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Elemental signatures in vertebrae provide ecological 

context for the life-history of spiny dogfish in an impacted 

Tasmanian estuary 
 

Abstract 
 

Elemental analysis of hard parts in elasmobranchs can potentially elucidate ontogenetic 

patterns of movement and trophic ecology, as well as inform stock discrimination and ageing. 

Analysing trace metals in the calcifying matrix can reveal specific chemical signatures that 

may be linked to environmental conditions experienced by an individual at different times of 

its life.  

The spiny dogfish (S. acanthias) in Macquarie Harbour (Western Tasmania) are ideally suited 

for elemental analysis, given that the estuary has a unique bio-geochemical profile including 

multi-sourced anthropogenic pollutants. Laser ablation inductively coupled plasma mass 

spectrometry (LA-ICP-MS) was used to analyse the microchemical composition of shark 

vertebrae from individuals caught in Macquarie Harbour and a comparison site. The observed 

differences in the multiple elements showed that the chemical signatures can be successfully 

used to discriminate between the two populations and to a lesser extent, between sexes at 

each site. Element: Ca ratios and Sr: Ba patterns suggest that spiny dogfish remain resident 

within Macquarie Harbour for most of their lives, providing valuable ecological context to 

interpret recent observations about the life-history of the population.   

Analysis of multi-element signatures using change point analysis was attempted for the first 

time and revealed that this approach may be a valuable tool for age determination in 

elasmobranch species. The results from this study provide further support for the use of 

elemental analysis for the study of elasmobranch species and highlight the need for more 

research into innovative ways to analyse these complex datasets.    
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INTRODUCTION 
 

Sharks and their relatives (i.e. class Chondrichthyes) fill valuable ecological roles as predators 

across a wide variety of marine ecosystems in the world’s oceans (Myers et al., 2007). These 

species tend to have K-selected life histories characterized by late maturation, slow growth 

and reduced fecundity, resulting in long population recovery times once depleted (Cortés, 

2002). Therefore, the persistence of many species is threatened by overexploitation, changing 

climatic conditions and habitat degradation (Dulvy et al., 2008). However, the development of 

effective management strategies can be limited by a general lack of knowledge about their 

life-history and movement ecology (Musick et al., 2000). This information is critical to the 

understanding of a population’s demographics (Cortés, 2002), stock boundaries (Edmonds et 

al., 1991, Kerr and Campana, 2014), distribution (Bell et al., 2016), as well as identifying key 

areas used by the species during vulnerable stages of their ontogeny (e.g. nurseries, feeding 

grounds, etc) (Heupel and Simpfendorfer, 2008).  

Conventional methods employed to study the movement and life history traits of sharks can 

be constrained by inadequate temporal or spatial coverage, particularly in long lived species 

(Cortés, 2002). Helping to overcome some of those limitations, technological advances in 

spectral analysis have resulted in the development of new tools that can measure the 

microchemical composition of calcifying structures such as bone. Site specific environmental 

chemistry is influenced by differences in physical characteristics (currents, geology, etc) 

(Campana and Thorrold, 2001, Christiansen, 2011) as well as biological inputs and terrestrial 

runoff (Estrada et al., 2006, Fisk et al., 2002), including from anthropogenic sources. Chemical 

fingerprinting takes advantage of the fact that individuals absorb elements through their gills, 

digestive tract and skin, which are subsequently incorporated into hard tissues at 

concentrations that can be reflective of the environment (Martin et al., 2015) and contributions 

from dietary sources (Estrada et al., 2006).  

Elements that get incorporated in concentrations proportional to their environmental 

abundance create a chemical signature that can be used as a natural tag to track movements 

between distinct geographic regions (Elsdon and Gillanders, 2005). In teleost fish, bone tissue 

is permanently mineralized and is not susceptible to reworking or leaking (Campana and 

Thorrold, 2001), making structures like otoliths ideal for analysing patterns through the lifetime 

of the individual.  This ecological timeframe is highly relevant to management, improving 

information obtained through conventional tagging (short term) (McFarlane and King, 2003) 

or genetic techniques (long term population trends) (Heist, 2004). Therefore, elemental 

analysis in teleost fish is now a commonplace tool used in stock discrimination (Edmonds et 

al., 1991), identification of ontogenetic movement  and trophic patterns, as well as validation 

of age estimates (Campana and Thorrold, 2001, Kerr and Campana, 2014).  

Unlike otoliths, which are composed of highly crystalized aragonite, elasmobranchs have 

cartilaginous endoskeletons composed of an extracellular matrix, mineralized with crystals of 

calcium phosphate hydroxyapatite (Porter et al., 2006). Recent work suggests that apatite 

secretion in elasmobranch vertebral centra is comprised of areolar cartilage and is 

metabolically inert (Dean and Summers, 2006).  Elements are mainly incorporated into apatite 

through Ca substitution and therefore, the chemical stability of vertebrae tissue makes it 

appropriate for use in elemental analysis (McMillan et al., 2017a). Furthermore, vertebral 
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centra are already commonly used for age determination in elasmobranchs (Cailliet et al., 

2006, Harry, 2018), making them ideal for exploring age specific ecological questions. 

The use of vertebrae chemistry as a tool in the study of elasmobranchs goes as far back as 

the 1960s, when x-ray spectroscopy was used to determine if changes in Ca profiles could be 

used to determine the age of an individual (Jones and Geen, 1977). Elemental analysis has 

also been used to validate deposition rates of growth increments in shark vertebrae (Campana 

et al., 2006), as well as reconstructing the feeding and movement ecology of long lived species 

(Estrada et al., 2006). More recently, laser ablation inductively coupled plasma mass 

spectrometry (LA-ICP-MS) has emerged as a preferred method to measure trace element 

signatures in hard tissues (McMillan et al., 2017a, Christiansen, 2011). This technique has a 

relatively high precision and allows specific regions of the sample to be targeted, making it 

possible to resolve fine temporal changes in elemental concentrations that occurred 

throughout an individual’s lifetime (Mokgalaka and Gardea‐Torresdey, 2006). One important 

limitation for the use of these techniques is the lack of knowledge regarding the element-

specific biological pathways that influence incorporation into the calcifying matrix in 

elasmobranch fishes (Porter et al., 2006, Dean and Summers, 2006). However, there is strong 

indirect evidence to support the adequacy of using vertebral elemental signatures as 

environmental indicators in elasmobranchs. For example, elemental fingerprinting has been 

used successfully to infer movement patterns of juvenile sawfish (Pristis pectinata) (Scharer 

et al., 2012), identify broad scale movements in bull shark (Carcharhinus leucas) (Lewis et al., 

2016) as well as delineating stock structure in deep-sea sharks (McMillan et al., 2017b).    

Study species 

Spiny dogfish (Squalus acanthias) is a small shark with a global anti-tropical distribution 

(Fordham et al., 2006). The ubiquitousness and general abundance of this shark is suggestive 

of the species’ ecological importance as a mid-level predator (Beamish et al., 2009). It is 

conventionally considered to have one of the most conservative life-histories amongst 

elasmobranchs, particularly for a small coastal species (Cortés, 2002). As a result, several 

populations in the Northern Hemisphere have experienced declines as high as 95% following 

a long history of interactions with fisheries as both a target and by-product (Beamish et al., 

2009), prompting the International Union for the Conservation of Nature (IUCN) to classify 

them as vulnerable or endangered (Fordham et al., 2006). However, little is known about the 

spiny dogfish in Australia, where the species is a common bycatch in various fisheries 

(Moreno, 2018).  

A recent study of spiny dogfish in Macquarie Harbour (western Tasmania) identified aspects 

of the life-history and movement ecology that appear to differ from the traits typical from other 

populations throughout the species’ distributional range (Moreno 2018). For example, acoustic 

tracking revealed no evidence of large-scale seasonal migratory movement by adult spiny 

dogfish out of Macquarie Harbour (Moreno et al., 2016), a finding supported by the year-round 

capture of the species in the estuary (Lyle et al., 2014).  Furthermore, observations of their 

reproductive biology indicate that few pregnant females go to full-term, giving rise to the 

possibility of general reproductive failure.  This, coupled with a feeding ecology now heavily 

reliant on spillover feed pellets from aquaculture operations (Moreno 2018) gives rise to 

concern over the status of the spiny dogfish population in Macquarie Harbour.  However, in 

the absence of historical data it is not possible to determine if the observed life-history traits 

and movement ecology are representative of the population in the long-term, or a recent 
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development. Resolving these questions, including whether individuals remain resident within 

the estuary throughout their lives, is crucial for an adequate assessment of the demographic 

status of this potentially isolated and distinct population.  

Macquarie Harbour is a semi-enclosed estuarine system with a surface area of ~275 km2 that 

is connected to the ocean through a narrow and shallow opening. It serves as the catchment 

of the King and Gordon rivers, resulting in a high influx of freshwater that produces a highly 

stratified water column(Ross and MacLeod, 2017). Historically, these rivers have been heavily 

utilized by the mining industry for dewatering, leaching heavy metals into the water and 

substrate of Macquarie Harbour (Stauber et al., 2000). Because of the harbour’s stratified 

water column and geomorphology, water mixing with the ocean is poor (Carpenter et al., 

1991), creating a distinct chemical environment that may be useful to define long term 

residency patterns of the spiny dogfish. Furthermore, the introduction of salmonid aquaculture 

operations into Macquarie Harbour in the late 1980s, and subsequent large-scale expansion 

during the early 2000s (Ross and MacLeod, 2017), has resulted in the input of large amounts 

of food (i.e. feed pellets) foreign to the system.  As spiny dogfish appear to utilise spillover 

pellets as a key source of food, it is possible that the chemical signature of the pellets could 

serve as an unintended tag if incorporated into their vertebrae.  

Study objectives 

This study was motivated by the unique characteristics of the spiny dogfish population in 

Macquarie Harbour and the need for novel approaches to aid in the management and 

conservation of the species. The main goal of this study was to assess the suitability of modern 

elemental analysis techniques to the exploration of the life history of the spiny dogfish of 

Macquarie Harbour. Specifically, it was hoped this would allow a better understanding of the 

movement and trophic ecology of the population, as well as the development of a novel 

approach for ageing and age validation in sharks. The specific objectives of this project were: 

1. To explore the use of elemental analysis techniques (e.g. LA-ICP-MS) in developing a 

method to analyse isotopic and elemental samples from concentric growth bands in 

the vertebrae of the spiny dogfish. 

2. To reference the isotopic and elemental record in the vertebrae to create a model of 

changes in habitat and trophic ecology though an individual’s lifetime. 

3. To contrast the results of elemental analysis of spiny dogfish from Macquarie Harbour 

with those of a separate oceanic population to explore the potential isolation of the 

Harbour’s population. 

4. To evaluate the use of chemical signatures resulting from interaction with marine 

farming operations as a viable marker for ageing and validation using elemental 

records from vertebrae. 
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METHODS  

Sample collection 

Spiny dogfish were collected from Macquarie Harbour during seasonal fisheries independent 

surveys conducted between October 2013 and March 2015 (Figure 1). Additional samples 

from a comparison population were collected from South East Tasmania (Frederick Henry 

Bay) in March 2015. Individuals were captured using long-lines consisting of a 250 m weighted 

lead core rope with 50 evenly spaced baited hooks. Average soak time was under two hours.  

Total length (TL) and sex were recorded, and individuals retained for biological examination 

were humanely euthanised and stored frozen until biological examination. A section 

containing ~5 individual vertebrae was removed from the post-cranial region. While it has been 

shown that there are no significant differences in the chemical composition of adjacent 

vertebrae (Lewis et al., 2017) it is unclear if differences between sections of the spinal column 

exist. By standardising the sampling, it was hoped to reduce any impact that vertebral position 

in the spinal column might have on its chemical structure. The individual vertebrae were 

separated, the neural arches were removed using a scalpel blade and the samples were 

frozen and stored until further analysis.  

 

 

Figure 1: Sampling locations of spiny dogfish in west (Macquarie Harbour) and South East (Frederick 

Henry Bay) Tasmania. 

 

Sample preparation 

Individual vertebrae were thawed, and excess tissue was carefully removed using a scalpel 

blade. Vertebrae were submerged in a bleach bath for 5 minutes and immediately rinsed under 

running water for 30 minutes. Bleach helps remove soft tissue from the sample but does not 

affect subsequent elemental analysis (Lewis et al., 2017). Cleaned vertebrae were imbedded 
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into a 2-step polyester resin block and sectioned along the sagittal plane using a high speed 

isomet saw (Gemmasta Deluxe GS6D) to create a thin-section of approximately 500 µm. 

Sections were sonicated for 10 min in distilled H2O and allowed to air dry in a covered 

extraction hood. The dry samples were mounted onto glass microscope slides using double-

sided sticky tape and stored in covered containers to prevent contamination. Prior to analysis, 

samples were cleaned with 95% ethanol and transferred to a vacuum chamber for 24 hr.  

Thin sections were photographed using light microscopy and the postnatal area of each 

vertebra was measured using the Image J software package (Schindelin et al., 2012). The 

post-natal section was considered span from the slight angle change following the birth band 

onto the outer most edge of the corpus calcareum. 

Elemental analysis 

Sample order was randomized, and LA-ICP-MS transects were pre-programed using the 

inbuilt camera. Analysis was conducted using a NewWave NWR213-ESI laser system 

coupled to a quadrupole ICP-MS hosed at the University of Tasmania. Transects were drawn 

along the sagittal plane of the vertebrae starting at the focus through the centre of the corpus 

calcareum (Figure 2). The transect was extended past the vertebrae edge into the resin mount 

to ensure that the most recent material was analysed. 

 

 

Figure 2: Digital photograph of a vertebral sagittal section denoting the ablation transect used for 

elemental analysis 

 

For each sample, analysis consisted of a pre-ablation run (to clean the sample), a 28s blank 

(to measure background concentration levels) and an ablation run (to conduct the main 

analysis). Ablation parameters were kept consistent between runs, i.e. spot size of 43 µm in 

diameter moving at a scan speed of 10 µm /s with a 10 Hz refresh rate and intensity of 55 mJ. 

The list of elements and isotopes measured can be found in Table 1  
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Table 1: Element list included in ablation analysis and mean detection limits calculated in parts per 

million. 

  Element   
Detection 

limit 

      (ppm) 

Internal standard  

 Ca43  5.5 

Isotope ratio analysis  

 Sr87  0.038 

 Sr88  0.005 
    

 Pb206  0.013 

 Pb207  0.014 

 Pb208  0.008 

Multi- element list  

 Li7  0.008 

 Na23  0.47 

 Mg24  0.11 

 Al27  0.017 

 Mn55  0.028 

 Fe56  0.53 

 Co59  0.004 

 Cu63  0.013 

 Zn66  0.024 

 As75  0.069 

 Ba137  0.002 

 Sn118  0.01 

 Cd111  0.016 

  U238   0.0002 

 

Reference materials were ablated after every 15 samples to account for instrumental drift and 

precision (i.e. United States Geological survey MAC3 and BCR-2, National institute of 

standards and technology 612, and Durango apatite) (Jochum et al., 2005) (Pearce et al., 

1997). Detection thresholds were calculated for each isotope and only those consistently 

above detection limits were kept for further analysis. Raw count data was exported to 

spreadsheets and processed for data reduction using an in-house macro (Centre for Ore 

Deposits and Earth Sciences, University of Tasmania). The average background levels in the 

pre-analysis blank were subtracted from the data and calcium (Ca) was used as an internal 

standard (35%) to transform count data into ppm and subsequently to molar masses (Tillett et 

al., 2011).    

Data analysis 

Statistical analysis and data manipulation were conducted using R statistical software (R Core 

Team 2018). A rolling moving average and moving median filters with a 5-observation window 

were fitted to smooth the data and remove some instrumental noise and outliers (Munksgaard 

et al., 2004). Experimental studies suggest that chemical signatures can be incorporated into 
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vertebrae in as little as three weeks (Smith et al., 2013). Data from the outermost 100 µm of 

every individual were considered to represent the capture region.  

Differences in the multi-element signature between factors was analysed using permutation 

analysis of variance (PERMANOVA). The individuals captured in marine waters in South East 

Tasmania were included into the analysis as a comparison population (site). Spiny dogfish 

can display sex specific movement and area use patterns, so sex was nested within site to 

determine if there were site specific differences in the chemistry of males and females. To 

further explore sex specific differences, site specific dissimilarities between sexes where 

calculated using analysis of similarity (ANOSIM), and the proportional contribution of each 

element to the dissimilarity profiles was calculated using similarity percentage analysis 

(SIMPER).  

Site based discrimination based on the multi-element signature of the capture region was 

modelled using linear discriminant function analysis (LDFA) as measured by Euclidean 

distances. Because of the large differences in concentrations between some of the elements, 

the data were standardized by column centering. A stepwise LDFA approach was 

implemented using all the measured elements to determine the optimal element list to 

maximize group distances by removing variables with little explanatory power (< 5%). Variable 

significance was assessed using the calculated p statistic (alpha 0.05), and the proportion of 

variance in the linear discriminants explained by the individual elements was indicated by the 

R2 value.  

Lifelong concentrations of element: Ca ratios were plotted for all individuals to explore 

ontogenetic changes. Additionally, isotope ratios that could be related to bio-geochemical 

processes where calculated and plotted, including Sr: Ba, Sr88:Sr87 (freshwater proximity) and 

Pb207:Pb206 (mining sourced Lead).  

Age determination 

To explore the viability of using elemental signatures as a tool for age determination, change 

point analysis was used to provide a statistical framework for the classification of significant 

sections. A multivariate, non-parametric change point analysis was used based on a divisive 

algorithm using the ecp package in R (James and Matteson, 2013). Hierarchical divisive 

estimation is a bisection algorithm that detects change points sequentially using a 

permutational analysis based on distributional changes, including changes in the 

variance/covariance of multivariate data. The statistical significance of the change points is 

determined using the energy statistic introduced by Szekely & Rizzo (2010) to measure the 

divergence between the distribution of two random vectors. A value of sigma 0.05 was chosen 

as the cut-off for significance (Székely and Rizzo, 2010). 

Age estimates were obtained through traditional visual estimation using an adjacent vertebra 

for all individuals. Vertebrae were sectioned (~400 µm) through the focus on the sagittal plane 

and placed into tissue cassettes and decalcified with trical-decalcifying fluid (CH2O2 7.6%, 

HCl 1.6%, Australian Biostain) under agitation for a minimum of 1 hr or until the tissue was 

fully decalcified. Samples were then rinsed in running water for 1 hr to stop the decalcification 

process. Sectioned vertebrae were then stained using modified Harris Haematoxylin 

procedure outlined in Bubley et al. (2012) and mounted onto glass microscope slides to be 

aged using under magnification. Age estimates and further details on the used methodology 

can be found in Moreno (2018).  
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RESULTS 

Elemental analysis 

In total 41 spiny dogfish were analysed using LA-ICP-MS (22 females and 19 males). 

Individuals captured in Macquarie Harbour (n=31) ranged from 514 – 980 mm TL and 

individuals from South East Tasmania (n=10) ranged from 473 – 655 mm TL (Table 2).  

Table 2: Capture details for all individuals used in LA-ICP-MS analysis. MH Macquarie Harbour; SE 

South East Tasmania.  Ages obtained from Moreno (2018). 

Shark 
Id Site Capture date Sex Age Total length 

    MM   YYYY    (yr.) (mm) 
        

A05 MH 11 / 2013 F 23 960 
A07 MH 11 / 2013 F 27 975 
A15 MH 11 / 2013 M 16 689 
A22 MH 11 / 2013 F 20 744 
A25 MH 2 / 2014 M 16 678 
B01 MH 2 / 2014 M 13 667 
B10 MH 2 / 2014 F 18 762 
B11 MH 2 / 2014 M 11 612 
B14 MH 5 / 2014 M 6 514 
C01 MH 5 / 2014 F 13 635 
C04 MH 5 / 2014 F 11 591 
C05 MH 5 / 2014 F 25 905 
C20 MH 5 / 2014 F 13 743 
C26 MH 8 / 2014 F 28 959 
D02 MH 8 / 2014 F 23 934 
D09 MH 8 / 2014 M 12 679 
D14 MH 8 / 2014 M 11 588 
D18 MH 8 / 2014 F 12 694 
D22 MH 11 / 2014 F 27 980 
E01 MH 11 / 2014 F 25 975 
E06 MH 11 / 2014 M  669 
E11 MH 11 / 2014 F 14 591 
E12 MH 11 / 2014 F 16 857 
E17 MH 11 / 2014 F 20 811 
E19 MH 11 / 2014 F  810 
E21 MH 11 / 2014 M 12 646 
E24 MH 11 / 2014 M 14 680 
E28 MH 11 / 2014 M 10 689 
F08 MH 2 / 2015 M 9 647 
F09 MH 2 / 2015 M 11 619 
F13 MH 2 / 2015 M 10 616 
SF01 SE 3 / 2015 F 13 543 
SF02 SE 3 / 2015 F 7 485 
SF05 SE 3 / 2015 F 11 511 
SF07 SE 3 / 2015 F 12 520 
SF10 SE 3 / 2015 F 12 541 
SM06 SE 3 / 2015 M 16 655 
SM07 SE 3 / 2015 M 13 563 
SM15 SE 3 / 2015 M 12 494 
SM28 SE 3 / 2015 M 17 647 
SM29 SE 3 / 2015 M 11 479 
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The limit of detection (LOD) for all elements assayed are presented in Table 1. Mercury gas 

(Hg) is used in the ablation process and therefore contamination in the laser cell may occur, 

therefore Hg values were excluded from further analyses. Values of Vanadium (V51), Silver 

(Ag107) and Thorium (Th232) were consistently below LOD levels and were therefore also 

excluded.  

Regional differences 

Results from the stepwise LDFA by site indicated that Cadmium (Cd111), Silicon (Si29), Tin 

(Sn118), and Uranium (U238) contributed very little to differentiation (R2 < 0.01) and were 

excluded from the final multi-element list (Figure 3). Multi-element chemical signatures 

differed significantly between site (F=354.68, P<0.001) and sex (F=166.61, P<0.001) based 

on PERMANOVA using Euclidean distances and 10000 permutations. To explore the site-

specific dissimilarities between sexes, a post-hoc ANOSIM was implemented using a 

Bonferroni corrected sigma value (α=0.025). Pairwise ANOSIM indicates that it is unlikely for 

the sex specific dissimilarities to have resulted from random variation based on the p values 

(Table 3). R-values in ANOSIM can range from 0 to 1, indicating the similarity / dissimilarity 

between the multi-element signatures between males and females at each site (Table 3).   

 

 

Figure 3: Mean contribution to the linear discriminant analysis for each element in the multi-element 

list.  Discriminator performance is described by R2 
, which represents the proportion of variance for 

each element that is explained by the categories 

 

Standardized concentrations of the multi-element signature were used to analyse the similarity 

contribution of individual elements to the differences between males and females in Macquarie 

Harbour. SIMPER analysis showed Sr as being the main contributor to the dissimilarity 

between the sexes, with an average contribution of 0.23 to the scales multi-element signature 

(Table 3). 
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Table 3: Pairwise ANOSIM results for sex dissimilarities at each site (MH and SE) and SIMPER 

analysis of males and females in MH. 

ANOSIM               

   R p    R p 

 MH    SE   

 Sex 0.137 < 0.001  Sex 0.18 < 0.001 

        

SIMPER     MH F MH M      

 average sd ratio ava avb cumsum p 

Sr88 0.234 160.2 0.001 0.156 -0.618 0.133 0.003996 

Fe56 0.212 72.5 0.003 0.453 -0.214 0.253 0.060939 

Al27 0.195 62.0 0.003 0.531 -0.413 0.363 0.006993 

Co59 0.193 109.5 0.002 0.540 -0.346 0.473 0.116883 

Zn66 0.184 73.5 0.003 0.549 -0.375 0.577 0.14985 

Mg24 0.182 120.7 0.002 0.218 -0.105 0.680 0.082917 

Cu63 0.161 56.9 0.003 0.493 -0.499 0.772 0.17982 

Na23 0.156 61.4 0.003 0.094 -0.746 0.860 0.236763 

Pb208 0.153 88.2 0.002 0.301 -0.604 0.946 0.413586 

Li7 0.055 33.3 0.002 -0.170 -0.582 0.977 0.405594 

Ba137 0.038 53.0 0.001 0.498 0.328 0.999 0.473526 

As75 0.009 9.2 0.001 -0.436 -0.127 1.004 0.45954 

Mn55 -0.006 20.9 0.000 -0.359 -0.337 1.000 0.622378 

 

The use of a linear discriminant function analysis instead of canonical analysis of principal 

coordinates allowed for prior knowledge of group classification based on capture region to be 

incorporated into the model to maximize group separation based on the multi-element 

signature (Figure 4). Mean cross-validated classification accuracies from LDFA was > 89% 

when using capture region data as the training dataset (Figure 5). Most misallocations in the 

model occurred between sexes but not by site, suggesting that site classification accuracy 

was close to 100%. The elements explaining the highest proportion of variance within each 

category were Lithium (Li7), Barium (Ba137) and Manganese (Mn55) (Figure 3). Values of Li and 

Mn were negatively correlated to Macquarie Harbour, suggesting lower overall concentrations 

than at the comparison site; in contrast, Ba showed a strong positive correlation to Macquarie 

Harbour over South East Tasmania.  
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Figure 4: First and second linear discriminant loadings for all species (multi-element list) and levels 

(Site | Sex) for the LDTF 

 

 

Figure 5: Prediction accuracy matrix for LDFA showing 89.62 % overall prediction accuracy for all 

levels. 
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Intra-individual variation 

One of the primary objectives of this work was to analyse age-specific differences in elemental 

signatures. However, ageing the vertebrae used in LA-ICP-MS analysis was not possible 

because the modified histological stain required to elucidate the growth bands in the samples 

(Bubley et al., 2012) was highly destructive, making direct comparisons of pre-stained and 

stained samples impossible. Although this precluded linking elemental signatures to specific 

ages or the validation of age estimates obtained from vertebrae, general ontogenetic patterns 

could still be drawn by looking at the entire postnatal section of each sample.  

Element: Ca ratios for multiple individuals are shown in Appendix 1. Sr: Ba values in samples 

from the comparison population (South East Tasmania) were characterized by large changes 

that occurred cyclically through the life of the individuals (Figure 6). By contrast, the values for 

individuals captured in Macquarie Harbour were much lower and generally consistent through 

the individual’s lifetime.  

 

Figure 6: Violin plot of Sr:Ba values at the vertebral edge (capture region) of all individuals examined 
(Top). Example Sr:Ba plots for selected individuals from MH (Bottom left) and SE (Bottom right) 

representing values for the post-natal section of the vertebrae. 

 

Isotopic ratios of different species of the same element were also measured for Lead (Pb207/206) 

and Strontium (Sr88/87). The overall patterns of variability appeared to be driven by real 

changes in elemental composition of the samples, however, there was also a high level of 

noise in the signal, suggesting that higher precision in measurements may be required for the 

effective use of these values.  
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Age determination 

Segmentation of the postnatal time-series data using a non-parametric classification algorithm 

resulted in four different “age” estimates based on Ca, Mn: Ca, Sr: Ba and the multi-element 

signature (for example, Figure 7).  

These estimated values were compared with assigned ages based on vertebral increment 

counts (Moreno 2018) obtained from a different vertebra within the same portion of the spinal 

column.  The bias-plot in Figure 8 shows the discrepancies between the age estimates 

calculated from the elemental signatures and the original visual estimates. Estimates obtained 

using Sr. Ba ratios had the highest correlation to observed ages (R2 = 0.81) and those from 

Mn: Ca ratios had the lowest (R2 = 0.79).  

 

Figure 7: An example of segmentation achieved using divisive change point analysis based on the 

multi-element signature along the post-natal section of the vertebra. 
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Figure 8: Predicted ages using change point analysis vs age estimates obtained through visual 

increment counts (Moreno 2018). 
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DISCUSSION 

This study demonstrates the potential of using elemental fingerprints as tool to track long-term 

ecologic patterns in the spiny dogfish. The overall group separation achieved by the multi-

element signature of vertebral edges between Macquarie Harbour and the comparison 

population was greater than expected by random chance. This indicates that the 

environmental chemistry of Macquarie Harbour results in the formation of a distinct bio-

geochemical signature in the vertebral tissue of individuals during their residency in the 

system. Although the complex mechanisms that drive elemental incorporation into the 

calcifying matrix of elasmobranchs are not fully understood (McMillan et al., 2017a), the spatial 

discriminating power seen in this work provides further evidence that region specific 

environmental conditions are reflected in their hard tissues.  

In Macquarie Harbour, the high influx of freshwater and local geology result in a highly 

stratified water column that in turn limits water mixing with the ocean (Ross and MacLeod, 

2017). Furthermore, the riverine plumes transport terrestrial sediments that settle at depth 

(Carpenter et al., 1991), enriching the concentration of non-marine elements, helping create 

a localized chemical signature that is distinct from the adjacent oceanic waters. Successful 

discrimination based on chemical signatures depends on the presence of significant gradients 

in water chemistry, salinity and temperature (Werry et al., 2011). The use of LA-ICP-MS data 

to classify elasmobranch populations has had mixed success depending on the study species 

and geographic scale used (McMillan et al., 2017a). For example, Tillet et al. (2011) found 

that distinct chemical signatures corresponding to the use of nursery areas were present in 

bull shark but not in the morphologically similar pig-eye shark (C. amboinensis). This was 

attributed to differences in the spatial ecology of juveniles; juvenile bull sharks inhabit fresh to 

brackish waters (Heupel and Simpfendorfer, 2008), whereas pig-eye sharks prefer brackish 

to marine waters (Knip, 2011). Conditions at the open sites inhabited by pig-eye sharks are 

subject to more severe water mixing caused by wind and currents (Tillett et al., 2011), which 

can homogenize chemical signatures, limiting the applicability of vertebral fingerprinting to 

infer movement in the species.  

Results from permutational ANOVA and LDFA revealed a significant difference in the edge 

chemical signature between sexes by site. In most other studied populations, spiny dogfish 

are known to segregate spatially based on sex (Templeman, 1976), occupying different 

habitats and position in the water column (Sulikowski et al., 2010).  Acoustic tracking of spiny 

dogfish in Macquarie Harbour, has shown that they commonly move throughout most of the 

estuary throughout the year, with a higher affinity for the deeper central harbour basin (Moreno 

et al., 2016). Although males and females in this population do not fully segregate, possibly 

due to the limited available area, males have been found to expand their home range during 

winter to include shallower areas in the upper estuary, while still making frequent trips back 

towards the central basin. While it is unclear what drives this behavioural change, it is possible 

that the sex specific differences in the vertebral chemistry could be related to the greater 

exposure of males during winter to the brackish waters of the upper estuary. SIMPER analysis 

showed that the primary contribution to the dissimilarity between males and females within 

Macquarie Harbour was Strontium (Sr88), which was found in larger concentrations in the 

females. The amount of Sr available in water is positively correlated with salinity and has been 

found to correspond with proximity with freshwater in euryhaline and brackish water 
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elasmobranchs such as sawfish (Scharer et al., 2012), bull sharks (Werry et al., 2011), and 

round stingray (Hale et al., 2006).  

We are aware of only one study that has attempted to experimentally model the uptake of 

different elements into the vertebrae of elasmobranchs and how these processes may be 

affected by factors such as somatic growth (Smith et al., 2013). Except for zinc (Zn66), 

elemental incorporation was found to be unaffected by growth, although the relationship for 

Zn was inconclusive. Despite this, a growing number of studies have successfully linked 

chemical profiles with life-long patterns of movement (Izzo et al., 2016), trophic ecology 

(Estrada et al., 2006) and life history (Christiansen, 2011).  The current study lends support to 

the assumption that vertebral tissue in elasmobranchs remains metabolically inert as the 

individual grows. 

Given that the spiny dogfish is a long-lived species, capable of reaching upwards of 35 years 

(Cortés, 2002), more detailed information about the elemental incorporation process is 

needed before robust inferences about ontogenetic patterns of movement and ecology can 

be made. However, site classification based on linear discriminants was highly accurate and 

classification success only dropped slightly when sex was included in the model. The distinct 

chemical features seen in the vertebral region corresponding with known residency within 

Macquarie Harbour appear to be consistently present through the life of individuals sampled 

in this study regardless of size or sex. For example, Sr and Ba, which are linked to salinity and 

temperature (Smith et al., 2013) but also indicate freshwater proximity (Tillett et al., 2011). 

Unlike animals who spend their initial life in nurseries and then move offshore, Sr: Ba can 

show returns to freshwater systems linked with reproduction (Werry et al., 2011). Vertebrae 

from individuals from MH did not contain the Sr: Ba changes that would be expected from 

seasonal offshore migrations as seen in the SE comparison population. Results of this work 

support conclusions from acoustic telemetry, and although long term patterns require further 

corroboration, they suggest lifelong residency in Macquarie Harbour.    

Anthropogenic markers 

Besides the naturally occurring environmental signals, localized anthropogenic pollutants can 

act as chemical tag that can be used to infer proximity to an area (Fisk et al., 2002), as well 

as validating age-specific patterns if a reference chronology is available (e.g. age validation 

using bomb radiocarbon) (Campana et al., 2006). Spiny dogfish are opportunistic feeders 

(Fordham et al., 2006) and their diet in Macquarie Harbour is largely reliant in spillover pellets 

from salmonid aquaculture (Moreno 2018). Dietary sources are likely to contribute significantly 

to the chemical composition of hard tissues (Smith et al., 2013), and therefore may reflect 

dietary shifts through an individual’s life (Estrada et al., 2006). Pellets used in aquaculture 

have a high lipid content which facilitate organic binding of compounds that do not occur 

naturally in the system (Mente et al., 2006).  This is potentially relevant for age validation since 

marine farm operations are likely to have commenced in Macquarie Harbour within the life-

time of some older spiny dogfish individuals.  Although the isotopic signature of the pellets 

was readily detectable using bulk isotope analysis in the muscle tissue of spiny dogfish 

(Moreno 2018), age-specific chemical indicators in the vertebrae that could be linked to the 

introduction of marine farming in Macquarie Harbour were not evident.  

Enrichment of manganese (Mn55) in the soft tissues of elasmobranchs appears to be mostly 

dietarily sourced (Mathews and Fisher, 2009). Drops in Mn: Ca levels in the vertebrae of pig-

eye sharks have been linked with ontogenetic movement towards offshore waters and away 
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from nutrient-rich coastal upwellings (Tillett et al., 2011). Large periodic fluctuations of Mn: Ca 

were present in the vertebrae of spiny dogfish from South East Tasmania and appear 

consistent with ontogenetic changes in space utilization and seasonal migrations seen in the 

species elsewhere (Fordham et al., 2006). By contrast, Mn: Ca concentrations were lower in 

spiny dogfish from Macquarie Harbour and there were no large oscillations in concentrations 

in the postnatal sections. Macquarie Harbour is naturally depauperate and the locally available 

prey does not vary drastically throughout the year (Ross and MacLeod, 2017). Thus, Mn may 

not only provide a possible link to verify long-term residency in Macquarie Harbour based on 

diet, but also as a potential indicator of the ongoing role of anthropogenically sourced food 

items in the diet of the population.    

The intent in this study was to use isotope: isotope ratios of Sr and Pb to determine age-

specific movement patterns. While some of the observed variability likely reflected real 

patterns in vertebral chemistry, the level of instrumental noise in the signal tends to discount 

the use of these results. Measuring isotope to isotope ratios requires higher accuracy but 

provides an important advantage in that isotopic ratios are determined independently of the 

total concentration. For example, the total Ca in elasmobranch vertebrae is limited by 

physiological processes (Hussey et al., 2012, McMillan et al., 2017a), but the rate at which 

different species of Ca occur is determined by their availability in the environment. Calcium 

isotope ratios (Ca44/42) have been used to establish the trophic position of extinct and extant 

elasmobranchs (Martin et al., 2015) and could be used to explore ontogenetic variability in the 

trophic ecology of modern species. Likewise, although Pb contributed little to site 

discrimination in this study, Pb207/206 ratios in Macquarie Harbour are influenced by riverine 

runoff carrying mining waste (Carpenter et al., 1991). The Mt Lyell & Rosebury isotopic 

signature is distinct from the modern marine signature (Gulson and Porritt, 1987) and would 

constitute an ideal chemical tag for movement in and out of Macquarie Harbour. Although at 

present the analysis of isotopic ratios may be limited to specialized equipment with higher 

accuracy (Balter et al., 2008), their use for elasmobranch chemical ecology studies should be 

further explored.  

Age estimation 

Age estimation using accretionary processes is possible due to seasonal variation in growth, 

which causes the formation of alternating slow and fast growth bands in the vertebrae (Cailliet 

et al., 2006). These differences in cartilage accretion may result in seasonally alternating 

elemental signatures that can be used in age determination (Gelsleichter et al., 1998). One of 

the earliest implementations of the chemical analysis of hard structures in elasmobranchs was 

in ageing studies, either through direct estimation (Jones and Geen, 1977), or validation of 

deposition rates used to visually infer age from calcifying structures (Campana et al., 2006).  

Previous work has focused on the detection of signal peaks in single element signals, 

particularly Ca, which are subsequently counted to estimate the age of an individual (Hale et 

al., 2006, Jones and Geen, 1977, Scharer et al., 2012). More recently, due to the increased 

measurement accuracy of light spectroscopy and LA-ICP-MS, non-Ca elements such as Sr 

have been proposed as a better alternative to determine age (Raoult et al., 2016), particularly 

in species which seasonally migrate between areas along a salinity gradient (Scharer et al., 

2012).  

It is not necessary to have a full understanding of the biotic and abiotic factors that determine 

chemical incorporation into the calcification process to explore the internal relationships 
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between the different elements.  Changepoint analysis is common in financial modelling, 

bioinformatics and data mining applications (Talih and Hengartner, 2005). The approach 

implemented here is a non-parametric alternative that allows the analysis of multivariate data, 

using a divisive algorithm to detect multiple change points in the data using a hierarchical 

clustering tree (James and Matteson, 2013). It is a type of unsupervised learning algorithm, 

meaning that no prior knowledge of the age or the underlying relationships between the 

elements is needed. Although the present study represents a preliminary application of 

method it has demonstrated advantages of the approach over traditional analytical methods 

for age estimation using elemental signatures. Most importantly, instead of focusing on the 

detection of statistically significant peaks, the algorithm can detect any type of change in the 

multivariate distribution, including changes in covariance, exploiting the complex relationships 

in the multi-element data.   

Conclusions 

Elemental concentrations in the vertebrae of spiny dogfish from Macquarie Harbour were 

consistent with persistent residential behaviour and provide evidence to suggest the long-term 

nature of the unique life-history characteristics described for this population.  Given that some 

of these life-history traits are suggestive of a population under environmental stress, this 

highlights the need to manage it as a distinct stock. Further degradation of environmental 

conditions in Macquarie Harbour could compromise its long-term viability.  

Elemental analysis could also represent a valuable tool in monitoring retrospective 

environmental conditions in Macquarie Harbour, with the spiny dogfish having potential as an 

ecological indicator because of its longevity and residency.  

The use of change point analysis provides a new analytical framework for age determination 

in elasmobranchs. This could be particularly useful in the ageing of species with poor 

calcification such as the spiny dogfish, eliminating some of the ambiguity introduced in the 

visual estimation of age.  

Results from this study are encouraging and highlight the need for further research into the 

mechanisms that govern elemental incorporation into the calcified matrix of elasmobranch 

cartilage to improve the ecological inferences that can be drawn from elemental analysis in 

these species.  
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Appendix 1.  Heat maps showing scaled element calcuim ratios for individual spiny dogfish vertebrae. 
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