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 9 

Abstract 10 

Sawsharks are one of the least well-known groups of sharks globally, yet they are caught in 11 

large numbers in south-eastern Australia. Here we assessed spatio-temporal patterns of 12 

distribution of two co-occurring species of sawsharks to guide future research in this area: the 13 

common sawshark Pristiophorus cirratus and the southern sawshark P. nudipinnis. To 14 

identify where the animals may occur in greater numbers, this study used the major 15 

commercial fishery data sets in the region, containing nearly 180,000 catch records from 16 

1990 to 2017. Several general patterns were evident. Sawsharks occurred at shallower and 17 

deeper depths than previously thought, and their geographical range was larger than 18 

documented in previous studies. Depth distributions of both species overlapped, but 19 

Pristiophorus cirratus appeared more common in deeper water (up to 500m depth), with peak 20 

common sawshark catch rates around 400m. Seasonal standardised catch patterns across 21 

fishing methods suggested that migrations from deeper to shallower waters may occur in the 22 

Australasian autumn and winter. The greatest concentration of sawsharks, inferred by 23 

standardised catch rates, occurred to the east and west of Bass Strait between Tasmania and 24 

mainland Australia. While standardised catch rates of sawsharks declined in gillnet fisheries 25 
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by approximately 30%, primarily in the Bass Strait and Tasmania, sawsharks appear to be 26 

caught at consistent rates since the 1990s, inferring a possible resilience of these sharks to 27 

current levels of fishing pressure. 28 

Keywords: Pristiophoridae, population dynamics, stock assessment, biomass (ecology), 29 

depth distribution, CPUE, migrations 30 

 31 

Introduction 32 

Despite there being less information available on the ecology of deep ocean environments 33 

than in shallower waters, large-scale commercial fishing routinely occurs in deeper waters. 34 

Until recently, it was assumed that information from shallow water species could be 35 

extrapolated to explain the demography of deeper water stocks (Clark 2001; Mengerink et al. 36 

2014). Unfortunately, this has led to some ineffective management techniques (Clark et al. 37 

2016) and further underlines the need for fisheries management to take a precautionary 38 

approach towards deep-ocean fisheries (de Mitcheson 2016). 39 

Although commonly considered ecological stabilisers, populations of chondrichthyans are 40 

declining globally due to intense fishing pressure (Baum and Worm 2009; Roff et al. 2018). 41 

Elasmobranchs generally grow slowly, and have low reproductive rates and long gestation 42 

periods, which lead to low recovery rates for populations of many shark species (Dulvy et al. 43 

2014). The population status of nearly one quarter of shark and ray species assessed on the 44 

IUCN Red List of Threatened Species is listed as threatened, and many deep ocean species 45 

are listed as unknown or data-deficient. Bathyal sharks that occur between the continental 46 

slope and abyssal zone, such as dogsharks (genus Centrophorus), can sometimes show rapid 47 

declines in catch when commercially fished (Graham et al. 2001). This suggests that these 48 
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deeper water species may be as susceptible to fishing practices as their shallow water 49 

counterparts (Simpfendorfer and Kyne 2009). 50 

Sawsharks (Pristophoridae) are among the least well-known groups of sharks (Ducatez 2019) 51 

and have been consistently harvested primarily as bycatch in commercial fisheries for over 90 52 

years in Australia (Tilzey and Rowling 2001; Tuck 2018). Three species of sawsharks are 53 

frequently caught in Australian waters: the common sawshark (Pristiophorus cirratus), the 54 

southern sawshark (P. nudipinnis) and the delicate sawshark (P. delicatus) (Last and Stevens 55 

2009). Two of the sawshark species appear to have overlapping distributions, with P. cirratus 56 

occurring south of 27°S and P nudipinnis south of 35°S, while a third species P. delicatus 57 

mostly occurs in the waters of north-eastern Australia (Last and Stevens 2009). Often 58 

confused with sawfish (Pristidae) because of their similar saw-like rostrums, sawsharks are 59 

true sharks with life-history characteristics (e.g., biennial reproduction, potentially short 60 

generation time (García et al. 2008; Walker and Hudson 2005)) unlike those of many deep 61 

water species, and their level of resilience to fishing pressures may thus be more similar to 62 

shallow water species of shark. Aside from stock, reproduction and growth assessments on 63 

individuals from Commonwealth-managed waters on the south-eastern coast of Australia 64 

(Tuck 2018; Walker and Hudson 2005; Walker et al. 2005), the spatio-temporal distributions 65 

of catch rates of these species are unknown, including in NSW waters. This has led 66 

researchers to highlight the need for more information on these fished species (Ducatez 2019; 67 

Wueringer et al. 2009). Tuck (2018) also highlighted a potential decline in standardised catch 68 

rate of sawshark for gillnet fisheries that required verification with a different CPUE metric 69 

(per net length rather than per shot). Generic biological information (Raoult et al. 2016a), 70 

apparent resource partitioning between P. cirratus and P. nudipinnis (Raoult et al. 2015), and 71 

information on barbel and rostrum use (Nevatte et al. 2017a; Nevatte et al. 2017b) are only 72 

recent discoveries for this enigmatic shark. 73 
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Current information on the depth distribution of the two co-occurring species of sawsharks in 74 

southern Australian waters suggests that there is overlap in water depths that they occupy, 75 

with P nudipinnis occurring on the inner continental shelf out to 110m whilst P. cirratus 76 

distribution extends from 40m out to 630m  (Last and Stevens 2009). The degree of 77 

interspecific overlap of these depth ranges and the depths at which these two sawshark 78 

species are most common, however, are not known. According to a Commonwealth 79 

assessment of sawshark catch data (Walker and Hudson 2005), standardised catch rates of 80 

both species were below 40% of their initial catch rate a decade ago, prompting concern over 81 

whether the current status as not overfished is appropriate. In New South Wales (NSW) 82 

waters, the population status of sawsharks is classified as ‘undefined’ and information on 83 

population trends that guides formal classification would be used to manage these species 84 

(Peddemors 2015; Stewart et al. 2015). Conventional satellite tagging (Pop-up satellite tags 85 

and ARGOS) is not as effective at these depths for benthic animals and sawsharks are known 86 

to have a low tolerance to capture that would be required for tagging (Braccini et al. 2012). 87 

Recent genetic evidence suggests the species’ ranges extend further than previously thought 88 

(Nevatte et al. 2019). Interpolating migratory and aggregation patterns from fisheries data is, 89 

therefore, the most parsimonious way of initially exploring the demography of these species. 90 

This study assessed spatial and temporal distributions of two species of sawsharks (P. 91 

cirratus and P. nudipinnis) in south-eastern Australian waters to determine their relative 92 

abundance and distribution and potential for sustainable fisheries for these species. Recent 93 

Commonwealth stock assessments suggest standardised catch rates of sawsharks by gillnet 94 

fisheries are declining (Tuck 2018). Our use of a broader data set from various commercial 95 

fisheries available at varying scales aims to use this resultant increased temporal and spatial 96 

resolution to enhance the understanding of catch trends and how these relate to potential 97 

stock assessments for these species. Seasonal catch data were used to detect possible 98 
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movement patterns. Depth and area distributions were examined and inter-annual catches 99 

were used to elucidate potential impacts of commercial fisheries on populations of sawsharks 100 

in south-eastern Australia.  101 

 102 

Materials and Methods 103 

Species identification 104 

Species-level identification of sawsharks had not been enforced prior to 1999 for commercial 105 

fishers in south-eastern Australia, and only began in 2009 in NSW state fisheries. The high 106 

degree of morphological similarity between the two species (Raoult et al. 2016a) gives low 107 

confidence in species identification for commercial fisheries data sets where individuals have 108 

been identified to species, similar to carcharhinid shark fisheries in eastern Australia 109 

(Macbeth et al. 2018). As a conservative measure, therefore, P. cirratus and P. nudipinnis 110 

have been grouped together in this study unless specified otherwise, e.g. when observers were 111 

on board. 112 

 113 

Data sets 114 

Two separate data sets were assessed. The first data set was supplied by the Australian 115 

Fisheries Management Authority (AFMA) and consisted of data collated from large-scale 116 

commercial catches throughout the Australian Commonwealth, from Barrenjoey Point, north 117 

of Sydney in NSW (32º55’41 S, 151º47’59 E), to the western side of the Great Australian 118 

Bight in WA (31°40’30 S 128°52’59 E). The second, smaller data set comprised of NSW 119 

Fisheries catch data between the Queensland border to the Victorian border (37º03’55 S, 120 

149º57’48 E). Within these fisheries, sawsharks are processed at sea since their head and 121 
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rostrum take up significant amounts of space, and as a result all catch weights reported for 122 

these data sets are for beheaded and eviscerated sharks. 123 

AFMA data were collected from 2000 to 2017 and comprised of compulsory logbook entries 124 

from the three main commercial fisheries in the area: Danish seine, otter trawling and 125 

gillnets. Danish seine and otter trawls range at depths from approximately 80m to 500m, 126 

though trawling was permitted below 700m pre 2007, and in this data set average 154 ± 85m 127 

(mean ± SD). Gillnet fisheries mostly operate in shallow depths down to 120m, and in this 128 

data set average 57 ± 23m (mean ± SD). Typically, these fisheries did not target sawshark 129 

due to difficulties removing them from fishing gear and the low value of sawsharks on the 130 

market (typically ~$2 AUD per kg (Mobsby and Koduah 2017)), though in approximately 131 

2% of cases they may have been directly targeted (Haddon 2012). Coordinates for each tow, 132 

along with water depth, the processed weight (i.e., heads removed behind the gills and 133 

gutted), the number of target species caught, and the weight and number of discarded 134 

individuals per species were recorded. Coordinates for catches were subdivided into 0.5° grid 135 

squares to allow comparison of catches between grid locations over time and to help identify 136 

areas where sawsharks may occur in higher abundances. Locations of catches were further 137 

divided into seven zones relating to state borders and locations of interest to separate areas 138 

where broad fishing behaviours may change over time (zones delineated in Figure 1):  139 

1. West of the West Australia/South Australian border  140 

2. West Australian border to Port Lincoln in South Australia  141 

3. Port Lincoln to the South Australia/Victoria border  142 

4. Victorian border to the western side of King Island on the western edge of the Bass 143 

Strait  144 

5. Western side of King Island to the Western side of Flinders Island and above Cape 145 

Barren  146 

6. South of Cape Barren 147 

7. East of the Western side of Flinders Island  148 
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These zones align somewhat with those from previous AFMA stock assessments (Tuck 2018) 149 

but are also designed to relate to ecosystems, specifically by separating Bass Strait, known to 150 

divide fish populations (Punt et al. 2000)), from other areas. This data set was supplemented 151 

by a smaller dataset from the Integrated Scientific Monitoring Program (ISMP) for which on-152 

board observers recorded similar information but with more reliable species identification. 153 

ISMP data were exclusively used to determine whether there were separate depth ranges for 154 

the two species examined, as logbook data were unlikely to accurately identify and separate 155 

the two species of sawshark. The GPS coordinates in this component were amalgamated into 156 

0.5° latitudinal and longitudinal grids to allow standardisation of data over time. To 157 

determine whether the proportion of zero-catch of sawsharks changed over time, we obtained 158 

a summary dataset of the entire fishery from 2000 to 2019 across the area with total number 159 

of shots per trip, irrespective of whether sawsharks were caught or not. Due to the size of the 160 

data set from all catch records across 3 fisheries (> 400,000 records), including all zero-catch 161 

reports into the model was not possible. 162 

NSW catch data were sourced from the NSW Ocean Trawl Fishery (OTF) for the period of 163 

1990 to 2008. Data following this period were not included as reporting regulations changed 164 

in 2008 leading to an incompatibility of post-2008 data (use of grid recording rather than 165 

zones) with AFMA data. Three ocean trawl fisheries were included in this data set: ocean fish 166 

trawl, ocean prawn trawl, and royal red prawn trawl. As with the AFMA data set, NSW catch 167 

data relied on fishers to fill out monthly catch returns that included information on species 168 

caught, location (in the format of 10 evenly distributed ‘zones’ from north to south, 169 

determined by whole degrees of latitude, though catches of sawsharks only occurred in the 170 

most southern 7 of these zones) and total weight landed. No observer studies were included in 171 

this NSW OTF data set and, as with the AFMA data, recorded weights were for headed and 172 

gutted animals. 173 
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 174 

Data processing & cleaning 175 

To avoid negatively-biased results with overly pessimistic conclusions on stock status 176 

(Carruthers et al. 2012), only data that contained catches of sawsharks were included in the 177 

analyses. There are many approaches to correct for the effects of zero-inflated catches 178 

(Maunder and Punt 2004; Maunder et al. 2006). However, we chose to exclude zero catch 179 

records, which is generally consistent with the approach taken by Tuck (2018) for AFMA 180 

data, where catches less than 30 kg were excluded for by-catch species. To verify whether 181 

proportions of zero-catch have changed over time in a way that could bias our models, we 182 

also calculated the proportion of tows that caught sawsharks across each zone and method. 183 

As commercial fishery data often contain erronous records that result from incorrect entries 184 

by the fishers or errors during data entry into informatics systems, all coordinates were 185 

checked for plausibility. For example, some entries in the data sets used in this study had 186 

non-sensical coordinates, with trawl records far inland in NSW or too far offshore for this 187 

fishery and these were excluded. Danish seine entries in the Great Australian Bight, far 188 

outside the range where the method is permitted, were assumed to be incorrectly entered otter 189 

trawl entries. Entries with missing information on the fishing method, inappropriate fishing 190 

methods for the conditions (e.g., gill netting at 500m depth) or unlikely fishing depths for the 191 

fishing method (e.g., > 1500 m depth for trawling) were also assumed to be erronous and 192 

excluded (see supplemental file for R script). Unfortunately, other possible errors (entry of 193 

1500m rather than 150m) are hard to separate without direclty contacting fishers, whose 194 

personal details were not available in this study. Data points that were unlikely but not 195 

illogical (i.e. further from shore than other points) were not removed, as an aim of this study 196 

was to detect the extent of habitat of these animals. Data cleaning outlined above resulted in 197 

9095 records being eliminated in relatively even proportions across each fishing method. This 198 
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resulted in a final total of over 5,000 records for the NSW data set, and over 170,000 records 199 

for the AFMA data set. 200 

 201 

Data analysis 202 

Since catches can only be reliably standardised on a per-method basis (Maunder and Punt 203 

2004), log-transformed catch per unit effort (CPUE) results for each method were analysed 204 

independently. For AFMA trawl and Danish seine fisheries, CPUE was analysed as kg per hr 205 

trawled. CPUE data from gillnet fisheries were analysed as kg/net length (in kilometres) in 206 

accordance with AFMA convention and Tuck (2018)’s suggestion to examine the catch data 207 

for these species using net length rather than per shot. Across the three fishing methods, 208 

AFMA data were recorded per shot. For NSW trawl data, CPUE was assessed in kg per days 209 

of effort. The temporal resolution of data was, therefore, greater for the AFMA data set than 210 

the NSW data. 211 

To correct for differences in behaviour of the fishers, the effects of fishing in different 0.5° 212 

grid locations, fishing zones, months and years, for different lengths of time, with nets of 213 

different lengths, and in different depths, all catch data were standardised using linear mixed 214 

models (LMMs) and a stepwise regression approach (Campbell 2004) with the lmerTest 215 

package in R statistical software version 3.4.4. (Kuznetsova et al. 2017; R Development Core 216 

Team 2013). Models were progressively built with available factors and with vessel 217 

identification (Boat ID) nested within grid location to account for variations in fisher 218 

behaviour and reduce constraints on RAM usage. Interactions between variables were not 219 

included due to the high number of variables (Table 1). Adding interactions rapidly resulted 220 

in rank-deficient models that caused errors in subsequent analyses and would otherwise 221 

prevent the inclusion of location as a factor within the model. One exception was the 222 
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inclusion of a year by zone interaction. To show the effect size of adding the random effect 223 

relative to the simpler models, general linear models without the random effect were initially 224 

run. Models were then assessed and optimized using Akaike’s Information Criterion (AIC) 225 

and conditional R squared calculated with the MuMIn package (Barton 2016). The optimised 226 

models generally had the highest conditional R squared and the lowest AIC, or they were 227 

selected based on lowest AIC alone (Bates et al. 2014; Harrison et al. 2018).  228 

Table 1: summary of factor levels and number of records for each analysis of catch data used in generalized linear 229 
mixed models after data cleaning 230 

Fishing method Total records Months Years Vessels Grid locations 

Gillnets 109,504 12 18 171 321 

Trawl 52,824 12 18 105 214 

Danish seine 19,204 12 18 30 44 

NSW trawl 5,971 12 20 186 11 

 231 

Optimal models were used to calculate least square means (Lsmeans) of each factor of 232 

interest (Month, Year, Location) using the lsmeansLT function based on the lsmeans package 233 

(Lenth and Lenth 2018). Using least square means as a standardised measurement of catch 234 

rate is common in various fisheries assessments (Chang et al. 2017; Forrestal et al. 2019; 235 

Santos and Coelho 2019). Individual behaviour of vessels could not be deduced due to the 236 

anonymous nature of the data sets and the lack of information on vessel size. Vessel 237 

behaviour was thus controlled for by including vessels as a random factor in the model. In 238 

light of this, we are confident that these data were sufficiently cleaned to produce robust 239 

results. Since standardised catch rate estimates excluded zero-catch data due to data size 240 
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constraints, the estimates were scaled to the mean of the standardised catch rate produced by 241 

each model to produce relative abundance indices as per Dunn and Bian (2018).  242 

To verify that standardised catch rates were not an artefact of changes in probability of zero 243 

catch, we compared the patterns in standardised catch rate to those of zero catch. If the 244 

probability of zero catch rate changes follows the trends of standardised catch rate, it is likely 245 

that those changes are driving patterns in standardised catch rate. If the slopes differ, then it is 246 

likely that patterns observed from standardised catch rates are not caused by biases and are 247 

robust (Ortiz and Arocha 2004). 248 

To identify depths with higher sawshark abundance, unstandardized commercial catch per 249 

unit effort for the otter trawl data only (since it has the widest depth range of the methods 250 

examined) was smoothed with LOESS (locally-weighted smoothing) to make patterns more 251 

easily interpretable over the 50,000 data points. Standardised catch rates were not possible in 252 

this case, since including depth categories to account for non-linear depth distributions within 253 

the model predictions created over 107 possibilities that were not possible to calculate using 254 

the high-end PC available, even with intervals as large as 20m. A Generalized Additive 255 

Mixed Model (GAMM) could have solved this issue to some degree, however, this would 256 

have resulted in model outputs that were incomparable relative to the AFMA approach (Tuck 257 

2018). 258 

To identify patterns in standardised catch rates over time, linear regressions were performed 259 

on the standardised yearly data for both datasets. Post-hoc tests were not performed to 260 

compare significant monthly differences as the very high number of data points for each 261 

month (over 60,000) meant they were highly likely to produce spurious significant 262 

differences regardless of the real ecological patterns. 263 

Results 264 
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Models with conditional R2 of 0.36 to 0.42 were obtained for all fishing methods and data 265 

sets (supplemental table 1) except for AFMA Danish seine with an R2 of 0.19. Including 266 

interactions between grid location and depth did not always produce the most optimal model. 267 

Location was typically the factor that explained the most deviance, except for the NSW 268 

Ocean Trawl Fishery where the ocean trawl method explained the most deviance (Table 2). 269 

The model chosen for gill nets did not have the best AIC, but this model did not include 270 

location data. As a result, the model that was chosen for gill netting was the optimal model 271 

that included location as a factor. 272 

The proportion of sawsharks caught per year was variable between methods and zones 273 

(Figure 2). While there were changes in non-zero catch probability over time, the slopes of 274 

these patterns were usually not very different from zero, and therefore any patterns in 275 

standardised catch rates are unlikely to be a result of changes in zero catch probability. In 276 

addition, for some of the fisheries, the proportion of non-zero catch was high (over 50% for 277 

gillnets, for example), suggesting that high numbers of zero-catch would not affect model 278 

output. The proportion of gillnets with catches was highest relative to other methods, with 279 

over 75% of non-zero catches in areas like the Bass Strait. 280 

 281 

  282 
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 283 

Table 2: ANOVA results for each of the selected models, highlighting the relative effect size of the selected factors 284 
(sum of squares) 285 

Factor  Sum of Squares df F value P value 

      

AFMA trawl      

Month  641 11 114 < 0.001 

Year  98 17 11 < 0.001 

Fishing zone  44 6 14 < 0.001 

Grid location  479 212 4 < 0.001 

Depth  21 1 41 < 0.001 

Year * Fishing zone  563 102 11 < 0.001 

      

AFMA gillnet      

Month  1130 11 187 < 0.001 

Year  434 17 46 < 0.001 

Fishing zone  4 5 1 0.27 

Grid location  1266 277 8 < 0.001 

Depth  688 1 1254 < 0.001 

Year * Fishing zone  611 85 13 < 0.001 

      

AFMA Danish seine      

Month  214 11 29 < 0.001 

Year  86 17 8 < 0.001 

Fishing zone  2 1 3 0.10 

Grid location  306 43 11 < 0.001 

Depth  41 1 62 < 0.001 

Year * Fishing zone  28 17 3 < 0.001 

      

NSW ocean trawl fishery      

Year  48 18 4 < 0.001 

Month  92 11 12 < 0.001 

Zone  33 10 5 < 0.001 

Method  232 2 171 < 0.001 

      

 286 

Distribution 287 
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In Commonwealth waters, the highest total catches of sawshark were observed on the north-288 

eastern side of Bass Strait (Figure 1). Standardised catch rates of sawsharks in gill netting 289 

was higher on the east and western sides of the Bass Strait than elsewhere, and the 290 

standardised catch rates of otter trawl and Danish seine were high on the western side of the 291 

Bass Strait (Figure 3). Observer data indicated sympatry of both species of sawshark over a 292 

wide range of depths. Pristiophorus cirratus generally occurred in much higher CPUE 293 

throughout most of the depth range than P. nudipinnus, and peak cumulative CPUE across 294 

both species occurred between 200-250 m (Figure 4). Though there were indications that 295 

CPUE of sawsharks could be higher at depths greater than 400m, the relatively low number 296 

of records at those depths suggest greater uncertainty of the patterns observed below 500m 297 

(Figure 4). Out of the 7368 records of sawshark catches in the ISMP trawl fishery data set, 298 

17.6% of catch by weight was P. nudipinnis and the rest P. cirratus. While the number of 299 

records (935) using Danish Seine in this dataset was substantially smaller than the otter trawl 300 

dataset and operated over shallower depths (max of 139m), the CPUE of P. nudipinnis for 301 

Danish Seine was approximately double that of P. cirratus at depths of 49 – 149m (7.7 vs 302 

13.4 kg per haul). Unstandardised catch per unit effort of sawsharks by Commonwealth trawl 303 

fisheries suggest three depths where sawshark CPUE peak at ~80 m, 200 – 250 m and 350 – 304 

400 m, with the highest CPUE at the 350 – 400 m range at a rate roughly double that found at 305 

80 m (Figure 5). 306 

Temporal variations in catch rates 307 

The occurrence of sawsharks in areas where fishing occurred varied seasonally, depending on 308 

the location and fishing method. In the AFMA data set, seasonal patterns differed between 309 

fishing methods. Peak standardised catch rates occurred in the austral winter and summer in 310 

gillnet fisheries (June and December, respectively), while trawling recorded highest catch 311 

rates during the austral autumn and winter (April and July; Figure 6). Monthly standardised 312 
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catch rates were not able to be calculated due to the sparse nature of the Danish seine data set. 313 

Standardised catch rates in NSW waters peaked in May and September and were lowest in 314 

the austral spring (February – March; Figure 6).  315 

Patterns of total catch and catch rates from 1990 316 

Combined total catches of NSW and Commonwealth fisheries increased by 90 tonnes from 317 

2003 to 2006 before returning to levels similar to the pre-2003 reported catch increase 318 

(Figure 7).  The decline in 2006 in the Commonwealth fisheries occurred both for the gillnet 319 

and trawl fisheries. Assuming an average total weight of 850 grams per individual (Raoult et 320 

al. 2016a) and considering that reported weights are often processed (i.e. head and guts 321 

removed), the maximum combined yearly catch of sawsharks in 2006 is an estimated 470,000 322 

animals (350 tonnes / (0.85/2) kg, mean weight divided by two to reflect the processed 323 

weight recorded by fishers). 324 

The majority of sawshark catches occurred in Commonwealth fisheries, where over 150 tons 325 

per year were consistently caught. In the AFMA data, standardised catch rates in the gillnet 326 

fishery declined significantly by approximately 30% from 2000 to 2017 (df = 1, 693358, F = 327 

28410, p < 0.001, R2 = 0.29), especially in the zones designated in Bass Strait (~50%) and 328 

Tasmania (~50%; Supplemental figure 1). Otter trawl catch rates had a significant increase 329 

albeit with a low amount of explained variation of approximately 10% (df = 1, 481678, F = 330 

5112, p < 0.001, R2 = 0.01), especially in the Bass Strait (~40%) while most other zones were 331 

relatively stable (Supplemental figure 2). Patterns over time for data from the Danish seine 332 

fishery were not formally analysed due to the smaller data set, but standardised catch rates 333 

appeared relatively stable with a possible increase in recent years (Figure 8). For the NSW 334 

catch data, standardised trawl catch per unit effort was generally stable and showed no 335 

significant pattern over time (df = 1, 982078, F = 0.411, p = 0.52) (Figure 8).  336 
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 337 

Discussion 338 

Sawsharks in south-eastern Australian waters occurred in a wider area and at a greater range 339 

of depths than previously documented (Last and Stevens 2009). Two species of sawshark 340 

comprised the commercial catches in this area: Pristophorus cirratus and P. nudipinnus. The 341 

third Australian species, P. delicatus, was not identified in any record by fisheries observers 342 

and is unlikely to occur in this fishery due to the reported tropical range of that species 343 

(Yearsley et al. 2008). Considerable sympatry between the two species of sawshark was 344 

observed across depths, however, P. cirratus was more common across the surveyed depth 345 

range (0 – 600 m) than P. nudipinnis. Seasonal differences in standardised catch rates for 346 

combined sawsharks were observed, suggesting movement between shallower and deeper 347 

waters or seasonal aggregations at this time scale. These patterns differed with the type of 348 

fishing method used (i.e., gillnet and trawl). For fisheries managed by NSW, the standardised 349 

catch rate of sawsharks was relatively stable over the 19-year data set. In Commonwealth 350 

fisheries, standardised catch rates of sawsharks declined for gillnet fisheries but not for trawl 351 

fisheries, suggesting these species may be resilient to current commercial fishing pressures, 352 

though there may be localized depletions in shallower areas. However, it should be noted that 353 

the fisheries catching sawsharks were operating for many years prior to the period for which 354 

data were available and thus no true baseline data are available. 355 

Sawsharks in south-eastern Australia occur at a wider depth range (5 to over 600 m) than 356 

previously thought and P. nudipinnis can occur at depths much greater than the previously 357 

recorded 110 m (Last and Stevens 2009), albeit their total catch was substantially skewed to 358 

depths less than 100 m. Catch per unit effort of trawlers was highest at depths of 400 m, 359 

suggesting sawshark abundance may be greatest at those depths, although the ratio of the two 360 
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species in this distribution is unclear. Commonwealth observer data indicated no clear 361 

separation of the two Pristiophorus spp. to 150 m depth, whereafter the proportion of P. 362 

cirratus increased. These results support the findings of Raoult et al. (2015), which suggests 363 

that species-specific resource partitioning facilitates co-habitation of these two species of 364 

sawshark. Interestingly, there appears to be a selectivity for P. nudipinnis by the Danish 365 

Seine fishery, whereas the otter trawl fishery selects mainly for P. cirratus. This is possibly 366 

due to the shallower range of the Danish seine. While the number of catch records of 367 

sawsharks at depths greater than 600m was rare, especially after 2007 when most waters 368 

deeper than 700m were closed to fishing, the relatively high CPUE recorded at these depths 369 

suggest that their habitat may extend deeper than currently recognised. It is also possible that 370 

recorded catches of ‘deep’ sawsharks may be imprecise as a result of trawl nets continuing to 371 

catch during hauling up the continental slope and in the water column. Any such deeper 372 

distribution of sawshark populations may provide a source for ongoing replenishment of 373 

fished portions of their range. The species overlap to depths of 150 m and their differing 374 

resource use highlights the importance of separating these species during logbook entries, 375 

allowing subsequent species-level stock assessment and management. The relative 376 

differences in proportions of the two species landed (predominantly P. cirratus) also 377 

emphasises the need for accurate separation of these species in fisheries logbooks, without 378 

which declines in P. nudipinnis proportions may go unnoticed. 379 

Sawshark standardised catch rates were highest in waters east and west of Bass Strait, though 380 

their distribution occurs well beyond this region. Bass Strait is a highly productive area due to 381 

benthic topography that transitions rapidly from coastal shelf to shallow seas (Gibbs et al. 382 

1991; Harris et al. 1987) and is a known separation point for fish stocks (Izzo et al. 2016). 383 

While most catch records of sawshark were from the east side of Bass Strait, this pattern did 384 

not overlap with the area with the highest catch rates (on the west side of Bass Strait). The 385 
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hotspot on the west side for relatively higher catch rates is further west and in deeper waters 386 

for otter trawls than it is for gillnets, likely as a result of the depths the different fishing 387 

methods operate in. Future sawshark research should study these hotspots to understand 388 

population structure, ecological characteristics and behaviours that drive these ‘aggregations’ 389 

in sawsharks. 390 

Standardised catch rate data for the NSW and AFMA trawl fisheries suggest annual patterns 391 

of movement may be occurring in sawsharks. Seasonal CPUE was generally highest in the 392 

Austral autumn and winter, though standardised catch rates of gillnetting that mostly occur 393 

shallower than 100 m depth appeared to be bimodal with peaks in the Austral winter and 394 

summer. Variations in seasonal catch data are generally accepted to be caused by shifts in 395 

behaviour (Pope and Willis 1996). Seasonal migrations driven by philopatry have been 396 

recorded for many benthic elasmobranchs such as Port Jackson sharks (Heterodontus 397 

portjacksoni) (Bass et al. 2017; Day et al. 2019), spiny dogfish (Squalus suckleyi) (Andrews 398 

and Harvey 2013), sevengill sharks (Notorynchus cepedianus) (Irigoyen et al. 2018) and 399 

morphologically similar chimeroids (Dunn et al. 2010; Mathews 1975). Although no direct 400 

observational data exist for sawsharks in this area, it is possible that sawsharks migrate to 401 

shallower inshore waters for seasonal breeding aggregations in autumn. Research that directly 402 

tracks individual sawsharks over time and at various sites is needed to confirm any movement 403 

patterns and understand the underlying mechanisms driving them. Another explanation for 404 

the increase in standardised catch rate is potential annual recruitment, similar to patterns 405 

observed in fishes from deep-sea (Fernandez-Arcaya et al. 2013), rocky reef (Félix-Hackradt 406 

et al. 2013) and estuarine communities (Booth and Beretta 1994). Sawsharks are biennial 407 

breeders (Last and Stevens 2009; Walker and Hudson 2005), lending support to this concept. 408 

Length-frequency data for both species would elucidate the importance of yearly recruitment 409 

to these patterns in standardised catch rates.  410 
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Sawsharks off south-eastern Australia have been caught consistently by trawl and gill-net 411 

fisheries over the past two decades, with strong localized declines in sawshark standardised 412 

catch rates detected in gillnetting in Commonwealth waters. Due to the length of our dataset 413 

(17 years), it is unlikely that this decline is caused by an artefact (Carvalho et al. 2018), and a 414 

similar pattern was detected in an AFMA stock assessment for this fishery, which 415 

recommended conducting analyses with length of gill nets as an indicator of effort (Tuck 416 

2018), a process that was undertaken here. The proclamation of marine protected areas and 417 

closures of other fisheries in south-eastern Australia may have influenced the trends evident 418 

in our analyses. Such external influences on trends may be especially evident for the 419 

Commonwealth gillnet fisheries, which underwent substantial regulatory changes in the early 420 

2000s that impacted behaviour of the fishers (Sachse and Richardson 2005) and are known to 421 

have reduced fishing effort by approximately half for particular species (McAuley et al. 422 

2008; Wilson et al. 2010). Indeed, AFMA reports suggest a reduction of ~40 vessels (roughly 423 

50% of the total Commonwealth fleet) starting in 2004 for the gillnet fishery, and potential 424 

avoidance behaviours of certain areas from fishers (Tuck 2018). Around Bass Strait and 425 

Tasmania, however, standardised catch rates still showed declines of over 50%, suggesting 426 

that localized shallow depletions may be occurring, as trawl fisheries in the same zones did 427 

not show declines in standardised catch rates. In addition, these patterns are unlikely to be an 428 

artefact of zero-catch probability changing, since zero-catch probability for gillnet fisheries 429 

were low and did not change significantly over time. In contrast, Danish seine catch per unit 430 

effort increased in the last 5 years. Since observer records from this study and previous work 431 

(Walker and Gason 2007) suggest this fishery is selective for P. nudipinnis, it is possible that 432 

this population is increasing while P. cirratus populations are decreasing. 433 

Overall, catch rates of sawsharks are relatively stable over the last 20 years and our 434 

conclusions mirror those of AFMA stock assessments in Tuck (2018) while examining a 435 
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larger area and using higher resolution location information. This purported resilience to 436 

fishing pressures may be in part due to potentially high reproductive rates and rapid growth 437 

of sawsharks as suggested by (Walker and Hudson 2005), but this has been unable to be 438 

verified due to difficulties determining the age and growth of these species (Burke 2019; 439 

Raoult et al. 2016b). 440 

The consistent and long-term fishing of sawsharks in the area for over 90+ years by many 441 

commercial methods (Graham et al. 2001) implies that the biomass of sawsharks on the 442 

eastern continental shelf has most likely been depleted for an extended period of time and 443 

that current populations are likely to be well below their virgin stock levels. Historical data 444 

from the fisheries-independent research vessel Kapala indicated that populations of 445 

sawsharks (determined from catch rates) offshore of NSW have declined by over 60% 446 

between 1976 and 1996 (Graham et al. 2001). Similar patterns of historical declines of 447 

benthic elasmobranchs preceding modern fisheries were apparent in the northern Atlantic 448 

(Jones et al. 2005) and modern fisheries management must always take into account 449 

historical data to prevent shifting baselines (Baum and Myers 2004; Knowlton and Jackson 450 

2008). It is well documented that other mesopelagic species caught in the same commercial 451 

fisheries as these sawsharks have declined historically, such as eastern gemfish (Rexea 452 

solandri), which have been fished to 15.6% of their unfished biomass over a similar time 453 

period (Georgeson et al. 2014; Little and Rowling 2010). These species, which have 454 

similarities in benthic habitat use (Pogonoski et al. 2002) and display possible annual 455 

spawning migration, now also show stable but depleted biomass over recent decades. In the 456 

context of this previous work, our findings suggest that sawshark populations on the east 457 

coast of Australia may have declined to less than 40% of their pre-fished levels and should be 458 

initially classified as ‘fully fished’ i.e., current fishing effort appears sustainable, except in 459 

the Bass Strait where catches from gill netting suggest potential declines. Regular assessment 460 
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of the status and performance of sawshark stocks are needed in south-eastern Australian 461 

waters, particularly in shallower habitats in and around the Bass Strait, to ensure that current 462 

stable catch rates continue in the future. 463 

Cumulative landed weights show high variability in sawshark catches in south-eastern 464 

Australia. Historical records showed that the highest total weight of sawsharks caught in 465 

south-eastern Australia was 359 tonnes in 1995 (excluding NSW OTF fisheries catch data) 466 

after rising rapidly from 59 tonnes in 1970 to 300 tonnes in 1986 (Haddon 2012; Walker and 467 

Hudson 2005). NSW data since 2009 was not available for the current study, so it is not 468 

possible to say whether total landed weights have changed over the last decade, though by 469 

extrapolating the stable standardised catch rate for NSW fisheries we can infer that total 470 

landed weight, including Commonwealth fisheries, is likely stable at the approximate current 471 

catch of 200 tonnes per year. 472 

Although there has been a total allowable catch (TAC) set for sawsharks since 2005, the TAC 473 

has always been greater than annual catch levels and the authors are not convinced that a 474 

TAC is an effective management tool for these species. Sawsharks are only targeted in 2% of 475 

fisheries in Commonwealth waters (Haddon 2012; Walker and Hudson 2005) and the 476 

majority are caught as unintentional by-catch from fishers targeting flathead 477 

(Platycephalidae). As sawsharks are difficult for fishers to disentangle from nets without 478 

damage to the animal (Klaer and Smith 2012), any catch weights above individual quotas 479 

would potentially lead to post-release mortality upward of 50% due to fishers being forced to 480 

discard damaged animals in accordance with TAC requirements (Braccini et al, 2012). 481 

Reducing incidental catch TAC any further is unlikely to significantly reduce fishing 482 

mortality for this reason. Other management efforts may be necessary, such as no-take zones, 483 

reducing fishing effort, or changing gear selectivity to match catch behaviour (e.g.Young et 484 
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al. 2019). These management tools require further understanding of sawshark biology and 485 

ecology including population structure, habitat use, movement patterns and behaviour. 486 

Due to difficulties associated with correctly separating P. nudipinnis from P. cirratus catch 487 

data, the two species were mostly grouped in this study. The substantial spatial overlap 488 

between the two species further highlights the importance of providing commercial fishers 489 

with clear identification guidelines and training to increase catch data reliability. However, 490 

even with new ID guides and suitable training, there is a high probability of misreporting due 491 

to the high concurrent capture of the two species. Substantial and ongoing training of fishers 492 

in species ID would be required to provide more accurate species records for such 493 

morphologically similar species (Macbeth et al. 2018). The current study indicates that range-494 

wide extrapolation of historical catch data may lead to inaccuracies: previous examinations of 495 

species-specific data indicated 11.5% of demersal trawl catches of sawshark are P. nudipinnis 496 

and the rest are P. cirratus (inferred from total catches presented inWalker and Hudson 2005) 497 

when our results suggest the value is closer to 18% with current ISMP data and this varies 498 

considerably with depths trawled. Most of the Commonwealth fishery catches are shallower 499 

than 80 m (gillnets catch the majority of sawsharks in south-eastern Australia), where 500 

observer data presented in our research showed an almost complete overlap of the two 501 

species of sawshark. While P. cirratus and P. nudipinnis have similar habitats and biologies, 502 

their marked differences in diet (invertebrates vs piscivorous) and trophic level (Raoult et al. 503 

2015) could mean that extrapolating broad patterns from one species to another could mask 504 

changes in behaviourally-mediated catch rates that can occur with sympatric species (Young 505 

et al. 2019). Recent electronic records in Commonwealth fisheries have highlighted 506 

discrepancies with the reporting of species of fish (Emery et al. 2019). Deep trawl and gillnet 507 

fisheries in Europe encounter similar difficulties with catch data for elasmobranchs that have 508 

not been identified to species level (Jones et al. 2005). Solutions to this issue are automated 509 
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catch ID systems currently in development (Sayed et al. 2018; Zhang et al. 2016), or in the 510 

short term a wider observer program that can better predict depth distributions of these 511 

species. 512 

This study highlights how modern catch data can be used to obtain broad species information 513 

and guide future research directions for data-deficient species. Seasonal variations in 514 

standardised catch rates highlighted possible migrations or aggregations. This study has 515 

documented a complete spatial overlap of the two species of sawshark, P. cirratus and P. 516 

nudipinnus, and highlighted the impact that inadequate species identification can have on the 517 

accuracy of stock description and assessment. We provide evidence of relatively stable catch 518 

rates of these populations in south-eastern Australian waters over the past two decades despite 519 

previous depletions of sawshark populations. Our results also suggest potential localized 520 

depletions in Bass Strait and around Tasmania that warrant further examination. These 521 

conclusions highlight the importance of ongoing monitoring at the species level to elucidate 522 

fishing-related impacts on sawsharks. 523 
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 822 

Figures 823 

 824 

 825 

Figure 1: Density distribution plot of over 170,000 individual logged catch records containing sawsharks, 826 
mixed fishing methods, from the AFMA data set from years 2000 – 2017 (whole years). This approach 827 
identifies where the majority of sawhsarks are caught, irrespective of catch rate. Zones used to divide 828 

areas into areas of biogeographic and/or management relevant borders are indicated with dotted lines. 829 
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 830 

Figure 2: Proportion of non-zero catch of sawsharks across all shots for gillnets, otter trawls and Danish seine 831 
fisheries in the zones identified, from 2000 to 2019. 832 
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34 

 

Figure 3: Relative abundance from least square means of sawsharks across different fishing methods in a 835 
0.5° coordinate bin grid, created from the AFMA 2000-2017 data set (only non-zero values included for 836 

analysis). 837 

 838 

839 
Figure 4: Catch per unit effort (mean ± SE) of the two species of sawshark at different trawl depths 840 

recorded by the AFMA observer program. Total count of observer records for each species at each depth 841 
indicated above bars (only non-zero values included for analysis). 842 
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 843 

Figure 5: Loess smoothing and 95% C.I. of unstandardized catch per unit effort in relation to depth from 844 
all AFMA trawl records (only non-zero values included for analysis). 845 
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 847 

Figure 6: Relative abundance inferred from least square means (±95% C.I., dashed lines) for the factor 848 
‘month’ across all locations in the different Commonwealth fisheries for grouped Pristiophorus spp. from 849 

2000 to 2017, and for the NSW Ocean Trawl Fishery data from 1990 to 2008 (only non-zero values 850 
included for analysis). 851 
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 852 

Figure 7: Total landed catches of sawsharks (Pristiophorus spp.) across all Commonwealth fisheries 853 
(AFMA) from 2000 to 2017, and for the NSW trawler data from 1990 to 2008. 854 
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858 
Figure 8: Relative abundance inferred from least square means (±95% C.I., dashed lines) for the factor 859 

‘year’ in Commonwealth fisheries of grouped Pristiophorus spp. across fishing methods and all locations, 860 
and of NSW trawl data (only non-zero values included for analysis). 861 

 862 


