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ABSTRACT

Context. Intermittent rivers make up more than 50% of the world’s rivers. Refuge waterholes in
these systems are critical for survival of fish populations. Aim. This study investigated the effect that
angling pressure imparts on native fish within refuge waterholes. Methods. Golden perch
(Macquaria ambigua) size structure was analysed in eight refuge waterholes across three
catchments of the northern Murray-Darling Basin. Waterhole characteristics were recorded,
with town proximity or remoteness being adopted as a surrogate variable for angling pressure.
Key results. Remoteness was found to be significantly correlated with median length, biomass,
and proportion of legal-sized fish, but not with fish density. Sampling occurred after widespread
connective flows, and the strength of remoteness as a predictor of median length suggests that
redistribution of legal-sized golden perch on these flows was minimal. Legal-sized fish were
poorly represented in the length—frequency distributions of near-town waterholes, and smaller
size classes were well represented in most waterholes. Conclusion. This study suggests that
populations of golden perch in refuge waterholes near towns face significant angling pressure,
with impacts on size structure at a local level. Implications. These findings may have wider
implications for the long-term resilience of the species.

Keywords: angling pressure, biomass, density, drought refuge waterhole, golden perch,
intermittent river, Macquaria ambigua, mark—recapture, Murray—Darling Basin.

Introduction

Intermittent rivers constitute more than half of the global river network (Datry et al. 2014).
During lengthy dry periods, the only refugia for fish in intermittent rivers are permanent
river pools or waterholes (Arthington et al. 2005; Bogan et al. 2019). The importance of
river pool or waterhole refugia for fish during periods of drought has been recognised
across the world, including Africa (Strauch et al. 2015), North America (Van Horn et al.
2022), Europe (Pires et al. 2004) and Australia (Marshall et al. 2021). Despite the
prevalence of intermittent rivers worldwide and the importance of refugia waterholes,
there has been only limited work conducted on the effects of angling pressure on such
systems (e.g. Close et al. 2014).

The Murray-Darling Basin (MDB) is a large dryland river system, covering >1 x 10° km?
of south-eastern Australia (Crabb 1997). Rainfall varies widely across the MDB, with
hydrology in the south driven by predictable winter and spring rainfall, whereas
northern hydrology is influenced by unpredictable, semi-monsoonal summer rainfall
(Bice et al. 2021). The Darling River in the northern MDB is ranked as one of the most
hydrologically variable flow regimes in the world (Puckridge et al. 1998). Connective
flows are often short-lived in these northern ephemeral river systems, with permanent
waterholes providing crucial drought refugia for most fish species (Perry and Bond
2009). For the purpose of this study, we will refer to these isolated, remnant pools as
refuge waterholes.
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Golden perch (Macquaria ambigua (Richardson)) is one of
the most common and widespread large native percichthyid
fish within the MDB (Bond et al. 2015). It can grow to a
maximum size of 23 kg, although most fish are less than
5 kg (Cadwallader and Backhouse 1983). Angling is a regular
pastime in the regional communities of the MDB, with golden
perch forming the basis for a popular recreational fishery
(Lintermans 2007). Angled fish are commonly retained for
consumption, with a current minimum legal-size of 300 mm
in all states except South Australia (330 mm). Targeted fish
species in ephemeral rivers are susceptible to the effects of
overfishing (Close et al. 2014), therefore it is predicted that
angling pressure will alter golden perch size structure in
refuge waterholes, where habitat and resources are limited.

In the ephemeral catchments of the northern MDB, suitable
fish habitat contracts significantly during periods of no flow,
and this is further exacerbated by prolonged droughts.
Marshall et al. (2021) reported that refuge waterholes in the
northern MDB were small and represent as little as 11% of
the total river channel network during extreme drought.
However, small populations of maturing and adult fish can
act as significant sources for juvenile recruitment during flow
periods, when refuge waterholes are reconnected (Balcombe
et al. 2006). Sustained angling harvest has the potential to
significantly affect golden perch biomass and size structure
in these refuge waterholes, and these effects may persist in
the long term, despite opportunities for redistribution during
connective flows. Golden perch movement patterns are highly
variable within populations (Crook 2004; O’Connor et al. 2005;
Zampatti et al. 2018), although site fidelity is a common trait.
One movement study in the northern MDB demonstrated that
72% of detected individuals had linear ranges less than 50 km
(Bice et al. 2021). Movement opportunities are also hampered
by instream barriers (Marshall et al. 2021), which may
contribute to long-term disparities in size structures among
waterholes.

This paper investigates differences between the biomass of
golden perch at seven waterholes and the size structure of
golden perch in eight refuge waterholes of varying proximity
to towns. Recent research has demonstrated that spawning
events in the northern MDB contribute significantly to golden
perch recruitment downstream in the lower Darling River and
Murray River (Stuart and Sharpe 2020). Therefore, the status of
golden perch populations in these refuge waterholes may have
broader implications for recruitment across the MDB.

Materials and methods

Site selection

The study area encompassed three catchments of the
northern MDB within the state of Queensland: the Warrego,
Condamine-Balonne and Moonie catchments (Fig. 1). Two
waterholes were sampled within each catchment, including

B

one small waterhole (<800 m long), and one large waterhole
(>1000 m long). An additional large waterhole was sampled
within the Condamine-Balonne catchment at Paradise Downs
on the Dogwood Creek. Only waterholes with clearly defined
boundaries and good boat access were chosen for sampling.

Sampling commenced in October 2017 at Paradise Downs
Waterhole in the Condamine catchment, prior to summer
connective flows. Undulla Creek Waterhole was sampled
next in November 2017, after a small connective flow.
Widespread summer rainfall and multiple connective events
in all catchments prevented further sampling for 6 months.
The timing and magnitude of flow events in relation to
sampling is presented in Fig. 2. Sampling at all other sites
(except Saint George) was completed between 22 May and
30 June 2018. At each site, waterhole surface area was
calculated by measuring the width at 50-m intervals along
the entire length of the waterhole with range-finding
binoculars (Bushnell Yardage Pro 400, Overland Park, KS,
USA). Each width measurement was multiplied by 50 to
obtain the surface area of the preceding 50-m section and
summed to obtain the overall surface area. The deepest point
at each 50-m interval was also recorded, and the values were
averaged to obtain mean thalweg depth for all waterholes.

The distance of each waterhole from the nearest town was
calculated using the Google Earth Pro Pathway function
(ver. 7.3, see https://earth.google.com/web), where the
road distance (km) was calculated on the basis of the most
efficient route to the town post office. Towns with fewer
than 400 residents were not considered; for example, a
village of nine people was closer to both Warrie sites than
the nearest town with 400 people or more. This village was
assumed to make a negligible contribution to angling
pressure and was therefore not used in this study. The
nearest town was unequivocal at all other waterholes. All
sites were accessible by two-wheel-drive vehicle during dry
weather, and it was assumed that travel cost and
convenience would be considerations that could influence
the effect of distance on fishing pressure.

Remoteness or distance to settlements has been used as a
surrogate for fishing pressure in an ephemeral river by
Close et al. (2014), and several studies of marine fisheries
have also found distance from population centres to be
negatively correlated with fishing pressure (e.g. Advani
et al. 2015; Campbell et al. 2019).

Sampling methods

Sampling occurred when waterhole connectivity was negligi-
ble or absent, ensuring that each waterhole was effectively a
closed system. Long-term weather forecasts were consulted
prior to sampling to minimise the risk of connective flows
occurring between the tag and recapture phases. Waterholes
were sampled using either a 5.0- or 7.5-kVa vessel-mounted
electrofisher (Smith-Root, Portland, WA, USA), depending
on waterhole size. Conductivity averaged 120 pS across all
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waterholes, with electrofisher output generally set at
500 V, 120 pulses per second and 90% gain. One dip-netter
operated from the bow on small waterholes, and two dip-
netters operated on large waterholes. Where extensive shallow
margins were present at the upstream or downstream ends of a
waterhole, blocker nets were deployed prior to sampling at the
limit of navigable water to ensure that fish could not evade the
electrofishing equipment.

Initial electrofishing occurred over a minimum of two
consecutive days, with effort maximised by targeting the
complex habitats preferred by golden perch (e.g. woody
debris, vegetated margins and rocky reefs). All likely habitats
were sampled thoroughly and repeatedly to ensure compre-
hensive coverage and a large sample size. All golden perch
individuals captured during the initial surveys were sedated
in a 20 pg g! solution of AQUI-S (AQUI-S New Zealand
Ltd, Lower Hutt, New Zealand). The weight of each fish
was recorded to the nearest gram, and total length (TL) was
measured to the nearest millimetre. Fish were then tagged
and placed in an aerated live well for full recovery prior
to release. Fish longer than 150 mm were tagged with a
numbered dart tag inserted into musculature adjacent to
the dorsal fin. A mean of 80 fish per waterhole also had

Location of monitoring sites within catchments of the northern MDB.

a passive integrated transponder (PIT) tag planted in
the intraperitoneal cavity to calculate tag loss rates. Fish
smaller than 150 mm were deemed too small for dart tags
and were instead marked with a small hole in their pelvic
fin. Tag numbers, length and date of capture were recorded
for all fish. Sampled fish were released beyond the blocker
net to avoid early recaptures and to prevent further
exposure to electrofishing equipment.

Sample size was increased using fyke nets, where the
terrain was suitable, with both small (2-mm mesh, twin 5-m
wings and 0.6-m hoops) and large (12-mm mesh, twin 8-m
wings and 1.0-m hoops) nets being used. Fyke nets were set
overnight, parallel to the bank in back-to-back pairs, with
any captured individuals being weighed, measured and
tagged as above. A 2-day minimum rest period occurred on
the cessation of initial tagging, with the blocker net removed
to enable golden perch to adequately recover and mix within
the population.

The recapture phase involved intensive electrofishing
effort over a 2-day period. All untagged golden perch
individuals were weighed and measured as above. The
details of recaptured fish were recorded, including tag
number and date of recapture. The blocker net was
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Fig.2. Mean daily discharge relative to sampling period (indicated by black arrow) for (a) Warrego River waterholes of 22 Mile and 8 Mile;
(b) Gundi Waterhole; (c) Paradise Downs Waterhole; (d) Moonie River waterholes of Warrie | and Warrie 2; (e) Saint George Waterhole;
and (f) Undulla Creek Waterhole. Note that both (b) and (f) are indicative of catchment discharge for the Gundi and Undulla Creek
waterholes respectively, because discharge data for these tributary sites was not directly available. Scales on y-axes are not consistent.

Source: DNRME.

reinstated during this phase, and all captured fish were
released beyond this net as above. Efforts were made to
capture as many fish as possible during this phase to
improve the rigour of size structure and biomass estimates.
This work was conducted in conjunction with fieldwork on
FRDC project number 2016-153, with animal ethics approval
number CA 2017/09/1106. Additional work at Saint George
was completed under MDBA project number MD005162 and

D

animal ethics approval number CA 2020/05/1372. All work was
completed under General Fisheries Permit number 186281.

Supplementary sampling at Saint George
waterhole

An additional waterhole on the Balonne River was sampled in
July 2020. A comprehensive golden perch population survey
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was undertaken at this site, only 1.3 km from the township of
Saint George. This study did not use tag-recapture methods
and therefore did not collect population characteristics such
as density and biomass. However, the data for the Saint
George population survey was collected using a similar
intensive application of electrofishing effort, with proven
sampling methodology (Hutchison et al. 2020) and a large
sample size (n = 373). These data were used for compara-
tive analyses of length frequencies from this location,
with length frequencies from the other waterholes being
sampled.

Sampling at the Saint George site was sufficiently intense
to ensure good representation of the length frequency of
the golden perch population. Total effort was similar to that
for the other waterholes sampled. The waterhole was
divided into four zones, with eight electrofishing shots
undertaken in each zone, for a total of 32 shots. A 7.5-kVa
vessel-mounted electrofisher (Smith-Root, Portland, WA,
USA) was used for this site, with two dip netters operating
from the bow. Each shot consisted of 600 s of power-on
time, and involved 20 x 24 s of in and out movements and
120 s of movement parallel to the bank (Fig. 3). Each shot
targeted representative habitats along a 100-m stretch of
riverbank, and a minimum of 50 m was left between each
shot to ensure independence. Six small-mesh fyke nets
(as per tag-recapture surveys) were set over three nights, in
the same manner as previously described, to sample as
many golden perch fish as possible. Sampled golden perch
fish were initially held in an aerated live well, before being
sedated as above and measured to the nearest millimetre
(TL). A small hole was placed in the pelvic fin prior to
release to identify that the fish had been caught and to
prevent duplicate recordings in the dataset.

Population density and biomass estimation

The tagged recaptures in each waterhole were used to
estimate the total population (N) at that site, by using an

12sx 10

24s
| x20

100 m

Fig. 3. Diagram of the standard electrofishing shot procedure for the
Saint George site. The arrows show the electrofishing boat manoeuvres
where power was applied. (Source: Hutchison et al. 2020.)

unbiased ‘Lincoln-Petersen method’ (Williams et al. 2002),
as follows:

_ (m+1)(np+1)

N r+1)

1

where n; is the initial number of tagged fish, n, is the total
number of fish caught during recapture phase, and r is
the number of tagged recaptures.

The population estimate N was multiplied by the mean
weight of all fish sampled at a site (g) to obtain an overall
biomass estimate (kg). This was divided by the surface area
of the waterhole to obtain a biomass estimate (kg ha™!).
Similarly, the population estimate n was divided by the
area of the waterhole (ha) to obtain a density estimate
(fish ha™1).

Data analysis

The relationships between waterhole characteristics and
golden perch population variables were explored through
linear regression analysis (Genstat, ver. 18.2), using seven
key variables (Table 1). The median length was analysed in
preference to the mean, owing to the non-parametric nature
of golden perch length-frequencies in this study. Data on
golden perch density and biomass were not available for the
Saint George waterhole, so median length and percentage of
legal-sized fish were the only dependant variables analysed at
this site. Relationships among independent variables were
also investigated to identify confounding factors.

Pairwise comparisons of golden perch length-frequency
distributions were made using the non-parametric Kolmogorov—
Smirnov statistic (Genstat, ver. 18.2, see https://vsni.co.uk/
software/genstat).

Results

Population structure and pairwise comparisons

There was a high level of variability in both the number of
fish tagged (min = 90 at Undulla waterhole, max = 266 at
Warrie 1, mean = 181), and the number of tagged recaptures
(min = 6 at Paradise Downs, max = 47 at Warrie 1,
mean = 15.85). The golden perch length—frequencies also
showed a high level of variability among waterholes (Fig. 4).

Table I. Waterhole variables for linear regression analysis.

Independent variable Dependant variable
Biomass (kg ha™')
Density (fish ha™')

Median length (mm TL)

Remoteness (km)

Waterhole surface area (ha)

Mean thalweg depth (m)
Fish > legal size (%)
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Near-town waterholes were heavily represented in the
juvenile size classes, with poor representation in size
classes above the legal-take limit of 300 mm (Fig. 4e-h).
This was especially evident when comparing near-town
waterholes with the two remote Warrie sites (Fig. 4a,b),
particularly Warrie 2, where fish above 300 mm were
abundant and the size structure approached a bell-
shaped curve.

The disparities between golden perch length—frequencies
were confirmed by Kolmorogov-Smirnov pairwise compar-
isons (Table 2), demonstrating that the length-frequency
distributions were significantly different among all waterholes
except for Undulla and Warrie 2.

Relationships between remoteness and golden
perch size, biomass and density

Remoteness was found to be a strong positive predictor of
golden perch median length, and a positive predictor of the
proportion of legal-sized fish in refuge waterholes (Fig. 5),
with both relationships being significant (P < 0.01). The
significance values for all relationships are shown in Table 3.
Waterhole surface area and mean thalweg depth were not
significantly correlated with any other variable, including
with remoteness, so these variables were not considered to
be confounding factors.

There was a significant positive correlation between
remoteness and golden perch biomass, but remoteness
was a poor predictor of density (P = 0.209). However, the
relationship between the density and biomass of golden
perch in refuge waterholes was significant (Table 3).

Discussion

Our study demonstrated the effect of the proximity to
population centres (angling pressure) on golden perch
populations in refuge waterholes of the northern MDB.
Although this study did not measure angling activity
directly, remoteness has previously been demonstrated as a
useful proxy for fishing effort (Close et al. 2014; Advani
et al. 2015; Campbell et al. 2019), and angling pressure
remains the most logical explanation for the well defined
gradient in size and biomass observed in refuge waterholes.
These findings are perhaps unsurprising, given the popularity
of golden perch among inland angling communities and the
paucity of alternate target species in these catchments.
However, the strength of waterhole remoteness as a tool
for predicting golden perch subpopulation characteristics
is noteworthy, with potential wider application for future
studies. Similarly, the findings of subpopulation-level effects
in refuge waterholes may have broader implications for the
resilience and management of golden perch into the future.

The effect of angling pressure on marine finfish populations
has been well documented in previous studies, especially for
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keenly targeted species such as coral trout, Plectropomus
leopardus (Mapstone et al. 2004; Russ et al. 2008;
Miller et al. 2012). However, studies on the impacts of
angling pressure on Australian freshwater fish are uncommon.
The majority of MDB studies focus on Murray cod,
Maccullochella peeli (Allen et al. 2009; Brown 2010; Douglas
et al. 2010), with there being few studies on golden perch
(Forbes et al. 2015a). There have been no apparent studies
on the impact of recreational fishing within the ephemeral
rivers of the northern MDB and very few in ephemeral river
systems in other parts of Australia (e.g. Close et al. 2014) or
the world. There has been at least one study of the effects of
small subsistence and commercial fisheries in the Okavango
Delta (Mmopelwa et al. 2009), where it was found that
fishing pressure reduced fish biomass proportionally across
different trophic levels, but did not reduce diversity.

When compared with the more-connected waters of the
southern MDB, golden perch within the northern MDB
refuge waterholes is even more susceptible to localised
overfishing, given that migration here is both spatially and
temporally limited.

The majority of waterholes sampled during this study were
small (<4 ha). This is consistent with Marshall et al. (2021),
who found that isolated waterholes within the ephemeral
rivers of the northern MDB are often small and few in
number, comprising as little as 11% of the total river-channel
network during severe drought. However, refuge waterholes
play a central role in structuring aquatic communities
(Magoulick and Kobza 2003), and small populations of
maturing and adult fish are regarded as significant sources
for juvenile recruitment when flows return and refuge
waterholes become connected again (Balcombe et al. 2006).
A growing body of evidence suggests that spawning activity
in the northern MDB provides a valuable contribution to
system-wide golden perch recruitment during large-scale
flow events, with eggs and larvae drifting far beyond the
catchment of origin. Stuart and Sharpe (2020) found that
golden perch recruits in the lower Darling and lower Murray
were originally spawned hundreds or even thousands of
kilometres away in the Macintyre or Weir Rivers, which are
neighbouring catchments to the Moonie. Similarly, the
Warrego River has recently been shown to be a fecund
nursery habitat, generating valuable recruitment downstream
in the Darling River (Warrego-Darling Monitoring Evaluation
Research 2020). Therefore, populations of mature golden
perch in refuge waterholes of the northern MDB are
important for the resilience of this species into the future.

The length—frequency distributions of this study high-
light the selective pressure applied to populations in refuge
waterholes, with representation declining sharply in sizes
above 300 mm, particularly in near-town waterholes.
Although these findings may suggest a level of adherence to
legal-size limits, further research would be needed to clarify
this. Conversely, these findings could be viewed with some
concern, as it is possible that mature golden perch are
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Table 2. Kolmorogov—Smirnov pairwise comparison of length—frequency distributions.
Warrie | Warrie 2 Gundi 22 Mile 8 Mile Paradise Downs Undulla St George
Warrie | -
Warrie 2 =0.001 -
Gundi <0.001 <0.001 -
22 Mile <0.001 <0.001 =0.009
8 Mile <0.001 <0.001 =0.044 =0.003 -
Paradise Downs <0.001 <0.001 <0.001 <0.001 <0.001 -
Undulla <0.001 =0.423 <0.001 <0.001 <0.001 <0.001 -
Saint George <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 -

Bold boxes indicate significant differences between waterholes at o = 0.05.

being extracted soon after attaining legal-size. Forbes et al.
(2015b) found that the current legal-size limit offered little
protection for the spawning population, with less than 16%
of the population mature at 300 mm in two catchments of
the southern MDB, and the length at which 50% of the fish
are mature (LMsp) being in the range 350-360 mm. If the
LMso is similar in the northern MDB ephemeral river
systems, then increasing the minimum legal length may
assist in ensuring that golden perch fish in refuge waterholes
are able to spawn at least once. Female golden perch
individuals are older and larger than males at maturity,
potentially biasing the recreational harvest towards female
fish (Mallen-Cooper and Stuart 2003). If a large proportion
of adult females within near-town refuge waterholes is being
extracted before they have a chance to spawn, this has the
potential to reduce the long-term resilience of the species,
with flow-on effects to both migration and recruitment.

The truncated size structure at Saint George waterhole is
especially pronounced, with very few fish over 225 mm
present. This waterhole is immediately below the Jack
Taylor weir, an impassable barrier to upstream migration of
fish on all but the largest of floods. Therefore, it might be
expected that upstream migrating fish would accumulate
here, especially considering that long-distance movement
of adult golden perch in the northern MDB occurs
predominantly in an upstream direction (Bice et al. 2021).
As the flow dropped, it would be expected that golden
perch might move back downstream into the Saint George
waterhole or to other waterholes further downstream. The
Saint George waterhole also contains abundant natural
habitat, such as complex woody debris and rocky structure;
so, it would be expected that larger fish would be retained
here in good numbers. However, this study found very few
legal-sized fish in this waterhole at the time of sampling.
There may be other factors that explain the poor catch of
legal-sized fish here, but this waterhole has public boat
access, and displays ample evidence of fishing activity, so
the assumption of significant angling effort here is not
unreasonable.

H

Previous studies in other catchments have shown that
golden perch size structure is generally characterised by
dominant year-classes, when conditions have been favourable
for widespread recruitment, along with poor or ‘missing’
year-classes, where recruitment has been minimal or
unsuccessful (Mallen-Cooper and Stuart 2003; Roberts
et al. 2008; Zampatti and Leigh 2013). The present study
looked at length—frequency as opposed to age—frequency, and
therefore is not directly comparable to such studies. Length of
golden perch has been found to be an unreliable indicator
of age (Anderson et al. 1992), because growth rates vary
substantially among catchments (Roberts et al. 2008),
and there is a higher growth variability in the northern
catchments of the MDB than in the southern catchments
(Wright et al. 2020). This study has drawn data from
several catchments of the northern MDB and, although the
likelihood exists that the dominant length—frequency classes
in this study correlate with dominant year cohorts, this
conclusion cannot be validated without ageing the fish.

In a study on golden perch (M. ambigua oriens) in
Queensland’s Fitzroy Basin, Roberts et al. (2008) found that
recruitment occurred most consistently in unregulated rivers,
whereas regulated rivers were more likely to have erratic or
failed recruitment events. The current study did not draw
on sufficient sample size to lend any support to those findings.
Further research is warranted to investigate the relationship
between river regulation and golden perch recruitment
across the northern MDB, with stocked fingerlings posing
an additional factor that requires consideration.

Six of the eight waterholes used in this study were sampled
shortly after the cessation of multiple connective flow events,
which would have provided ample opportunity for migration
and mixing of golden perch populations. Even if the flows did
not drown out all weirs, all sampled sites would have had links
to waterholes for tens of kilometres or in some cases more
than 100 km in at least one direction on the flow events.
Therefore, an increased level of population homogeneity
might be anticipated, with legal-sized golden perch relocating
into heavily fished waterholes where vacant habitat exists
and competition for food is lower. However, the significant
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Fig.5. Relationships between remoteness and golden perch population characteristics (median length, percentage legal-sized fish, density
per hectare and biomass) and between density per hectare and biomass and median length and biomass. Note: black arrows indicate
supplementary Saint George waterhole-site data.

disparities between golden perch population structure in  this study. There may be temporal or seasonal factors to
different waterholes suggests that this did not happen on  consider here, although it should be noted that connective
an appreciable scale in the connective flows preceding  flows prior to sampling occurred from February to April.
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Table 3.

Linear regression analysis showing the probability of significant relationships between population variables and waterhole characteristics.

Explanatory variable Response variable

Median length (mm TL)A
Legal-sized fish (%)*
Biomass (kg ha™')
Density (fish ha™')

Remoteness (km)

Mean thalweg depth (m)

Waterhole surface area (ha)
Waterhole surface area (ha) Density (fish ha™')
Biomass (kg ha™')
Mean thalweg depth (m)
Median length (mm TL)
Median length (mm TL)
Legal-sized fish (%)
Biomass (kg ha™')
Density (fish ha™")

Mean thalweg depth (m)

Density (fish ha™') Biomass (kg ha™')
Median length (mm TL)

Median length (mm TL) Biomass (kg ha™')

Equation r? P

y = 2.5775x + 153.92 0.9241 0.001
y = 0.6263x + 6.7239 0.7519 0.005
y = 1.08x + 9.9738 0.6293 0.033
y = 1.9038x + 103.45 0.2941 0.209
y = —0.0097x + 2.7724 0.0771 0.547
y = —0.045Ix + 5.7915 0.0677 0.573
y = —14.481x + 233.52 0.5108 0.071
y = —5.0985x + 70.899 0.421 0.115
y = 0.1272x + 1.8894 0.398 0.129
y =0.0317x + 12.093 0.1813 0.341
y = —0.0046x + 3.5624 0.0927 0.507
y = 0.02x + 3.017 0.1804 0.342
y = 0.0163x + 3.2293 0.4061 0.124
y = —0.0037x + 3.0516 0.1359 0416
y=03317x — 7.7796 0.7315 0.014
y = 0.3188x + 195.89 0213 0.275
y = 1.2477x + 189.08 0.5328 0.063

AThe relationship inclusive of Saint George data. Bold boxes show significance (P < 0.05).

Connective flows during these months have previously been
shown to result in golden perch movement. Bice et al.
(2021) reported that all large movements in the northern
MDB occurred during elevated discharge from February to
April, whereas movement in the southern MDB is more
common from September to November (O’Connor et al.
2005; Koehn and Nicol 2016). The current study presents a
snapshot of golden perch populations at a single juncture,
rather than investigating long-term movement behaviour.
Although it is likely that golden perch movement and
immigration would have occurred in the connective flows
preceding this study, this appears not to have occurred
at a scale sufficient to overcome the pronounced effects of
remoteness on golden perch population characteristics,
such as median length and percentage of legal-sized fish.
Additional research that investigates long-term golden perch
movement behaviour alongside size structure in waterholes
of varying remoteness would strengthen predictive population
models and would likely lead to improved management
options for the species.

Studies on the movement and migration habits of golden
perch in the southern MDB have demonstrated a high level
of within-population variability of movement behaviours,
such as site fidelity, short- and long-distance migration,
and homing behaviour (Crook 2004; O’Connor et al. 2005;
Zampatti et al. 2018). However, comparison with these
studies is difficult given the high spatio-temporal variability
in golden perch behaviour (Zampatti et al. 2018), especially
when considering that fragmentation of river systems in the
northern MDB results in enforced site fidelity for most of

J

the year, with fish movement here being opportunistic in
response to flows (Nicholls et al. 2012).

Philopatry has been shown to be a common trait for golden
perch in the Moonie River, with individual fish moving during
connective flow events only to return to their original
waterhole as a flow begins to recede (Marshall et al. 2016).
There is strong selective pressure against fish moving at
random out of refugia (Whitney et al. 2016), with a high
level of philopatry allowing golden perch individuals to
avoid the high costs of settling and perishing in a doomed
habitat patch (Marshall et al. 2016). Further, the existence
of site fidelity in riverine fish species has previously been
shown to result in the failure of predictions that individuals
will utilise high-quality habitat patches that are located
outside the area to which fidelity is exhibited (Railsback
et al. 1999). This may help explain the findings of the present
study, where legal-sized golden perch were scarce in habitat-
rich, near-town waterholes. If legal-sized golden perch
residing in heavily fished waterholes exhibit strong site
fidelity or philopatry, then these fish will continually be
exposed to angler effort, resulting in the gradual localised
depletion of large fish over time. Conversely, remote
waterholes are more likely to retain their legal-sized fish,
with individuals unlikely to permanently relocate elsewhere
while also being at reduced risk of extraction by anglers. In
this way, the impacts of angling pressure on golden perch
populations in near-town refuge waterholes are likely to
accumulate over time, despite the repeat occurrence of
connective flows.
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Immature fish (more than 1 year-old) have previously been
shown to comprise the numerically dominant portion of
migrating golden perch, moving upstream to compensate
for downstream egg and larval drift (Mallen-Cooper 2000).
These fish move in stages during connective flows and appear
not to move back downstream when flows cease. The exact
cues that prompt individual fish to settle in particular
waterholes remain unclear, although the present study found
that golden perch density did not differ significantly with
remoteness, which may suggest a level of uniformity in the
colonisation process. However, remoteness did correlate
significantly with biomass, with the reduced biomass in
near-town refuge waterholes being likely attributable to
angler harvest of legal-sized fish and possibly some fish being
just under legal size. A movement study in the northern MDB
demonstrated that site fidelity was common, with 72% of
detected golden perch moving less than 50 km (Bice et al.
2021). Although the migration behaviour of golden perch
is well documented (Crook 2004; O’Connor et al. 2005;
Zampatti et al. 2018), it is possible that the immigration of
adult fish plays a secondary role in bolstering stocks of large
golden perch in heavily fished refuge waterholes. Instead,
recruitment to the fishery may primarily rely on a much
slower process, namely, immature fish colonising waterholes,
establishing site fidelity, and subsequently growing out to
legal-size.

Angling pressure in many refuge waterholes of the
northern MDB is presently limited by remoteness and
private land tenure, a situation that is likely to afford some
protection to golden perch populations. However, anglers
may travel further afield if the stocks of legal-sized fish in
their local waterholes become depleted, and this may result
in the gradual geographic spread of angling pressure over
time. Close et al. (2014) found that angler visitation rates
were steadily increasing in the Fitzroy River of Western
Australia, with 62% of the catchment already subject to
moderate-high levels of fishing pressure. Research by the
Department of Environment and Science (2020) has shown
that recreational fishing is increasingly popular in Queensland,
with an additional 300000 participants in 2019 when
compared with 201 3. Resilience in native fish metapopulations
in the northern MDB is already severely compromised by the
increasing length of drought periods, and by the impacts of
numerous instream barriers that limit opportunities for fish
movement (Marshall et al. 2021). Angling pressure presents
an additional threat to golden perch resilience, as removal
of the larger, more-fecund fish from refuge waterholes
may reduce the scale of recruitment and dispersal when
connective flows occur. Angler education may be one tool
worth considering, to promote voluntary catch and release
during prolonged droughts. If angling pressure were to
increase on a broad scale within the northern MDB, then
stronger avenues of protection may need to be considered.
These measures may include the adoption of freshwater

protected areas similar to those proposed by Close et al.
(2014) for the Fitzroy Basin in Western Australia.

Although this study also investigated the effect of
waterhole size and depth, these variables were found to
have no significant effect on density, biomass, median
length, or proportion of legal-sized fish. This aspect of our
study was limited by a small sample size (n = 7) and
sampling additional waterholes would be beneficial to
investigate these relationships in more detail. It should also
be noted that angling pressure is likely to be proportional
to town population size, and this should be included as a
covariate in future studies.

It is likely that angling pressure (or artisanal fisheries)
could have impacts on recreational species in refuge pools
and waterholes in ephemeral systems in other parts of the
world. Although there have been very few studies examining
this issue, the presence of recreational fishing species in
refugia have been documented. Some examples include
largemouth bass, Micropterus salmoides (Dubose et al. 2020),
tilapias (Cichlidae; Strauch et al. 2015) and sooty grunter,
Hephaestus fuliginosus (Pusey et al. 2018). Understanding
global trends on the impacts of fishing pressure on waterhole
refugia in ephemeral rivers and how such fisheries can best
be managed is an area of research worthy of further
investigation.

Additional research over a longer time frame would be
beneficial in validating the link between angling and
golden perch population dynamics in the current study. It is
likely that the cumulative effect of angling pressure presents
an additional disturbance for golden perch populations in
refuge waterholes, raising concerns for the ongoing resilience
of the species if this were to substantially increase. These
findings have relevance to the northern catchments of the
MDB, and broader implications for golden perch recruitment
in the Murray-Darling Basin as a whole. There is potential
that other species across the world targeted by anglers in
waterhole refugia during droughts could be similarly affected.
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