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ABSTRACT
Managing fish populations in regulated rivers requires an understanding of the spatial and temporal scale of their dispersal, 
the locations of key spawning and nursery habitats and the hydraulic processes that interplay with their life history. Golden 
perch (Macquaria ambigua), an Australian freshwater pelagic-spawning fish, highlights the worldwide challenges of man-
aging riverine species that rely on hydraulic conditions to sustain critical metapopulation processes. This study aimed to 
quantify the spatial scale of early life history golden perch dispersal after a drought-breaking in-channel flow event in early 
2020 in a regulated lowland river. Otolith microchemistry (87Sr/86Sr) and single nucleotide polymorphisms (SNPs) determined 
natal origins and sibling relationships, respectively, of young-of-year (YOY) caught in a floodplain nursery with larval fish 
captured upstream. For fish collected in the floodplain nursery, dispersal distances ranged to ~1600 km. Otolith microchem-
istry attributed 52% of YOY as localised in origin, 44% as originating in the midcatchment and 4% from the most upstream 
sample locations. Genetic analyses identified a full-sibling pair captured 900 km apart and 31 half-sibling pairs that linked 
YOY to larval fish captured at a diversity of upstream sites. Our study highlights the range of spatial scales over which ELH 
dispersal can occur for golden perch and emphasises the importance of interconnected flowing river habitats in sustaining 
metapopulation processes. We illustrate the positive results that increased riverine connectivity can yield for fish with similar 
life history strategies.
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1   |   Introduction

Dispersal plays an important role in driving species' distribu-
tions, providing access to different habitats that support re-
cruitment and promoting gene flow between subpopulations 
(Hanski 1998; Heggenes et al. 2006; Radinger and Wolter 2014). 
The construction of dams and weirs to regulate rivers has caused 
major losses of lotic habitats, reduced longitudinal connectivity, 
altered floodplain function and has ultimately resulted in biodi-
versity declines globally (Grill et al. 2019). The regulation of riv-
ers significantly disrupts dispersal due to water abstraction, the 
conversion of lotic to lentic habitat and restricted passage over or 
through riverine structures such as dams and weirs (Humphries 
and Lake 2000; Baumgartner, Reynoldson, and Gilligan 2006; 
Mu et al. 2014; Pavlov, Mikheev, and Kostin 2020; Mollenhauer 
et al. 2021). While fish populations may survive brief periods of 
lost connectivity, prolonged disconnection can fragment popula-
tions, alter community structure and reduce gene flow (Kukuła 
and Bylak 2022; Machado et al. 2022; Martelo et al. 2024). This 
poses a significant threat to the long-term persistence of many 
species (Frankham 2022). Habitat fragmentation is further ex-
acerbated by drought, with the interacting effects of climate and 
river regulation posing a compounding threat to fish population 
viability particularly in arid and semiarid regions (Marshall, 
Lobegeiger, and Starkey 2021).

In rivers, the eggs, larvae and juveniles of pelagic-spawning 
fish species often undergo a downstream dispersal phase, 
which can play a key role in distributing early life history (ELH) 
stages to productive nursery habitats (Lechner, Keckeis, and 
Humphries  2016). This downstream dispersal can occur over 
large spatial scales (i.e., hundreds of kilometres) for some spe-
cies (Dudley and Platania  2007; Wilde and Urbanczyk  2013; 
Pachla et al. 2022). Investigating ELH dispersal is challenging, 
as traditional methods of tracking fish (e.g., using visible marks 
or electronic tags) are not suitable due to their small size (Cooke 
et al. 2013; Carnicer et al. 2023). Consequently, for many spe-
cies there is a limited understanding of the spawning habitats, 
spatial and temporal scales of drift, nursery habitats, juvenile 
dispersal pathways and the underlying hydrologic and hydrau-
lic drivers of these processes (Carnicer et  al.  2023). However, 
several contemporary methods, such as otolith microchemistry 
and genetics, are providing novel insights into dispersal patterns 
of ELH stages (Humston et al. 2010; Woods et al. 2010; Chase 
et al. 2015; Ottmann et al. 2016; Reis-Santos et al. 2023). Previous 
studies have demonstrated that otolith chemistry, particularly 
the analysis of strontium isotopes (87Sr/86Sr), can reveal distinct 
signatures that correspond to the water chemistry in different 
habitats, enabling determination of natal origin and movement 
histories (Barrow et  al.  2021; Thiem et  al.  2022; Reis-Santos 
et al. 2023). Genetic techniques, such as kinship analysis, have 
also been used to study dispersal of marine (Schunter et al. 2014; 
Aloia et al. 2018) and freshwater fish (Furlan et al. 2024).

Golden perch (Macquaria ambigua) is a freshwater fish en-
demic to eastern Australia and is emblematic of the global 
challenges in managing pelagic-spawning riverine species 
(Dudley and Platania  2007). Hydrology and hydraulics play 
a major role in driving population dynamics of golden perch, 
affecting spawning (Koster et  al.  2017; Thiem et  al.  2023), 
recruitment (Roberts, Duivenvoorden, and Stuart  2008; 

Sharpe 2011; Zampatti and Leigh 2013b) and migration of both 
subadults and adults (Reynolds  1983; Zampatti et  al.  2018; 
Zampatti, Leigh, et al. 2021). ELH golden perch also undergo 
active and passive downstream dispersal on flow pulses 
(Sharpe  2011; Stuart and Sharpe  2020), with this dispersal 
an important influence on population structure in receiving 
regions (Zampatti, Leigh, et al. 2021). There is evidence sug-
gesting that golden perch are flexible spawners (Balcombe 
et  al.  2006; Balcombe and Arthington  2009; Ebner, Scholz, 
and Gawne 2009). However, existing literature indicates that 
spawning intensity and recruitment success are likely influ-
enced by river flow, with higher flows and flooding generally 
enhancing recruitment outcomes for golden perch (Ebner, 
Scholz, and Gawne 2009; King, Tonkin, and Mahoney 2009; 
Zampatti and Leigh  2013a). As such, like other pelagic-
spawning fish with drifting life history stages, golden perch 
are particularly susceptible to widespread river regulation and 
climate change threats (Koehn et al. 2020).

The northern Murray–Darling Basin (MDB) is a heavily reg-
ulated river system in eastern Australia, once characterised 
by a hydrologically variable flow regime (Mallen-Cooper and 
Zampatti 2020). While river regulation has negatively impacted 
golden perch in the northern MDB, successful recruitment oc-
curs (Stuart and Sharpe 2020; Thiem et al. 2023) and through 
immigration has the potential to influence population dynam-
ics in other regions where successful recruitment does not occur 
(Zampatti, Leigh, et  al.  2021). Existing conceptual models for 
golden perch dispersal exist; Reynolds  (1983) demonstrated 
long-distance upstream movement of mature golden perch in the 
northern MDB, suggesting that this dispersal strategy functioned 
to allow for downstream dispersal of drifting eggs and larvae to 
recruitment habitat. This was further developed by Stuart and 
Sharpe (2020) who proposed a conceptual model of golden perch 
life history in the northern MDB, which consisted of (i) flow cued 
upstream riverine migrations of adults and spawning within 
lotic main stem or tributary habitats of the Barwon–Darling 
catchment, (ii) downstream drift of pelagic eggs and larvae to lit-
toral or floodplain nursery habitats, such as the Menindee Lakes, 
(iii) rapid juvenile growth in productive off-channel and littoral 
habitats, such as the Menindee Lakes, followed by (iv) juvenile 
dispersal both upstream (Barwon–Darling River and tributaries) 
and downstream (Lower Darling Baaka River (LDBR)).

This study aimed to investigate how large-scale longitudinal con-
nectivity influences ELH dispersal, by quantifying the dispersal 
distances of young-of-year (YOY or Age 0) golden perch. This 
required estimation of the natal origin of YOY golden perch cap-
tured in a known floodplain nursery habitat (the Menindee Lakes, 
the terminus of the northern MDB) and quantification of dispersal 
distances from natal locations to the nursery. We combined otolith 
chemistry and genetic techniques to explore the spatial and tem-
poral dispersal patterns of ELH golden perch during a moderate 
flow event that occurred in early 2020, connecting over 1800 km 
of riverine habitat in the northern MDB (Craik and Claydon 2020; 
Thiem et al. 2023). Considering the antecedent conditions of pro-
longed loss of connectivity in the northern MDB, results are dis-
cussed within the context of their relevance for water allocation 
and operational flow management to support large-scale river 
habitat connectivity and ELH dispersal of pelagic-spawning fish 
over appropriate spatial and temporal scales.
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2   |   Methods

2.1   |   Study Region and Fish Surveys

This study was conducted in the Barwon–Darling catchment 
within the New South Wales section of the northern MDB, 
Australia (Figure 1). The Barwon–Darling catchment was his-
torically characterised by near-perennial flows with continuous 
reaches of lotic habitat often extending for hundreds of kilome-
tres (Mallen-Cooper and Zampatti  2020), to the downstream 
Menindee Lakes. These nine large, but shallow, regulated lakes 
are well-established floodplain nursery habitats (Sharpe 2011). 
However, river regulation, flow storage, water diversion and 

climate change have increased the frequency and duration 
of zero or near-zero flow periods, resulting in a major reduc-
tion in the availability and persistence of lotic habitat in the 
Barwon–Darling, while also reducing regular filling and con-
nection between the nine Menindee Lakes (Mallen-Cooper and 
Zampatti 2020). This study was conducted during a moderate in-
channel flow event that occurred in early 2020, after three years 
of severe drought. The maximum flow volumes reached during 
the event are relatively common, occurring approximately 15% 
of the time postregulation (see Thiem et al. (2023) for a detailed 
description and analysis of the flow event). Due to the anteced-
ent conditions, including prolonged periods of zero-flow from 
2017 to 2019, a legal intervention order was implemented to 

FIGURE 1    |    The Murray–Darling Basin and the Menindee Lakes system showing golden perch sampling locations. Green diamonds represent 
larval sampling sites and orange circles represent young-of-year sampling sites. Refer to Table 1 for site details.
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prevent extraction during the flow event to promote large-scale 
longitudinal connectivity and aid the restoration of this highly 
stressed riverine ecosystem (Craik and Claydon 2020). As a re-
sult, the 2020 flow event provided the first long-distance (i.e., 
> 1800 km) hydroecological connectivity for over three years.

Fish survey locations (n = 22) spanned over 1830 km to encom-
pass riverine sites in the Barwon–Darling River and its major 
northern tributaries, sites in the Menindee Lakes at the termi-
nus of the Barwon–Darling catchment and sites in the LDBR, 
downstream of the Menindee Lakes (Figure  1 and Table  1). 
Larval fish were sampled throughout the protected flow event 
in March 2020 given this was predicted to induce golden perch 
spawning (Thiem et al. 2023) (Table 1). YOY sampling was car-
ried out in winter (July) or spring (October and November) of 
2020 after flows had subsided (Table 1). Sampling of YOY was 
conducted at four sites in the Warrego River, one site at the junc-
tion of the Warrego and the Darling rivers, a site in four of the 

Menindee Lakes (Balaka, Bijijie, Pamamaroo, Wetherell) and at 
four sites in the LDBR (Figure 1 and Table 1).

Standardised larval drift-netting surveys were conducted to 
capture drifting fish within the river channel. Three drift nets 
(1.5 m long, 500-μm mesh, 50-cm diameter opening) were 
set at each site overnight (~18 h), suspended in the flow off 
instream wood habitat, to sample the top 0.5 m of the water 
column. Drift-netting samples were preserved in 90% ethanol 
(see Thiem et  al.  (2023) for more detailed description). YOY 
sampling in the Warrego River and Menindee Lakes was con-
ducted using fyke nets (Mika et al. 2022; Stuart et al. 2023). 
The LDBR was sampled by boat electrofishing (7.5 kW Smith-
Root model GPP 7.5 H/L boat-mounted electrofishing unit), 
where 12 replicate 90-s electrofishing operations were per-
formed according to standardised methods (Crook et al. 2023). 
YOY golden perch collected by both fyke netting and electro-
fishing were euthanized using an AquiS overdose, measured 

TABLE 1    |    Details of golden perch larvae and young-of-year (YOY) sampling sites and associated ‘system’ (group of sites within the same general 
region). Site numbers correlate to those depicted in Figure 1. River distance is the distance (kilometre) from the downstream extent of Lake Wetherell 
(a central location to the four Menindee Lake sites) to the site, in either an upstream or downstream direction (−).

Site (number) System Date sampled
River distance from 

Menindee Lakes (km)

Larval drift netting sites

Moonie River Bridge (1) Moonie 5/03/2020 1593

Lower Culgoa (2) Culgoa 26/03/2020 1044

Fords Bridge (3) Warrego 26/03/2020 860

D/S Little Weir (4) Barwon 5/03/2020 1625

Walgett (5) Barwon 4/03/2020 1374

Brewarrina (6) Barwon 5/03/2020 1122

Bourke (7) Darling 4/03/2020 and 26/03/2020 917

Viewmont (8) Darling 20/03/2020 62

3 Mile Creek Bridge (9) Darling 20/03/2020 10

YOY sampling sites

Boera Dam Warrego 22/07/2020 811

Booka Dam Warrego 22/07/2020 798

Homestead Dam Warrego 21/07/2020 782

Dicks Dam Warrego 22/07/2020 775

Junction of Warrego and Darling Darling 23/07/2020 762

Lake Bijijie Menindee Lakes 3/11/2020 25

Lake Pamamaroo Menindee Lakes 5/11/2020 1.5

Lake Wetherell Menindee Lakes 3/11/2020 0

Lake Balaka Menindee Lakes 4/11/2020 45

Lake Wetherell Outlet (10) LDBR 7/10/2020 −2

Bono (11) LDBR 11/10/2020 −74

Karoola (12) LDBR 20/10/2020 −159

Moorara (13) LDBR 8/12/2020 −237
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(total length (TL), millimetre) and weighed (gram) in the field 
before being stored frozen.

All YOY and a subsample of fish captured in the larval surveys 
(fish caught in larval drift nets were a combination of larvae and 
juveniles) were prepared for genetic and otolith analyses. The 
subsampling protocol was designed to equally encompass the 
entire size range of the catch at each site; 30 fish were subsam-
pled per site, where one fish was sampled from each 1/30th of 
the total size range. Where there were fewer than 30 fish cap-
tured at a site, all fish were prepared (Thiem et al. 2023). The 
total number of fish used in each type of analysis varied slightly 
to ensure that only samples in good condition were used and to 
account for minimum otolith size requirements (> 100 μm) for 
the otolith chemistry analysis. All fish used in the genetic and 
otolith analyses were remeasured (TL: millimetre), the sagittal 
otoliths were removed and a fin clip sample (~2 × 2 mm) was 
taken from the tail fin or body tissue and preserved in 90% eth-
anol for genetic analyses.

2.2   |   Otolith Analysis

Otolith chemistry analyses and daily ageing were used to esti-
mate dispersal distances of YOY (i.e., Age 0) golden perch. One 
sagittal otolith from each fish (YOY; n = 165, larvae; n = 252), was 
mounted whole on a glass microscope slide using Crystalbond 
(Ted Pella Inc., United States) and prepared for posthatch age 
estimation. Further description of the daily ageing protocol used 
is detailed in Thiem et al. (2023), with daily age increment for-
mation in golden perch validated by Brown and Wooden (2007). 
For the YOY fish, ages were only used to confirm their YOY sta-
tus, thereby confirming that they originated within the tempo-
ral scope of the study.

Sectioned otoliths were transferred to master slides for the mi-
crochemistry analyses, with the master slides holding approxi-
mately 20 otoliths each. Wetted lapping film (3 μm) was used to 
polish the otolith to the primordium and remove any remain-
ing Crystalbond from the surface of the otolith. A total of 365 
otoliths (YOY, n = 149; larvae, n = 216) were used for analysis 
of strontium isotope ratios (87Sr/86Sr) (Melbourne University 
Isotope and Trace Element Geochemistry Laboratory). The 
analysis consisted of an Applied Spectra RESOlution exci-
mer laser ablation system (Applied Spectra, West Sacramento, 
California, United States) coupled to a multicollector inductively 
coupled plasma mass spectrometer (MC-ICPMS). Four master 
slides were contained within the laser ablation system at a time, 
video imaging of the slides enabled digitisation of the intended 
ablation spot or path within GeoStar software (ver. 6.14, Applied 
Spectra).

For larval fish, 80-μm ablation spots measured 87Sr/86Sr; the 
laser was operated to provide a fluence of 3 J cm−1 at the sam-
ple surface and was pulsed at 5 Hz. Ablation was undertaken 
under pure He to minimise deposition of ablated material. 
Ablation spots were taken from the edge of the otolith to provide 
an estimate of the 87Sr/86Sr signatures from the known capture 
location (Macdonald, McNeil, and Crook  2012). Each analysis 
consisted of 30 s of ablation, separated by 30 s of gas blank mea-
surement. Ablation paths (50-μm spot, 5 μm·s−1) were taken on 

YOY otoliths from the primordium to the edge to assess poten-
tial changes in 87Sr/86Sr from birth to capture. Ablation was 
conducted at 10 Hz for transects. Each analysis varied in the du-
ration of the ablation due to the differing size of the otoliths and 
the desired ablation path; each analysis was separated by 30 s 
of gas blank measurement. A marine carbonate standard com-
posed of mollusc shells (87Sr/86Sr = 0.709160) was analysed after 
every 10th sample to calculate external precision and assess the 
accuracy of the isotopic results.

Mean 87Sr/86Sr values were calculated from the otolith spot mea-
sures in larvae, and a single-factor analysis of variance (ANOVA) 
was conducted to examine variation in 87Sr/86Sr otolith signa-
tures between sites. As site had a significant effect, a pairwise 
(Tukey's adjustment) post hoc analysis was used to assess site-
wise differences. Results were compared to an existing isoscape 
for the MDB (Zampatti, Fanson, et  al.  2021; Zampatti, Leigh, 
et al. 2021). While there was consistency between 87Sr/86Sr val-
ues in the current study and the existing isoscape in the tributar-
ies, some discrepancies in the main channel of the mid-Darling 
River were evident. The variation observed between this study 
and the existing isoscape is likely due to the high flows orig-
inating from the northern tributaries during 2020 (Zampatti, 
Fanson, et al. 2021). Given this, we used 87Sr/86Sr values mea-
sured in the edge of golden perch larval otoliths to identify 
the potential natal sources of YOY golden perch captured in 
the latter half of 2020 rather than the existing isoscape values. 
Three broad regions of origin were delineated from the larval 
otolith chemistry data in the river upstream of the Menindee 
Lakes: Region 1, the Barwon River > 1550 km upstream of the 
Menindee Lakes; Region 2, the midcatchment including sites 
from Walgett to Bourke and the three northern tributary inputs; 
Region 3, local to the Menindee Lakes in the upstream Darling 
River. Due to the course spatial resolution of the larval sam-
pling sites, the exact boundaries of these regions could not be 
defined. YOY transect data was smoothed (1 s moving average) 
and compared to regions identified through the analysis of lar-
val samples. All statistical analyses and data visualisation were 
conducted in R version 3.5.1 (R Development Core Team 2019) 
using the vegan package (Oksanen et al. 2013), with a minimum 
significance level of α = 0.05. River distance was calculated 
using the riverdist package version 0.15.5 (Tyers 2017).

2.3   |   Genetic Analysis

Genetic analyses were used to identify related individuals (e.g., 
full-siblings and half-siblings) within and between YOY and 
larval samples. Relationships linking larvae captured in the 
upstream portion of the Barwon–Darling catchment with YOY 
captured in the Menindee Lakes and LDBR enabled identifica-
tion of YOY natal origin and an estimate of dispersal distances.

A total of 376 fin clip samples were sent to Diversity Arrays 
Technology (DArT) Pty. Ltd. for DNA extraction and DArT 
sequencing. For the analysis, 153 YOY and 223 larval sam-
ples were initially prepared. Thirty-three samples failed to 
produce sequencing libraries due to insufficient quality and/
or quantity of DNA and were removed from further analyses. 
Unfiltered single nucleotide polymorphism (SNP) data consisted 
of 14,679 SNP loci genotyped for 343 individuals. To generate 
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a high-quality genetic dataset for analysis, additional filters 
were applied to the unfiltered SNP data using the dartR V1.1.11 
package (Gruber et al. 2018) in R version 3.5.1 (R Development 
Core Team 2019). The filters included retaining only individuals 
that were genotyped for more than 75% of loci, retaining only 
loci that were genotyped for 95% of individuals, application of 
a minor allele filter of 0.01, retaining one SNP per RAD tag (to 
control for physical linkage) and including only those SNPs that 
were fully reproducible across all technical replicates (t = 1). The 
filtered dataset consisted of 1489 biallelic SNPs genotyped for a 
total of 319 individuals.

In the filtered dataset, there were 80 individuals detected with 
unusually high individual heterozygosity (PHt, 0.05–0.45). 
Because their inclusion can bias kinship assignments, the 
highly heterozygous individuals were also filtered from the 
analysis. Previous work on a cryptic species of golden perch in 
the Dawson River also detected individuals with high hetero-
zygosity (0.39), which was attributed to potential hybridisation 
between lineages occurring within hatcheries that stock golden 
perch into the Dawson River (Beheregaray et  al.  2017). Given 
that individuals with partial ancestry from other cryptic spe-
cies of golden perch (the Fitzroy and Lake Eyre Basin lineages) 
have also been detected in the Darling–Baaka River (Attard 
et al. 2022), it is possible that the highly heterozygous individu-
als detected in the current study could be the offspring of hybrid 
lineages. Following removal of highly heterozygous individuals, 
there were 239 individuals retained for the kinship analysis.

Full-sibling and half-sibling pairs were identified using Colony2 
v2.0.6.8 (Jones and Wang 2010). Colony2 was run three times 
with the following settings: not updating allele frequencies, di-
oecious species, assumed non-inbreeding (recommended for di-
oecious with no or low-level inbreeding), diploidy, polygamy for 
both males and females (i.e., allowing half-siblings), sibship size 
scaling, no sibship prior, calculating allele frequencies, medium 

run length, full-likelihood method and high precision. Markers 
were assumed to be codominant. Sibling pair assignments with 
a probability < 95% were disregarded. Sibling pairs were only in-
cluded in the analyses if they were consistently identified in the 
three runs conducted; this conservative method may result in 
some true sibling pairs remaining unidentified but considerably 
reduces potential false-positive rates.

3   |   Results

3.1   |   Otolith Analysis

Golden perch captured in the March 2020 drift net surveys were 
aged between 1 and 82 days posthatch (a combination of larvae 
and juveniles), with most of the fish sampled estimated to be 
< 40 days old (mostly hatched in February–early March). There 
was significant variation in the 87Sr/86Sr among sites as mea-
sured from ablation spots taken from the edge (indicating the 
capture location) of the larval otoliths (F7, 124 = 206.8, p < 0.001, 
Figure  2). At the most upstream site (~1600 km upstream of 
the Menindee Lakes), 87Sr/86Sr values had an average of 0.7081. 
The three tributaries (Moonie, Culgoa and Warrego rivers) and 
Barwon–Darling sites at Bourke and Brewarrina had the lowest 
87Sr/86Sr values and were not significantly different from each 
other (p > 0.05), ranging from 0.7064 to 0.7067. Sites upstream of 
the Menindee Lakes (Viewmont and 3 Mile Creek Bridge, 62 and 
10 km upstream, respectively) had average 87Sr/86Sr values of 
0.7070 and 0.7072 respectively, with the 87Sr/86Sr values increas-
ing near the Menindee Lakes. The wide variation in the 87Sr/86Sr 
values identified at Walgett was likely due to the larvae sampled 
being a mix of fish from the Moonie, Namoi and Barwon rivers.

These results were used to delineate three broadscale regions to 
facilitate the comparison of 87Sr/86Sr values within YOY otolith 
transects. Region 1 (depicted in red, Figure 2) is composed of the 

FIGURE 2    |    Boxplot of the 87Sr/86Sr ratios for each larval sampling site from measurements taken at the edges of larval fish otoliths. Coloured 
shading shows the 87Sr/86Sr ranges chosen to delineate three regions within the Barwon–Darling catchment. The figure is divided into two sections: 
mainstem (left) and tributary sites (right), with sites arranged from upstream to downstream.
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Barwon River upstream of the Barwon–Moonie junction, char-
acterised by 87Sr/86Sr values > 0.7078. Region 2 (depicted in blue, 
Figure 2) encompassed the middle of the catchment, including 
sites at Brewarrina and Bourke, as well as the tributaries (Moonie, 
Culgoa and Warrego rivers) with 87Sr/86Sr values ranging be-
tween 0.7062 and 0.7068. Region 3 (depicted in green, Figure 2) 
encompassed sites local to the Menindee lakes in the upstream 
Darling River, defined by an 87Sr/86Sr range of 0.7070–0.7076.

Otolith ageing confirmed all golden perch captured between July 
and December 2020 were YOY. Natal origin of the YOY (87Sr/86Sr 
values at the otolith core) was matched to one of three regions 
defined in Figure 2. Of the 127 fish captured in the Menindee 
Lakes, 66 (52%) were estimated to have originated locally in 
Region 3 (the Darling River upstream of Menindee Lakes), with 
consistent 87Sr/86Sr values apparent throughout their life history 
(Figure  3), 56 fish (44%) were estimated to have originated in 
Region 2 (the midcatchment, including the tributaries), with all 
exhibiting lower 87Sr/86Sr values at the otolith core (Figure 3). 
Five fish (4%) originated in Region 1 (> 1550 km upstream of the 
Menindee Lakes) (Figure 3). Of the YOY captured in the LDBR 
(n = 17), two were estimated to have originated in Region 2, but 
the majority (n = 15) appear to have been associated with Region 
3 for their entire life history.

3.2   |   Genetic Analysis

Eight full-sibling pairs and 71 half-sibling pairs were identified 
across the combined larval and YOY datasets. Of the full-sibling 
pairs, five pairs were individuals that were sampled at the same 
site on the same date and three pairs were of individuals that were 
sampled in different systems (Appendix  S1). In this context, we 
refer to ‘system’ as a grouping of sites, either lake or river, that are 
geographically linked (e.g., Menindee Lakes comprised of four 
sampled lakes, the LDBR comprised of four sampled river sites); 
see Table 1 for classification. Larval full-sibling pairs sampled in 
different systems included two pairs with both pairs having one 
individual captured in the Moonie River and the other individual 
in the Barwon River (Walgett) (~218 km apart) (Appendix S1). In 
both cases, the larval fish were collected a day apart (4/3/20 and 
the 5/3/20). There was also a full-sibling pair that included a larval 
fish captured in March 2020 and a YOY fish captured in November 
2020. The larval individual of this pair was captured in the Darling 
River at Bourke and the sibling YOY was captured in the Menindee 
Lakes, in Lake Wetherell (~900 km apart).

Among the 71 half-sibling pairs that were identified in the anal-
ysis, 18 were captured in the same system including 16 at the 
same site (Appendix  S2). The remaining 53 half-sibling pairs 

FIGURE 3    |    Examples of 87Sr/86Sr transects from otoliths of YOY golden perch captured in the Menindee Lakes. Three separate regions are depict-
ed by strontium isotope values as measured from the edge of larval and juvenile otoliths (Region 1, red; Region 2, blue; Region 3, green). Three sep-
arate movement histories were identified in YOY fish; YOY fish originating in Region 1 (top row), Region 2 (middle row) and Region 3 (bottom row).
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were sampled in different systems (Appendix  S3). Notably, 29 
half-sibling pairs included a larval fish and a YOY fish captured 
in different systems (Table 2 and Figure 4). One half-sibling pair 
connected a YOY golden perch sampled in the Warrego River in 
July 2020 with a YOY sampled in the LDBR in November 2020 
(> 750 km apart) (Table 2 and Figure 4). Similarly, another half-
sibling YOY pair connected a fish captured in the Menindee 
Lakes (November 2020) with a fish captured in the LDBR 
(December 2020).

4   |   Discussion

Insights gained from the combination of otolith chemistry and 
genetic kinship analyses in the current study provided a com-
plementary approach to understanding the complexity of golden 
perch dispersal during ELH stages. Despite a course spatial 
resolution within the study catchment, including up to 700 km 
between sites, otolith chemistry provided evidence for the dis-
persal histories of individual fish and was able to delineate 

TABLE 2    |    Number of half-siblings identified between pairs of YOY and larvae/juveniles or pairs of YOY collected in the Menindee Lakes, LDBR 
and Warrego River (Site 1) in the latter half of 2020 with a fish captured in a different system (Site 2) in March 2020. Sites in the Menindee Lakes, 
LDBR and Warrego River are pooled due to their proximity.

Site 2 (site number)

Larvae YOY

D/S Little 
Weir (4)

Moonie 
River (1)

Walgett 
(5)

Brewarrina (6) Bourke 
(7)

Viewmont and 
3 Mile Creek 
Bridge (8, 9)

LDBR 
(11–13)

Site 1 
(YOY)

Menindee 
Lakes

8 3 6 4 1 5 1

LDBR 
(11–13)

1

Warrego 
River

1 1

FIGURE 4    |    Visual depiction of half-sibling relationships described in Table 2 for fish captured as a YOY in the Menindee Lakes, LDBR and 
Warrego River in the latter half of 2020 to a fish captured in a different (upstream) location. Sites where fish were captured as YOY are indicated with 
black circles, sites where fish were captured as larvae are indicated with white circles. Line thickness correlates to the number of half-sibling relation-
ships between the two linked sites (thin lines, < 3 fish; medium lines, 3–5 fish; thick lines, > 5 fish). Line colour has been used to allow comparison 
to the regions defined in the otolith analysis, as shown in Figure 2 (Region 1, red; Region 2, blue; Region 3, green).
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broad regions of estimated natal origin. The analyses of genetic 
kinship identified closely related individuals across a wide range 
of spatial scales and were able to confirm connectivity between 
specific sites in the study area, including the northern tribu-
taries. Together, these data provide evidence that ELH golden 
perch exhibit a wide spectrum of dispersal behaviours, ranging 
from localised dispersal (i.e., from the Darling River upstream 
of the Menindee Lakes, to long distance dispersal (> 1600 km)). 
Confirmation of long-distance dispersal during an in-channel 
flow event by some fish from the upper catchment to the 
Menindee Lakes region supports a key element of the conceptual 
model of golden perch life history ecology proposed by Stuart 
and Sharpe (2020) after their analysis of a 2016 in-channel flow 
event in the Barwon–Darling catchment. Our study adds import-
ant detail to the model by demonstrating the diversity of move-
ment behaviour that contributes to metapopulation structure in 
this species. This has implications for our understanding of how 
hydrological connectivity influences population dynamics and 
how this might best be represented in quantitative population 
models used to support management decisions (Bond et al. 2015; 
Hale et al. 2023).

Although variable movement traits across the lifetime of golden 
perch have been described previously (Barrow et al. 2021), our 
results provide detailed information on dispersal processes 
during the critical ELH stages that strongly influence recruit-
ment into the adult population (Zampatti and Leigh 2013b). At 
the metapopulation level, the existence of multiple dispersal 
phenotypes in the ELH stages is likely to act as a buffer against 
fluctuating environmental conditions and resource availabil-
ity (Schindler, Armstrong, and Reed  2015). Diversity in dis-
persal strategies facilitates connectivity between source and 
sink subpopulations across a wide range of scales and ensures 
that subpopulations do not become genetically fragmented and 
retain the genetic diversity necessary to adapt to environmen-
tal change (Frankham et al. 2017). In this context, our results 
demonstrate that the provision of free-flowing riverine habi-
tat and hydraulic diversity to maintain connectivity between 
subpopulations is critical for the management and conserva-
tion of highly dispersive fish like golden perch (Dudley and 
Platania  2007; Mollenhauer et  al.  2021). On a global scale, 
river regulation has negatively impacted many migratory fish 
species and mitigating these impacts remains a management 
priority for their persistence and the fisheries they support 
(González-Ferreras et al. 2022; Machado et al. 2022).

Golden perch are characterised by episodic recruitment with 
cohorts also linked to both floods and in-channel flow pulses 
(Mallen-Cooper and Stuart 2003; Zampatti and Leigh 2013a; 
Zampatti and Leigh 2013b; Zampatti, Leigh, et al. 2021). Under 
the existing water management regime in the Barwon–Darling 
River and other regulated rivers, the frequency of small and 
medium flow pulses has decreased and this appears to have 
significantly reduced the opportunities for golden perch re-
cruitment (Mallen-Cooper and Zampatti 2018). Modelling of 
golden perch population viability has predicted a greater ex-
tinction risk under scenarios of increased drought frequency 
and localised disturbances associated with water resource 
development (Bond et al. 2015). The population processes de-
tected in this study and by Thiem et al. (2023) that were sup-
ported by the 2020 flow event are particularly relevant when 

considering the conditions in the preceding years; significant 
drought, low-to-no flow conditions (including a zero-flow for 
a period of 433 days at Bourke) and the cessation of tributary–
mainstem connection flows (Stoffels et al. 2014; Jackson and 
Head 2020). With an existing lack of age structure diversity in 
golden perch populations in the Darling and Lower Darling 
Rivers that is characterised by a limited number of older fish 
(> 10 years), providing hydrological conditions that support 
ongoing spawning, dispersal and the persistence of new co-
horts is imperative (Zampatti, Fanson, et al. 2021). Our data, 
and that of Thiem et al.  (2023), demonstrates that spawning 
and recruitment can occur over a variety of spatial scales and 
that maximising the scale of interconnected flowing river hab-
itats and access to productive floodplain nursery habitats is 
crucial in sustaining golden perch metapopulation processes 
(Stuart and Sharpe 2020; Zampatti, Fanson, et al. 2021).

Hydraulic and geomorphic diversity of river systems is likely 
to drive variations in the spatial and temporal patterns of ELH 
dispersal. For example, moderate in-channel flows, such as 
the 2020 flow event in the Barwon–Darling mainstem river, 
are likely to support high rates of longitudinal long-distance 
dispersal, as water residency time and physical complexity are 
lower than during flood events (Humphries et al. 2020; Stuart 
and Sharpe 2020). In contrast, high overbank flows would have 
different implications for the transport of drifting fish through 
a catchment, with the increased potential for retention of drift-
ing larvae on inundated floodplains (Humphries et  al.  2020). 
Additionally, geomorphically complex sections of river such as 
the northern tributaries may provide suitable nursery habitat for 
ELH fish and will impact dispersal rates as they provide greater 
retention of larvae as water residence time increases and eddies, 
slack-waters and dead zones are formed (Balcombe et al. 2006; 
Rolls and Wilson  2010). We detected varied dispersal rates of 
ELH fish in the northern tributaries, with retention of ELH 
golden perch in the Warrego River and two pairs of full-sibling 
larval fish being captured > 200 km apart, in the Moonie and 
Barwon rivers. Recording evidence of retention and varied dis-
persal rates was not a primary aim of this study, with our anal-
ysis potentially undervaluing the importance of intermediary 
nursery habitat within the Barwon–Darling catchment due to 
primarily focussing our YOY sampling in the Menindee Lakes 
and LDBR, at the downstream extent of the catchment. We 
highlight the need to prioritise research into these intermedi-
ary nursery habitats and the hydrological features that support 
them as they remain particularly important for the proportion 
of ELH golden perch that do not perform long-distance disper-
sals and during periods when there are limited opportunities for 
large scale connectivity between subcatchments (Schiemer and 
Hein 2008).

Effective conservation of pelagophilic fish populations re-
quires an intimate understanding of their ELH for targeted 
hydrological management (Osborne et  al.  2021). Many pota-
modromous species in floodplain river systems depend on 
flow events to support ELH processes, including dispersal 
and access to nursery areas, with river regulation and cli-
mate change posing a considerable threat to these processes 
(Jaeger, Olden, and Pelland  2014; Marshall, Lobegeiger, 
and Starkey  2021). Restoring baseflows, hydraulic diver-
sity and large-scale connectivity is critical for flow- and 
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flood-pulse–dependent species; the frequency of these events 
is likely a key factor in promoting gene flow and increasing 
baseline population levels (Junk, Bayley, and Sparks  1989; 
Ward and Stanford 1995; Mallen-Cooper and Zampatti 2018; 
Kowal et al. 2024). Implementing complementary strategies to 
further enhance ELH survival is also critical and may involve 
utilising fish-friendly infrastructure and addressing water 
quality issues like algal blooms, hypoxia and thermal pollution 
(Gehrke 1991; Baumgartner, Reynoldson, and Gilligan 2006; 
Small et  al.  2014; Michie et  al.  2020; Boys et  al.  2021). This 
research can aid our understanding of the spatial scale over 
which those additional measures need to be implemented to 
ensure management efforts are effective in their aims of build-
ing self-sustaining fish populations.

In conclusion, this research demonstrates the complexity of 
golden perch dispersal during the ELH stages and the broad 
spatial scales over which dispersal occurs. Our analyses pro-
vide additional empirical data that support existing conceptual 
models for golden perch dispersal and population function 
(Stuart and Sharpe  2020) and highlight important manage-
ment priorities for their populations. These include protecting 
spawning and nursery habitats and the flowing water needed 
to connect these at large spatial scales. In this way, golden 
perch are emblematic of the needs for migratory riverine fishes 
globally (Dudley and Platania 2007; Pavlov and Mikheev 2017; 
Pavlov, Mikheev, and Kostin 2020; Mollenhauer et al. 2021). 
Basin-scale connectivity events, such as the one documented 
in this study, play a key role in stimulating widescale spawn-
ing and dispersal opportunities, which are essential in aiding 
the recovery of fish populations impacted by river regulation 
and reduced hydraulic diversity. Such events promote connec-
tivity and gene flow among subpopulations, thus contributing 
to species resilience. In a broader context, our results demon-
strate the benefits of promoting connectivity and gene flow for 
the conservation and restoration of riverine fish populations 
and their habitats worldwide.

Acknowledgements

The authors respectfully acknowledge the traditional owners of the 
land upon which we live and work, recognising their profound wis-
dom and traditional ecological knowledge of Australian river sys-
tems and the creatures dwelling within them. We pay our respects 
to the elders past, present and emerging and extend our gratitude to 
the Barkandji, Gunu, Barranbinya, Wongaibon, Murawari, Wailwan, 
Bigambul and Kamilaroi nations, whose ancestral lands formed the 
backdrop for this research. We would also like to thank the following 
NSW DPI staff (past and present) that assisted with field sampling 
and laboratory processing: Mark Babbs, Chris Bowen, Sophie Johns, 
Tim McGarry, Nick O'Brien, Rohan Rehwinkel, Chris Smith, John 
St Vincent Welch and Danny Wright. Josh Barrow and Kyne Krusic-
Golub of Fish Ageing Services undertook daily ageing of golden 
perch and Ashlea Wainwright, Alan Greig and Roland Maas of the 
University of Melbourne's Isotope Geochemistry Lab assisted with 
the microchemistry analyses. This research was made possible with 
funding supplied by the Murray-Darling Basin Authority and the 
NSW Department of Primary Industries and Regional Development. 
Open access publishing facilitated by New South Wales Department 
of Planning Housing and Infrastructure, as part of the Wiley - New 
South Wales Department of Planning Housing and Infrastructure 
agreement via the Council of Australian University Librarians

Ethics Statement

All research was undertaken in accordance with Fisheries NSW 
Scientific Collection Permit P01/0059(A)-4.0 and Fisheries NSW 
Animal Care and Ethics permit 14/10.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that support the findings of this study are available from the 
corresponding author upon reasonable request.

References

Aloia, C. D., A. Xuereb, M.-J. Fortin, S. Bogdanowicz, and P. Buston. 
2018. “Limited Dispersal Explains the Spatial Distribution of Siblings 
in a Reef Fish Population.” Marine Ecology Progress Series 607: 143–154.

Attard, C. R., J. Sandoval-Castillo, D. M. Gilligan, P. J. Unmack, L. K. 
Faulks, and L. B. Beheregaray. 2022. “Genomics Outperforms Genetics 
to Manage Mistakes in Fisheries Stocking of Threatened Species.” 
Biodiversity and Conservation 31: 895–908.

Balcombe, S. R., and A. H. Arthington. 2009. “Temporal Changes in 
Fish Abundance in Response to Hydrological Variability in a Dryland 
Floodplain River.” Marine and Freshwater Research 60: 146–159.

Balcombe, S. R., A. H. Arthington, N. D. Foster, M. C. Thoms, G. G. 
Wilson, and S. E. Bunn. 2006. “Fish Assemblages of an Australian 
Dryland River: Abundance, Assemblage Structure and Recruitment 
Patterns in the Warrego River, Murray–Darling Basin.” Marine and 
Freshwater Research 57: 619–633.

Barrow, J. S., J. D. Yen, J. D. Koehn, et al. 2021. “Lifetime Movement 
History Is Associated With Variable Growth of a Potamodromous 
Freshwater Fish.” Journal of Animal Ecology 90: 2560–2572.

Baumgartner, L. J., N. Reynoldson, and D. M. Gilligan. 2006. “Mortality 
of Larval Murray cod (Maccullochella peelii peelii) and Golden Perch 
(Macquaria ambigua) Associated With Passage Through Two Types of 
Low-Head Weirs.” Marine and Freshwater Research 57: 187–191.

Beheregaray, L. B., L. V. Pfeiffer, C. R. Attard, et  al. 2017. “Genome-
Wide Data Delimits Multiple Climate-Determined Species Ranges in a 
Widespread Australian Fish, the Golden Perch (Macquaria ambigua).” 
Molecular Phylogenetics and Evolution 111: 65–75.

Bond, N. R., S. R. Balcombe, D. A. Crook, J. C. Marshall, N. Menke, and 
J. S. Lobegeiger. 2015. “Fish Population Persistence in Hydrologically 
Variable Landscapes.” Ecological Applications 25: 901–913.

Boys, C. A., T. S. Rayner, L. J. Baumgartner, and K. E. Doyle. 2021. 
“Native Fish Losses due to Water Extraction in Australian Rivers: 
Evidence, Impacts and a Solution in Modern Fish-and Farm-Friendly 
Screens.” Ecological Management & Restoration 22: 134–144.

Brown, P., and I. Wooden. 2007. “Age at First Increment Formation and 
Validation of Daily Growth Increments in Golden Perch (Macquaria 
ambigua: Percichthyidae) Otoliths.” New Zealand Journal of Marine and 
Freshwater Research 41: 157–161.

Carnicer, C., L. B. Lima, F. M. Pelicice, and D. P. Lima-Junior. 2023. 
“Global Trends, Biases and Gaps in the Scientific Literature About 
Freshwater Fish Eggs and Larvae.” Journal of Fish Biology 102: 83–95.

Chase, N. M., C. A. Caldwell, S. A. Carleton, W. R. Gould, and J. A. 
Hobbs. 2015. “Movement Patterns and Dispersal Potential of Pecos 
Bluntnose Shiner (Notropis simus pecosensis) Revealed Using Otolith 
Microchemistry.” Canadian Journal of Fisheries and Aquatic Sciences 
72: 1575–1583.

 19360592, 2025, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/eco.70032 by N

ational H
ealth A

nd M
edical R

esearch C
ouncil, W

iley O
nline L

ibrary on [24/07/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



11 of 13

Cooke, S. J., J. D. Midwood, J. D. Thiem, et al. 2013. “Tracking Animals 
in Freshwater With Electronic Tags: Past, Present and Future.” Animal 
Biotelemetry 1: 1–19.

Craik, W. A. C., and G. Claydon. 2020. Independent Panel Assessment 
of the Management of the 2020 Northern Basin First Flush Event. NSW 
Department of Planning, Industry and Environment.

Crook, D., H. Schilling, D. Gilligan, et  al. 2023. “Multi-Decadal 
Trends in Large-Bodied Fish Populations in the New South Wales 
Murray–Darling Basin, Australia.” Marine and Freshwater Research 
74: 899–916.

Dudley, R. K., and S. P. Platania. 2007. “Flow Regulation and 
Fragmentation Imperil Pelagic-Spawning Riverine Fishes.” Ecological 
Applications 17: 2074–2086.

Ebner, B., O. Scholz, and B. Gawne. 2009. “Golden Perch Macquaria 
ambigua Are Flexible Spawners in the Darling River, Australia.” New 
Zealand Journal of Marine and Freshwater Research 43: 571–578.

Frankham, R. 2022. “Evaluation of Proposed Genetic Goals and Targets 
for the Convention on Biological Diversity.” Conservation Genetics 23: 
865–870.

Frankham, R., J. D. Ballou, K. Ralls, et al. 2017. Genetic Management 
of Fragmented Animal and Plant Populations. Oxford University 
Press.

Furlan, E. M., L. J. Baumgartner, M. Duncan, et al. 2024. “Swinging 
Back From the Brink? Polygamous Mating Strategies Revealed for an 
Iconic Threatened Freshwater Fish.” Science of the Total Environment 
919: 170808.

Gehrke, P. C. 1991. “Avoidance of Inundated Floodplain Habitat by 
Larvae of Golden Perch (Macquaria ambigua Richardson): Influence of 
Water Quality or Food Distribution?” Marine and Freshwater Research 
42: 707–719.

González-Ferreras, A. M., S. Leal, J. Barquín, and A. Almodóvar. 2022. 
“Patterns of Genetic Diversity of Brown Trout in a Northern Spanish 
Catchment Linked to Structural Connectivity.” Aquatic Sciences 84: 
48.

Grill, G., B. Lehner, M. Thieme, et al. 2019. “Mapping the World's Free-
Flowing Rivers.” Nature 569: 215–221.

Gruber, B., P. J. Unmack, O. F. Berry, and A. Georges. 2018. “dartr: An 
R Package to Facilitate Analysis of SNP Data Generated From Reduced 
Representation Genome Sequencing.” Molecular Ecology Resources 18: 
691–699.

Hale, R., J. D. Yen, C. R. Todd, et  al. 2023. “Is My Model Fit for 
Purpose? Validating a Population Model for Predicting Freshwater Fish 
Responses to Flow Management.” Ecosphere 14: e4660.

Hanski, I. 1998. “Metapopulation Dynamics.” Nature 396: 41–49.

Heggenes, J., T. Qvenild, M. D. Stamford, and E. B. Taylor. 2006. 
“Genetic Structure in Relation to Movements in Wild European 
Grayling (Thymallus thymallus) in Three Norwegian Rivers.” Canadian 
Journal of Fisheries and Aquatic Sciences 63: 1309–1319.

Humphries, P., A. King, N. McCasker, et  al. 2020. “Riverscape 
Recruitment: A Conceptual Synthesis of Drivers of Fish Recruitment 
in Rivers.” Canadian Journal of Fisheries and Aquatic Sciences 77: 
213–225.

Humphries, P., and P. S. Lake. 2000. “Fish Larvae and the Management 
of Regulated Rivers.” Regulated Rivers: Research & Management: An 
International Journal Devoted to River Research and Management 16: 
421–432.

Humston, R., B. M. Priest, W. C. Hamilton, and P. E. Bugas Jr. 2010. 
“Dispersal Between Tributary and Main-Stem Rivers by Juvenile 
Smallmouth Bass Evaluated Using Otolith Microchemistry.” 
Transactions of the American Fisheries Society 139: 171–184.

Jackson, S., and L. Head. 2020. “Australia's Mass Fish Kills as a Crisis 
of Modern Water: Understanding Hydrosocial Change in the Murray-
Darling Basin.” Geoforum 109: 44–56.

Jaeger, K. L., J. D. Olden, and N. A. Pelland. 2014. “Climate Change 
Poised to Threaten Hydrologic Connectivity and Endemic Fishes in 
Dryland Streams.” Proceedings of the National Academy of Sciences 111: 
13894–13899.

Jones, O. R., and J. Wang. 2010. “COLONY: A Program for Parentage 
and Sibship Inference From Multilocus Genotype Data.” Molecular 
Ecology Resources 10: 551–555.

Junk, W. J., P. B. Bayley, and R. E. Sparks. 1989. “The Flood Pulse 
Concept in River-Floodplain Systems.” Canadian Special Publication of 
Fisheries and Aquatic Sciences 106: 110–127.

King, A. J., Z. Tonkin, and J. Mahoney. 2009. “Environmental Flow 
Enhances Native Fish Spawning and Recruitment in the Murray River, 
Australia.” River Research and Applications 25: 1205–1218.

Koehn, J. D., S. M. Raymond, I. Stuart, et  al. 2020. “A Compendium 
of Ecological Knowledge for Restoration of Freshwater Fishes in 
Australia's Murray–Darling Basin.” Marine and Freshwater Research 
71: 1391–1463.

Koster, W., D. Dawson, C. Liu, P. Moloney, D. Crook, and J. Thomson. 
2017. “Influence of Streamflow on Spawning-Related Movements of 
Golden Perch Macquaria ambigua in South-Eastern Australia.” Journal 
of Fish Biology 90: 93–108.

Kowal, J. L., A. Funk, G. Unfer, et al. 2024. “River Continuum Disruptions 
in a Highly Altered System: The Perspective of Potamodromous Fish.” 
Ecological Indicators 164: 112130.

Kukuła, K., and A. Bylak. 2022. “Barrier Removal and Dynamics of 
Intermittent Stream Habitat Regulate Persistence and Structure of Fish 
Community.” Scientific Reports 12: 1512.

Lechner, A., H. Keckeis, and P. Humphries. 2016. “Patterns and 
Processes in the Drift of Early Developmental Stages of Fish in Rivers: 
A Review.” Reviews in Fish Biology and Fisheries 26: 471–489.

Macdonald, J., D. McNeil, and D. Crook. 2012. “Asteriscus v. Lapillus: 
Comparing the Chemistry of Two Otolith Types and Their Ability to 
Delineate Riverine Populations of Common Carp Cyprinus carpio.” 
Journal of Fish Biology 81: 1715–1729.

Machado, C. B., A. Braga-Silva, P. D. Freitas, and P. M. Galetti Jr. 2022. 
“Damming Shapes Genetic Patterns and May Affect the Persistence of 
Freshwater Fish Populations.” Freshwater Biology 67: 603–618.

Mallen-Cooper, M., and I. Stuart. 2003. “Age, Growth and Non-
Flood Recruitment of Two Potamodromous Fishes in a Large Semi-
Arid/Temperate River System.” River Research and Applications 19: 
697–719.

Mallen-Cooper, M., and B. P. Zampatti. 2018. “History, Hydrology and 
Hydraulics: Rethinking the Ecological Management of Large Rivers.” 
Ecohydrology 11: e1965.

Mallen-Cooper, M., and B. P. Zampatti. 2020. “Restoring the Ecological 
Integrity of a Dryland River: Why Low Flows in the Barwon–Darling 
River Must Flow.” Ecological Management & Restoration 21: 218–228.

Marshall, J. C., J. S. Lobegeiger, and A. Starkey. 2021. “Risks to Fish 
Populations in Dryland Rivers From the Combined Threats of Drought 
and Instream Barriers.” Frontiers in Environmental Science 9: 671556.

Martelo, J., C. Gkenas, D. Ribeiro, et al. 2024. “Local Environment and 
Fragmentation by Drought and Damming Shape Different Components 
of Native and Non-Native Fish Beta Diversity Across Pool Refuges.” 
Science of the Total Environment 930: 172517.

Michie, L. E., J. D. Thiem, J. A. Facey, C. A. Boys, D. A. Crook, and S. 
M. Mitrovic. 2020. “Effects of Suboptimal Temperatures on Larval and 
Juvenile Development and Otolith Morphology in Three Freshwater 

 19360592, 2025, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/eco.70032 by N

ational H
ealth A

nd M
edical R

esearch C
ouncil, W

iley O
nline L

ibrary on [24/07/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



12 of 13 Ecohydrology, 2025

Fishes: Implications for Cold Water Pollution in Rivers.” Environmental 
Biology of Fishes 103: 1527–1540.

Mika, S., P. Frazier, M. Southwell, I. Growns, D. Bower, G. L. Butler, L. 
Cameron, D. McKay, J. Oxley, T. Kermode, L. McIntosh, L. Frost, M. 
Shakya, J. Reid, and J. Shrubb. 2022. Commonwealth Environmental 
Water Holder Monitoring, Evaluation and Research Program: Junction 
of the Warriku (Warrego) and Baaka (Darling) Rivers Selected Area 
Monitoring, Evaluation and Research Annual Summary Report (2021–
2022). Commonwealth of Australia.

Mollenhauer, R., S. K. Brewer, J. S. Perkin, D. Swedberg, M. Wedgeworth, 
and Z. D. Steffensmeier. 2021. “Connectivity and Flow Regime Direct 
Conservation Priorities for Pelagophil Fishes.” Aquatic Conservation: 
Marine and Freshwater Ecosystems 31: 3215–3227.

Mu, H., M. Li, H. Liu, and W. Cao. 2014. “Analysis of Fish Eggs and 
Larvae Flowing Into the Three Gorges Reservoir on the Yangtze River, 
China.” Fisheries Science 80: 505–515.

Oksanen, J., F. G. Blanchet, R. Kindt, et  al. 2013. “Package ‘vegan’. 
Community Ecology Package.“ Version 2, 1–295.

Osborne, M. J., J. L. Hatt, E. I. Gilbert, and S. R. Davenport. 2021. “Still 
Time for Action: Genetic Conservation of Imperiled South Canadian 
River Fishes, Arkansas River Shiner (Notropis girardi), Peppered Chub 
(Macrhybopsis tetranema) and Plains Minnow (Hybognathus placi-
tus).” Conservation Genetics 22: 927–945.

Ottmann, D., K. Grorud-Colvert, N. M. Sard, B. E. Huntington, M. A. 
Banks, and S. Sponaugle. 2016. “Long-Term Aggregation of Larval Fish 
Siblings During Dispersal Along an Open Coast.” Proceedings of the 
National Academy of Sciences 113: 14067–14072.

Pachla, L. A., P. B. Hartmann, M. V. Massaro, F. M. Pelicice, and D. A. 
Reynalte-Tataje. 2022. “Recruitment of Migratory Fish in Free-Flowing 
Rivers With Limited Floodplain Development.” Aquatic Conservation: 
Marine and Freshwater Ecosystems 32: 1888–1900.

Pavlov, D. S., and V. N. Mikheev. 2017. “Downstream Migration and 
Mechanisms of Dispersal of Young Fish in Rivers.” Canadian Journal of 
Fisheries and Aquatic Sciences 74: 1312–1323.

Pavlov, D., V. Mikheev, and V. Kostin. 2020. “Migrations of Young Fish 
in Regulated Rivers: Effects of Ecological Filters.” Inland Water Biology 
13: 262–272.

R Development Core Team. 2019. R: A Language and Environment for 
Statistical Computing. Vienna, Austria: R Foundation for Statistical 
Computing.

Radinger, J., and C. Wolter. 2014. “Patterns and Predictors of Fish 
Dispersal in Rivers.” Fish and Fisheries 15: 456–473.

Reis-Santos, P., B. M. Gillanders, A. M. Sturrock, et al. 2023. “Reading 
the Biomineralized Book of Life: Expanding Otolith Biogeochemical 
Research and Applications for Fisheries and Ecosystem-Based 
Management.” Reviews in Fish Biology and Fisheries 33: 411–449.

Reynolds, L. 1983. “Migration Patterns of Five Fish Species in the Murray-
Darling River System.” Marine and Freshwater Research 34: 857–871.

Roberts, D. T., L. J. Duivenvoorden, and I. G. Stuart. 2008. “Factors 
Influencing Recruitment Patterns of Golden Perch (Macquaria ambi-
gua oriens) Within a Hydrologically Variable and Regulated Australian 
Tropical River System.” Ecology of Freshwater Fish 17: 577–589.

Rolls, R. J., and G. G. Wilson. 2010. “Spatial and Temporal Patterns 
in Fish Assemblages Following an Artificially Extended Floodplain 
Inundation Event, Northern Murray-Darling Basin, Australia.” 
Environmental Management 45: 822–833.

Schiemer, F., and T. Hein. 2008. The Ecological Significance of Hydraulic 
Retention Zones. Hydroecology and Ecohydrology: Past, Present, and 
Future. Vol. ch21, 405–420. Chichester, West Sussex, United Kingdom: 
John Wiley and Sons. https://​doi.​org/​10.​1002/​97804​70010198.

Schindler, D. E., J. B. Armstrong, and T. E. Reed. 2015. “The Portfolio 
Concept in Ecology and Evolution.” Frontiers in Ecology and the 
Environment 13: 257–263.

Schunter, C., M. Pascual, J. Garza, N. Raventós, and E. Macpherson. 
2014. “Kinship Analyses Identify Fish Dispersal Events on a Temperate 
Coastline.” Proceedings of the Royal Society B: Biological Sciences 281: 
20140556.

Sharpe, C. P. 2011. Spawning and Recruitment Ecology of Golden Perch 
(Macquaria ambigua Richardson 1845) in the Murray and Darling 
Rivers. Griffith University.

Small, K., R. K. Kopf, R. J. Watts, and J. Howitt. 2014. “Hypoxia, 
Blackwater and Fish Kills: Experimental Lethal Oxygen Thresholds in 
Juvenile Predatory Lowland River Fishes.” PLoS ONE 9: e94524.

Stoffels, R., K. Clarke, R. Rehwinkel, and B. McCarthy. 2014. “Response 
of a Floodplain Fish Community to River-Floodplain Connectivity: 
Natural Versus Managed Reconnection.” Canadian Journal of Fisheries 
and Aquatic Sciences 71: 236–245.

Stuart, I., P. D'Santos, M. Rourke, I. Ellis, K. Harrisson, L. Michie, J. 
Dyer, C. Sharpe, and J. Thiem. 2023. Monitoring Native Fish Response 
to Environmental Water Delivery in the Lower Darling-Baaka River 
2021–2022: Summary Report (July 2023). NSW Department of Planning 
& Environment.

Stuart, I. G., and C. P. Sharpe. 2020. “Riverine Spawning, Long Distance 
Larval Drift, and Floodplain Recruitment of a Pelagophilic Fish: A Case 
Study of Golden Perch (Macquaria ambigua) in the Arid Darling River, 
Australia.” Aquatic Conservation: Marine and Freshwater Ecosystems 
30: 675–690.

Thiem, J. D., L. J. Baumgartner, B. Fanson, A. Sadekov, Z. Tonkin, 
and B. P. Zampatti. 2022. “Contrasting Natal Origin and Movement 
History Informs Recovery Pathways for Three Lowland River Species 
Following a Mass Fish Kill.” Marine and Freshwater Research 73: 
237–246.

Thiem, J. D., L. E. Michie, G. L. Butler, et al. 2023. “A Protected Flow 
Breaks the Drought for Golden Perch (Macquaria ambigua) Spawning 
Along an Extensive Semi-Arid River System.” Ecohydrology 16: e2576.

Tyers, M. 2017. “Riverdist: River Network Distance Computation and 
Applications.” R Package Version 0.15. 0.

Ward, J. V., and J. Stanford. 1995. “Ecological Connectivity in Alluvial 
River Ecosystems and Its Disruption by Flow Regulation.” Regulated 
Rivers: Research & Management 11: 105–119.

Wilde, G. R., and A. C. Urbanczyk. 2013. “Relationship Between River 
Fragment Length and Persistence of Two Imperiled Great Plains 
Cyprinids.” Journal of Freshwater Ecology 28: 445–451.

Woods, R. J., J. I. Macdonald, D. A. Crook, D. J. Schmidt, and J. M. 
Hughes. 2010. “Contemporary and Historical Patterns of Connectivity 
Among Populations of an Inland River Fish Species Inferred From 
Genetics and Otolith Chemistry.” Canadian Journal of Fisheries and 
Aquatic Sciences 67: 1098–1115.

Zampatti, B. P., B. G. Fanson, L. J. Baumgartner, et al. 2021. “Population 
Demographics of Golden Perch (Macquaria ambigua) in the Darling 
River Prior to a Major Fish Kill: A Guide for Rehabilitation.” Marine 
and Freshwater Research 73: 223–236.

Zampatti, B., and S. Leigh. 2013a. “Effects of Flooding on Recruitment 
and Abundance of Golden Perch (Macquaria ambigua ambigua) in 
the Lower River Murray.” Ecological Management & Restoration 14: 
135–143.

Zampatti, B. P., and S. J. Leigh. 2013b. “Within-Channel Flows Promote 
Spawning and Recruitment of Golden Perch, Macquaria ambigua – 
Implications for Environmental Flow Management in the River Murray, 
Australia.” Marine and Freshwater Research 64: 618–630.

 19360592, 2025, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/eco.70032 by N

ational H
ealth A

nd M
edical R

esearch C
ouncil, W

iley O
nline L

ibrary on [24/07/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1002/9780470010198


13 of 13

Zampatti, B. P., S. J. Leigh, C. M. Bice, and P. J. Rogers. 2018. “Multiscale 
Movements of Golden Perch (Percichthyidae: Macquaria ambigua) in 
the River Murray, Australia.” Austral Ecology 43: 763–774.

Zampatti, B. P., S. J. Leigh, P. J. Wilson, et al. 2021. “Otolith Chemistry 
Delineates the Influence of Natal Origin, Dispersal and Flow on the 
Population Dynamics of Golden Perch (Macquaria ambigua) in a 
Regulated River.” Marine and Freshwater Research 72: 1484–1495.

Supporting Information

Additional supporting information can be found online in the 
Supporting Information section.

 19360592, 2025, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/eco.70032 by N

ational H
ealth A

nd M
edical R

esearch C
ouncil, W

iley O
nline L

ibrary on [24/07/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense


	Dispersal and Kinship Patterns of a Pelagic-Spawning Riverine Fish Highlight the Value of Connectivity Over Large Spatial Scales
	ABSTRACT
	1   |   Introduction
	2   |   Methods
	2.1   |   Study Region and Fish Surveys
	2.2   |   Otolith Analysis
	2.3   |   Genetic Analysis

	3   |   Results
	3.1   |   Otolith Analysis
	3.2   |   Genetic Analysis

	4   |   Discussion
	Acknowledgements
	Ethics Statement
	Conflicts of Interest
	Data Availability Statement
	References


