because of model convergence difficulties
(specifically divergent transitions), we proceeded only with
boat electrofishing data for the biomass modelling. It
should be noted that, regardless of the suboptimal model
fitting, when multiple methods were included, the resulting
model outputs were similar in terms of temporal trends. To
visualise the temporal trends in biomass, we generated
prediction plots for each species on the basis of the expecta-
tion of the posterior predictive distribution, not including the
random effects, by using the R package ‘tidybayes’ (Kay 2021).

Valley scale models

To understand variation in trends in both abundance and
biomass, we ran a second series of GAMMs at the valley scale,
incorporating a valley parameter. Similar model structures as
described above were applied, except we incorporated a
separate smooth over time for each valley. Only valleys where
at least 30 individuals of a species and 40 relevant sampling
events were recorded were included because initial analysis
showed that error was too high for interpretation of the
model outputs with lower sample sizes.

The valley-specific abundance model structures used the
same error distributions as did the overall models. For
species where boat electrofishing accounted for >90% of
total catch (Murray cod, golden perch, silver perch):

Abund ~ valley + s(time,by =valley) + (1|Site) + (1|fDate)

And when both boat and backpack electrofishing
accounted for >10% of the total catch (freshwater catfish,
Macquarie perch, common carp):

Abund ~ valley + Method + s(time,by = valley)
+ (1 + method|Site) + (1 + Method|fDate)
The valley-specific biomass models also followed the struc-

ture of the overall biomass models described above, except for
the inclusion of a valley-specific smooth over time, as follows:

Biomass ~ valley + s(time,by =valley) + (1|Site) + (1|fDate)

To visualise the valley-specific temporal trends in
abundance and biomass, we followed the same procedure
as the overall Basin models and generated prediction plots
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for each species and valley combination on the basis of the
expectation of the posterior predictive distribution, not
including the random effects. Trends in relative biomass for
each valley are provided in Supplementary Fig. S1, S3, S5,
S7, S9 and S11.

Population size structure

For each species, all available length measurements during a
year (July-June) were pooled and used to generate density
plots, such that the area under each curve was equal (to
control for differing sample sizes among years). Differences
among years were then assessed visually. To generate valley
and species plots, we followed the same method but filtered
the data for each valley and species combination. Annual
population-size structure graphs for each valley are provided
in Supplementary Fig. S2, S4, S6, S8, S10 and S12.

Results

NSW Basin-scale temporal trends in abundance,
biomass and size structure

There were complex temporal trends both within and among
species at the NSW Basin-scale in relative abundance and
biomass on the basis of GAMM analyses (Fig. 2).
Murray cod relative abundance increased sharply from a
low level in the mid-late 1990s and peaked c. 2008, before
falling until 2012. Abundance then increased and remained
relatively stable from 2015 to 2022 (Fig. 2a). The biomass
of Murray cod also increased sharply from a low level in
the late 1990s (Fig. 2b). However, biomass peaked c. 2003
and declined until 2008, which was coincident with a
decrease in the median size of fish (Fig. 2b, c). Biomass and
median size of Murray cod increased from 2008 to 2017,
before declining again between 2018 and 2022.

Golden perch relative abundance increased across the time
series, interspersed by a peak in 2010-2012 (Fig. 2d). The
peak in relative abundance coincided with dominant cohorts
of small fish (<20 cm) in the catch in 2011 and 2012 (Fig. 2f).
Biomass of golden perch fluctuated considerably across the
time series, with peaks in 1994, 2003 and 2019, and troughs
in 1998, 2010 and 2022 (Fig. 2e). The troughs in biomass
occurred in years where the population had a relatively
high proportion of small fish (Fig. 2f).

Silver perch relative abundance was low, with high
variability, in the 1990s. Abundance rose to a peak c. 2010,
before declining sharply until 2015. It then declined more
gradually through to 2022 (Fig. 2g). Predicted biomass of
silver perch was characterised by low confidence in the
1990s and remained relatively stable across the time series
(Fig. 2h). There was evidence of occasional juvenile recruitment
prior to 2000, but the population was dominated by larger fish
after this time, with very few fish of <20 cm TL present.

The abundance and biomass of Macquarie perch showed
no clear trend across the time series (Fig. 2i, j). There was
strong variation in population structure among years and
evidence of temporally patchy recruitment, with some years
dominated by adults and other years dominated by small
fish of <20 cm TL (Fig. 2k).

Relative abundance for freshwater catfish showed a slight
increase across the time series; however, the 95% CIs over-
lapped for all time periods (Fig. 2I). There was evidence of
a decreasing trend in biomass over time, although the error
was very high in the 1990s (Fig. 2m). The population structure
of freshwater catfish oscillated between periods dominated
by adult fish (1994-2000, 2007-2015, 2017-2018) and
small fish of <20 cm TL (2001-2006, 2016, 2019-2022)
(Fig. 2n).

The relative abundance of alien common carp showed no
clear general trend over the time series and was characterised
by distinct peaks and troughs, with a major peak associated
with a large recruitment event occurring in 2010-2012
(Fig. 2p, r). There was an overall declining trend in the
biomass of common carp, punctuated by a sharp increase
following a surge in the number of recruits in 2011-2013,
followed by a sharp decline in biomass after 2019 (Fig. 2q).
The population structure of common carp alternated between
periods dominated by either adults or small fish of <20 cm TL
(Fig. 2r). The proportion of large adult fish present declined in
the most recent years of the time series, with small fish
dominating from 2016 onward (Fig. 2r).

Valley-scale temporal trends in relative
abundance and biomass

Murray cod

Murray cod were collected from all 10 valleys, but only 9
had sufficient data to allow analyses (no Murray cod were
collected from the ‘Intersecting Streams’ valley using boat
electrofishing). There were consistent increases in the
relative abundance of Murray cod across the time series for
the Murrumbidgee, Namoi and Border Rivers, with a
greater than three-fold increase in recent years compared
with the mid-1990s (Fig. 3). Murray cod abundance also
increased in the early phases of the time series in the
Barwon-Darling Watercourse, Gwydir and Macquarie—
Castlereagh valleys. However, these three valleys subsequently
experienced downward trends, with the Barwon-Darling
Watercourse and the Gwydir declining back to 1990s levels
after 2008 and 2016 respectively. Abundance in the
Macquarie—Castlereagh increased between 2000 and 2016,
before showing a gradual declining trend thereafter. There
was an increase in abundance in the Lachlan and NSW Murray
valleys in the mid-late 1990s, followed by a fluctuating pattern
with no clear trend. There was no clear trend in the relative
abundance of Murray cod in the NSW Lower Darling valley.
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(¢, f,i, 1, o, r) of each species across the period 1994-2022. Relative abundance and biomass trends are based on the GAMM
analysis. Plots were generated using draws from the posterior predictions, excluding random effects for a sampling duration
of 90 s of electrofishing. Length (cm) distributions are pooled by year (July—June) to give annual distributions. The length—
density plots were adjusted such that the blue area under each curve was equal among years to control for differing annual
sample sizes. The horizontal line in the length—density plots represents the median length. Note that the y-axes vary among
plots and (r) appears compressed as there were a few large carp but too few for the densities to be visible. Rug plots (tick
marks) on the x-axis show distribution of sampling events through time from 1994 to 2022.
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GAMM analysis. Rug plots (tick marks) on the x-axis show distribution of sampling events through time from 1994 to 2022.
There were insufficient data for analysis in | of the 10 valleys (Intersecting Streams).

Golden perch

Golden perch were collected from all 10 valleys. Peaks in
relative abundance were observed in the Barwon-Darling
Watercourse, Gwydir, Murray and Lower Darling valleys
from 2010 to 2012, followed by declines back to previous
abundance (Fig. 4). The Lachlan valley showed a reasonably
steady increase in abundance over the time series, as did
the Macquarie—Castlereagh after 2001. There was a sharp
increase in abundance in the Murrumbidgee from 1994 to
2015, followed by a decline from 2016 to 2022. The Namoi
showed no clear trend in abundance but there was some

indication of an increase after 2007. There was some
evidence of declines in the Intersecting Streams and Border
Rivers, but substantial error for estimates in the early years
of the time series limits inference for these valleys.

Silver perch

Silver perch were collected from 9 of the 10 valleys, but
only five valleys contained large-enough samples sizes for
analysis. The Lachlan, Murrumbidgee and Border Rivers
showed no strong trends in abundance, with CIs overlapping
across the time series (Fig. 5). Peaks in abundance were
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the GAMM analysis.

apparent in the Lower Darling c. 2011 and in the Murray c.
2009, with abundance declining in these valleys in more
recent years.

Macquarie perch

Macquarie perch were collected from four valleys, but only
the Lachlan and Murrumbidgee valleys had sufficient samples
for analyses (Fig. 6). There was some evidence of a slight
decrease in abundance across the time series in the Lachlan
and a slight increase in abundance in the Murrumbidgee.
However, high variability in the estimates limits the inference
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that can be drawn regarding temporal trends in the relative
abundance of Macquarie perch.

Freshwater catfish

Freshwater catfish were collected from 9 of the 10 valleys
(Fig. 7), but only six valleys had sufficient fish for analysis.
There was evidence of a slight increase in abundance in the
Gwydir between the mid-1990s and the mid-2000s, although
error rates were high, with overlapping CIs across the time
series. In the Macquarie—Castlereagh, there was evidence of
a decline in abundance over the time series, although error
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Fitted trends in relative abundance for Macquarie perch within valleys of the NSW

Murray—Darling Basin on the basis of the GAMM analysis.

rates were high in the early years of the time series and
overlapped with CIs for the more recent years. There were
no strong trends in abundance for the Namoi, Border Rivers,
or NSW Murray across the time series.

Common carp
Common carp were collected from all 10 valleys (Fig. 8).
Large peaks in abundance occurred c. 2010-2012 in the

Barwon-Darling  watercourse, = Macquarie—Castlereagh,
Murrumbidgee, Lower Darling and Murray. Additional
peaks also occurred in the Macquarie-Castlereagh, Lower
Darling and Murray in the late 1990s, and in the Lachlan,
NSW Murray and Intersecting Streams in 2016-2017. There
was an upward tick in relative abundance in the most recent
years of the time series for all valleys except the Macquarie—
Castlereagh and NSW Lower Darling.
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Discussion

Species trends

The long-term fish-monitoring database maintained by NSW
DPI spans nearly three decades and encompasses periods of
extreme climate variability, with long-term average rainfall
anomalies across the MDB ranging from +320 mm in 2010
to —263 mm in 2019 (Bureau of Meteorology 2023). We
have shown variable temporal trends in the population
status of six key large-bodied species at the NSW Basin and
valley scales, highlighting the importance of collecting
routine fish-monitoring data over the long-term to inform
related research and management actions.

The relative abundance of two of the native species,
Murray cod and golden perch, showed significant overall
increases across the time series at the NSW MDB scale,
similar to long-term trends identified in northern Victoria
(Yen et al. 2021). However, the trends in abundance for
these species were non-linear and characterised by strong
interannual variation. Biomass also varied strongly from
year to year for both species, with reasonably low biomass
usually coinciding with a high proportion of new recruits.
Murray cod showed evidence of regular recruitment, with
juvenile fish present across all years. This reflects the
‘equilibrium’ life-history strategy of Murray cod, which is
characterised by energetic investment in well-developed
offspring and regular, stable recruitment (King et al. 2013;
Tonkin et al. 2021). In contrast, golden perch recruitment
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Fitted trends in relative abundance for freshwater catfish within valleys of the NSW Murray—Darling Basin on the

was episodic, with particularly strong recruitment coinciding
with major flooding across the MDB in 2010-2011 (Bureau of
Meteorology 2022). This pattern of recruitment reflects the
‘periodic’ life history of golden perch, where large numbers of
poorly developed, pelagic larvae are produced and recruit-
ment varies strongly in response to the availability of suitable
environmental conditions for larval survival, such as floods
and within-channel flow pulses (Humphries et al. 1999;
Mallen-Cooper and Stuart 2003; Sharpe 2011; Stuart and
Sharpe 2020; Zampatti et al. 2022).

In addition to natural recruitment, stocking of hatchery-
produced fish may have contributed to the increase in
relative abundance of Murray cod and golden perch, as
both species have been extensively stocked throughout the
MDB since the early 1990s (Gilligan 2005). Previous assess-
ments of Murray cod and golden perch stock enhancement
have reported variable outcomes, with stocking tending to
have a greater effect in fragmented systems with little
natural recruitment than in connected systems where natural
recruitment tends to be higher (Hunt et al. 2010; Crook et al.
2016; Forbes et al. 2016; Thiem et al. 2017; Shams et al.
2020). Following several years of experimental stocking in
the highly fragmented Billabong Creek, Crook et al. (2016)
found that there was an approximately four-fold increase
in catch-per-unit effort (CPUE) and that 79-100% of
golden perch were of hatchery origin. In the Edward and
Murrumbidgee rivers, where connectivity between habitats
is higher, 18-38% of fish were of hatchery origin and there
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the GAMM analysis.

was no discernible change in CPUE after experimental
stocking (Crook et al. 2016).

A range of other conservation and recovery actions
targeting Murray cod and golden perch has also been imple-
mented in recent decades, which may have also contributed to
the increased relative abundance of these species in regions of
the MDB. These activities include the provision of environ-
mental flows targeting the ecological requirements of both
species, cessation of commercial fishing, recreational fishing
regulation (minimum size and slot limits, closed seasons),
construction of appropriately designed fishways, re-snagging
and habitat restoration (Lintermans 2013a; Forbes et al. 2020;
Murray-Darling Basin Authority 2020). Increases in the
relative abundance of Murray cod and golden perch during the
late 1990s and early 2000s occurred during the Millennium
Drought (the strongest drought in post-European Australian
history). Although it is difficult to distinguish the drivers of
change in fish abundance, because the population trend itself
may obscure environmental relationships (Yen et al. 2021),

it is possible that drought conditions provide advantages
to larger channel-dwelling species relative to floodplain-
dependent species. Further research on the specific environ-
mental drivers of recruitment and abundance among
species is required to resolve these issues.

The alien species, common carp (hereafter ‘carp’),
increased significantly in relative abundance between the
beginning and end of the time series, driven primarily by a
sharp increase in abundance after 2020. This was associated
with a decline in biomass, a predominance of new recruits and
reasonably low numbers of large fish. Like golden perch, carp
showed a strong increase in relative abundance during the
high-flow years of 2010-2012, which was likely to be due
to conditions being conducive to successful recruitment
(King et al. 2003; Stuart and Jones 2006; Rayner et al. 2015;
Koehn et al. 2018; Stuart et al. 2021). Although relative
abundance increased towards the end of the time series,
there was a decline in relative biomass in recent years
because of much lower numbers of large carp (although
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this decline in biomass was not consistent across regions).
Reasons for the recent decline in large carp are unclear
but may reflect poor years of recruitment during several
years of severe drought from 2017 to 2019, where access
to inundated floodplains for spawning and recruitment was
largely unavailable (Vilizzi et al. 2014). Other possible
influences include increased abundance of predatory native
fish (Murray cod and golden perch) and carp control
measures, such as screening of large carp from floodplain
wetlands (Hillyard et al. 2010), and the trapping and
removal of carp from fishways (Stuart and Conallin 2018).

Temporal variation in carp biomass is likely to have
important consequences for riverine fish assemblages and
food-web dynamics, because carp is an omnivore—detritivore
that often comprises a dominant component of standing fish
biomass in most rivers of the MDB (Harris and Gehrke 1997;
Kopf et al. 2019). Reductions in carp biomass are likely to
result in more energy being available to support native fish
biomass, thereby increasing the portion of carrying capacity
of waterways available for use by native fish (see Kopf
et al. 2019). The strong temporal variation in biomass is also
relevant to the interpretation and use of standing-biomass
estimates for common carp (Todd et al. 2019; Stuart et al.
2021). Such variation influences the relative risks and
benefits of implementing carp control measures, such as the
carp herpes virus (Gillespie and Bennett 2022). At the time
of writing, extensive flooding in the MDB has occurred
in association with a La Nifa climatic event from 2020
to 2023 (Bureau of Meteorology 2023). Fish surveys
conducted during this period showed very high levels of
recruitment by juvenile carp across the Basin in response to
these climatic conditions. Continuation of monitoring over
coming years will determine whether the recent floods
result in a recovery of carp biomass, or if a persistent shift in
the population structure of carp has occurred over recent years.

There were no consistent trends in relative abundance for
freshwater catfish, silver perch and Macquarie perch across
the time series, with high error around the model estimates
resulting from the low sample sizes of these reasonably
rare species. The peak in silver perch relative abundance in
the NSW Murray c. 2009 was also reported in an otolith
ageing study by Tonkin et al. (2019), who found that strong
recruitment of this species occurs in years with low to
average river discharge and high water temperatures
during the spawning period (November—December), followed
by extended high flows and widespread flooding (as occurred
in 2010-2011). In more recent years, the relative abundance
of silver perch declined and the populations were dominated
by larger fish, with low levels of recruitment.

Macquarie perch was collected in sufficient numbers for
analysis only in the Murrumbidgee and Lachlan valleys.
The population structure of Macquarie perch over the time
series oscillated between periods of domination by adult
and juvenile fish, possibly reflecting previous observations of
temporal and spatial patchiness in spawning and recruitment
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(Tonkin et al. 2016) and reliance on specific flow conditions
for successful spawning and recruitment (Koster et al. 2013;
Lintermans 2013b; Tonkin et al. 2017). Freshwater catfish
were collected in sufficient numbers for analysis in six valleys
and, like Macquarie perch, showed strong inter-annual varia-
tion in population-size structure. Although freshwater catfish
may exhibit movement responses to flow events (Marshall
etal. 2016; Carpenter-Bundhoo et al. 2021) and their spawning
behaviour has been well described (Merrick and Midgley 1981;
Carpenter-Bundhoo et al. 2021), relatively little is currently
known of the environmental drivers of recruitment and
population structure in this species.

Spatial and temporal scales of variation

Analysis at the Basin and valley scales showed that temporal
trends in relative abundance (and biomass and size structure,
see Supplementary material) were highly variable among
valleys for most species. This spatial variation demonstrated
the important influence of local-scale (within valley) factors
in driving fish population status. Such factors might include
variation in the extent of river regulation, the provision of
environmental flows, local rainfall and river flow, fishing
pressure, stocking, habitat condition and related rehabilitation
actions including fish passage, and invasive species abundance
(Koehn et al. 2020). The Basin and valley analyses emphasised
the need to consider the status of fish populations at appropriate
spatial scales to account for large-scale and localised environ-
mental and ecological drivers of population processes, as well
as potential metapopulation connectivity both within and
across valleys (Stuart and Sharpe 2020; Thiem et al. 2022;
Zampatti et al. 2021, 2022).

In a comparable study of the Lower Darling-Baaka and
Murray rivers, Gilligan (2005) used linear regression analysis
of effort-adjusted commercial fishing and electrofishing data
(same electrofishing data used in the current study) to
examine trends in fish abundance between 1984 and 2005.
Commercial catch data showed a significant increase in
Murray cod catch rates in the Murray River and no trend in
the Darling-Baaka River between 1984 and 2001 (the
commercial fishery closed in 2001). For golden perch,
commercial catch rates increased significantly in both rivers
between 1984 and 2001. The electrofishing data showed no
significant trends in Murray cod or golden perch abundance
between 1994 and 2005. On the basis of these findings,
Gilligan (2005) concluded that Murray cod and golden
perch abundance in the Lower Darling-Baaka and Murray
region increased between 1984 and 1994, but then stabilised
between 1994 and 2005. Our results are consistent with this
interpretation of trends in this region, with the GAMM
analyses for the NSW Lower Darling (Murray cod and golden
perch) showing no clear trends between 1994 and 2005.
However, our analyses showed that Murray cod abundance
increased after 2020 in the NSW Murray and there were
large peaks in golden perch abundance ca 2010-2012,
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followed by sharp declines in both the Lower Darling and
Murray valleys.

Although our study and that of Gilligan (2005) were
limited to examination of trends over recent decades, some
inference can be made regarding temporal trends in native
fish abundance before this time (Kearney and Kildea 2004).
Prior to European settlement, abundant native fish popula-
tions provided a critical food supply and were (and continue
to be) of enormous cultural significance to First Nations
peoples across the MDB (Rowland 2004; Humphries 2007;
Weir 2009). Written accounts by explorers in the early
years post-European settlement describe extremely plentiful
fish populations in the MDB (Rowland 2004; Scott 2005;
Humphries and Winemiller 2009; Trueman 2011). Large-
scale commercial fisheries based on the harvest of native
fishes commenced in the mid-1850s but catches had declined
substantially by the start of the 20th century (Anderson 1915;
Cadwallader 1977; Rowland 1989; Reid et al. 1997; Kearney
and Kildea 2004). Monitoring of fish moving through the
Euston fishway on the Murray River in 1940-1945 and
1987-1992 also showed declines in native fish assemblages,
with Murray cod and silver perch numbers declining by
~95%, Macquarie perch disappearing altogether, and common
carp becoming a dominant component of the catch between the
two monitoring periods (Murray-Darling Basin Authority
2020). Our more contemporary estimates of native fish
abundance and biomass clearly do not accord with the
reported ‘superabundance’ of fish in the early years after
European settlement (Humphries and Winemiller 2009). This
demonstrates the need for natural resource managers to
consider the extent to which native fish stocks are currently
depleted and the risks associated with shifting baselines of
knowledge regarding the condition of fish populations
(Humphries and Winemiller 2009).

Analytical considerations

The use of relative abundance and biomass metrics and the
inclusion of different sites for each species limits interspecies
comparisons but resolves temporal intraspecies trends.
Electrofishing efficiency is well-known to vary among species,
within species by size classes, and with environmental
factors (such as water conductivity, water depth and
turbidity; Lyon et al. 2014). It is therefore necessary to
perform detailed calibration experiments to determine
detection probabilities and correction factors to achieve
accurate estimates of absolute abundance or density from
electrofishing data (Lyon et al. 2014; Gwinn et al. 2016;
Glover et al. 2019). Because the primary aim of our study
was to examine temporal trends in species status, we did
not attempt to estimate absolute abundance or density, and
thus did not undertake calibration experiments or adjust the
raw data to account for variability in detection probability.
Instead, we used random effects within the statistical

analyses to control for varying detection probabilities and
estimate relative abundance and biomass.

Because changes in detection probabilities among
sampling events (either in time or space) are most likely to
be driven by varying environmental conditions (Lyon et al.
2014), we specified both random intercept effects of both
individual sites and sampling dates. The site-level random
effect controls for the dependency structure where sites were
sampled multiple times and, therefore, are likely to have
similar fish assemblages and habitat structure during each
sampling event. The date-level random effect controls for
variation among sampling events, of which the most
prominent would be changes in environmental conditions
such as freshwater flow, turbidity and conductivity (Gwinn
et al. 2016) but may also include potential differences in
efficiency among sampling teams (Hardin and Connor 1992;
Glover et al. 2019). When both the site and date random
effects are considered together, our model standardises the
abundance and biomass estimates for both repeated sampling
at some sites and varying environmental conditions. Owing to
the large number of levels in the random effects, the Central
Limit Theorem allows the global model to effectively estimate
the mean relative abundance or biomass over time, despite
potential large variations in environmental conditions
(Harrison et al 2018; Warton 2022). To estimate absolute
abundance or quantify the effects of environmental variation,
it would be necessary to explicitly model individual effects
such as conductivity, water depth or river discharge (Lyon
et al. 2014).

Within our analysis, there were many sites that were
sampled only once (for example, 296 of 808 golden perch
boat electrofishing sites were sampled only once). These
sites do not provide the same level of inference on temporal
change as do sites with repeated sampling. The confidence
bounds of the model outputs and hindcast estimates could
be improved in future by prioritising the resampling of sites
with a previous sampling history, because natural variance
can be better partitioned into inter-site and temporal
variation through the random-effect structure (Harrison
et al. 2018). A further consideration related to site inclusion
is the initial probability of a site being sampled, either through
the probability of being selected (several of the large moni-
toring projects used a stratified random sampling design to
choose sites) or when environmental conditions limit site-
selection options (as discussed below for drought-affected
sampling). We did not include any weighting in the
modelling by sites and there is potential for some bias if
particular sites or regions were preferentially sampled over
sites with differing abundances of fish. However, the risk of
such bias is moderated when there are large numbers of
sites spread over a wide spatial extent (as in our analysis),
and we therefore consider our analysis of overall trends to
be robust, particularly because sampling area and effort were
consistent at the site level. Nonetheless, the trends presented
here should be viewed with appropriate consideration of their
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representativeness and the influence of local-scale hetero-
geneity, particularly at the valley scale.

Although our modelling approach aims to make the best
use of the available data, it does not account for situations
where there are no data, nor does it differentiate the
mechanisms controlling the relative abundance of fish. The
most obvious example of this is during intense drought
periods where some sites are unable to be sampled because
of habitat desiccation. This could potentially bias the relative
abundance estimates if there are true zeros missing from the
data during dry periods. Within a subset of our data covering a
particularly dry period (2015-2020; dry sites were not
recorded before this), dry sites were present, but rare (three
boat electrofishing sites that had previously recorded Murray
cod were attempted to be sampled but were dry). Exclusion
of dry sites could result in model troughs in the time-series
not being as low as reality. However, the very low numbers
of dry sites across the data set are unlikely to affect the
overall long-term trends for each species. Similarly, as
water levels decline, it is possible that fish become concen-
trated in the remaining waterholes and deeper patches, and
that this results in a form of hyperstability where the CPUE
is stable or elevated (Dassow et al. 2020; Simonson et al.
2022). This effect would potentially obscure trends in CPUE
and is equally a concern when floods may distribute fish
over a large, inundated floodplain.

The random effect structure described above will account
for some of this variation and provide robust estimates
of long-term trends; however, the predictions for periods
of extreme high (e.g. 2010-2011) and low water levels (e.g.
2017-2019) should be viewed with some caution because
they may not fully represent the actual patterns of abundance
and biomass and may be influenced by environmentally
driven changes in catchability. These potentially confounding
factors should be considered when interpreting the biological
significance of the peaks and troughs that are present across
the time series. Another potential confounding mechanism
influencing the observed abundances of fish is increasing
sampling efficiency through time, such as that produced by
upgrading sampling equipment (such as technology creep in
commercial fisheries; Eigaard et al. 2014). We are confident
that technological improvements in efficiency are not a
major concern for interpretation of our analyses because
standardised sampling protocols using comparable electrofish-
ing equipment were closely adhered to by NSW DPI staff
throughout the study period, specifically to facilitate
comparisons over time.

Conclusions

There is overwhelming evidence that native fish populations
are currently degraded compared with their pre-European
condition (Humphries and Winemiller 2009) and more
recent history (e.g. the mid-20th century, Cadwallader 1977);
however, the lack of standardised survey data prevents
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quantitative analysis of trends in population status prior to
the 1990s. Consequently, the expert opinion-based evaluation
of an ~90% reduction in native fish population condition still
represents the best available estimate of the extent of decline
since European settlement (Murray-Darling Basin Commission
2003). Kopfetal. (2019) estimated a 58% decline in native fish
biomass on the basis of modelled associations with carp and
altered river hydrology, but their estimate did not incorporate
the effects of other important changes to river systems, such as
habitat alteration, land clearing, overfishing, or barriers, and
therefore should be considered conservative. Our analysis of
trends since 1994 allowed us to evaluate the suggestion that
native fish populations have declined even further since 2003
(Murray-Darling Basin Authority 2020). At the NSW MDB
scale, our analyses suggested that, rather than declining, there
has been an increase in the relative abundance of Murray cod
and golden perch over the past three decades. We also did not
find evidence of population declines at the NSW Basin scale
for silver perch, Macquarie perch or freshwater catfish,
although there was large error around the model estimates,
which limits inference for these species.

These findings provide some cause for optimism, although
it must be recognised that our study was limited to a small
number of large-bodied species that are reasonably well-
represented in standardised electrofishing surveys. The
suggestion of further declines in native fish populations in
recent years refers to a much wider range of species than
considered here, including many small-bodied species whose
declines have been clearly demonstrated in other studies
(Saddlier et al. 2013; Lintermans et al. 2020; Murray-Darling
Basin Authority 2020). It should also be emphasised that
recovery of native fish was not consistent across all valleys,
with recent, localised depletions occurring in various regions
of the MDB (e.g. large-scale fish kills in the parts of the Lower
Darling—Baaka River in 2018-2020; Ellis et al. 2022; Stocks
et al. 2022). Thus, although our study provided evidence
that the overall status of some native fish species has
improved at the NSW Basin scale over recent decades, the
conclusion that native fish populations in the MDB face
ongoing decline remains valid and is not contradicted by
the findings of our study.

Our analyses showed strong inter-annual variation in
relative abundance, biomass and population structure across
the time series for all species examined. This demonstrated
that comparisons of population status between specific
points in time (e.g. five-yearly reporting cycles) are potentially
misleading if considered in isolation. Understanding the
significance of a change in population status is possible
only if the current condition is considered in the context of the
overall time series. This is particularly relevant for objective
setting and evaluation in fisheries and water management,
including related legislation and policy, because achieve-
ment of specific objectives for native fish (e.g. percentage
increases in fish population metrics) is heavily dependent
on the specific comparisons made. For example, a comparison
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of golden perch relative abundance between 2012 and 2020
would suggest a severe decline, whereas a comparison
between 2015 and 2020 would suggest no change.
Contrastingly, across the entire time series (i.e. since 1994),
our analyses suggested a substantial increase in golden
perch relative abundance at the NSW Basin scale (Fig. 2).

The increases in abundance of some native species in
regions of the MDB is an encouraging sign for the future of
native fish populations, despite the ongoing challenges
presented by climate change, extreme events such as floods,
fire, and aridification of the MDB. Overarching frameworks
that have facilitated coordination and prioritisation of
recovery actions for native fish, including the Native Fish
Strategy (Murray-Darling Basin Commission 2003), the
Native Fish Recovery Strategy (Murray-Darling Basin
Authority 2020) and various State-administered initiatives,
have almost certainly played an important role in limiting
further declines of native fish (Boys et al. 2014; Koehn 2015).
The provision of environmental flows to meet the ecological
requirements of fish by water-management frameworks (e.g.
Water Sharing Plans, Long Term Water Plans, Annual
Watering Plans), is similarly essential to the future conserva-
tion of native fish in the MDB (King et al. 2009, 2010; Koehn
et al. 2014b). Appropriate investment in implementing and
monitoring these recovery initiatives, along with related
complementary measures such as habitat rehabilitation and
provision of fish passage, remains critical for the future
conservation of native fish in the MDB. This is especially
the case for small-bodied and non-angling species that have
historically received less attention than have large-bodied
fishes (Saddlier et al. 2013; Boys et al. 2021).

Whereas the current study concentrated on providing
quantitative information on the status of fish populations
through time, future research should continue to focus on
developing an understanding of causation between long-
term trends in fish population status and environmental
conditions, including large-scale climate and river hydrology
(Gido et al. 2013; Lear et al. 2023). This information would
provide an improved capacity to link recovery activities
(e.g. environmental flows) to ecological outcomes, strength-
ening the knowledge base required to inform and support
adaptive management of native fish populations.

Supplementary material

Supplementary material is available online.
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