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Abstract 1 

Populations of sharks are declining globally, largely due to fishing pressure. 2 

There is a lack of fisheries-independent data on the demographics of many species, 3 

particularly those inhabiting deeper waters. The common sawshark (Pristiophorus 4 

cirratus) is a benthic-associated shark endemic to southeastern Australia that has been 5 

fished for over 90 years. Despite regular landings, little is known about their lifespan. To 6 

assess the age of P. cirratus, we first assessed their vertebral morphology to determine 7 

the best method for band pair elucidation. Based on morphology, vertebrae located in 8 

the post-branchial region were identified as the largest and least variable for band pair 9 

analysis. A total of eight different age-determination methods were then applied to 10 

shark vertebrae from this region to test the viability of traditional and nontraditional 11 

techniques in elucidating band pairs. Band pairs were indeterminable across all 12 

treatments. This research calls for further work into age validation and development of 13 

novel techniques to accurately age sawsharks.  14 
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1.0 Introduction 28 

Age-structured fisheries models are commonly used to improve fisheries 29 

management; however, they require accurate age information for general population 30 

metrics (i.e., growth, recruitment, mortality) (Cailliet et al., 1986; Eberhardt and Ricker, 31 

1977; Tahvonen et al., 2018). Once the age structure of a population of fish is known, 32 

then estimates for growth rates, mortality rates, lifespan and age at maturity can be 33 

calculated (Cortés, 2016; Legovic et al., 2010; Tahvonen et al., 2018). Understanding the 34 

relative abundance of age-classes in a population also allows for predictions of 35 

maximum sustainable yield and of potential effects fishing may have on those 36 

populations (Tahvonen et al., 2018). Understanding life history characteristics of 37 

exploited species is especially important for data-deficient fishes or those potentially 38 

vulnerable to unsustainable fishing practices such as elasmobranchs (Campana, 1992, 39 

2001; Harry, 2018). Age determination in elasmobranchs is difficult (Cailliet et al., 2006, 40 

1986; Francis and Maolagáin, 2019), and numerous techniques have been devised to 41 

increase the efficacy of predictions (Andrews et al., 2018; Carlson and Goldman, 2007). 42 

The most common technique used to age sharks involves interpretation of band 43 

pairs on vertebral centra (Andrews et al., 2018; Cailliet and Goldman, 2004; Cailliet, 44 

1990). Although this method has been used for over fifty years, a comprehensive 45 

understanding of vertebral development and band pair deposition is still lacking for 46 

sharks. Feeding, migration and photoperiod are among several proposed possibilities for 47 

changes in band pair deposition but no study to date has determined the mechanisms 48 

driving these changes (Cailliet and Goldman, 2004; Natanson et al., 2013; Wells et al., 49 

2017). Furthermore, the reasons why some species, such as deep sea sharks, have 50 

vertebral band pairs with poor readability or complete absence is not well understood, 51 

though some hypotheses include mineralization or lack thereof in deep sea sharks 52 

(Cotton et al., 2011; Francis and Maolagáin, 2019; Irvine et al., 2006; Kyne and 53 

Simpfendorfer, 2010). Periodicity of band pair deposition has been validated in some 54 
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species (Natanson et al., 2002; Smith et al., 2003; Wells et al., 2013) but is lacking for 55 

the majority of sharks (Harry, 2018). This lack of validation can be troublesome for 56 

vertebral ageing in some species with abnormal vertebral band pair depostion such as 57 

that exhibited by the genus Squatina (Cailliet et al., 1992; Baremore et al., 2009; 58 

Natanson et al., 2008). Band pair analysis using vertebral centra has been assessed using 59 

a range of techniques such as traditional staining (Carlson et al., 1999; Johnson, 1979; 60 

LaMarca, 1966), X-radiography (Aasen, 1963; Martin and Cailliet, 1988), graphite 61 

microtopography (Neer and Cailliet, 2001; Parsons, 1983), silver nitrate impregnation 62 

(Stevens, 1975), xylene impregnation (Daiber, 1960), burning (Fujinami et al., 2018), 63 

histology (Casey et al., 1985), X-ray Fluorescence Microscopy (Raoult et al., 2018) and 64 

micro-CT (Geraghty et al., 2012). Generally, these techniques involve sagittal sectioning 65 

of the vertebra and microscopic inspection of the banding from one edge, known as the 66 

corpus calcarium, through the intermedialia to the other corpus calcarium for band pair 67 

counts (Casey et al., 1985; Kinney et al., 2016). These techniques are often tested 68 

concurrently in an effort to identify the most proficient and parsimonious method to 69 

elucidate band pairs in a species (Cailliet and Goldman, 2004; Cailliet et al., 1983). 70 

However, all of these techniques inherently rely on the choice of vertebrae along the 71 

column for accuracy and precision of any estimate attained (Natanson et al., 2008; 72 

Officer et al., 1996), and the assumption that at least one of these methods will produce 73 

readable band pairs. 74 

Age validation studies have identified variations in band pair deposition 75 

periodicity throughout ontogeny (Casey and Natanson, 1992; Harry, 2018). For example, 76 

juvenile shortfin mako (Isurus oxyrinchus) deposit two bands per year but switch to 77 

annual deposition as they approach maturity (Kinney et al., 2016; Wells et al., 2013). 78 

Recent work highlighting the correlation between band pair deposition and somatic 79 

growth across multiple shark species suggest that band pair deposition is less of a 80 

function of time and more a function of structural necessity, with a loose correlation to 81 

time varying throughout ontogeny (Natanson et al., 2018). Additionally, band pair 82 

counts vary depending on where along the vertebral column the vertebra is taken, and 83 
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counts are most consistent in areas along the column where the size of the centra is 84 

most consistent (Natanson et al., 2018). This variability in morphology of vertebrae 85 

along the column emphasizes the need for standardization in vertebral sampling in age 86 

studies for rigorous comparison between conspecifics and validation of band pair 87 

periodicity across all sizes (Beamish and Mcfarlane, 1985). To date, research on 88 

variability in the vertebrate column for such purposes is lacking. 89 

Sawsharks (Pristiophoridae) are a family of small, benthic associated sharks that 90 

occur in shallow to deep sea environments (Compagno et al., 2005). The family includes 91 

eight known species of which little is known regarding their biology, behaviour or basic 92 

life history (Ebert and Cailliet, 2011; Raoult et al., 2017; Wueringer et al., 2009). In 93 

Australian fisheries there is substantial variation in capture depth of sawsharks, ranging 94 

from 5 m to > 600 m (Raoult et al., 2020). Given this broad depth-range, their vertebral 95 

morphology and elemental chemistry may be exposed to environmental conditions 96 

similar to those of exclusively deep sea sharks. Deep sea sharks are particularly difficult 97 

to age due to their general lack of band pairs and mineralization in the vertebral 98 

structure (Kyne and Simpfendorfer, 2010; Rigby and Simpfendorfer, 2015). The majority 99 

of age data collected from deep sea species have been derived from analyses of 100 

alternative structures, such as dorsal spines in dogfish (Squaliformes) (Campana et al., 101 

2006; McFarlane and Beamish, 1987). For animals lacking these alternative structures, 102 

however, information remains limited (Rigby and Simpfendorfer, 2015). 103 

The common sawshark (Pristiophorus cirratus) is endemic to eastern and 104 

southern Australia (Last and Stevens, 2009; Nevatte et al., 2019). These sharks, along 105 

with the southern sawshark P. nudipinnis, have been regularly landed as bycatch in 106 

demersal trawl, gillnet and longline fisheries of southeastern Australia for over 90 years 107 

(Raoult et al., 2020; Walker and Hudson, 2005). Biological data on P. cirratus derived 108 

from fisheries dependent and independent sources show that in males’ size at maturity 109 

(100%) is approximately 800 mm total length or 670 mm precaudal length, with a 110 

maximum total length of approximately 1000 mm (Raoult et al., 2017). Females mature 111 

at approximately 900 mm total length or 770 precaudal length (100%), with a maximum 112 
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total length of approximately 1250 mm (Last and Stevens, 2009). To date, only one 113 

study has successfully aged the common sawshark (Walker and Hudson, 2005), however 114 

subsequent studies have been unable to differentiate band pairs in P. cirratus vertebrae 115 

(Raoult et al., 2018).  116 

The goal of this study was to test the efficacy of numerous traditional and non-117 

traditional band pair elucidation techniques for P. cirratus. This was achieved by first 118 

assessing the optimal region for age determination via band pair analysis by determining 119 

the level of variation in shape and size between vertebrae along the vertebral column. 120 

Age determination trials were then undertaken using traditional staining techniques to 121 

elucidate band pairs. To be as comprehensive as possible, non-traditional techniques 122 

were also concurrently assessed to explore viability among a range of ageing techniques 123 

for sawsharks. 124 

2.0 Material and methods 125 

Twenty-three P. cirratus were purchased whole from a commercial fisher in 126 

Eden, Australia (37.070 S, 149.900 E) in July 2018 (Austral winter). Individuals were 127 

captured via commercial trawl techniques, frozen to -40°C within an hour of capture and 128 

later transported frozen from Eden to the laboratory at Macquarie University in Sydney. 129 

Sex was recorded on all individuals, along with precaudal length (PCL), total length (TL) 130 

and body girth measured to the nearest millimeter (Figure 1).  131 

 132 

2.1 Vertebral morphology 133 

Morphological differences along the vertebral column of P. cirratus were 134 

assessed using two approaches: as body cross sections (n = 17 individuals, 5 sections per 135 

individual) and as whole vertebral columns (n = 3 individuals), as per Natanson et al. 136 

(2018). The first approach ensured comprehensive replication of the chosen sections 137 

whereas the second approach gave more detailed information on how the vertebrae 138 
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changed between the body cross sections. For both methods the centrum of each 139 

vertebra was measured laterally and dorsoventrally to the nearest millimeter using the 140 

focus as the center of the measurement. Additionally, centrum length (the distance 141 

between centrum faces) was also measured to the nearest millimeter. Vertebral 142 

samples were re-frozen (-400C) immediately after excision and prior to measuring. 143 

Centrum volume (VC) was calculated using the formula described in Natanson et al., 144 

(2018) where LC is centrum length and lateral diameter refers to vertebral lateral 145 

diameter, as follows:  146 

VC= π x LC x (𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝐷𝐷𝐷𝐷𝐿𝐿𝐷𝐷𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿
2

)2  (1) 147 

Differences in somatic growth along the body axis was assessed using body cross 148 

section sampling. Girth measurements were taken in five distinct locations along the 149 

body axis: at the insertion of the pectoral fins (Sample A), at the insertion of the first 150 

dorsal fin (Sample B), at the insertion of the pelvic fins (Sample C), at the insertion of the 151 

second dorsal fin (Sample D) and at the caudal peduncle (Sample E) (Figure 1). Four 152 

vertebrae were excised from each location for measurement and band pair analysis. 153 

Whole vertebral columns were excised from the head to the caudal peduncle in 154 

three representative individuals. Two of these individuals were a large male and a large 155 

female while the third, a female, represented the average length of sawsharks in the 156 

study. Vertebral columns were carefully excised by continuously removing the tissue 157 

layers from frozen specimens using a scalpel blade to avoid incidental damage to 158 

vertebrae. Every fifth vertebra was excised, measured and prepared for band pair 159 

analysis. The location of each vertebra along the column was noted, with the first 160 

vertebra directly posterior to the chondrocranium representing vertebra # 1. Particular 161 

note was also given to vertebrae at the start and end of the coelomic cavity.  162 
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 163 

Figure 1: The five sampling locations chosen for body cross sectioning on the common sawshark 164 

(Pristiophorus cirratus). Pristiophorus cirratus, from the Sketchbook of fishes by William Buelow Gould, 165 

1832 166 

2.1.1 Cone beam computed tomography (CT) 167 

The three individuals processed via whole vertebral column sampling were also 168 

scanned using a clinical 5G Cone Beam CT (NewTom®) scan at Macquarie Medical 169 

Imaging. This common medical technique consists of X-ray computed tomography 170 

where the X-rays are divergent and form a cone. Each individual was scanned in three 171 

axes (coronally, sagittally and axially) in 8 x 8-centimeter increments to a resolution of 172 

0.15 mm per individual slice. Vertebral measurements were conducted again using CT 173 

scan images to compare against values directly measured using calipers (see section 174 
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above). Vertebral measurements (lateral, dorsal and length) were conducted on every 175 

vertebra in the column of each individual in the CT images. 176 

 177 

 178 

Figure 2: Vertebral measurements of vertebra length (left) and laterally and dorsoventrally (right) via cone 179 

beam CT-scan of a common sawshark (Pristiophorus cirratus). 180 

2.2 Centrum processing 181 

2.2.1 Sectioning 182 

 Centrum processing followed the method of Tillett et al., (2011). Vertebrae were 183 

thawed, manually cleaned of excess connective tissue via scalpel and soaked in a 184 

solution of 5% sodium hypochlorite. Soak time varied from 20 to 40 min and cleaning 185 

was deemed complete when no connective tissue remained. Samples were flushed 186 

under fresh water for 30 min to remove any excess sodium hypochlorite. Vertebrae 187 

were then individually measured and processed in their respective age determination 188 

procedure (Table 1). On completion of the staining protocol, each vertebra was 189 

sectioned laterally using a low-speed circular saw (IsoMet®) with a single 0.1 mm-190 

increment adjustable diamond-edged blade to a thickness of approximately 0.6 mm. 191 
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The resulting bow-tie sections were immediately placed on microscope slides with a 192 

small amount of water (Milli-Q®) to prevent dehydration of the samples that could lead 193 

to tissue warping and inhibit band pair counts. Each section was photographed with a 194 

digital camera attached to a stereo microscope (Olympus SZ; www.olmpyus-195 

ims.com/microscope) using transmitted fiber-optic light. The resultant images were 196 

reviewed using ImageJ software (https://imagej.nih.gov/ij/). 197 

 198 

2.2.2 Band pair elucidation  199 

A total of eight different band pair elucidation techniques were applied 200 

to the vertebrae of the common sawshark (Table 1) on a total of twenty-three 201 

sharks, 6 males and 17 females, ranging from 47.5 cm to 96.1 (mean 63.1 ± 14.1) 202 

cm PCL were processed for band pair analysis.203 
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Table 1: A summary of all band pair elucidation techniques undertaken on the common sawshark. 204 

Trial Preparation/Analysis Number of 
samples Reference 

Alizarin Red S Vertebrae were immersed in an aqueous solution of Alizarin Red S and 0.1% NaOH 
in a ratio of 1:9 for 5 – 10 min. 

23 (Gruber and 
Stout, 1983) 

Crystal Violet Vertebrae were immersed in an aqueous solution of 0.01% Crystal Violet for 10 – 20 
min. 

23 (Schwartz, 
1983) 

Unstained Vertebrae were placed in a small amount of water (Milli-Q®) to prevent 
dehydration. 

23 (Raoult, 2015) 

Full centrum Vertebrae were immersed in an aqueous solution of Alizarin Red S and 0.1% NaOH 
in a ratio of 1:9 for 10 min. 

9 (Moulton et al., 
1992) 

Burning Vertebrae were subjected to 250oC in a drying oven (BINDER®) between 45 s and 3 
min, depending on size. Success was achieved when the centrum surface and edge 
were not charred while the surface and edge were browned. 

3 
(Fujinami et al., 

2018) 

Histology Vertebrae were shipped to the USA where histological analyses took place. 
Vertebrae were placed in ethanol to ensure preservation of samples throughout the 
journey. Vertebrae were removed from ethanol and placed in individual tissue 
capsules. Samples were then decalcified in a beaker filled with 100% rapid 
decalcifying agent for 30 min. Constant movement of the solution was provided by a 
mixing plate and magnetic stir-bar. The optimal stage of decalcification was 
determined by the ease with which a sharp scalpel could easily cut off a section of 
the vertebra with no signs of calcification. Centra were then transferred to a beaker 
of running water for several hours. Vertebrae were then embedded into molds filled 
with 100% Paraplast Plus®. The embedded centra were sectioned with a sledge 
microtome to obtain 80-100 µm sections from the center of the centra. Sections 
were placed by sample into a tissue capsule and temporarily immersed in 100% 
xylene. Paraplast Plus® was progressively removed from the sections in preparation 
for staining. Staining was carried out using Harris hematoxylin. Stained sections 
were then placed on microscope slides with Kaiser Glycerin Jelly and sealed with 
clear nail polish. Each section was photographed with a digital camera (model 
DSR12, Nikon Corporation, Tokyo, Japan) attached to a stereo microscope (model 

4 

(Casey et al., 
1985; 

Natanson et 
al., 2007) 
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SMZ1500®, Nikon, Inc.) using reflected light and image processing software (model 
NIS Elements, version 4.40, Nikon, Corporation, Tokyo, Japan). 

Micro - X-ray 
fluorescence 
microscopy 

(Micro – XRF) 

Vertebrae were analysed using a Bruker M4 micro-XRF equipped with two Bruker 
30mm2 XFlash energy dispersive spectrometers. X-ray maps were collected at 50 kV 
and 200 µA with a 20 µm spot size, 10 µm step size and 20 ms dwell time. Maps 
were processed with the Bruker M4 Esprit software package. Three separate trials 
were run on the vertebrae: full centra dorsally, full centra laterally and a sectioned 
vertebra. 

3 

(Raoult et al., 
2016) 

Scanning 
electron 

microscopy 
(SEM) 

One sectioned vertebra was analysed using a Zeiss EVO MA 15 Tungsten filament 
SEM. The sample was coated with 20 nm carbon to create a conductive layer. Energy 
dispersive spectroscopy and X-ray mapping were conducted using an Oxford X-Max 
20 mm2 energy dispersive spectrometer. Images were captured at 15kV, 12 mm 
working distance and 500 pA. X-ray maps were obtained using a 25ms dwell time. X-
ray images were captured and processed using the oxford instruments AZtec 3.1 
acquisition software. 

1 

(DeMartini et 
al., 2007) 

 205 
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2.2.3 Micro-X-Ray fluorescence microscopy (Micro - XRF) trial 206 

Micro-XRF is a technique that combines the element sensitivity of X-ray fluorescence 207 

and the spatial resolution of a focused x-ray beam. This technique is nondestructive and does 208 

not require a pre-determined elemental menu prior to analysis. The creation of elemental maps 209 

allows for microscopic inspection of elemental concentrations along the corpus calcarum. This 210 

method also allows for band pair analysis through elemental concentration variation, which can 211 

be advantageous for species that do not display visual banding or banding that is difficult to 212 

interpret (McMillan et al., 2017a; McMillan et al., 2017b).  213 

Variations in elemental concentrations along the corpus calcarum were assessed using 214 

micro-XRF. A total of three vertebrae from three individuals (1 male and 2 females, 1 vertebra 215 

each) were analysed using a Bruker M4 micro-XRF equipped with two Bruker 30mm2 XFlash 216 

energy dispersive spectrometers. X-ray maps were collected at 50 kV and 200 µA with a 20 µm 217 

spot size, 10 µm step size and 20 ms dwell time. Maps were processed with the Bruker M4 218 

Esprit software package. Three separate trials were run on the vertebrae: full centra dorsally, 219 

full centra laterally and a sectioned vertebra. 220 

2.2.4 Scanning electron microscopy trial 221 

 Scanning electron microscopy (SEM) is a technique that allows for extremely fine scale 222 

inspection of samples (DeMartini et al., 2007). SEM paired with energy dispersive spectroscopy 223 

and allows for precise elemental composition analysis. It relies on a two-stage process where a 224 

beam of electrons interacting with tightly bound inner shell electrons of a specimen atom cause 225 

ionization (removal of an electron from an inner shell) creating an unstable state followed by 226 

relaxation when the atom regains stability when an electron from an outer shell fills the inner 227 

shell vacancy. This causes an X-ray photon to be emitted. This X-ray photon is the characteristic 228 

X-ray which is measured by an X-ray detector. The characterization of elements is due to the 229 

unique atomic structure of individual elements that corresponds to specific peaks on its 230 

electromagnetic emission spectrum (Goldstein et al., 2018). This technique was employed to 231 

analyse band pairs on a microscopic scale. Firstly, through a visual inspection under SEM 232 

followed by an elemental analysis for banding that may be apparent in elemental variation. 233 
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One sectioned vertebra (n = 1, 1 female) was analysed using scanning electron 234 

microscopy (SEM) for precise elemental composition analysis as per DeMartini et al. (2007). 235 

SEM analysis was conducted with a Zeiss EVO MA 15 Tungsten filament SEM. The sample was 236 

coated with 20 nm carbon to create a conductive layer. Energy dispersive spectroscopy and X-237 

ray mapping were conducted using an Oxford X-Max 20 mm2 energy dispersive spectrometer. 238 

Images were taken at 15 kV, 12 mm working distance and 500 pA (unless specified otherwise). 239 

X-ray maps were obtained using a 25 ms dwell time. X-ray images were captured and processed 240 

using the Oxford instruments AZtec 3.1 acquisition software. 241 

2.3 Data analysis 242 

To assess whether differences in girth occurred along the body axis, girth measurements 243 

were plotted against body length and slopes of these lines were compared using analysis of 244 

covariance (ANCOVA). Vertebral measurements (lateral, dorsal and length) were averaged for 245 

each girth area (body cross sections) and were then related to girth. The slopes from these lines 246 

were compared using an ANCOVA to determine whether vertebral size was related to girth 247 

along the body. Post-hoc analysis via Tukey tests were used to test for significant differences 248 

between sampling locations. Linear regression models were used to identify influences of 249 

explanatory variables on the response. All calculations were conducted in R (v 3.4.3, R 250 

Foundation for Statistical Computing, Vienna, Austria).  251 

 252 

 253 

 254 

3.0 Results 255 

3.1 Vertebral morphology 256 

No significant difference in any morphological measurement of the vertebrae along the 257 

column was observed between males (n=6) and females (n=14). Sex was the only factor that 258 
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had a significant effect on girth, with females having a larger relative girth than males in body 259 

cross section location C (F (1,80) = 73.040, p < 0.05).  260 

3.1.1 Body cross sections  261 

Intracolumn differences in vertebral structure were observed through body cross 262 

section analysis. There were significant differences in the variability of the linear relationships 263 

between locations along the vertebrae. An ANOVA (F (1,80) = 7.349, p < 0.001) on the residuals of 264 

each vertebral location (a proxy for precision) revealed a significant difference between 265 

vertebral locations. Location A had the highest mean absolute residual and locations B, C, D and 266 

E were not significantly different from each other. A Tukey Post-hoc test revealed that location 267 

A was significantly different from location C (0.813 ± 0.185, p =0.015), location D (0.597 ± 0.139, 268 

p < 0.001), and location E (0.424 ± 0.055, p < 0.001). Location A had the highest mean absolute 269 

residual and locations B, C, D and E were not significantly different from each other. The means 270 

of absolute residuals were not significantly different (p > 0.05) for lateral vertebral diameter to 271 

girth and for vertebral volume to body length. 272 

3.1.2 Whole vertebral column 273 

 Measurements of the vertebral centra from whole vertebral columns of three 274 

individuals were compared using both traditional (calipers) and novel (CT-scan) means to 275 

provide a more detailed inspection of change over the vertebral column. Measurements of 276 

lateral diameter varied from 0.86 to 5.59 mm, dorsal diameter varied from 0.85 to 5.72 mm, 277 

and vertebral length varied from 0.75 to 4.95 mm (Table 2). Both methods produced 278 

comparable results (Table 2). Using a Welch’s two sample t-test measurements were not 279 

statistically different between methods with lateral (t(122)=1.134,p=0.259), dorsal 280 

(t(122)=1.486,p=0.140) and length (t(122)=1.813,p=0.070). 281 

 Measurements across the vertebral column identified trends in size and shape of 282 

vertebrae. The largest vertebrae were found in the post-branchial region with vertebrae 15 – 25 283 

being the largest in average lateral and dorsal diameter (4.38 mm ± 0.64 mm and 4.27 mm ± 284 

0.61 mm, respectively) and vertebral length (4.86 ± 0.66 mm) (Figure 3). A conspicuous 285 
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decrease in vertebral length of approximately 1 mm was observed near the end of abdominal 286 

cavity in vertebrae 40 – 60 (Figure 3).  287 

Table 2: Vertebral measurements measured using a cone beam CT-scan of three individual common sawsharks 288 
(Pristiophorus cirratus). Caliper measurements are included in parentheses for comparison between techniques. 289 

Whole Vertebral Column Analysis 
via CT-Scan  

Abdominal Cavity Largest (mm) 

Sample PCL (cm) Sex Total 
Vertebrae Start End 

Lateral 
diameter 
(Caliper) 

Dorsal 
diameter 
(Caliper) 

Length 
(Caliper) 

PC_42 66.6 m 154 25 55 4.82 
(5.05) 

4.58 
(4.90) 

4.75 
(4.75) 

PC_44 65.1 f 151 20 45 5.59 
(6.09) 

5.72 
(5.95) 

4.95 
(4.90) 

PC_45 56.5 f 153 26 46 4.06 
(4.38) 

3.85 
(4.08) 

4.39 
(4.05) 
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 290 

Figure 3: Vertebral measurements (lateral and dorsal diameter) from the largest common sawshark (PCL = 66.6 cm, 291 
Pristiophorus cirratus) sampled using the whole vertebral column analysed via CT scan. Broken vertical lines 292 

indicate relative positions of vertebral measurements along the vertebral column. 293 

3.2 Age determination 294 

Band pairs were unable to be observed regardless of stain across all specimens 295 

examined (Figure 4). 296 

 297 
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 298 

Figure 4: A subset of sectioned vertebrae of the common sawshark (Pristiophorus cirratus) with the respective 299 
staining techniques. Precaudal length (PCL) is measured in cm.  300 

 301 

 302 

 303 

 304 

 305 

 306 

 307 

 308 

 309 
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3.2.1 Full centrum staining 310 

 Full centrum staining revealed no discernable banding along the centrum in all 311 

specimens examined (Figure 5).  312 

 313 

Figure 5: A vertebra from a common sawshark (Pristiophorus cirratus) with a full centrum staining technique in an 314 
effort to discern band pairs for age determination. PCL = precaudal length. 315 

 316 

3.2.2 Micro-XRF 317 

Sectioned vertebrae provided the best resolution of all three samples trialed using 318 

micro-XRF microscopy. Calcium and strontium appeared to be homogenously dispersed 319 

throughout the sample with no striation or banding visible. Calcium displayed a well dispersed 320 

but homogenous response while strontium displayed a weak signal throughout the sample 321 

(Figure 6). 322 
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 323 

Figure 6: Processed X-ray maps from the micro-XRF of a sectioned vertebra from a common sawshark. Calcium 324 
(red) and strontium (blue) display a homogeneous response across the sample. 325 

3.2.3 Scanning electron microscopy 326 

 Elemental distribution within the samples appeared homogenously dispersed with no 327 

striation or banding observed using scanning electron microscopy. Strontium displayed a weak 328 

intermittent signature across the entire sample. Calcium displayed a stronger yet more 329 

homogenous response (Figure 7).  330 
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 331 

Figure 7: X-ray maps of a sectioned vertebra from P. cirratus showing elemental (a) calcium and (b) strontium 332 
distribution. 333 

 334 

3.2.4 Burning method 335 

 Burning failed to elucidate any discernable band pairs through all specimens examined 336 

(Figure 8).  337 
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 338 

Figure 8: Three common sawshark (Pristiophorus cirratus) vertebral sections prepared using a burning method in an 339 
effort to discern band pairs for age determination. PCL = precaudal length in cm. 340 

 341 

3.2.5 Histology 342 

 Histological processing of P. cirratus vertebrae failed to elucidate discernable band pairs 343 

across all specimens examined. Irregular marking was present on some sections but there was 344 

nothing consistent and usable for age determination (Figure 9).  345 
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 346 

Figure 9: Histological processing of four Pristiophorus cirratus vertebrae in an effort to discern band pairs for age 347 
determination. PCL = precaudal length in cm.  348 

 349 

 350 

 351 
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4.0 Discussion 352 

This study is the first to assess morphometric differences along a sawshark vertebral 353 

column and to systematically explore traditional and non-traditional band pair elucidation 354 

techniques on sawsharks. Morphometric analyses identified that vertebrae in the post-355 

branchial region were the largest and least variable. Samples in this study included all life stages 356 

except neonates, however, adults were underrepresented due to difficulty in obtaining 357 

individuals in the upper size classes. Due to the complete lack of band pairs observed on any 358 

size classes, however, this is unlikely to have affected our ability to assess any band pairs. While 359 

band pair deposition is species-specific (Cailliet and Goldman, 2004) and our ability to observe 360 

them also varies within species (Officer et al., 1996), it appears that vertebrae of P. cirratus in 361 

this study do not show typical banding using any of the techniques currently available for 362 

ageing sharks. 363 

The complete lack of banding in our study, regardless of technique, was unexpected. 364 

Only one study has successfully aged P. cirratus (Walker and Hudson, 2005). Walker and 365 

Hudson, (2005) were able to elucidate band pairs in two species of sawshark through full 366 

centrum staining of post-cranial vertebrae on individuals of a similar size class to this study. In 367 

an effort to elucidate differentiation in band pair readability along the vertebral column, we 368 

replicated Walker and Hudson’s (2005) study and examined vertebrae from the post-cranial 369 

region in a pilot study. We were unable to distinguish any banding from these centra (Raoult, 370 

unpublished data). Conceivably, this discrepancy could have resulted from a few possible 371 

sources. Firstly, the location of specimens for respective studies was different. Walker and 372 

Hudson (2005) sourced individuals from gillnet fisheries in South Australia and the Bass Strait 373 

while this study sourced them from slightly east of the Bass Strait and from a trawling vessel. 374 

Indeed, Walker and Hudson (2005) had a larger sample size and larger breadth of size ranges 375 

including the size ranges reported here to larger individuals. However, according to the data 376 

and modelling reported in Walker and Hudson (2005), specimens in our study should have 377 

displayed at least two to nine band pairs.  378 
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This research suggests that vertebrae in the post-branchial region (i.e., vertebrae 15 – 379 

25) are the largest in lateral, dorsoventral and volume measurements along the vertebral 380 

column. Morphologically, these vertebrae are located between the 5th gill slit and the insertion 381 

of the pectoral fin, commonly known as the origin of the coelomic region. This region has also 382 

been observed to be where the largest vertebrae occur in a number of other shark species, 383 

such as the Atlantic angel shark (Squatina dumeril) (Natanson et al., 2018). Other sharks such as 384 

lamnids, however, display quite different morphometrics to sawsharks. The largest vertebrae in 385 

white shark (Carcharodon carcharias) and shortfin mako (Isurus oxyrinchus) are found near the 386 

end of the coelomic region (Natanson et al., 2018). Vertebral differences between these groups 387 

is thought to be due to interspecific differences in body shape, swimming style and feeding 388 

mechanics (Natanson et al., 2018). It therefore stands to reason that differences in the 389 

vertebral morphology of sawsharks compared to other species also follow this theme.  390 

Assessing vertebral morphology through the use of a cone beam CT scan provided high 391 

resolution data on the entire vertebral column. Manual and chemical handling processes 392 

inherent to more traditional processing such as bleaching or cleaning were avoided by 393 

measuring vertebrae in situ as the low intrinsic X-ray contrast of non-mineralized tissues 394 

provided high quality resolution without the need for processing (Geraghty et al., 2012). 395 

Furthermore, this technique provides an archive of the whole intact vertebral column should 396 

the anatomical structure of the animal be required in future studies. The major limitation of the 397 

cone beam CT method, however, is the significant associated cost.  398 

Sawsharks in this study appear to lack alternating mineralized patterns suitable for age 399 

analysis. It is possible their regular occurrence below 200 m paired with their benthic nature 400 

may result in similar environmental factors experienced by deep sea sharks. One hypothesis for 401 

band pair deposition is that deposition is related to seasonal growth periods caused by an 402 

ectothermic response to varying environmental parameters (Cailliet et al., 1986; Campana, 403 

1992). However, studies have demonstrated that sharks near the equator experience 404 

environments with low abiotic variation and yet can exhibit banding on the vertebrae (Chin et 405 

al., 2013; Tillett et al., 2011). It is thus likely that variations in temperature alone do not drive 406 

mineralization. Additional theories on lack of vertebral calcification in sharks occurring in deep-407 
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water are related to consistent salinity and/or low temperatures resulting in low calcification of 408 

vertebrae (Cailliet, 1990; Natanson, 1993; Sagarese and Frisk, 2010). However, lack of banding 409 

and lack of strong vertebral calcification is not exclusive to deep sea sharks (Cailliet, 1990). 410 

Hexanchiformes are a group of sharks that occur from shallow to deep sea environments and 411 

have a distinct lack of vertebral calcification (Cailliet, 1990; Braccini et al., 2010; McFarlane et 412 

al., 2002). Traditional ageing through vertebral band pair analysis on hexanchiformes has also 413 

been unsuccessful. One species, the bluntnose sixgill shark Hexanchus griseus, was successfully 414 

aged through the use of vertebral neural arches (McFarlane et al., 2002) but this technique has 415 

been unsuccessful on other members of this group (Braccini et al., 2010). Similar difficulties 416 

have been observed in squatiniformes (Baremore et al., 2009).  417 

These results indicate vertebral band pair analysis as a tool for ageing sawsharks is not 418 

always successful and a need to develop alternative strategies to age sawsharks is urgently 419 

required to assist in stock assessments of these commercially fished species. Future efforts for 420 

sawshark ageing could incorporate a mark-recapture and length-based morphometric 421 

modelling approach. The use of mark-recapture and length-based modelling has been 422 

successful for some species that lack well calcified structures or where discrepancies of ageing 423 

exist (Casey and Natanson, 1992; Simpfendorfer, 1993; Harry, 2018; Natanson et al., 2002, 424 

2018). This approach involves documenting external morphometric growth through a minimum 425 

of two separate capture events (Moulton et al., 1992). Where the extent of time between 426 

capture events and the difference between measurements provides an estimate of growth rate 427 

(Grant et al., 1979). This method has also been successful with some species in captivity or 428 

aquaria, although captive growth may not represent natural rates (Dykhuizen and Mollet, 429 

1992). Unfortunately, sawsharks are difficult to keep in captivity due to their low post-capture 430 

survivorship (Braccini et al., 2012) and have proved difficult to maintain for long periods of time 431 

in captivity (J. Williamson pers. comm). 432 

Radioisotope studies have been used to successfully age some deep sea sharks with 433 

little to no calcification such as the Greenland shark Somniosus microcephalus (Nielsen et al., 434 

2016). Radiocarbon studies of this nature link radiocarbon signatures that are present in 435 

metabolically inert structures of the animal back to the ‘bomb-pulse’ created by thermonuclear 436 
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weapon testing in the mid-1950s as a timestamp to derive lifespan estimates (Campana, 2001). 437 

This technique is generally not suitable to short-lived species and while we do not know the 438 

true age of sawsharks, it is highly unlikely that these individuals are sufficiently long-lived for 439 

this method to be applicable (Campana, 2001).  440 

 An inability to reliably age P. cirratus in this study was unexpected and highlights the 441 

requirement for development of robust alternative methods to determine age in elasmobranch 442 

species with similar lack of clear banding patterns. The lack of repeatability of age 443 

determination in this study to previous literature calls for further exploration and validation 444 

into the ageing of P. cirratus. While sawshark age determination remains a difficult task, a 445 

mark-recapture and length-based morphometric modelling approaches may provide suitable 446 

avenues for further exploration. Age determination underpins fisheries management and 447 

information on lifespan can be difficult to quantify in sharks due to the diversity and breadth of 448 

life-history characteristics and habitat use observed in this group. There is new evidence of 449 

widespread systemic age underestimation in shark and ray ageing studies (Harry, 2018). This 450 

highlights the requirement for accurate and validated age estimates for elasmobranchs, ideally 451 

using multiple approaches (Harry, 2018). As such, a repeatable method of ageing sawsharks and 452 

other ‘band pair-less’ elasmobranchs, is needed to facilitate conservation and management 453 

efforts of species globally.  454 

 455 
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