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Abstract: Freshwater ecosystems and their associated biota have been negatively impacted by the
human development of water resources. Fundamental to restoration activities for target species
is an understanding of the factors affecting population decline or recovery. Within Australia’s
Murray–Darling Basin, recovery efforts to address the population decline of native freshwater fish
include stock enhancement, habitat restoration, and the delivery of environmental water. Essential to
guiding future management actions is information to assess the efficacy of these efforts. We undertook a
study to investigate whether natural spawning and recruitment, stock enhancement, or a combination
of the two is contributing to sustaining populations of golden perch (Macquaria ambigua) in the
highly regulated Lachlan River, Australia. Otolith microchemistry and genetic analyses were used
as complementary tools to determine the source (hatchery origin or wild-spawned) of existing
populations in the catchment. We identified that natural spawning and recruitment was contributing
to riverine populations in some years but that populations were heavily reliant on stocking. It was
not possible to distinguish hatchery and wild-born fish using genetic tools, highlighting the value of
using multiple lines of evidence to establish causal mechanisms contributing to population recovery.
Keywords: otolith; fisheries management; conservation ecology; freshwater fish; stocking;
Murray–Darling Basin

1. Introduction
Recruitment is a fundamental requirement for sustaining fish populations [1,2]. In freshwaters,
fish and other biota have undergone global population decline, primarily as a result of anthropogenic
disturbances such as climate change, river regulation, over-exploitation, pollution, and pests and
diseases [3–6]. Often, these disturbances directly impact a species’ ability to complete life-history
requirements such as spawning, migration, and recruitment into adult populations [7,8]. Consequently,
stock enhancement is often used as a remediation tool to subsidize a vulnerable fish population with
no or limited natural recruitment, with varying degrees of success [9–11]. In many cases, stocked fish
have been shown to have poor post-stocking survival and reproductive success [12–14]. In catchments
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where the survival rate of stocked fish is high, stocked fish have been found to be replacing the existing
wild population [15]. In other situations, stocking has effectively supported wild populations through
increased abundance, natural spawning, and increased effective population sizes [16–18].
A significant challenge in fisheries management has been identifying the source of individuals in
populations receiving stocked fish to determine the contribution of stocked individuals to population
viability. Analysis of the chemical composition of fish ear stones (otoliths) is an effective method to
determine where fish have spent time, as the layers of the otoliths retain a geochemical signature of
the feeding habitat during the fish’s life stages [19–22]. Otolith analysis has been used to identify
hatchery-bred individuals in multiple marine and anadromous fishes [23,24] because otoliths can
contain a signature of the hatchery conditions under which the fish were raised, allowing hatchery-bred
individuals to be distinguished from wild-bred individuals. However, the use of such natural tags is
still an emerging field in ecology [25].
One disadvantage of otolith analysis is that it requires killing fish to obtain samples. The molecular
analysis of tissue samples also has the potential to determine fish origins and evaluate stock enhancement
programs but without the need to kill fish, allowing the non-lethal sampling of a larger number
of individuals. This approach has been applied to both freshwater and marine fishes [12,26–29].
Molecular studies have shown the effects of stocking on population genetic structure and genetic
diversity but have yet to be applied to identifying hatchery-bred stocked and wild-born individuals.
Stock enhancement is a major conservation practice for many Australian native freshwater
fishes [30,31]. Australian freshwater drainages, particularly the rivers of the Murray–Darling Basin
(MDB), have been severely impacted by anthropogenic disturbances, primarily water resource
development, which has changed flow regimes and introduced in-stream barriers. This has resulted
in a large decline in native fish abundance since European settlement [32,33]. Despite an initial aim
to boost recreational fisheries with salmonid fishes, the re-establishment of native fish populations
in many rivers of the MDB through stock enhancement has been a major priority since late-last
century [31]. To date, golden perch (Macquaria ambigua) (Percichthyidae) has been the most stocked
species in the MDB to boost native fish recovery as well as recreational fisheries [30,31].
In the present study, we aimed to investigate the status of the M. ambigua population in the
Lachlan River catchment (MDB) with respect to the role of stocking and natural recruitment. To achieve
this aim, we used otolith microchemistry analysis and genetic markers to identify wild-born and
hatchery-bred M. ambigua. The results of this study address a current knowledge gap regarding the
level of the natural recruitment of golden perch and the effect of stock enhancement on populations of
this species in a highly regulated river.
2. Materials and Methods
2.1. Study Species and the Catchment
Macquaria ambigua (golden perch) (Richardson 1845; Percichthyidae) is a medium-sized (commonly
30–40 cm, 1–1.5 kg), long-lived (20+ years) freshwater fish endemic to three major river basins (MDB,
Lake Eyre Basin, and the Fitzroy Basin) of central and eastern Australia [34]. The spawning of
M. ambigua is strongly associated with environmental cues such as water temperature and high-flow
flooding events [35,36], which trigger upstream movement to spawn, although fish will also breed in
isolated waterhole habitats [37–40].
The Lachlan River is a major drainage within the MDB, flowing from upland areas in inland
New South Wales (NSW) to a distributary system and terminal wetland that infrequently connects
with the Murrumbidgee River during high natural flow events. The system is characterized by a
dynamic hydrologic regime and habitat fragmentation through water extraction [41–43]. The Lachlan
River underwent a long period of disconnection from the remainder of the Murray system during
the Millennium Drought (2001–2009) [44]. Monitoring over the period 2014–19 found no evidence of
M. ambigua spawning [45].
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The Lachlan River has been extensively stocked with hatchery-bred M. ambigua since
1973.
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using sterile forceps (washed with 100% EtOH followed by a wash with distilled water), and otoliths
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were washed in Milli Q (Millipore, Merck) water. Air-dried otoliths were stored in sterile 5 mL tubes in
dry conditions until further use. All collections were performed following appropriate ethics approval
and permits (University of Canberra Animal ethics Committee, AEC 17–18; Fisheries NSW Animal
Care and Ethics permit 14/10 and Scientific Collection Permit P01/0059(A)-2.0).
Table 1. Sources of sampled fish in the Lachlan River. Upper Lachlan—upstream of Wyangala dam;
Lower Lachlan—downstream of Lake Brewster; Hatchery—Murray Darling Fisheries (located in the
Murrumbidgee catchment). The spawning year was calculated using the annual rings in the otoliths.
Locality

Sampling Year

N (Sample Size)

Spawning Year Range

Lower Lachlan

2015

24

2001–2014

Upper Lachlan

2017

20

2003–2012

Hatchery (YOY)

2017

19

2016

2.3. Otolith Processing and Laser Ablation ICP-MS Analysis
The core of each otolith was externally marked with a permanent marker after examining the
surface and placed on a mounting tray with the marked side upward. The otoliths were then embedded
in a 2-part epoxy resin containing 5:1 resin (ChemAlart) to hardener (methyl ethyl ketone peroxide
catalyst (Nuplex)) and hardened at 45 ◦ C for 4 h. Resin blocks were then sectioned using a low-speed
diamond saw (TechCut 4™, ALLiED). To expose the core of the otoliths, each block was sectioned
into 3 slices (200–300 µm each) with the marked position of the otolith in the middle slice (Figure S1).
The sections were washed with Milli-Q water and examined for the shape of the sulcus groove in
each slice. The slice containing the core (based on the shape of the sulcus groove) was selected for
further analysis. The selected otolith sections were polished on a 3M lapping film (50-30130, ALLiED)
to expose the core as well as to remove saw marks. The polished otolith sections were mounted on a
glass slide using a mounting adhesive (Crystal Bond 509, ProSciTech).
Laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) was performed on
the samples at the Research School of Earth Science, Australian National University using a 193 nm
ArF beam (LPF 200, Lambda Physik) and an iCap RQ (ThermoFisher) quadrupole-ICP-MS. Samples
were pre-ablated to remove surface contaminants; the otoliths were then analyzed for a suite of trace
element concentrations based on previous work [22,47]. The analyzed elements included 24 Mg, 86 Sr,
137 Ba, 55 Mn, 57 Fe, 59 Co, 60 Ni, 63 Cu, and 66 Zn. The analyses were bracketed by analyses of NIST 612
(National Institute of Standards and Technology) and the in-house Davies Reef Coral standard [48]
before and after each sample batch. Samples were normalized to Ca and then evaluated against the
coral standard for Mg, Sr, and Ba and against the NIST 612 for all other elements.
Spot analyses were carried out by ablating square 50 µm spots with a repetition rate of 10 Hz
and an ablation time of 60 s per spot at the core of the otoliths, as well as at the outer edge. These two
locations on the otolith were chosen because it would be expected that hatchery-sourced fish would
have a different signature at the edge compared to the core of the otolith, while wild-bred fish should
have the same signature at the edge and core. This assumption is based on the geographic distance
and differences in source water between the commercial hatchery (source of the hatchery group) and
the Lachlan River.
2.4. Genetic Data
In this study, we used a subset of samples used in [49] (Shams et al. submitted manuscript 2020)
for genetic analysis. We followed the tissue sample collection procedure as described in Shams et al.
(submitted manuscript 2020). Briefly, fin clips and/or muscle tissue from the same individuals used for
the otolith analysis (44 M. ambigua from Lachlan river and 19 hatchery YOY) (Table 1) were collected
using sterile scissors and washed with 100% EtOH to avoid genetic contamination. Tissue samples
were stored at 4 ◦ C in 95% EtOH until further use.
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Genomic DNA extraction was performed from fin clip and muscle tissue using protocols developed
by Diversity Array Technology Pty Ltd (DArTseq™) [50]. The quality of genomic DNA was evaluated
by running agarose gel electrophoresis (1.2% agarose). Genotyping by sequencing was performed
by DArTseq™ using a combination of DArT complexity reduction methods and next-generation
sequencing following protocols described in [50–55]. Markers with a high call ratio (threshold, 0.25)
were filtered based on their polymorphic information content (>0.025) using a software package
developed by DArT PL (DArTsoft14). Here, a high call ratio represents the least proportion of missing
values (to call both alleles of a marker) caused by sequencing error or low-quality genomic DNA.
2.5. Statistical Analysis
2.5.1. Otolith Microchemistry
For each element, we tested for a difference between the otolith core and edge of wild-caught fish
using Student’s t-test with the statistical computing software R (version 3.3.1) [56].
To determine the structure of the M. ambigua population in the Lachlan River and to identify
hatchery and wild-born fish, we performed non-metric multidimensional scaling (NMDS) [57] and a
PERMANOVA test [58] based on the Bray–Curtis distance using otolith trace element composition
(Table S1). The analysis was carried out using the function metaMDS in the R package ‘vegan’
(version 2.5-3) [59]. The settings included a Wisconsin double standardization, a maximum number of
100 runs to find the best solution, and 1000 permutations for calculating the coefficient of determination
(r2 ) and significance (p-value) [57]. The automatic rotation of the ordination space displays the value’s
main gradient in the first axis (NMDS1). In addition to the NMDS, we performed a hierarchical cluster
analysis using individual dissimilarities based on Euclidean distance to identify groupings of fish
based on otolith trace element composition. The cluster analysis was performed using the Ward.D2
implementation of the clustering method (minimum variance method) described by Ward [60,61].
All analyses were carried out with the statistical computing software R (version 3.3.1) [56].
2.5.2. Single Nucleotide Polymorphism (SNP) and SilicoDArT Data Analysis
Data processing, quality assessment, and filtration to reduce potential errors from low-quality
genomic DNA and sequencing errors were performed using dartR (version 1.1.11) [62], a package
developed for the statistical computing software R. To differentiate hatchery-bred stocked fish
from wild-born fish, Principal Component Analysis (PCA) using the packages “factoextra” [63]
and “factoMineR” [64] in R was performed on the Single Nucleotide Polymorphism (SNP) and
SilicoDArT data.
3. Results
3.1. Otolith Micro-Chemical Composition
Four of the nine elements analyzed showed a significant difference in concentration (ug·g−1 )
between the otolith core and edge for wild-caught fish from the Lachlan River (24 Mg, 86 Sr, 55 Mn,
and 66 Zn; Student’s t-test p-values all < 0.01) (Figure 2, panel LL_edge vs. LL_core and UL_edge vs.
UL_core).
The NMDS clearly separated the chemical signatures from the edges of otoliths from fish from the
Lachlan River and those of the hatchery (YOY) samples (stress: 0.07) (Figure 3a). A PERMANOVA test
with 999 bootstrapping using the Bray–Curtis dissimilarity index found a significant difference between
the clusters (p-value = 0.001, F model = 76.35, ANOVA for homogeneity of multivariate dispersion
p = 0.39), indicating a unique chemical signature for each locality. The analyses were then repeated on
the lower Lachlan and upper Lachlan edge and core samples separately (Figure 3b,c). For the lower
Lachlan, this revealed two distinct groups comprising core and edge samples (Figure 3b). The signature
from the hatchery reference samples was more similar to the lower Lachlan core chemical signature than
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the edge signature of the lower Lachlan River individuals. In addition, a small group of individuals
displayed similar core and edge signatures (Figure 3b), suggesting wild-born individuals from the
lower Lachlan. Cluster analysis using elements significantly contributing to the core and edge variation
(24 Mg, 86 Sr, 55 Mn, and 66 Zn) identified three primary groups (clusters) representing predominantly
edge, core, and hatchery signatures. This analysis clearly identified six M. ambigua individuals for
which core signatures were clustered with the edge signature indicating natural recruitment in the
lower Lachlan catchment. Within the core and hatchery (YOY) groups, four individuals displayed core
signatures
that clustered with the hatchery reference group while the remaining individuals displayed
Water 2020, 12, x FOR PEER REVIEW
6 of 16
core signatures that grouped separately (Figure 3d).

Figure 2. Summary of trace element composition (ug·g−1−1 ) in otoliths of Macquaria ambigua (golden perch)
Figure 2. Summary of trace element composition (ug.g ) in otoliths of Macquaria ambigua (golden perch)
from three localities. Hatchery = hatchery sourced YOY samples (n = 19). LL = samples from the
from three localities. Hatchery = hatchery sourced YOY samples (n = 19). LL = samples from the lower
lower Lachlan (downstream Lake Brewster) (n = 24); UL = samples from the upper Lachlan (upstream
Lachlan (downstream Lake Brewster) (n = 24); UL = samples from the upper Lachlan (upstream
Wyangala Dam) (n = 20); core = measurements from the core of the otolith; edge = measurements from
Wyangala Dam) (n = 20); core = measurements from the core of the otolith; edge = measurements from
the edge of the otolith.
the edge of the otolith.
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recruitment in the lower Lachlan catchment. Within the core and hatchery (YOY) groups, four
individuals displayed core signatures that clustered with the hatchery reference group while the
remaining individuals displayed core signatures that grouped separately (Figure 3d).
In the upper Lachlan River samples, the NMDS revealed three distinct groups comprising core,
edge, and hatchery reference samples, but the cluster analysis using only those elements significantly
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Among the 44 fish collected from Lachlan River, a total of six M. ambigua were
3.2.
Data
Analysis
identified as wild-born fish (14%), while the rest of them were either hatchery-bred stocked fish or from
The Diversity Arrays Technology (DArT) pipeline scored 5207 single nucleotide polymorphisms
unknown sources (Figure 4). The observation of annual rings in the otolith revealed that all six wild(SNPs)
and
6956 SilicoDArT
(presence-absence)
after in
filtering
based
on2014
polymorphic
born M.
ambigua,
sampled from
the lower Lachlan, markers
were spawned
2002, 2007,
2009,
(one fish
information
content
(>0.025).
For
the
present
study,
we
filtered
out
2124
SNP
markers
based
on the
each year), and 2010 (two fish). A comparison between the daily discharge data from the lower Lachlan
call
ratio
(0.90)
and
reproducibility
average
(0.90),
resulting
in
a
total
of
3083
SNPs
(null
allele
=
(Figure 4) revealed no clear association between high flow events and the spawning year of the2.1%).
six
Further
filtering
wild-born
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under selection. Finally, 1481 SNPs were used for the present study. The same criteria (call ratio
and polymorphic information content) were also used to filter out low-quality SilicoDArT markers.
After filtering, 2902 (nNull allele = 5.7%) SilicoDArT markers were used for further analysis. Filtering for
SilicoDArT loci under selection was not performed, as the allelic form of the loci is unknown
(presence and absence of restriction fragment).

Water
2020,12,
12,1636
x FOR PEER REVIEW
Water
2020,

8 of 16
8 of 15

Figure
discharge
from thefrom
lowerthe
Lachlan
sinceLachlan
2000 (Source:
https://realtimedata.
Figure4. Daily
4. Daily
discharge
lower
since WaterNSW,
2000 (Source:
WaterNSW,
waternsw.com.au/),
and the number of stocked/unknown
wild-born fishand
from
the Lachlan
River
https://realtimedata.waternsw.com.au/),
and the number of and
stocked/unknown
wild-born
fish from
and
spawning
year.
(a) spawning
Daily discharge
(ML/day)
at Hillston
Weir (lat:
−33.4873
lon:145.504)
from
thetheir
Lachlan
River and
their
year. (a)
Daily discharge
(ML/day)
at Hillston
Weir
(lat: −33.4873
1 lon:145.504)
January 2000
to
31
December
2018;
(b)
Samples
from
the
lower
Lachlan
(N
=
24);
(c)
Samples
from
from 1 January 2000 to 31 December 2018; (b) Samples from the lower Lachlan (N = 24); (c)
the upper Lachlan (N = 20). White bars represent the number of wild-born fish, and the black bars
represent the number of fish either stocked or from unknown sources.

information content (> 0.025). For the present study, we filtered out 2124 SNP markers based on the call
ratio (0.90) and reproducibility average (0.90), resulting in a total of 3083 SNPs (null allele = 2.1%).
Further filtering based on the Hardy–Weinberg equilibrium (HWE) was performed to remove markers
under selection. Finally, 1481 SNPs were used for the present study. The same criteria (call ratio and
polymorphic information content) were also used to filter out low-quality SilicoDArT markers. After
Water
2020, 12,
1636(nNull allele = 5.7%) SilicoDArT markers were used for further analysis. Filtering9 for
of 15
filtering,
2902
SilicoDArT loci under selection was not performed, as the allelic form of the loci is unknown (presence
and absence of restriction fragment).
Despite a small cluster of hatchery reference individuals (hatchery YOY) (Figure 5a), the principal
Despite a small cluster of hatchery reference individuals (hatchery YOY) (Figure 5a), the principal
component analysis (PCA) suggests no specific clustering using SNP markers. High similarity among
component analysis (PCA) suggests no specific clustering using SNP markers. High similarity among
the
Lachlan River samples and hatchery YOY and a lack of genetic structure means that the SNP
the Lachlan River samples and hatchery YOY and a lack of genetic structure means that the SNP
markers
fish from
from the
the hatchery-bred
hatchery-bredstocked
stockedoror
markerscould
couldnot
notconclusively
conclusively distinguish
distinguish the
the wild-born
wild-born fish
unknown-source
fish.
We
also
performed
a
principal
component
analysis
using
only
Lachlan
River
unknown-source fish. We also performed a principal component analysis using only Lachlan River
samples
identified aa priori
prioriand
andthe
therest
restfrom
fromthe
theotolith
otolith
samplestesting
testingfor
fordifferences
differencesbetween
between wild-born
wild-born fish
fish identified
data
(Figure
5b)
and
could
find
no
genetic
differences.
The
principal
component
analysis
using
data (Figure 5b) and could find no genetic differences. The principal component analysis using
SilicoDArT
it did
did indicate
indicate differences
differencesbetween
betweenthe
thelower
lower
SilicoDArTmarkers
markers found
found aa similar
similar result,
result, although
although it
Lachlan
PCA plot)
plot)and
andupper
upperLachlan
Lachlanfish
fish(a(asingle
single
cluster,
Lachlanfish
fish(widely
(widelyspread
spreadacross
acrossPC1/Dim1
PC1/Dim1 in
in the PCA
cluster,
which
fish) (Figure
(Figure5c,d).
5c,d).
whichincluded
includedthe
thehatchery-bred
hatchery-bred YOY fish)

Figure
of M.
(a) PCA
PCA plot
plot using
using Single
Single Nucleotide
Nucleotide
Figure5.5.Principal
Principalcomponent
component analysis
analysis (PCA)
(PCA) of
M. ambigua;
ambigua; (a)
Polymorphism
markers—plotting
based
on
geographic
locations
such
as
lower
Lachlan,
Upper
Lachlan,
Polymorphism markers—plotting based on geographic locations such as lower Lachlan, Upper Lachlan,
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(c) PCA plot using SilicoDArT markers–plotting based on geographic locations such as Lower Lachlan,
Upper Lachlan, and Hatchery; (d) PCA plot of only Lachlan samples using SilicoDArT markers—plotting
based on natal origins such as wild-born fish and hatchery-bred stocked/unknown-source fish.

4. Discussion
The aim of this study was to investigate whether there was evidence of the natural recruitment of
the existing M. ambigua population at the Lachlan River, or whether all the fish were derived from
hatchery stocking. In doing so, we tested the effectiveness of genetic and otolith data as comparative
tools. The analysis of otolith microchemistry identified limited natural recruitment along with the
co-existence of wild-born and hatchery-bred stocked fish in the lower reach of the Lachlan River.
While the data set was less clear about the origin of the upper Lachlan individuals, it appears that
no natural recruitment was evident in our samples. Genetic data were not able to clearly distinguish
hatchery-bred stocked and wild-born fish. Understanding the effects of stocking on population
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composition is essential to evaluate the effectiveness of stocking to inform effective management and
population recovery [31]. To date, the mark-recapture of chemically or physically tagged fish is the
predominant method used to identify hatchery-bred stocked fish in Australia [17,65–67]. Otolith trace
element composition has been widely applied in identifying the natal origin of fish [68–73]. This method
has also been used to identify hatchery-bred stocked fish in wild salmonid populations [24,74,75].
We performed an otolith spot measurement to compare the chemical composition of the core
(indicating natal origin) and edge (indicating current habitat). We observed that 24 Mg, 86 Sr, 137 Ba,
and 55 Mn were the elements significantly contributing to the variation between core and edge
composition. This is consistent with previous observations of otolith trace element composition in carp
(Cyprinus carpio) from the Lachlan River [22].
In the upper Lachlan samples, no natural recruitment was evident using otolith microchemistry
data. However, the clustering of the otolith edge, core, and hatchery reference groups was more
complex than for the samples from the lower Lachlan. A different chemical signature was displayed by
the core of otoliths compared to the edge as well as the YOY hatchery samples, indicating that the natal
origin of these fish was neither the Lachlan River nor the Murray Darling Fisheries. Although our data
could not conclusively identify the natal origin of these fish, plausible explanations for such results
are (i) that they are fish stocked from hatcheries other than the Murray–Darling Fisheries such as
DPI Fisheries (Figure 1) and (ii) that they are caused by interannual variability in the multi-element
composition in the otolith, or a combination of both.
The fact that no association between high-flow events in the lower Lachlan and a priori recruitment
events was evident in the present study suggests a flow-independent recruitment pattern in this species,
which has also been reported in previous studies [40,76]. However, this could be an artifact of there
being very few individuals from each spawning year. Larger sample sizes from each cohort will be
required to provide conclusive evidence.
M. ambigua is a highly migratory, long-lived species and widely distributed in the MDB [34].
Within this region, M. ambigua is considered as a single panmictic population with high gene flow
across connected catchments, resulting in high genetic similarity among individuals from different
drainages of the MDB [77,78]. Our approach to identify natal origin using SNP and SilicoDArT markers
was unsuccessful. Such an outcome would be expected if (i) either one or both parents of the river-born
fish were previously stocked hatchery-bred fish, which would indicate the natural recruitment of
stocked golden perch in the Lachlan River; or (ii) the broodstock being used in the hatchery were
previously stocked fish from a different cohort. The longevity of the species, the intensity of M. ambigua
stocking in Lachlan River, and the hatchery quality assurance program (the frequent replacement of
old broodstock with wild-caught fish from the Lachlan River), coupled with abundant stocked fish
in the river (the results from this study), suggests the second assumption is more likely to be correct.
However, the natural recruitment in stocked fish is not infeasible considering a similar result in other
species [16].
One possible limitation of this study that resulted in the inability of the genetic data to identify
natal origin could be the low genomic representation of the hatchery samples. We sampled only a
single cohort for the hatchery reference sample for the present study. Given the high genetic similarity
of the species within the MDB as well as in Lachlan River, we recommend further analysis using
multiple hatchery cohorts to demonstrate the effectiveness of genetic markers to identify hatchery-bred
stocked and wild-born fish. The necessity of multiple-cohort sampling was also reflected in the otolith
microchemistry analysis. We recommend further otolith study using multiple cohorts of hatchery
reference as well as covering all the hatcheries contributing to the Lachlan River stocking. This will also
reduce the probable error caused by physiological influences on otolith microchemistry, which was not
considered in the present study [79,80].
There are increasing numbers of examples of studies that combine otolith microchemistry and
genetic analyses [24,81–84]. As a combined approach, most studies have used otolith data to perform the
fine-scale identification of spawning grounds and genetic data to investigate gene flow and connectivity
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among populations. Focusing on stock enhancement, we identified only one study where a similar
research question to ours was addressed using a combination of genetic and otolith data. Perrier,
Daverat, Evanno, Pécheyran, Bagliniere, and Roussel [24] used this multi-marker approach to infer
information about the breeding activity of stocked Salmo salar (Atlantic Salmon) in wild conditions.
However, the utility of a multi-marker approach is dependent on the presence of fine-scale genetic
differentiation between hatchery and wild fish. For genetically homogenized populations, otolith trace
elements are the more useful approach to identify sub-populations from different localities (e.g., Svedäng,
André, Jonsson, Elfman, and Limburg [84]).
In conclusion, the present study has found evidence of limited natural recruitment in the lower
Lachlan River, while no natural recruitment was evident in the upper Lachlan. The study successfully
demonstrates the utility of otolith microchemistry analysis to identify stocked and wild-born M. ambigua,
particularly where a lack of genetic structure rules out other approaches. Along with the use of
otoliths, we propose that parent–offspring assignment approaches with genetic data from the hatchery
broodstock could be effective in terms of the genetic differentiation of stocked and wild-born fish.
Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/12/6/1636/s1,
Figure S1: A schematic diagram of otolith processing. The best section containing core of the otolith was selected
to mount on glass slide. 1 and 3: 200–300 µm sections from each side of the core. 2: the otolith section with the
core; Table S1: Trace element compositions (ug·g−1 ) in core and edge of Lachlan River samples and core of the
hatchery YOY samples. H = Hatchery, LL = Lower Lachlan and UL = Upper Lachlan.
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Arechavala-Lopez, P.; Milošević-González, M.; Sanchez-Jerez, P. Using trace elements in otoliths to
discriminate between wild and farmed European sea bass (Dicentrarchus labrax L.) and Gilthead sea
bream (Sparus aurata L.). Int. Aquat. Res. 2016, 8, 263–273. [CrossRef]
Perrier, C.; Daverat, F.; Evanno, G.; Pécheyran, C.; Bagliniere, J.-L.; Roussel, J.-M. Coupling genetic and
otolith trace element analyses to identify river-born fish with hatchery pedigrees in stocked Atlantic salmon
(Salmo salar) populations. Can. J. Fish. Aquat. Sci. 2011, 68, 977–987. [CrossRef]
Starrs, D.; Ebner, B.C.; Fulton, C.J. All in the ears: Unlocking the early life history biology and spatial ecology
of fishes. Biol. Rev. 2016, 91, 86–105. [CrossRef] [PubMed]
Cochran-Biederman, J.L.; Wyman, K.E.; French, W.E.; Loppnow, G.L. Identifying correlates of success and
failure of native freshwater fish reintroductions. Conserv. Biol. 2015, 29, 175–186. [CrossRef] [PubMed]
Murphy, B.R.; Nielsen, L.A.; Turner, B.J. Use of genetic tags to evaluate stocking success for reservoir walleyes.
Trans. Am. Fish. Soc. 1983, 112, 457–463. [CrossRef]
Nielsen, E.E.; Hansen, M.M.; Loeschcke, V. Analysis of microsatellite DNA from old scale samples of Atlantic
salmon Salmo salar: A comparison of genetic composition over 60 years. Mol. Ecol. 1997, 6, 487–492. [CrossRef]
Nock, C.J.; Ovenden, J.; Butler, G.; Wooden, I.; Moore, A.; Baverstock, P.R. Population structure, effective
population size and adverse effects of stocking in the endangered Australian eastern freshwater cod
Maccullochella ikei. J. Fish Biol. 2011, 78, 303–321. [CrossRef]
Gillanders, B.M.; Elsdon, T.S.; Munro, A.R. Impacts of native fish stocking on fish within the Murray—Darling
Basin. In Murray-Darling Basin Commission Contract Number MD239, Murray-Darling Basin Commission Contract
Number MD239; University of Adelaide: Adelaide, Australia, 2006.
Hunt, T.L.; Jones, P. Informing the great fish stocking debate: An Australian case study. Rev. Fish. Sci. Aquac.
2018, 26, 275–308. [CrossRef]

Water 2020, 12, 1636

32.
33.
34.
35.
36.
37.
38.

39.
40.
41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

13 of 15

Koehn, J.D.; Lintermans, M. A strategy to rehabilitate fishes of the Murray-Darling Basin, south-eastern
Australia. Endanger. Species Res. 2012, 16, 165–181. [CrossRef]
Murray-Darling Basin Commission. Native Fish Strategy for the Murray-Darling Basin 2003–2013; Murray-Darling
Basin Commission: Canberra, Australia, 2003.
Lintermans, M. Fishes of the Murray-Darling Basin: An Introductory Guide; Murray-Darling Basin Commission:
Canberra, Australia, 2007.
Mackay, N. Histological changes in the ovaries of the golden perch, Plectroplites ambiguus, associated with
the reproductive cycle. Mar. Freshw. Res. 1973, 24, 95–102. [CrossRef]
Pusey, B.; Kennard, M.J.; Arthington, A.H. Freshwater Fishes of North-Eastern Australia; CSIRO Publishing:
Collingwood, Australia, 2004.
Rowland, S.J. Development of techniques for the large-scale rearing of the larvae of the Australian freshwater
fish golden perch, Macquaria ambigua (Richardson, 1845). Mar. Freshw. Res. 1996, 47, 233–242. [CrossRef]
Roberts, D.; Duivenvoorden, L.; Stuart, I. Factors influencing recruitment patterns of golden perch (Macquaria
ambigua oriens) within a hydrologically variable and regulated Australian tropical river system. Ecol. Freshw.
Fish 2008, 17, 577–589. [CrossRef]
Reynolds, L. Migration patterns of five fish species in the Murray-Darling River system. Mar. Freshw. Res.
1983, 34, 857–871. [CrossRef]
Kerezsy, A.; Balcombe, S.R.; Arthington, A.H.; Bunn, S.E. Continuous recruitment underpins fish persistence
in the arid rivers of far-western Queensland, Australia. Mar. Freshw. Res. 2011, 62, 1178–1190. [CrossRef]
Driver, P.; Chowdhury, S.; Hameed, T.; Lloyd-Jones, P.; Raisin, G.; Ribbons, C.; Singh, G.; Wettin, P. Natural and
Modified Flows of the Lachlan Valley Wetlands; Resource Analysis Unit, Central West Region, NSW Department
of Infrastructure, Planning and Natural Resources: Forbes, New South Wales, Australia, 2004.
Driver, P.; Chowdhury, S.; Hameed, T.; O’Rourke, M.; Shaikh, M. Ecosystem response models for lower Calare
(Lachlan River) floodplain wetlands: Managing wetland biota and climate change modelling. In Ecosystem
Response Modelling in the Murray-Darling Basin, CSIRO Publishing; CSIRO: Melbourne, Australia, 2010;
pp. 183–196.
Higgisson, W.; Higgisson, B.; Powell, M.; Driver, P.; Dyer, F. Impacts of water resource development on
hydrological connectivity of different floodplain habitats in a highly variable system. River Res. Appl. 2019,
36, 542–552. [CrossRef]
Dijk, A.I.; Beck, H.E.; Crosbie, R.S.; Jeu, R.A.; Liu, Y.Y.; Podger, G.M.; Timbal, B.; Viney, N.R. The millennium
drought in southeast Australia (2001–2009): Natural and human causes and implications for water resources,
ecosystems, economy, and society. Water Resour. Res. 2013, 49, 1040–1057. [CrossRef]
Dyer, F.; Broadhurst, B.; Tschierschke, A.; Thiem, J.; Thompson, R.; Driver, P.; Bowen, S. Commonwealth
Environmental Water Office Long Term Intervention Monitoring Project: Lower Lachlan River System Selected Area
2017-18 Monitoring and Evaluation Summary Report; Commonwealth of Australia: Canberra, Australia, 2018.
Rowland, S.J.; Tully, P. Hatchery Quality Assurance Program for Murrary Cod (Maccullochella Peelii Peelii), Golden
Perch (Macquaria Ambigua) and Silver Perch (Bidyanus Bidyanus); NSW Department of Primary Industries:
Sydney, New South Wales, Australia, 2004.
Gilligan, D.; Jess, L.; McLean, G.; Asmus, M.; Wooden, I.; Hartwell, D.; McGregor, C.; Stuart, I.; Vey, A.;
Jefferies, M. dentifying and implementing targeted carp control options for the Lower Lachlan Catchment.
In Fisheries Final Report Series; 2010. Available online: http://www.dpi.nsw.gov.au/__data/assets/pdf_file/
0008/344663/AE_2010_Output-1631_Gilligan-et-al_Lachlan-Carp-final-report_REPORT.pdf (accessed on
28 October 2019).
Fallon, S.J.; McCulloch, M.T.; Van Woesik, R.; Sinclair, D.J. Corals at their latitudinal limits: Laser ablation
trace element systematics in Porites from Shirigai Bay, Japan. Earth Planet. Sci. Lett. 1999, 172, 221–238.
[CrossRef]
Shams, F.; Dyer, F.; Thompson, R.; Duncan, R.P.; Thiem, J.D.; Ezaz, T. Genetic assessment to quantify
long term stock enhancement reveals a signature of domestication in two Australian riverine fish species.
Conserv. Genet. Under review.
Kilian, A.; Wenzl, P.; Huttner, E.; Carling, J.; Xia, L.; Blois, H.; Caig, V.; Heller-Uszynska, K.; Jaccoud, D.;
Hopper, C. Diversity arrays technology: A generic genome profiling technology on open platforms. Data Prod.
Anal. Popul. Genom. Methods Protoc. 2012, 888, 67–89. [CrossRef]

Water 2020, 12, 1636

51.

52.
53.

54.

55.

56.
57.
58.
59.

60.
61.
62.
63.

64.
65.

66.

67.

68.

69.

70.
71.

14 of 15

Altshuler, D.; Pollara, V.J.; Cowles, C.R.; Van Etten, W.J.; Baldwin, J.; Linton, L.; Lander, E.S. An SNP map of
the human genome generated by reduced representation shotgun sequencing. Nature 2000, 407, 513–516.
[CrossRef]
Couch, A.J.; Unmack, P.J.; Dyer, F.J.; Lintermans, M. Who’s your mama? Riverine hybridisation of threatened
freshwater Trout Cod and Murray Cod. PeerJ 2016, 4, e2593. [CrossRef]
Melville, J.; Haines, M.L.; Boysen, K.; Hodkinson, L.; Kilian, A.; Date, K.L.S.; Potvin, D.A.; Parris, K.M.
Identifying hybridization and admixture using SNPs: Application of the DArTseq platform in phylogeographic
research on vertebrates. R. Soc. Open Sci. 2017, 4, 161061. [CrossRef] [PubMed]
Shams, F.; Dyer, F.; Thompson, R.; Duncan, R.P.; Thiem, J.D.; Kilian, A.; Ezaz, T. Application of DArT seq
derived SNP tags for comparative genome analysis in fishes; An alternative pipeline using sequence data
from a non-traditional model species, Macquaria ambigua. PLoS ONE 2019, 14, e0226365. [CrossRef] [PubMed]
Wells, S.J.; Dale, J. Contrasting gene flow at different spatial scales revealed by genotyping-by-sequencing
in Isocladus armatus, a massively colour polymorphic New Zealand marine isopod. PeerJ 2018, 6, e5462.
[CrossRef] [PubMed]
R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing:
Vienna, Austria, 2016; Volume 3.3.1.
Kruskal, J.B. Multidimensional scaling by optimizing goodness of fit to a nonmetric hypothesis. Psychometrika
1964, 29, 1–27. [CrossRef]
Anderson, M.J.; Walsh, D.C. PERMANOVA, ANOSIM, and the Mantel test in the face of heterogeneous
dispersions: What null hypothesis are you testing? Ecol. Monogr. 2013, 83, 557–574. [CrossRef]
Oksanen, J.; Blanchet, F.; Friendly, M.; Kindt, R.; Legendre, P.; McGlin, D. Vegan: Community Ecology
Package. R Package Version 2.5-3. 2018. Available online: https://CRAN.R-project.org/package=vegan
(accessed on 14 June 2019).
Murtagh, F.; Legendre, P. Ward’s hierarchical agglomerative clustering method: Which algorithms implement
Ward’s criterion? J. Classif. 2014, 31, 274–295. [CrossRef]
Ward Jr, J.H. Hierarchical grouping to optimize an objective function. J. Am. Stat. Assoc. 1963, 58, 236–244.
[CrossRef]
Gruber, B.; Unmack, P.J.; Berry, O.F.; Georges, A. Dartr: An R package to facilitate analysis of SNP data
generated from reduced representation genome sequencing. Mol. Ecol. Resour. 2018, 18, 691–699. [CrossRef]
Kassambara, A.; Mundt, F. Package ‘Factoextra’. Extract and Visualize the Results of Multivariate Data Analyses.
R Package Version 1.0.5. 2017. Available online: https://CRAN.R-project.org/package=factoextra (accessed on
14 June 2019).
Lê, S.; Josse, J.; Husson, F. FactoMineR: An R package for multivariate analysis. J. Stat. Softw. 2008, 25, 1–18.
[CrossRef]
Crook, D.A.; O’Mahony, D.J.; Gillanders, B.M.; Munro, A.R.; Sanger, A.C.; Thurstan, S.; Baumgartner, L.J.
Contribution of stocked fish to riverine populations of golden perch (Macquaria ambigua) in the Murray-Darling
Basin, Australia. Mar. Freshw. Res. 2016, 67, 1401–1409. [CrossRef]
Forbes, J.; Watts, R.J.; Robinson, W.A.; Baumgartner, L.J.; McGuffie, P.; Cameron, L.M.; Crook, D.A. Assessment
of stocking effectiveness for Murray cod (Maccullochella peelii) and golden perch (Macquaria ambigua) in rivers
and impoundments of south-eastern Australia. Mar. Freshw. Res. 2016, 67, 1410–1419. [CrossRef]
Thiem, J.D.; Wooden, I.J.; Baumgartner, L.J.; Butler, G.L.; Forbes, J.P.; Conallin, J. Recovery from a fish kill in
a semi-arid Australian river: Can stocking augment natural recruitment processes? Austral Ecol. 2017, 42,
218–226. [CrossRef]
Amano, Y.; Kuwahara, M.; Takahashi, T.; Shirai, K.; Yamane, K.; Amakawa, H.; Otake, T. Otolith elemental
and Sr isotopic composition as a natal tag for Biwa salmon Oncorhynchus masou subsp. in Lake Biwa, Japan.
Aquat. Biol. 2013, 19, 85–95. [CrossRef]
Artetxe-Arrate, I.; Fraile, I.; Crook, D.A.; Zudaire, I.; Arrizabalaga, H.; Greig, A.; Murua, H. Otolith
microchemistry: A useful tool for investigating stock structure of yellowfin tuna (Thunnus albacares) in the
Indian Ocean. Mar. Freshw. Res. 2019, 70, 1708–1721. [CrossRef]
Ashford, J.; Arkhipkin, A.; Jones, C. Can the chemistry of otolith nuclei determine population structure of
Patagonian toothfish Dissostichus eleginoides? J. Fish Biol. 2006, 69, 708–721. [CrossRef]
Crook, D.; Macdonald, J.; O’Connor, J.; Barry, B. Use of otolith chemistry to examine patterns of diadromy in
the threatened Australian grayling Prototroctes maraena. J. Fish Biol. 2006, 69, 1330–1344. [CrossRef]

Water 2020, 12, 1636

72.

73.

74.

75.

76.
77.

78.

79.
80.

81.

82.

83.

84.

15 of 15

Ferguson, G.J.; Ward, T.M.; Gillanders, B.M. Otolith shape and elemental composition: Complementary tools
for stock discrimination of mulloway (Argyrosomus japonicus) in southern Australia. Fish. Res. 2011, 110,
75–83. [CrossRef]
Hearne, S.; Travers, M.; Evans, R.; Blyth, A.; Trinajstic, K.; McIlwain, J.; Newman, S. Population Connectivity of
Two Reef Fish Species in Northwestern Australia Using Otolith Geochemistry: A Pilot Study; Report of Project
1.1.3—Project 1.1.3.4c Prepared for the Kimberley Marine Research Program; Western Australian Marine
Science Institution: Perth, Western Australia, Australia, 2017.
Coghlan, S.M., Jr.; Lyerly, M.S.; Bly, T.R.; Williams, J.S.; Bowman, D.; Hannigan, R. Otolith chemistry
discriminates among hatchery-reared and tributary-spawned salmonines in a tailwater system. N. Am. J.
Fish. Manag. 2007, 27, 531–541. [CrossRef]
Olley, R.; Young, R.; Closs, G.P.; Kristensen, E.A.; Bickel, T.O.; Deans, N.; Davey, L.; Eggins, S. Recruitment
sources of brown trout identified by otolith trace element signatures. N. Z. J. Mar. Freshw. Res. 2011, 45,
395–411. [CrossRef]
Ebner, B.C.; Scholz, O.; Gawne, B. Golden perch Macquaria ambigua are flexible spawners in the Darling River,
Australia. N. Z. J. Mar. Freshw. Res. 2009, 43, 571–578. [CrossRef]
Attard, C.R.; Brauer, C.J.; Sandoval-Castillo, J.; Faulks, L.K.; Unmack, P.J.; Gilligan, D.M.; Beheregaray, L.B.
Ecological disturbance influences adaptive divergence despite high gene flow in golden perch (Macquaria
ambigua): Implications for management and resilience to climate change. Mol. Ecol. 2018, 27, 196–215.
[CrossRef] [PubMed]
Beheregaray, L.B.; Pfeiffer, L.V.; Attard, C.R.; Sandoval-Castillo, J.; Domingos, F.M.; Faulks, L.K.; Gilligan, D.M.;
Unmack, P.J. Genome-wide data delimits multiple climate-determined species ranges in a widespread
Australian fish, the golden perch (Macquaria ambigua). Mol. Phylogenet. Evol. 2017, 111, 65–75. [CrossRef]
[PubMed]
Sturrock, A.M.; Hunter, E.; Milton, J.A.; Johnson, R.C.; Waring, C.P.; Trueman, C.N.; Eimf, E. Quantifying
physiological influences on otolith microchemistry. Methods Ecol. Evol. 2015, 6, 806–816. [CrossRef]
Sturrock, A.M.; Trueman, C.N.; Milton, J.A.; Waring, C.P.; Cooper, M.J.; Hunter, E. Physiological influences
can outweigh environmental signals in otolith microchemistry research. Mar. Ecol. Prog. Ser. 2014, 500,
245–264. [CrossRef]
Hughes, J.M.; Schmidt, D.J.; Macdonald, J.I.; Huey, J.A.; Crook, D.A. Low interbasin connectivity in a
facultatively diadromous fish: Evidence from genetics and otolith chemistry. Mol. Ecol. 2014, 23, 1000–1013.
[CrossRef] [PubMed]
Reis-Santos, P.; Tanner, S.E.; Aboim, M.A.; Vasconcelos, R.P.; Laroche, J.; Charrier, G.; Pérez, M.; Presa, P.;
Gillanders, B.M.; Cabral, H.N. Reconciling differences in natural tags to infer demographic and genetic
connectivity in marine fish populations. Sci. Rep. 2018, 8, 1–12. [CrossRef]
Schmidt, D.J.; Crook, D.A.; Macdonald, J.I.; Huey, J.A.; Zampatti, B.P.; Chilcott, S.; Raadik, T.A.; Hughes, J.M.
Migration history and stock structure of two putatively diadromous teleost fishes, as determined by genetic
and otolith chemistry analyses. Freshw. Sci. 2014, 33, 193–206. [CrossRef]
Svedäng, H.; André, C.; Jonsson, P.; Elfman, M.; Limburg, K.E. Migratory behaviour and otolith chemistry
suggest fine-scale sub-population structure within a genetically homogenous Atlantic Cod population.
Environ. Biol. Fishes 2010, 89, 383–397. [CrossRef]
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

