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Monitoring long-term spatiotemporal changes in populations of vulnerable
species requires non-lethal methods. Here we investigate the utility of
environmental DNA (eDNA) for estimating the relative biomass and abundance
of the globally Endangered mulloway (Argyrosomus japonicus) in a southeastern
Australian estuary. During minimal tidal movement, 10 parallel transects at
each of 12 sites were surveyed, involving water samples being collected for
determining eDNA concentrations of mulloway DNA prior to hydroacoustics
being used to estimate their abundance and then biomass. There was
no significant linear relationship between eDNA and abundance but there
was for biomass, although the direction of differences varied seasonally,
with positive and negative regressions observed during autumn and spring,
respectively. As non-invasive survey methods, both eDNA and hydroacoustics
require further validation, and such efforts should assess the influence of key
environmental factors.
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1 Introduction

Mulloway (Argyrosomus japonicus) occur throughout the Indo-West Pacific and have
historically formed the basis of several artisanal, commercial and recreational fisheries off
South Africa, India, Pakistan, China, Korea, Japan, and Australia (1-5). In Australia, the
species is regionally distributed across estuaries and nearshore areas south from North
West Cape in Western Australia to southern Queensland, with the greatest concentration
in the southeast, off the state of New South Wales [NSW; (2, 3); Figure 1].
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Mulloway spawn across nearshore areas during late summer,
after which larvae move into estuaries, grow to ~50 cm total length
(TL) within two years (maximum of ~200cm TL over 42 years),
and attain mean sizes at maturity of 51 and 68 cm TL for males and
females, respectively (2, 3). Mulloway are very vulnerable to most
inshore fishing methods, including trawls, baited hooks, gillnets,
seines, and even traps. Off NSW, their population is considered
depleted to ~13% of the unfished biomass, which is reflected in
commercial catches (mostly from gillnets and ~50t p.a.) being
~85% lower than historical highs (6). Recreational harvests remain
considerably greater (~90 t), but have also historically declined (6).
Similarly, off South Africa and Vietnam, spawning biomasses have
declined to ~1 and 30% of unfished levels, respectively, while in
other jurisdictions such as China, once-abundant mulloway are
now rarely caught (7). Based on the available evidence in 2018,
mulloway were globally listed as Endangered on the TUCN Red
list (7).

Mulloway populations have been prioritized for recovery
plans in Australia and South Africa involving legislated size
and catch limits (7) and, for NSW, restocking (8), along with
modifications to problematic gears (mostly penaeid trawlers) to
limit unaccounted fishing mortalities (9, 10). Measuring the success
of any management strategy to reduce fishing mortality ultimately
requires robust spatio-temporal population monitoring (11).
However, for mulloway, traditional fishery-dependent monitoring
is not ideal considering reductions in fishing effort are required
to reduce impacts on the spawning stock. Non-invasive censusing
methods are required. One possibility is to utilize visual surveys
[either surface or underwater; (12)], although these require
clear water and are not suitable for many inshore or estuarine
environments. Two other options are to monitor environmental
DNA [eDNA; (13)] and/or use hydroacoustics [either emitted;
(14), or received sound; (15)] to infer relative abundances and/or
biomasses over appropriate spatio-temporal scales.

Of these two approaches, eDNA methods are gaining the most
recent attention because for many species, concentrations
can be positively related to biomass and/or abundance
(13). More specifically, for mulloway we recently identified
positive relationships between eDNA concentrations and their
absolute biomass under controlled conditions in aquaria, and
recommended subsequent field trials to explore the practicality
of relationships (16). While there are few comparative data
supporting hydroacoustic surveys of mulloway (17), the
technique has been validated for other species as part of
fishery-independent/dependent surveys in other jurisdictions and
could be validated for mulloway in the absence of lethal sampling;
albeit with some limitations for detecting small sizes of fish
(18, 19). As part of any validations, there is utility in comparing
eDNA and hydroacoustic approaches, considering that among the
very few studies done for other species most have shown positive
correlations for fish biomass or abundance (20-23).

Given the above, the aim of this study was to investigate any
correlation between eDNA and hydroacoustics for estimating the
relative biomass and abundance of mulloway and potential key
affecting factors (including season) in one estuary (the Hawkesbury
River) known to have mulloway present throughout the year (9, 24).
In doing so, we sought to provide information on the possible utility
of each method over the longer term.
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2 Methods
2.1 Study sites

The work was done in the lower Hawkesbury River
(encompassing the known range of mulloway) within a single year
during autumn (16-20 May, 2022) and spring (17-20 October and
1-2 December, 2022; Figures 1A-C). The spring sampling was
temporally separated because high rainfall produced a freshwater
wedge at four upstream sites (sites 9-12) and precluded mulloway
being present. Nevertheless, the sampling periods remained
either side of the peak spawning season (from December to
March) for mulloway. Given that mulloway typically spawn at
sea or possibly in lower estuaries (2), it is unlikely reproductive
DNA propagules confounded relationships with biomass or
abundance. The specific sampling dates within seasons coincided
with optimal salinity profiles in the lower reaches of the river (to
avoid hydroacoustic biases).

Twelve sites were selected, and each divided into 10 transects
(perpendicular to the riverbank and 100m apart; Figures 1C,
D). Prior to starting the biomass/abundance surveys, all sites
were bathymetrically modeled (during November 2021). The
model created a detailed map of the underwater terrain, which
enabled tracks to be determined for the subsequent biomass
survey. Bathymetric data for each site were collected using
the Humminbird Helix Mega SI GPS fish finder (Helix) with
the boat moving along the transects at each site (Figure 1D,
Supplementary material). The data were reviewed using
ReefMaster software V2.0 (ReefMaster) and the physical
characteristics of each site were generated, including bottom-
line (riverbed), zero line (where the water meets the land), area
(m?), depth (m), and volume (m?®). Bathymetric data were also
used to determine the optimal angle of the transducer (—3 to —4.5
degrees below horizontal) for the biomass/abundance surveys
(Supplementary material).

2.2 Biomass/abundance survey protocols

To minimize any effects of water flow on eDNA concentrations
and maximize the probability of hydroacoustic detections at each
site, the surveys were timed to occur as close to high tide as
possible (prioritized from downstream to upstream sites). Before
starting sampling, an equipment control (EC—11 of sterile water)
was filtered at each site to enable potential DNA contamination in
the field to be detected. Then, at the start of each transect within
each site, the boat was stopped, and a 2-1 sample of surface water
was collected from the river and filtered using a Smith Root eDNA
sampler (Smith-Root) and 5pum polyethersulfone self-preserving
filters [Smith-Root; (25)]. Filters were refrigerated at 4°C at the
conclusion of each day of sampling.

The vessel then proceeded along the transect for hydroacoustic
surveying (and with concurrent bathymetry surveying to
check for any changes in site characteristics). Data detections
of individual mulloway were collected using the BioSonics
Inc.)

DTX Extreme split beam echo sounder (Biosonics

and managed with the Visual Acquisition software package
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FIGURE 1

Maps of (A) Australia and (B) New South Wales showing the hydroacoustic and eDNA sampling sites for mulloway (Argyrosomus japonicus) in the (C)
Hawkesbury River, and (D) diagrammatic representation of hydroacoustic and eDNA transects at one of the sites with the direction of sampling
indicated by arrows. Hydroacoustic scans and eDNA sampling were conducted simultaneously along 10 transects beginning at the downstream end
of a site and moving upstream. All sites were sampled twice: once in autumn 2022 and once in spring 2022.
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(BioSonics Inc.) which also concurrently collected bathymetry
data (Supplementary material). Mulloway were identified based
on reference data from a similar species, barramundi (Lates
calcarifer; Supplementary material). The limits of detection
for mulloway were >30cm TL (to the nearest 10cm) due
to the high likelihood of species misidentification given that
acoustic signals are less easily differentiated for smaller fish
(Supplementary material). Total lengths were then converted
to weights using the relationship provided by Silberschneider
et al. (3). The mulloway count (no. m~>) and biomass (kg m~?)
were estimated for each transect and then pooled to provide
abundance and biomass estimates site™!. Two replicate water
quality parameter measurements (temperature, salinity, and
dissolved oxygen) were collected at the first transect prior to
commencing sampling.

At the end of each survey period (spring or autumn), all
filters were transported to a purpose-built eDNA laboratory at the
Narrandera Fisheries Centre. The DNA was extracted from each
filter within six months of collection and following established
protocols (Supplementary material). We used a Zymo OneStep
PCR Inhibitor Removal Kit (Integrated Sciences) to reduce the
amount of PCR inhibitors in the samples. We then tested each
sample for remaining inhibition following the procedures in
Rourke et al. (26). Specifically, neat (1:1) and diluted (1:10)
eDNA for each sample were evaluated for inhibition using an
assay that targeted endogenous ‘teleost DNA in the sample
(27). Inhibited samples were those where amplification of teleost
DNA in the 1:10 dilution occurred earlier than expected with
a shift of <3.3 cycle threshold (Ct) values compared to neat
eDNA. If samples were inhibited, the 1:10 eDNA was used to
evaluate eDNA concentrations. Six qPCR replicates sample™!
were used to calculate the mean eDNA concentration for
each filter in ng 17! as well as the copies reaction™!. The
qPCR replicates were only included in the calculations if there
was successful amplification of the mulloway or endogenous
control assay to ensure that samples that were strongly inhibited
or had an error in the laboratory process were excluded
(Supplementary material).

2.3 Statistical analyses

The raw data comprised the concentrations of DNA for each
of the filters (ng 171) at each transect within sites and the
hydroacoustically estimated total abundance and biomass for each
site standardized to m 3 (by volume surveyed). Hydroacoustic data
were aggregated to the site level due to the relatively low abundance
of mulloway within individual transects, which provided little
contrast with which to test a potential relationship with eDNA.
The eDNA data were explored using boxplots, Cleveland plots, and
scatterplots following the protocol of Zuur et al. (28) before being
log-transformed (with epsilon of the lowest eDNA value for zeros).
Linear mixed models (LMMs) were used to test for a potential
relationship between eDNA concentration and either biomass
or abundance (analyzed separately), while accounting for the
potential effect of season (fixed effect, two levels), the interaction
between season and biomass/abundance, and site (random effect,
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12 levels). Season was included in the analysis because mulloway
numbers, size, and spatial distribution may vary between seasons,
potentially affecting the relationship between eDNA concentration
and biomass/abundance. Replication at the site level may have
introduced unintended variance at this spatial scale, which needed
to be accounted for using a random effect. The significance of
fixed effects was evaluated at the 5% level using Wald tests. All
modeling was done in R (ver. 4.3.1, RCore Team 2024) using
ASReml (29).

3 Results

Ten transects were hydroacoustially surveyed at all sites.
Mulloway biomasses and abundances were generally higher
in autumn than spring, except at the most upstream sites
where the trend reversed (Table 1). Mean depths, survey areas
(m3) and water quality were variable among sites (Table I,
Supplementary material). During autumn, water temperatures at
downstream sites were usually warmer than upstream sites,
but in spring, the opposite occurred. During both seasons,
owing to freshwater inflows, salinity steadily declined upstream
and sites 8-12 were all below five practical salinity units
(Table 1). Dissolved oxygen was consistent throughout the
study reach.

Ten eDNA samples were collected for mulloway at all sites
except for two where nine eDNA samples were collected (with
the missing replicate due to filter failure). Thirty-eight percent of
the samples collected in autumn and 64% of samples collected
in spring were diluted to 1:10 prior to qPCR for mulloway DNA
concentration estimates due to persistent inhibition. The quantity
of DNA reaction™! fell just below the limit of quantification (two
copies reaction™!) in 21 out of 24 replicate sites (range 0.01-4.5
copies reaction™!), most likely because most samples were diluted
to 1:10 to overcome persistent inhibition. Nevertheless, the number
of technical replicates was high, which increased the accuracy of
DNA concentration estimates.

Mulloway DNA was detected at 173 out of 238 transects and
at all 24 sites except for the most upstream (site 12) during spring,
while hydroacoustic detections occurred at 16 out of 24 sites; eight
during each season (Table 1). Only one site had hydroacoustic
detections of mulloway and no eDNA detections (site 12 during
spring; Table 1). Conversely there were eight sites where eDNA
was detected but there were no hydroacoustic detections (Table 1).
Some of the greatest eDNA concentrations were observed at sites
where no mulloway were hydroacoustically detected, including at
sites 8 and 9 during spring (Table 1). The mean TLs of mulloway
detected at each site varied, but with smaller fish generally
downstream (Table 1).

Significance in the LMMs investigating variability among the
eDNA concentrations of mulloway was restricted to the interaction
between season and biomass, with positive and negative regressions
during autumn and spring; both of which were significantly
different from zero (p < 0.001; Table 2, Figure 2A). Although not
significant, the same trend of coefficients was detected for the
relationship between eDNA and abundance (p = 0.09; Table 2,
Figure 2B).
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TABLE 1 The sites (see Figure 1) and numbers of transects assessed during two seasons (A, autumn and S, spring) in the Hawkesbury River, and the mean (+SE) mulloway (Argyrosomus japonicus) eDNA
concentrations and copies reaction~! and hydroacoustically assessed biomasses, abundances and total lengths (TL) transect™!, and water-quality metrics site™?.

Site eDNA (ng I™!) eDNA (copies Biomass(kg) Abundance Mean TL (cm) Temp (°C) DO (mg 1) Salinity (psu)
number reaction™!)
A S A S A S A S A S A S A S A S

1 1.58 x 1078 329 x 107° 1.0 (0.24) 0.4 (0.21) 98.0 2.0 89 2 36.3(0.91) | 35.0(5.00) | 21.0(0.35) 18.3(0.25) | 6.9(0.08) 8.5 (0.0) 35.0(0.05) | 26.3 (1.60)
(3.74 x 1077) (1.17 x 107°)

2 3.01 x 10°% 1.95 x 1078 1.7 (0.28) 0.4 (0.15) 63.6 13.0 55 10 36.5(1.40) | 39.0 (4.82) | 21.1(0.15) 17.6(0.10) | 6.6(0.03) 8.5 (0.04) 28.6(0.70) | 11.8(0.20)
(1.17 x 107%) (6.88 x 107%)

3 443 x 1078 471 x 107° 1.3(0.23) 0.3 (0.10) 250.6 12.2 166 11 40.3(1.13) | 37.3(3.84) | 20.4(0.20) 19.2(0.05) | 7.2(0.15) | 10.5(0.34) | 28.6(0.40)| 17.3(0.15)
(1.33 x 1079%) (2.13 x 107°)

4 7.01 x 1071 8.51 x 107° 0.2 (0.05) 0.7 (0.21) 166.5 10.0 133 15 37.9(0.96) | 31.3(1.33) | 19.3(0.05) 17.7(0.25) | 7.3(0.04) 8.3 (0.03) 21.3(0.10) | 11.6 (0.05)
(2.11 x 10719) (2.84 x 107%)

5 3.24 x 1077 2.06 x 1078 0.7 (0.08) 1.3(0.31) 155.0 16.0 93 14 41.5(1.37)| 35.7(2.51) | 19.2(0.30) 18.4(0.65) | 7.5(0.30) 8.3 (0.03) 12.7(1.65) | 8.3 (0.10)
(3.71 x 10710) (1.04 x 1078)

6 1.51 x 10~ 475 % 107% 0.3 (0.11) 1.5 (0.64) 10.7 0 5 0 46.0 (6.78) 0 18.9(0.0) | 20.3(0.25) | 8.2(0.18) 7.9 (0.02) 20.8(0.25) | 8.3(0.25)
(5.60 x 10710) (1.14 x 107%)

7 2.11 x 10710 7.53 x 1078 0.1 (0.03) 3.5(0.67) 10.6 0 8 0 37.5(3.13) 0 19.5(0.15)| 21.5(0.65) | 9.1(0.02) 9.1 (0.04) 7.0 (0.00) 5.5 (0.40)
(1.27 x 10719) (1.94 x 107%)

8 4.02 x 1078 2.05 x 107% 3.5(0.77) 0.8 (0.23) 126.8 30.6 38 13 58.7(2.93) | 47.7(5.79) | 18.5(0.25) 18.0(0.10) | 8.8(0.08) 8.4 (0.10) 0.7(0.41) | 3.3(0.35)
(1.10 x 107%) (4.86 x 1077)

9 427 x 1078 231 x10°% 0.9 (0.24) 0.4 (0.12) 0 0 0 0 0 0 17.9(0.25)| 22.9(0.00) | 8.7(0.06) 7.2 (0.04) 1.7(1.63) | 3.3(0.00)
(1.88 x 107%) (6.97 x 107%)

10 1.39 x 1078 6.30 x 107° 1.9 (1.27) 0.3 (0.09) 11.9 185.9 7 91 42.9(2.86) | 453 (1.54) | 17.3(0.05) 22.5(0.10) | 8.7(0.02) 8.4 (0.0) 0.2(0.00) | 0.2(0.01)
(6.31 x 1077) (2.73 x 107°)

11 229 x 1078 3.06 x 1071 0.5 (0.32) 0.01 (0.01) 12.8 75.0 3 24 66.7(13.3) | 57.1(3.78) | 16.9(0.10) 22.7(0.15) | 9.1(0.35) 8.3 (0.15) 0.2(0.01) | 0.01(0.00)
(1.60 x 107%) (3.06 x 10711)

12 2.87 x 1078 0 4.5 (4.26) 0 33.6 222 8 9 66.3(8.44) | 50.0(5.00) | 16.7(0.05) 22.5(0.05) | 8.6(0.02) 8.2 (0.05) 0.1(0.01) | 0.01 (0.00)
(1.91 x 1079%)
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TABLE 2 Summaries of Wald F-values from linear mixed models assessing
the effects of seasons (spring and autumn) and the hydroacoustically
estimated biomass or abundance (and the interaction) of mulloway
(Argyrosomus japonicus) on variability among their concentrations of
eDNA at 12 sites (random factor) in the Hawkesbury River, New South
Wales.

Biomass
Weight m =3 (W) 0.0
Season (S) 0.0
W xS 7.2%*
Abundance
Number m— (N) 0.1
Season (S) 0.1
N x$ 2.9 (p=0.09)
*p < 0.01.

4 Discussion

This study contributes toward the limited regional data
determining the viability of eDNA for monitoring the relative
biomass and/or abundance of mulloway (16, 30), the broader
literature for sciaenids [e.g., (31)] and teleosts in general (13), and
the few studies correlating eDNA and hydroacoustic estimates (20—
23). The results from the autumn sampling support the positive
correlations between biomass and eDNA previously detected for
mulloway under controlled aquaria conditions, and for most
assessed species across various scenarios (13, 16). Nevertheless,
we observed the correlations reversed in spring. Such divergent
seasonal effects can be contextualized within the study limitations
and possible influencing environmental factors.

It is important to reiterate that calculating the absolute biomass
or abundance of mulloway in the Hawkesbury River (to reference
against eDNA concentrations) is not possible. All traditional
methods, including penaeid trawling, electrofishing, gillnetting
or trapping either have lethal outcomes or were considered
impractical. Hydroacoustic sampling was the only feasible option
here. This method has been successfully validated and applied
to assess fish populations around the world (18, 19), but like all
methods, it has inherent limitations—notably the inability here
to identify mulloway <30cm TL. We were aware that juvenile
mulloway as small as 5cm TL inhabit the Hawkesbury River year-
round (9), but we assumed that hydroacoustic detections of larger
fish would present as relatively greater deviations in eDNA from
baseline amounts (i.e., due to smaller fish) because our aquaria
trials (using fish <30 cm TL) showed a strong correlation between
eDNA concentration and biomass (16). Nevertheless, the absence
of data on the absolute quantities of mulloway <30 cm TL means
the hydroacoustic estimates are incomplete, potentially skewing
the observed relationships with eDNA concentrations. Future work
should focus on further validating the hydroacoustic methods to
maximize the accuracy of mulloway detections.

Beyond potential size-specific biases of hydroacoustics there
are important considerations concerning eDNA assessments. We
collected surface water samples at the start of each transect and
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assumed the extracted DNA represented mulloway within the
entire volume of the site. However, the number of water samples
and their appropriate depth required to accurately estimate eDNA
concentrations remain unknown, but probably varies according
to system hydrology (13, 23). While surface sampling may seem
counterintuitive for mulloway, which typically orientate lower in
the water column, previous studies have shown surface samples to
be suitable for both lentic and lotic water bodies which may reflect
mostly shallow depths (23, 32-34). Nevertheless, it is possible the
mulloway eDNA concentrations detected here were not an accurate
representation at deeper sites [i.e., which ranged from ~6 to 34 m;
(35)]. Further, the surface salinity at the five most upstream sites
was quite low across both seasons, indicating potential haloclines.
Mulloway prefer at least some salinity, and any reduction in mixing
may have resulted in less DNA at the surface.

The importance of environmental influences affecting the
distribution of mulloway and their DNA was reiterated by
the significant interaction detected between season and biomass
estimates (and the similar non-significant trend for abundance).
Specifically, while a significant positive relationship between eDNA
concentration and biomass was noted in autumn, the opposite
occurred in spring. This anomaly was primarily driven by two
extremes during spring: high eDNA concentrations when there
were very few (or no) hydroacoustic detections of mulloway,
and high hydroacoustic detections of mulloway where there were
no or very low concentrations of eDNA detected. There are
at least two possible explanations for these observations. First
there may have been relatively larger abundances of undetected
mulloway approaching 30cm TL during spring. specifically,
following spawning throughout summer the greatest abundances
of the smallest mulloway (~5-15cm TL) in the Hawkesbury River
typically occur during autumn [when fish are up to ~6 months old;
(24)]. Then, notwithstanding high natural mortality, many of these
0+ fish would grow to >20cm TL by the subsequent spring [and
still remain undetectable by hydroacoustic scans; (9)]. These larger
fish would be shedding DNA, and so confound any hydroacoustic
biomass estimates of the relatively fewer adults and sub-adults (13).

The second possible explanation relates to the impact
of environmental parameters on DNA persistence at a site.
Assuming the hydroacoustic scans remained similarly efficient
between seasons, the mismatch between eDNA concentrations and
hydroacoustic detections of mulloway at a site in spring could
simply reflect greater rainfall. Lower salinity across most sites
reflected greater freshwater flows during spring. High inflows can
dilute eDNA as well as transport eDNA from further upstream,
which may explain the low concentrations detected at a site despite
the presence of high mulloway biomass/abundance. Additionally,
biotic and abiotic factors can influence eDNA production and
persistence and are known to fluctuate between seasons (36, 37).
Various unmeasured variables (including UV light, chemicals,
microorganisms and biofilms) may have also affected eDNA
persistence differently between seasons, leading to variation in
detected concentrations.

Speculation over the causal factors supporting the interaction
between season and biomass detection clearly reiterates the need
to progress more research with eDNA for use as a relative index
of mulloway populations. Such work should include comparing
eDNA concentrations between the upper and lower reaches of
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FIGURE 2
Linear regressions between log eDNA concentrations (ng |~1) of mulloway (Argyrosomus japonicus) and their hydroacoustically estimated (A)
biomass and (B) abundance (m~3) during autumn (May) and spring (October and December). Points indicate raw data, while the lines are the
regressions with and 95% confidence intervals either side.

the Hawkesbury River, and possibly restrict sampling to low-
flow conditions or less dynamic estuaries. Nevertheless, research
will remain difficult in estuaries because these present dynamic
environments with numerous abiotic factors that can strongly affect
relationships (13).

Regardless of efforts at deciphering extrinsic factors affecting
eDNA, because mulloway are still targeted and landed by
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commercial fisheries in various NSW estuaries and inshore, future
surveys also warrant comparing these catches against eDNA
data across the same space and time. However, current eDNA
methods are constrained by limited size differentiation (subject
to abiotic and biotic influences), and so the challenge remains to
interpret such data alongside fishery-dependent catches and known
sizes (38).
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