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Abstract

Coastal estuaries provide essential juvenile habitat for many commercially and recreationally important fish, which may move
between estuarine and coastal environments throughout their life. Identifying the most important estuarine nurseries that con-
tribute to the broader stock can support targeted management of juvenile and spawning populations. The objective of this study
was to (1) compare chemical fingerprints within sagittal otoliths of juvenile Mulloway (Argyrosomus japonicus) sampled from
putative south-eastern Australian nurseries, (2) assess their potential as natural tags to distinguish nursery grounds for the broader
coastal Mulloway stock and (3) assess the viability of otolith chemistry as a fisheries management tool when limited to
opportunistic, fisheries-dependant, otolith sample collection from by-catch. Otoliths from juvenile Mulloway (0 to 3 years, 4
to 44.8 cm total length) were obtained from 8 major estuaries and 2 inshore ocean locations along coastal south-eastern New
South Wales, Australia, from April 2015 to July 2018. Concentrations of Sr, Ba, Mg, Mn and Li in the otolith region corre-
sponding to the juvenile nursery stage were determined using laser ablation-inductively coupled plasma-mass spectrometry (LA-
ICP-MS). The element to Ca ratios of fish from coastal estuaries differed significantly among collection areas, based upon
multivariate elemental fingerprints, with some exceptions. When the otoliths of fish were analysed in a multinomial logistic
regression (MLR) classifier, there was an overall mean allocation success of 59% to the estuary of capture. This study highlights
the use of otolith ‘fingerprints’ as natural tags in Mulloway, and contributes to progressive research in environmental recon-
struction applications of otolith chemistry.
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Introduction

Estuaries are dynamic, productive systems and of direct im-
portance to many aquatic species (Raoult et al. 2018;
Ronnbéck 1999; Taylor et al. 2018). Specifically, these
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ecosystems provide food, habitat and refuge across a range
of life stages (Able 2005), and many coastal estuaries provide
essential nursery habitat for juvenile fish and crustaceans
(Beck et al. 2001; Gunter 1967; Litvin et al. 2018). While
some species are resident within estuaries for their entire life
(Dolbeth et al. 2008; Potter and Hyndes 1999; Sakabe and
Lyle 2010), other species utilise estuaries during their juvenile
stage before migrating into nearby waters to complete their
life cycle (Able 2005; Bode et al. 2006; Dias 1996; Gillanders
et al. 2003). For these species, the contribution of juveniles to
the broader stock may differ among estuaries, such that some
estuarine nurseries are disproportionately more important to
the overall stock than others.

In the context of fisheries, recruitment can be defined as the
number of juvenile fish surviving to enter the fishery, or to
some other life stage such as settlement or maturity. Studying
the differential contribution of these estuarine nurseries to re-
cruitment is essential for effective fisheries and ecosystem
management (Nagelkerken et al. 2015). For example,
distinguishing nursery grounds can help manage exploited
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populations (Thorrold et al. 2001), target conservation and
repair efforts for essential habitat (Bertelli and Unsworth
2014; Boys and Pease 2017; Rose et al. 2015), support the
design of spatial management measures (Liu et al. 2018) and
inform other fishery management strategies such as stocking
programs (Bell et al. 2008; Lorenzen 2008; Zohar et al. 2008).
These studies generally involve tracing fish migration history
and connectivity, to determine the contribution of particular
areas to the broader stock (e.g. Fowler et al. 2016; Gillanders
2002a; Gillanders et al. 2003; Schilling et al. 2018; Taylor
et al. 2006; Yamashita et al. 2000).

In recent decades otolith chemistry has become an increas-
ingly popular ‘natural tag’ to determine connectivity between
populations (DiBacco and Levin 2000; Fowler et al. 2016;
Gibb et al. 2017; Gillanders and Kingsford 1996; Thorrold
et al. 1998) and investigate life history in fish (Gillanders
2002a; Gillanders and Kingsford 2000; Marriott et al. 2016;
Reis-Santos et al. 2012; Schilling et al. 2018). This tool is
particularly useful in the context of early life history ‘patterns’
in fish, as conventional tagging techniques used for many
marine organisms are impractical for small animals, are not
‘life-time’ tags, have high rates of mortality associated with
tagging, and require sufficient rates of tag recovery
(Gillanders 2002a). Calcified structures have been used to
measure natural chemical markers in a range of organisms
including bivalves, fish, sharks and corals (e.g. Gomes et al.
2016; Izzo et al. 2016; McMillan et al. 2017; Raybaud et al.
2017). The primary assumption of these studies is that ele-
ments within these structures are primarily sourced through
absorption of minor and trace elements present in the ambient
water (Elsdon et al. 2008; 1zzo et al. 2018; Miller 2011).

A suite of elements are used in otolith (“earstone”)
microchemical analyses as proxies for change in the
physico-chemical properties of an individual’s environment
(Thomas and Swearer 2019). For example, otolith strontium
(Sr) and barium (Ba) concentrations vary strongly with envi-
ronmental salinity and temperature (Barnes and Gillanders
2013; Elsdon and Gillanders 2002; Tsukamoto and Arai
2001), and manganese (Mg) is useful for tracking hypoxia
(Limburg et al. 2011). Otoliths are acellular and metabolically
inert structures (Thomas and Swearer 2019). Thus, incorpora-
tion of these elements can create a permanent record of the
environmental conditions experienced by a fish, during a spe-
cific period of growth (Disspain et al. 2016; Sturrock et al.
2012), providing a sequence of location-specific fingerprints
throughout a fish’s life history (Campana and Thorrold 2001;
Grammer et al. 2017; Ruas and Vaz-dos-Santos 2017).
Relationships are validated for many species using laboratory
trials, and extrinsic and intrinsic factors (such as pH, water
temperature, diet and genotype) may affect concentrations
alongside salinity (Barnes and Gillanders 2013; Doubleday
et al. 2013). For example, Sr, Ba and Li enrichment into the
otolith is dependent on concentrations in the ambient

environment (Thomas et al. 2017), whilst manganese (Mn)
and magnesium (Mg) appear to be under strong physiological
and growth rate control (Brophy et al. 2004; Hiissy et al. 2020;
Limburg et al. 2018). These elemental ‘fingerprints’ or ‘sig-
natures’ have effectively been used to classify nursery areas,
identify nursery estuaries for adult fish (Gillanders 2002a;
Gillanders and Kingsford 2000; Reis-Santos et al. 2013;
Vasconcelos et al. 2011), discriminate among populations
from different geographic locations (Tanner et al. 2016;
Wells et al. 2015) and determine mixed-stock compositions
(Campana et al. 2007; Geffen et al. 2011).

Mulloway (Argyrosomus japonicus) are a wide-ranging
estuarine and coastal predator common to southern
Australia, Africa, India, Pakistan, Korea, Japan and China
(Silberschneider and Gray 2008). The early life history of
Mulloway is poorly understood. In south-eastern Australia,
particularly New South Wales (NSW), large summer rainfall
events appear to trigger spawning aggregations around the
mouths of estuaries, where larvae can disperse along the coast
(see Taylor et al. 2014). Depending on the region, larvae re-
turn to and settle back into brackish regions of temperate es-
tuaries (Gray and McDonall 1993; Griffiths 1996; Pursche
et al. 2013; Taylor et al. 2006), where they remain during
the first 3 to 4 years of life as sub-adults (Griffiths and
Attwood 2005; Silberschneider and Gray 2008), utilising
deep-hole habitats (Becker et al. 2017; Taylor et al. 2006).
While juveniles are often highly associated with estuarine
nursery habitats (Becker et al. 2017; Taylor et al. 2006), adults
are known to undertake broader inter-estuarine (Hall 1984;
Hall 1986) and coastal migrations (West 1992), potentially
related to spawning (Barnes et al. 2019; Taylor et al. 2006)
and food availability (Stewart et al. 2020). The extent of inter-
estuarine connectivity is largely unknown for this species;
however, it is thought that nursery areas are focused in larger
estuaries, due to increased habitat, food and enhanced
physico-chemical conditions to stimulate juvenile recruitment
(Dahlgren et al. 2006; Taylor et al. 2014). In NSW, Australia,
Mulloway mature at ~51 cm and ~ 67 cm (total length, male
and female L, respectively, Silberschneider and Gray 2005),
and are heavily fished in both estuaries and inshore areas. Due
to recent declines in the south-eastern Australian Mulloway
stock, the species is subject to a recovery program in NSW
(Earl et al. 2019).

Prior works on this species in Australia have employed
techniques based on tag-recapture (Silberschneider and Gray
2008), telemetry (Barnes et al. 2019; Taylor et al. 2006) and
genetics (Archangi 2008; Barnes et al. 2016; Farmer 2008) to
define stock structure, habitat use and connectivity of
Mulloway in Australian waters. Otolith elemental chemistry
studies on Mulloway, however, are limited, particularly for
the NSW Mulloway stock. Stock discrimination between
adult Mulloway populations has been conducted in South
Australia (i.e. the Western, Central and Eastern coast of SA)
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using otolith chemistry (Sr:Ca, Ba:Ca and Mg:Ca) and otolith
morphometrics (Ferguson et al. 2011). However, the current
study differs from previous analyses, as discrimination of ju-
venile Mulloway nursery estuaries using otolith chemistry has
not yet been undertaken. Following recent laboratory and field
otolith chemistry studies on Mulloway by Barnes and
Gillanders (2013) and also Ferguson et al. (2011), otolith
chemistry was evaluated as a natural tag to aid research on
questions relating to stock structure and connectivity. In the
current study, we assess the suitability of natural chemical tags
to differentiate putative estuarine nurseries for juvenile
Mulloway across south-eastern Australia. Specifically, the ob-
jectives were to:

1. Evaluate geographic variation in the elemental chemistry
of juvenile Mulloway across all major putative nursery
estuaries and inshore locations (hereafter collectively re-
ferred to as locations)

2. Determine if these differences in otolith elemental chem-
istry can support the classification of juvenile Mulloway
back to the estuary of capture

3. Assess the viability of otolith chemistry as a fisheries
management tool when limited to opportunistic, fisher-
ies-dependant’ otolith sampling of by-catch.

Methods
Study Design and Fish Collection

Juvenile Mulloway (n =274, <45 cm) were collected from 8
major estuaries and two inshore ocean locations along the
south-eastern coast of Australia (Fig. 1, Table 1) during
spring/summer in 2015-2018 (November to April, Fig. 2).
These fish were collected in collaboration with commercial
fishers from the NSW Estuary General Fishery and Ocean
Prawn Trawl Fishery', under NSW Department of Primary
Industries Scientific Collection Permit P01/0059. Fish were
captured using either gill nets or otter trawl, and sample size
varied among locations due to availability (Table 1, Fig. 2).
Chemical fingerprints were obtained from otolith edge abla-
tions of juvenile Mulloway (Fig. 3) using a laser inductively
coupled plasma-mass spectrometer (LA-ICP-MS). This abla-
tion position was selected as elemental compositions acquired
from the otolith edge are considered the most recently accrued
otolith chemistry, and most likely to reflect the water chemis-
try of the estuary of capture (Campana 2013; Tanner et al.
2016). Subsequent otolith chemistry of fish collected from

! With the exception of Georges River, which is not a commercially fished
estuary; samples for this estuary were obtained from independent mesh net
sampling.
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these putative coastal nursery areas was used to determine
whether different estuaries had different elemental
fingerprints.

Sample Preparation

All fish were frozen until dissection in the laboratory. Prior to
processing, the fish were defrosted. Both sagittae were re-
moved, cleaned in ultra-pure deionised water (Milli-Q) and
then air-dried overnight. An otolith from each fish was em-
bedded in indium-spiked (~40 ppm) two-part epoxy resin
(Struers Epofix) and sectioned transversely (~300 wm wide)
through the primordium (perpendicular to the long axis), using
a low-speed saw (Buehler Isomet) and two spaced diamond
blades. Milli-Q water was used to lubricate the blades during
this process. Sections were then polished with 9-um lapping
paper. Otoliths from all collection locations were combined
and arranged in random order to remove any systematic var-
iation arising from possible instrumental drift between sam-
ples, and affixed to glass microscope slides using indium-
spiked (~200 ppm) thermoplastic glue. Slides with mounted
otoliths were then sonicated with Milli-Q water before being
dried in a laminar-flow positive-pressure fume hood overnight
and individually stored in plastic bags, ready for analysis
using laser ablation-inductively coupled plasma-mass spec-
trometry (LA-ICP-MS). The age of individuals (Table 1)
was estimated by counting opaque increments in the trans-
versely sectioned otoliths under reflected light at a magnifica-
tion of x20 on a compound microscope. This process was
carried out by two experienced readers, and where discrepan-
cies occurred, a third, highly experienced otolith technician
became the third reader. Uncertainties were handled by this
third reader who made the final decision on the fish’s age. All
fish aged 0+ to 3 years (n = 274) were selected for subsequent
chemical analysis.

Analytical Methods

Transverse sections of juvenile A. japonicus otoliths were
analysed at Adelaide Microscopy (Adelaide, SA, Australia)
using a NewWave UP-213-nm laser ablation system connect-
ed to an Agilent 7500cs inductively coupled plasma-mass
spectrometer (LA-ICP-MS). The ICP-MS instrument was
run at a frequency of 5 Hz and fluency of 10 J cm 2, using a
spot size of 60 um. The sample to be analysed was placed in
the ablation chamber and viewed remotely on a computer
screen. The laser was focused on the intended spot position
at the otolith edge and was fired through the microscope ob-
jective lens, essentially ‘drilling down’ vertically into the oto-
lith edge. The laser operated with a dwell time of 40 s, and the
mean ablation depth was 48 um (SE £2.4, n = 10). Resultant
ablated material from this single vertical spot on the otolith
edge was entrained by argon and helium gas for analysis of
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Fig. 1 Map of south-eastern Australia showing the estuary locations
where juvenile Mulloway were collected. Ballina and Yamba inshore
ocean samples were collected adjacent to the mouth of the Richmond
and Clarence rivers (respectively)

24Mg, 2Mg, M, *85r, 138Ba, TLi, 2*Na, “Ca, ®Zn, '!'Cd,
139La, 2%%Pb and ''“In isotopes by ICP-MS. The element ' °In
was analysed to detect any contamination from resin or the
thermoplastic glue, and calcium was the internal standard used
to correct for any variations in ablation yield. Before data
collection and each sample ablation, elemental background
concentrations were determined by analysis of the chamber
gases. After 20 to 30 s of the blank counts, a 3-s pre-ablation
was conducted at the spot location to remove any surface
contamination. This was immediately followed by a single
60-um spot, ablated at the distal edge of each otolith along
the proximal surface, beside the sulcal groove. This single
spot location was selected as it is comprised of the material
most recently incorporated into the otolith surface, and there-
fore the most useful composition to characterise the chemical
fingerprint of the estuary from which the juvenile was cap-
tured. Certified reference materials (glass standard NIST 612
and carbonate standard MACS-3) were analysed every 10 to
12 samples, and a linear interpolation between the 2

consecutive sets of NIST 612 standards was made to correct
for instrument drift, calibrate elemental concentrations, correct
mass bias and assess external precision. Between each abla-
tion, a 30-s washout delay was used to purge the chamber and
prevent each sample from cross-contamination.

Background counts lasting 60 s were collected at the start
and end of each day of analysis, with the variation among
these counts used to calculate the limits of detection. In the
few cases where data fell below the limit of detection (8% of
samples with 2 samples being for the isotope ’Li and a further
18 samples for the isotope *>Mn), the recorded LOD values
were used, since excluding or substituting values with an ar-
bitrary number or zero has been shown to bias data owing to
non-random patterns in the distribution of small values (Helsel
2006; Lazartigues et al. 2016; Schaffler et al. 2014). As
outlined by Yoshinaga et al. (2000), calcium concentration
was assumed from the stoichiometry of calcium carbonate as
38.8% and the concentrations of other elements (above the
limits of detection) were estimated against the Ca
concentration.

Mean estimates of precision (%RSD, relative standard devi-
ation) based on a NIST 612 standard being treated as an un-
known were 100% (Mg) and 99.95% (Mn, Sr, and Ba). Raw
elemental count data were processed using the Iolite software
plugin (Paton et al. 2011) for IgorPro (Wavemetrics) and sam-
ple measures were expressed as ratios to **Ca (in pmol mol ")
to account for fluctuations in the ablation yield. For each ses-
sion, baseline values were subtracted (step-forward integration)
and 0.5 s was cropped from the start and finish of each mea-
surement. Where the indium marker was detected (indicating
ablation of the mounting material), individual measurements
were further cropped. Output measurements were calibrated
against the NIST612 measurements (Spline Smooth 7 integra-
tion) over the period of the run. All elemental data reduction
was carried out manually using a spreadsheet program
(Microsoft Excel) and involved determining the average of
the background counts and subtracting this from the average
of the sample counts. Data (counts s 1) were then converted to
concentrations.

Statistical Methods

Analysis was undertaken in R v. 3.2.1 (R Development Core
Team 2010). Although a larger suite of elements was initially
measured using LA-ICP-MS, the elements selected for the
final analyses were 883y, 13%Ba, 25Mg, >Mn and "Li, since
these produced readings above detection limits, provided the
best precision (based on %RSD) and the best accuracy (per-
cent recovery). Furthermore, 883, 138Ba, ZSMg, 5SMn and "Li
are all influenced by environmental change (albeit influenced
by intrinsic factors e.g. ontogeny, genetics and diet). Before
data analyses, all raw data were checked for errors and outliers
using box plots and Cleveland dot plots, as suggested by Zuur
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Table 1 Summary data for juvenile Mulloway collected during the
study, showing the number of samples collected (V) and the number for
which chemical data was suitable for analysis (n). Ages and total lengths

reflect only fish included in n. NSW estuary freshwater input data is based
on data collected from 2002 to 2007 (NSW Government SEED public
database (2020), accessed 7 July 2020)

Location Abbreviation Mean annual Standardised Sample Included in Total length Age Age Age Age
freshwater input  freshwater input size (N) analysis (#) (range, cm) (0+year) (1 year) (2 years) (3 years)
(ML) (ML km 2

Clarence CLR 138,451.5 1063.5 24 22 7.3-36.2 12 10 0 0
River

Richmond ~ RMR 6842.5 2590.6 12 12 21.0-429 0 7 5 0
River

Yamba Yam_Oc - - 56 53 4.0-21.0 18 29 5 1
(inshore)

Ballina Bal Oc - - 33 31 4.2-16.0 24 7 0 0
(inshore)

Hunter River HUR 101,462.0 3684.6 43 41 7.4-44.0 16 23 2 0

Port PST 136,669.1 19.1 15 14 306445 0 12
Stephens

Macleay MLR 81,860.1 3414.7 17 14 347435 0 9 5 0
River

Georges GGR 2465.9 412.1 22 20 26.2-446 4 13 3 0
River*

Hawkesbury HKR 98,786.6 910.0 37 37 9.0-44.8 9 26 2 0
River

Shoalhaven =~ SHR 56,265.0 1844.0 15 15 395446 1 10 4 0
River

*Georges River is not a commercially fished estuary; samples were obtained from independent mesh net sampling

et al. (2010). Any erroneous data caused by machine error or
spiked indium levels were removed (15 samples in total were
removed, amounting to the loss of ~ 5% of samples).

A preliminary exploration of individual elements
(SSSr, 138Ba, 25Mg, 5>Mn, 7Li) was conducted to deter-
mine if there were differences between locations, using
analysis of variance (ANOVA). To test the temporal and
ontogenetic stability of the fingerprints, additional

Fig. 2 Total count of juvenile
Mulloway otoliths collected from
locations throughout the sample
period

Total count of otoliths sampled
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covariates were added to the initial model (e.g. element:
Ca~estuary - collection year + age + total length). There
was an effect for age and the year of collection using
multinomial logistic regression (MLR); however, there
was only marginal (<2%) improvement in allocation suc-
cess after sub-setting the data to reduce these effects.
Hence, all samples were retained for further analyses
using multivariate techniques.
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Fig. 3 Transverse section of a
Mulloway otolith at 1 year of age,
revealing the first opaque annuli
and the ICP-MS ablation ‘spot’
location (marked in blue) at the
otolith edge

Differences between locations were evaluated for the
multivariate data set (with a Euclidian distance matrix),
using non-parametric permutational-ANOVA
(PERMANOVA). Log;, transformation was applied to
'3%Ba and >>Mn data to address skewness and ensure as-
sumptions of normality were met. A canonical variates
analysis (CVA) was also used to visualise multivariate dif-
ferences in elemental fingerprints among locations.
Multinomial logistic regression (MLR) was used to deter-
mine if differences in otolith trace elements supported the
back-classification of juvenile Mulloway to their capture
location. The absence of collinearity is assumed for MLR;
hence, all predictor variables were checked graphically be-
fore modelling (Zuur et al. 2010). MLR has been widely
used (e.g. Wood 2017) including recent ecological appli-
cations (e.g. Bourel and Segura 2018). Briefly, a backward
stepwise model variable selection process was used, with
the lowest Akaike information criterion (AIC) used to se-
lect the most appropriate model variables from the five
candidate elemental ratios (Wood 2017). The MLR cate-
gorical response variable was the location regressed
against the continuous otolith elemental predictor
variables.

Results
Univariate Comparisons of Individual Elements

Otolith elemental concentrations were significantly different
among locations for all metals when tested individually

(P<0.05, Tables S1 and S2, Fig. S1). In particular, the two
ocean locations had elevated concentrations of Li:Ca, Sr:Ca
and Mn:Ca relative to other locations and Ba:Ca concentra-
tions were greatest in the Clarence River, Hunter River and
Hawkesbury River. Differences in Sr:Ca concentrations also
occurred among locations with the Hunter, Hawkesbury and
Clarence rivers having concentrations as high as the two ocean
locations, Ballina and Yamba (Fig. S1).

Multivariate Comparisons and Classification

Non-parametric PERMANOVA showed there was signif-
icant variation in elemental fingerprints among locations
(F9, 249 = 17.02, P=0.005: Table 2, visualised by CVA
in Fig. 4). Notably, fish collected from the Clarence
River, Hunter River and Hawkesbury River had unique
chemical fingerprints compared to all other locations.
Using the MLR, juvenile Mulloway were back classified
to their locations of capture with variable success
(Table 3, Tables S3 and S4). As previously mentioned,
chemical compositions of individuals collected from the
Clarence River, Hunter River and Hawkesbury River
were highly unique, and there were reasonable cross-
validation scores for these groups when all locations
were compared (64%, 61% and 62% respectively
Table 3). The inshore ocean locations (Ballina and
Yamba) showed the highest percent allocation (74%
and 70% respectively), whereas in other locations, for
example, the Macleay River and Shoalhaven River, clas-
sification success was comparatively poor (29% and 0%).
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Table 2 Pairwise comparisons of variation in elemental fingerprints of juvenile Mulloway among locations. Significance codes: — not significant,
*P < 0.05 significant following Bonferroni correction for multiple comparisons
Estuaries Georges Hawkesbury ~ Hunter Macleay Port Richmond Shoalhaven Ballina Yamba
River River River River Stephens  River River (inshore) (inshore)

Clarence River * - - * * * * * s
Georges River * * - - * - * *
Hawkesbury * * * * * * *

River
Hunter River * * * * * *
Macleay River - - - * *
Port Stephens * - * *
Richmond - * *

River
Shoalhaven * *

River
Ballina -

(inshore)

Other Influences on Otolith Chemical Fingerprints

To test for ontogenetic and temporal influences on elemental
concentrations, additional analyses were conducted by adding
the covariates age, total length and the year of sample collection
to the initial ANOVA model. There was a significant effect for
age and the year of collection (P <0.05, df=3 respectively,
Table S1), although removing fish aged 0+ to 1 year only had
marginal (< 2%) improvement in allocation success by the MLR.
Similarly, inclusion of TL (which covaried with age) indicated
that fish <15 cm TL generally had elevated elemental finger-
prints. Closer investigation of the data revealed that these fish
were predominantly from the Clarence River. Subsequently, the
MLR was again trialled on fish > 15 cm TL which caused the

allocation success rate to decrease ~ 10%. There were no obvious
patterns in classification success when compared among ages,
locations or years of collection (Figs. 5, 6 and 7). Rather, mis-
classification appeared to be associated with similarities in ele-
mental fingerprints among certain locations.

Discussion

Classification by Location Using Otolith Elemental
Fingerprints

Our analyses detected substantial geographic variation in oto-
lith elemental fingerprints for juvenile Mulloway, and for

Fig. 4 Non-parametric canonical
variates analysis (CVA) ordina- Ba
tion of juvenile Mulloway ele- o 4
mental fingerprints. CVA shows
line weighting regime centroids
(individual fish were removed to -
improve clarity) for NSW <
estuaries 80
©
8 o
N
c
©
o Aol —
1
N
1

Sr

Li

Ballina (inshore)
Clarence River
Georges River
Hawkesbury River
Hunter River

Manning River

Yamba (inshore)
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Table 3 Summary of cross-
validated allocations of juvenile

Mulloway against the location
where they were sampled (using a
multinomial classifier of otolith
elemental chemistry). Further in-
formation regarding misalloca-
tions are presented in Table S3
and Figs. 5, 6 and 7

Predictor variables for best model Estuary % correct allocations

Mn:Ca, Mg:Ca, Li:Ca, Sr:Ca, Ba:Ca Richmond River 67
Clarence River 64
Port Stephens 57
Hunter River 61
Macleay River 29
Georges River 50
Hawkesbury River 62
Shoalhaven River 0
Ballina (ocean) 74
Yamba (ocean) 70
Overall 59

some locations, these differences supported a reasonable level
of back classification of fish to their locations of capture.
Fundamentally, this demonstrates the potential for such fin-
gerprints to be used as natural tags for identification of nursery
habitats and estuary of origin in Mulloway. The reasonable
success of allocations of juvenile Mulloway in certain loca-
tions (e.g. Richmond River, Clarence River, Hawkesbury
River and Hunter River, and Ballina and Yamba ocean loca-
tions) suggests a potential lack of mixing at the juvenile stage.
This supports previous work using acoustic telemetry, which
showed some estuary fidelity in juvenile Mulloway (Taylor
et al. 20006).

Elemental fingerprints only differed significantly between
some locations, and in some cases, there was considerable
variability among individuals within locations. This concurs
with previous research within the same study region for
Pagrus auratus, Pelates sexlineatus and Pomatomus saltatrix,

Fig. 5 Proportion of juvenile 1

Mulloway that were successfully o0
classified and those that were

misclassified by the MLR,

according to their location of 0.75
capture

Proportion
o
3

0.2

o

0.00

which also found homogeneity in otolith chemistry among
locations (Gillanders 2002a; Sanchez-Jerez et al. 2002;
Schilling et al. 2018). Juvenile Mulloway captured in the
Shoalhaven River had poor back-classification success, which
was similar to results found by Schilling et al. (2018) for
juvenile P. saltatrix in this estuary. Similarity in elemental
fingerprints among estuaries has been previously reported in
many species (Gillanders 2002b; Marriott et al. 2016;
Schilling et al. 2018), particularly in studies with large num-
bers of sample sites. It is conceivable that the lack of distinct
elemental fingerprints among these estuaries may reflect a
similar level of freshwater input (Table 1) or similarities in
the geology of adjacent water catchments (Crook et al. 2016;
Grimes and Kingsford 1996) (Table 4). Differences in fresh-
water inputs among estuaries arise through variable catchment
sizes and the size and number of dams and impoundments on
freshwater tributaries, which in turn may influence
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concentrations of certain elements in the estuaries. Often,
mechanisms that drive differences in elemental chemistry are
complex and not well understood (Gillanders and Kingsford
2000; Walther 2019), which makes it challenging to under-
stand causative relationships. However, for this approach, it is
not necessary to understand why differences occur just wheth-
er differences occur.

For samples collected at the Ballina and Yamba locations,
elevated Sr:Ca and Li:Ca concentrations drove the differences
from estuarine locations. This result is unsurprising, as elevat-
ed Sr:Ca is indicative of marine residence (Sturrock et al.
2012; Walther and Thorrold 2006), but concentrations can
also be influenced by temperature and physiology (see
Barnes and Gillanders 2013; Reis-Santos et al. 2018;

Fig. 7 Proportion of juvenile 2015
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Sturrock et al. 2014). However, fish collected from some of
the estuaries had similar Sr:Ca concentrations to these oceanic
locations (Fig. S1), and results for the Clarence River revealed
simultaneously high ratios of Ba:Ca and Sr:Ca. Typically,
most estuary mixing models show very little difference in
water Sr:Ca at salinities above ~ 10 and the plateau in Sr:Ca
values depends on endmember concentrations (Walther and
Nims 2015), which may confound expected outcomes. While
the positive relationship between otolith strontium and ambi-
ent salinity is widely assumed (see review: Secor and Rooker
2000), strontium concentrations in ambient water also contrib-
ute to increased otolith strontium (Bath et al. 2000; Elsdon and
Gillanders 2003; Milton and Chenery 2001). Hence, depend-
ing on catchment mineralogy, it is possible for Sr:Ca ratios in
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Table 4 Geomorphological classification of locations sampled in the study design (Roy et al. 2001)

Estuary NSW bioregion Estuary group Estuary type Evolution stage Waterway area (km?)
Clarence River Northern Wave-dominated Barrier Mature 130.2
Richmond River Northern Wave-dominated Barrier Mature 38.1
Ballina (inshore) Northern Coast Coast Coast -
Yamba (inshore) Northern Coast Coast Coast -
Hunter River Central Wave-dominated Barrier Mature 37.1
Macleay River Central Wave-dominated Barrier Mature 24
Port Stephens Central Tide-dominated Drowned valley Youthful 129
Georges River Southern Tide-dominated Drowned valley Intermediate 16.6
Hawkesbury River Southern Tide-dominated Drowned valley Semi-mature 111.5
Shoalhaven River Southern Wave-dominated Barrier Mature 30.5

freshwater to exceed that of marine waters and for mixed
results for otolith strontium and salinity to occur (Gillanders
2005).

In contrast, elevated Ba:Ca observed in fish otoliths
from the Clarence, Richmond, Hunter and Hawkesbury
River are more typical of lower salinity and brackish water
environments (Brown and Severin 2009; Elsdon and
Gillanders 2005b; Gillanders et al. 2015; Walther and
Limburg 2012). These larger systems also receive compar-
atively high freshwater inputs (Table 1), which will impact
salinity levels throughout these estuaries, as well as deliv-
ering more dissolved minerals into the estuarine water.
Certainly, Sr:Ca and Ba:Ca concentrations were elevated
in these systems (Fig. S1). Specifically, Ba:Ca and Mn:Ca
ratios were higher in fish otoliths collected from the
Clarence River than from all other estuaries; this observa-
tion was also noted by Schilling et al. (2018) for juvenile
Pomatomus saltatrix collected from the Clarence River.
Rivers within the northern bioregion of NSW (i.e. the
Clarence and Richmond rivers, Fig. 1) generally receive
higher rainfall than the rest of the state and are more prone
to flooding. Historical data reflects this trend, as average
annual rainfall observations over the past 20 years are
greater for the northern bioregion than the central and
southern bioregions (1398 mm, 1076 mm, 712 mm respec-
tively, based on mean weather data from 1998 to 2018)
(Bureau of Meteorology 2019). In the current study,
Mn:Ca and Mg:Ca ratios (along with Li:Ca) were highest
in the Clarence River, followed by the inshore ocean
groups (Ballina and Yamba) and the Hunter River (Fig.
S1 and S2). This may be indicative of some ontogenetic
(age at size) effect (see Hiissy et al. 2020), as the majority
of juveniles sampled from these areas were age 0+ and age
1+ (Table 1). Broadly, concentrations of these elements
were elevated in fish <1 year of age (and <15 cm total
length). Similarly, Limburg et al. (2011) found elevated
otolith Mn:Ca ratios in regions of cod (Gadus morhua)
otoliths corresponding to their first year of life.

Although elemental fingerprints of fish showed some over-
lap among estuaries, an objective of our study was too assess
the viability of otolith chemistry as a fisheries management
tool, when limited to otoliths sourced entirely from commer-
cial fishery by-catch. The elemental fingerprints of otolith
samples derived from this source supported a reasonable level
of classification to the location of capture (59% overall,
Table 3). This result is comparable to or greater than those
of other published otolith chemistry studies on Mulloway (in
South Australia; see Ferguson et al. 2011) and for different
species in similar environments (Bourret et al. 2014; Gahagan
et al. 2012; Schilling et al. 2018). Otolith elemental finger-
prints of some locations in this study thus represent a usable
known-origin data set. Determining natal origins of exploited
and threatened species is critical for their management and
conservation (such as restocking efforts; see Pursche et al.
2013), particularly if source-sink dynamics are present, or
natal homing occurs (Barnes et al. 2019). This study supports
the application of otolith chemistry as a fisheries research tool
for Mulloway, and suggests that samples collected opportu-
nistically (i.e. using commercial fishing effort) may be suit-
able for this approach. However, greater sample numbers may
be required to improve resolution of patterns in those locations
for which there was poor classification.

Sources of Bias and Potential Impact on Classification

Otolith elemental concentrations are influenced by extrinsic
factors, such as salinity and water temperature, as well as
intrinsic factors such as genetics, diet and ontogeny (Barnes
and Gillanders 2013; Limburg et al. 2018). Whilst it may be
unnecessary to fully understand these effects when using ele-
mental fingerprints as natural tags of nursery habitats (see
Campana et al. 1994; and also Thorrold et al. 1998), the inter-
action of these factors can become potential sources of bias
that contribute to variability in the data and resultant misclas-
sification. Water chemistry can vary considerably within indi-
vidual locations, both temporally and spatially, influenced by
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river and groundwater inflows (Elsenbeer et al. 1995), ocean-
ographic connectivity and topographic forcing (e.g. currents,
estuarine plumes and mixing; see Cooper et al. 2008; Walther
et al. 2013), and the impact of urbanisation and industry (e.g.
sewerage, drainage; see Miyan et al. 2016). Point sources of
inflows may influence elemental chemistry, especially where
fish are site attached or have small home ranges. Mulloway
have relatively broad home ranges (7-30 km) within locations
(Taylor et al. 2014), so small-scale variation is unlikely to
have impacted results, but cannot be ruled out. Ontogeny
can affect the stability of otolith fingerprints in some fish
species (Grammer et al. 2017; Limburg et al. 2018). In the
current study, there appeared to be some age and size effects,
which were small relative to geographic differences; however,
it is important to consider that some elements (especially Mn,
Mg and Li) may be sensitive to growth rates in certain taxa
(Thomas and Swearer 2019). Hence, caution may be needed
when sampling very young juveniles, and excluding certain
year-classes may be necessary. Broadly, elements that are not
influenced by endogenous processes (Sr:Ca and Ba:Ca) are
the most suitable candidates for use in environmental recon-
structions; however, interactive effects between these two el-
ements negate the use of Sr:Ca and Ba:Ca ratios exclusively,
as environmental proxies (see De Vries et al. 2005). In the
current study, when these two elements were tested exclusive-
ly, allocation success was reduced (from 59 to 45%).
Collection of environmental data was outside of the scope
of the current study, due to the large number and spatial
breadth of the estuaries involved, and the sample method
employed (i.e. collection of individuals from commercial op-
erators). A suite of environmental parameters (salinity and
temperature) and water samples for analysis of elemental
chemistry (see Dorval et al. 2007; Taddese et al. 2019) could
be collected at the exact location and time of fish collection, if
fishery-independent collection methodology is employed. The
use of additional chemical (e.g. isotopes such as oxygen and/
or carbon or eye lens carbon, nitrogen and sulfur (CNS) iso-
topes; see Hsieh et al. 2019; Trueman and St John Glew 2019)
and non-chemical data may assist the interpretation of patterns
in otolith chemistry. In addition, samples (fish and environ-
mental data) from multiple sites along each estuary may pro-
vide a broader representation of otolith chemistry across each
system, and thus better account for spatial and temporal
biases. Sampling programs with a reasonable temporal period
are recommended, as chemical fingerprints built over time for
each estuary may be more robust to environmental fluctua-
tions than elemental fingerprints of a single year-class of ju-
veniles. It is also recommended that adults be matched back to
the correct natal year; thus, the formation of a reference library
is particularly important when using juvenile fingerprints to
determine the natal estuary of a number of year-classes of
adults (Gillanders 2002b). In the current study for this ap-
proach, otolith chemistry of individuals from some estuaries
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(i.e. Port Stephens and Hunter River) was stable through time,
suggesting they may require less frequent sampling for a ref-
erence library. For others that were more variable through
time, for example the Clarence River, annual collections are
likely to be required. Although variations in fingerprints
among the sample collection years were found (Fig. S3), they
were not substantial enough to affect allocation results.
However, interrogation of the data is important to ascertain
inter-annual variability in otolith elemental fingerprints, to
avoid temporal differences from confounding spatial interpre-
tations (Gillanders 2002b).

Fish movements in and out of natal areas also present a
potential source of error, which could contribute to poor
classification success. Elsdon and Gillanders (2005a) have
suggested that fish need to reside in an area for greater than
20 days to incorporate a measurable amount of the chemical
fingerprints for that environment. While it is not known if the
fish sampled in the current study were residing exclusively in
the estuary of collection, it is known that juvenile Mulloway
under 4 years of age (i.e. juveniles and sub-adults) are pre-
dominantly found in estuaries, depending on the region
(Barnes et al. 2019). As these fish sampled were captured
within estuaries, it is likely that their otolith chemistry reflects
the water chemistry of the estuary of capture. It is under this
assumption, therefore, that chemistry collected from the oto-
lith edge could represent elemental fingerprints of known-
origin fish, as a proxy for their juvenile chemical environment.
We note that residence time is a potential source of bias that
can occur alongside additional factors (e.g. time lag in the
incorporation of elements). Additional experiments may be
employed to overcome this bias, such as holding juvenile fish
in cages within study estuaries for a period of time, such that
migration history within the previous 20 days before analysis
is known (e.g. Mohan et al. 2012). In situ caging was beyond
the scope of the current study; however, such methods may
also help to quantify small-scale temporal and spatial variation
in elemental fingerprints as a function of variations in water
chemistry, point sources of contaminants and/or fish
movements.

Conclusion

In light of the array of potential confounding factors,
employing otolith elemental chemistry as a proxy for fish
habitat use remains challenging due to the dynamic nature of
these coastal environments. The current study was essentially
an allocation exercise, which incorporated an opportunistic
sample collection approach and provided a satisfactory allo-
cation result. The current suite of analysed elements, however,
was not sufficient to fully distinguish all of the locations ex-
amined. For the locations with relatively high allocation suc-
cess, the study provides a preliminary baseline of otolith



Estuaries and Coasts (2021) 44:1132-1146

1143

fingerprints for juvenile Mulloway. This will support future
resolution and interpretation of natal origins, estuary-to-ocean
visitations, seasonal movements of Mulloway and identifica-
tion of potential nurseries for adult fish. Improved sampling
design, however, may be required for areas that had poor
classification outcomes, such as the Macleay River and
Shoalhaven River. When conducting future analyses, the nu-
merous complexities and potential biases outlined above
should be considered (e.g. temporal and ontogenetic stability
of fingerprints), and additional chemical and non-chemical
markers incorporated to better understand their influence.
For Mulloway, establishing such linkages between estuarine
nurseries and exploited size-classes will aid our understanding
of the impact of habitat degradation and by-catch (Broadhurst
and Kennelly 1994), and ultimately support targeted conser-
vation efforts.
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