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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.
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1. Otolith Micro-Chemical Composition

Four of the nine elements analyzed showed a significant difference in concentration (ug·g ) between the otolith core and

edge for wild-caught fish from the Lachlan River ( Mg, Sr, Mn, and Zn; Student’s t-test p-values all < 0.01) (Figure 1,

panel LL_edge vs. LL_core and UL_edge vs. UL_core).

Figure 1. 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 lower 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 the edge of the otolith.

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 2a). 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 2b,c). For the lower
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Lachlan, this revealed two distinct groups comprising core and edge samples (Figure 2b). The signature from the hatchery

reference samples was more similar to the lower Lachlan core chemical signature than the edge signature of the lower

Lachlan River individuals. In addition, a small group of individuals displayed similar core and edge signatures (Figure 2b),

suggesting wild-born individuals from the lower Lachlan. Cluster analysis using elements significantly contributing to the core

and edge variation ( Mg, Sr, Mn, and 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 core signatures that grouped separately (Figure 2d).

Figure 2. Non-metric multidimensional scaling (NMDS) and cluster analysis showing the presence of both wild-born and

hatchery-bred stocked M. ambigua from the Lachlan River. (a) NMDS spider plot between the edge of the Lachlan river

sample and the hatchery reference individuals (Hatchery YOY); (b) NMDS spider plot among the edge and core of the lower

Lachlan river sample with the presence of the hatchery reference; (c) NMDS spider plot among the edge and core of the

upper Lachlan river sample with the presence of the control group (Hatchery YOY); (d) Cluster dendrogram of the lower

Lachlan samples and the hatchery reference based on a Euclidean distance matrix representing the presence of natural

recruitment in the lower Lachlan catchment; (e) Cluster dendrogram of the upper Lachlan samples and hatchery reference

group based on a Euclidean distance matrix representing no natural recruitment with two distinct clusters between the

Lachlan River samples and hatchery reference group.

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 contributing to the core and edge variation suggests

more complex groupings within the data set (Figure 2e). The cluster analysis identified two primary clusters separating the

core and edge measurements of the Lachlan River samples from the hatchery reference collections. Five tentative sub-

clusters belonging to two major groups of Lachlan River samples and hatchery samples were evident; however, the groupings

were less distinct within the clusters (Figure 2e). The results suggest none of the upper Lachlan samples were wild-born,

while five individuals displayed a core signature that clustered with the hatchery reference group.

Entry analysis revealed the presence of both hatchery-bred stocked and wild-born M. ambigua from the Lachlan River. Among

the 44 fish collected from Lachlan River, a total of six M. ambigua were identified as wild-born fish (14%), while the rest of

them were either hatchery-bred stocked fish or from unknown sources (Figure 3). The observation of annual rings in the

otolith revealed that all six wild-born M. ambigua, sampled from the lower Lachlan, were spawned in 2002, 2007, 2009, 2014

(one fish each year), and 2010 (two fish). A comparison between the daily discharge data from the lower Lachlan (Figure 3)

revealed no clear association between high flow events and the spawning year of the six wild-born fish.
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Figure 4. Daily discharge from the lower Lachlan since 2000 (Source: WaterNSW, http://realtimedate.waternsw.com.au/), and

the number of stocked/unknown and wild-born fish from the Lachlan River and their spawning year. (a) Daily discharge

(ML/day) at Hillston Weir (lat: −33.4873 lon:145.504) from 1 January 2000 to 31 December 2018; (b) Samples from the lower

Lachlan (N = 24); (c) Samples from 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.

2. Genetic Data Analysis

The Diversity Arrays Technology (DArT) pipeline scored 5207 single nucleotide polymorphisms (SNPs) and 6956 SilicoDArT

(presence-absence) markers after filtering based on polymorphic 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 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).

Despite a small cluster of hatchery reference individuals (hatchery YOY) (Figure 4a), the principal 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 markers could not conclusively distinguish the wild-born fish from the

hatchery-bred stocked or unknown-source fish. We also performed a principal component analysis using only Lachlan River

samples testing for differences between wild-born fish identified a priori and the rest from the otolith data (Figure 4b) and

could find no genetic differences. The principal component analysis using SilicoDArT markers found a similar result, although

it did indicate differences between the lower Lachlan fish (widely spread across PC1/Dim1 in the PCA plot) and upper Lachlan

fish (a single cluster, which included the hatchery-bred YOY fish) (Figure 4c,d).
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Figure 4. Principal component analysis (PCA) of M. ambigua; (a) PCA plot using Single Nucleotide Polymorphism markers—

plotting based on geographic locations such as lower Lachlan, Upper Lachlan, and Hatchery; (b) PCA plot of only Lachlan

samples using Single Nucleotide Polymorphism markers—plotting based on natal origins such as wild-born fish and hatchery-

bred stocked/unknown-source fish; (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.

3. 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 composition is essential to evaluate the effectiveness of stocking to

inform effective management and population recovery . To date, the mark-recapture of chemically or physically tagged fish

is the predominant method used to identify hatchery-bred stocked fish in Australia . Otolith trace element composition

has been widely applied in identifying the natal origin of fish . This method has also been used to identify

hatchery-bred stocked fish in wild salmonid populations .

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 Mg, Sr, Ba, and 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 .

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 . 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.
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M. ambigua is a highly migratory, long-lived species and widely distributed in the MDB . 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 . 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 .

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 .

There are increasing numbers of examples of studies that combine otolith microchemistry and genetic analyses 

. 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 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  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 ).
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