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Recommendations  

It is recommended that the SC: 

• Note that this PSA and SAFE analysis has identified a number of species of 
deepwater chondrichthyans at high or extreme relative vulnerability to 
fishing using demersal trawl, midwater trawl, demersal longline and demersal 
gillnet gears; 
 

• Note that a number of these species assessed to be at the high or extreme 
vulnerability are taken in association with commercial deepwater shark 
fisheries; 
 

• Note there is limited catch, effort and biological information for many species 
of deepwater chondrichthyan; 
 

• Note that some species of deepwater chondrichthyans are highly vulnerable 
to overfishing due to their life history characteristics; and 
 

• Recommend to the Meeting of the Parties that stock assessment for species 
of deepwater chondrichthyans taken in association with commercial 
deepwater shark fisheries is urgently required to estimate sustainable yields 
and mitigate the potential for overexploitation that has been seen in similar 
fisheries globally. 
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Abstract 

The risks posed by demersal fishing to species and populations of deepwater 
chondrichthyans (sharks, skates, rays and chimaeras) are poorly understood, particularly 
in areas beyond national jurisdiction. We adapted Productivity-Susceptibility Analysis 
(PSA) and Sustainability Assessment for Fishing Effects (SAFE) methods within the 
Ecological Risk Assessment for the Effects of Fishing (ERAEF) framework to assess the 
vulnerability of 174 deepwater chondrichthyans to demersal trawl, midwater trawl, 
demersal longline and demersal gillnet fishing gears in the Southern Indian and South 
Pacific Oceans. A number of species were categorised as being at high or extreme 
vulnerability to all gears, including some in the Southern Indian Ocean that are taken in 
association with commercial deepwater shark fisheries. Overall, there was good 
concurrence between PSA and SAFE results at the upper end of the vulnerability spectrum 
for Southern Indian Ocean fisheries, and poorer concurrence for South Pacific Ocean 
fisheries, in which more species were assessed to be at higher vulnerability using the SAFE 
method than the PSA. This was unexpected because the PSA is usually assumed to be more 
precautionary, and could be a concern to managers seeking to use information from these 
lower ‘tiers’ of the ERAEF hierarchy to implement management actions. Despite a number 
of methodological limitations of this assessment, such methods can be used effectively to 
prioritise management action for those species considered to have the highest vulnerability 
to fishing. Given the findings of this assessment, we advocate for implementation of 
identification protocols for deepwater chondrichthyans and improved understanding of 
species biology (particularly age data, species distribution and stock structure). For species 
taken in relatively high volumes in association with commercial deepwater shark fisheries, 
stock assessments to inform harvest strategies is required to mitigate the potential for 
overexploitation that has occurred in other similar fisheries globally. 

Key words: elasmobranchs, non-target species, ecosystem approach to fisheries, 
productivity-susceptibility analysis, high seas fisheries, RFMO/As  

mailto:lee.georgeson@agriculture.gov.au


 4 

Introduction 

A recent global assessment estimated that 25% of the world's chondrichthyans (sharks, 
skates and chimaeras) are threatened with extinction (Dulvy et al., 2014). Some of these 
species are caught in deep-sea demersal fisheries, such as those operating in the Southern 
Indian and South Pacific oceans under the regional management of the Southern Indian 
Ocean Fisheries Agreement (SIOFA) and the South Pacific Regional Fisheries Management 
Organisation (SPRFMO). In their role as regional fisheries management 
organisations/agreements (RFMO/As), SIOFA and SPRFMO are required to assess the 
status of principal deep-sea fishery resources targeted, and, to the extent possible, taken as 
bycatch and caught incidentally in deep-sea fisheries.  

Deepwater chondrichthyans can be particularly vulnerable to overfishing due to their 
exceptionally low production potential (e.g. low fecundity, slow growth, late maturity and 
long life spans), with low productivity also reducing their capability to recover once 
populations are depleted (Simpfendorfer and Kyne 2009, Rigby et al. 2015). Deficiencies in 
existing catch, effort and biological (e.g. age, distribution and population genetics) 
information for these deepwater shark species can make assessment of their vulnerability 
to overfishing difficult (McLean et al., 2015; Verissimo et al., 2012), especially when coupled 
with existing taxonomic uncertainties (Straube et al., 2011). The difficulties in collecting 
estimates of biomass and fishing mortality can necessitate the application of data limited 
assessment methods (e.g. Dowling et al., 2008; Dichmont and Brown, 2010; Marchal et al., 
2013), such as ecological risk assessment (ERA) to enable an assessment of the vulnerability 
of species to fisheries interactions (Williams et al., 2018). Vulnerability in this context is 
defined following Griffiths et al., (2017) as the potential for the productivity of a stock to be 
diminished beyond expected natural fluctuations by direct and/or indirect fishing 
interactions. 

ERA has been applied successfully around the globe in situations where fishing mortality is 
unknown but information on the distribution of fishing effort and the basic biology of 
species may be available (e.g. Milton et al. 2001; Stobutzki et al. 2002; Zhou and Griffiths 
2008; Zhou et al. 2007, 2012). Hobday et al., (2011) developed the hierarchical Ecological 
Risk Assessment for the Effects of Fishing (ERAEF) framework with the intention to enable 
risk to be managed through the implementation of management actions at different stages 
of the hierarchy, from the largely qualitative analysis of risk based on expert opinion and 
stakeholder feedback (level 1), to a more focused and semi-quantitative approach (level 2), 
and finally to a highly focused and fully quantitative approach (level 3). The management 
response at each level may include additional assessment, identification of appropriate 
management or mitigation strategies, or scenarios in which no additional management 
actions are required. At the lower levels of the hierarchy, ERAEF is generally acknowledged 
to be more precautionary (i.e. missing information results in higher risk), which can lead to 
a greater number of false positives (species assessed to be high risk that may actually be 
low risk). 

Over the last decade, ERA methods have improved (see, for example, Zhou et al. 2013; Zhou 
et al. 2019; Griffiths et al. 2018) and are increasingly being used as a tool to inform 
management, noting that most only generate proxy estimates of biomass depletion (Bcurrent) 
and fishing mortality (Fcurrent) (e.g. Dowling et al. 2016). Although many of these methods 
can be applied at a lower cost per assessment than methods that are more commonly 
applied to information-rich fisheries, the task of assessing all target and non-target species 
with ERAs in fisheries with a large number of data-deficient species is not trivial. ERA 
provides a useful, inexpensive tool to prioritise vulnerable (or high risk) species where the 
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impacts of fishing may be sufficient to warrant further quantitative assessment or other 
management intervention.  

The most widely used ERA approach in fisheries is the semi-quantitative Productivity-
Susceptibility Analysis (PSA), which considers risk to species as a function of their biological 
productivity and their susceptibility to fishing using various gears (Hobday et al., 2011; 
Patrick et al., 2009). PSA is considered particularly useful for evaluating the vulnerability of 
a large number of data-limited non-target species in a way that can be easily interpreted by 
fisheries managers and policy makers (Williams et al., 2018; Griffiths et al., 2017). 
Consequently, PSA is the primary ERA method recommended by the Marine Stewardship 
Council (MSC) for fisheries seeking certification for eco-labelling purposes (MSC, 2010).  

More quantitative methods such as Sustainability Assessment for Fishing Effects (SAFE) 
(Zhou et al. 2007, 2012, 2016, 2019) and EASI-Fish (Griffiths et al. 2018), on the other hand, 
derive a proxy for fishing mortality based on the susceptibility of species in relation to 
productivity, with some of these methods also capable of quantifying cumulative impacts 
across multiple fisheries (Griffiths et al. 2018; Zhou et al. 2019). Both the PSA and SAFE 
methods have been applied to teleosts and chondrichthyans in Australia (Zhou and Griffiths 
2008; Zhou et al. 2009; Zhou et al. 2011; Zhou et al. 2019) and in high seas areas in the 
Atlantic Ocean (Arrizabalaga et al., 2011; Cortés et al., 2010), the Western and Central 
Pacific Ocean (Kirby et al., 2006), the Eastern Pacific Ocean (Griffiths et al., 2017)  and the 
Indian Ocean (Murua et al., 2009; Murua et al; 2018). Zhou et al. (2016) demonstrated that 
estimates of F from SAFE were comparable to those derived from data-rich quantitative 
stock assessments in most cases, and that SAFE overestimated F (i.e. overestimated risk) in 
all other cases. An advantage of SAFE is that in addition to prioritisation of species for 
quantitative assessment or other management actions, the proxy estimate of Fcurrent can be 
also used within an interim harvest strategy with defined limit reference points and agreed 
management rules (e.g. Zhou et al. 2012). However, such an approach is not advocated in 
this instance due to various methodological limitations.  

In this paper we apply PSA and SAFE methods based on that of Hobday et al., (2011) and 
Zhou and Griffiths (2008) to assess the vulnerability of 174 deepwater chondrichthyans to 
demersal trawl, midwater trawl, demersal longline and demersal gillnet fishing gears in the 
Southern Indian and South Pacific Oceans under the regional management of SIOFA and the 
SPRFMO1. Both PSA and SAFE analyses can be used to identify those species considered to 
be the most vulnerable (or at highest risk) to different types of fishing gear and to which 
resources can be directed to either implement mitigation measures or prioritise data 
collection and further research. We discuss the results in the context of regional 
management of high seas fisheries, relevance to fishery managers, key data deficiencies and 
limitations of the analysis.  

 

Methods 

Formation of species list and data collection 

To undertake the PSA and SAFE analyses, species lists for the Southern Indian and South 
Pacific Oceans were derived using available catch records and various sources in the 
published literature (e.g. Last and Stevens 2009; Ebert 2013; Ebert et al., 2013; Ebert 2014; 
                                                             

1 The use of demersal gillnet gears was prohibited in the South Pacific Ocean in 2012 by the 
SPFRMO and this gear type is not assessed for this fishery area. 
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Ebert 2016; Ford et al. 2015; Last et al., 2016) and refined using input from chondrichthyan 
experts in Australia, New Zealand and the United States. Species were included on the list if 
they were thought to occur, and interact with gears, in each gear-type ‘fishery’. The total 
number of species on the list was 112 in the Southern Indian Ocean and 101 in the South 
Pacific Ocean, with 40 species included in both species lists. The species lists are only 
subsets of all chondrichthyan species present in the two areas, and may include species for 
which there are few or no records of interaction. Some species known to be present in the 
two areas were excluded if they have a mainly coastal distribution and are not exposed to 
high seas fishing, or if they occur in habitat that is unsuitable for fishing. For the purposes 
of this study, ‘deepwater’ chondrichthyans were defined as those that spend most of their 
lifecycle at depths below 200 m depth, as described by Kyne and Simpfendorfer (2007). 

Life-history attributes for each deepwater shark species were compiled from the relevant 
published literature. A paucity of biological information to inform productivity for a large 
number of species resulted in the attribution of proxy biological characteristics from similar 
(e.g. congeneric or co-familiar) species. (See Table Sx). This was done using expert input, 
and was only applied in situations where it was deemed that the use of proxy attributes 
would be reasonably robust and would represent a better option than simply assuming no 
data, which is the default approach in such circumstances. Species distribution data were 
sourced from the FAO Catalogue of Species—Geonetwork database 
(http://www.fao.org/geonetwork/srv/en/main.search), the IUCN Red List 
(https://www.iucnredlist.org/) and various sources in the published literature. The FAO 
Catalogue of Species generally had the most recent distribution data, so this was used in the 
first instance if available. Fishing effort and bycatch data were requested from all relevant 
nations that have reported deep-sea bottom fishing in the southern Indian and South Pacific 
Oceans from 2012 to 2016. A complete fishing effort dataset was available for the South 
Pacific Ocean gear types but effort data for some bottom fishing gears was unavailable for 
the Southern Indian Ocean, which may increase the uncertainty of results for this area. 

Productivity-Susceptibility Analysis (PSA) 

PSA (Stobutzki et al. 2002; Hobday et al. 2011) is based on scoring productivity and 
susceptibility attributes to estimate relative potential vulnerability. The productivity (P) 
attributes (Table 1) are assumed to influence the intrinsic rate of increase (r) and the 
susceptibility (S) attributes are assumed to influence catchability (q). The productivity 
score is calculated as the average of the seven productivity attributes. Susceptibility (S) is 
estimated as the product of four susceptibility attributes (Table 2). Attributes used in the 
PSA are typically scored a 1 (low vulnerability), 2 (medium vulnerability) or 3 (high 
vulnerability). In line with a precautionary approach, missing attributes are scored a 3. Data 
deficient species are classified as those missing three or more P and/or S attributes. Low 
productivity species with high susceptibility scores are considered to be the most 
vulnerable, while high productivity species with low susceptibility scores are considered to 
be the least vulnerable. Species are assigned to an overall vulnerability category (high, 

medium or low) by dividing the 2-dimensional Euclidean distance (√𝑃2 + 𝑆2) into equal 
thirds, such that scores <2.64 are low vulnerability, between 2.64 and 3.18 are medium 
vulnerability, and >3.18 are high vulnerability (Williams et al., 2018). 

Productivity attributes 

Productivity attributes were estimated from life history traits based on those proposed by 
Hobday et al., (2011) and modified to be relevant to chondrichthyans, as outlined in Table 1. 
The correlation between these life history traits and productivity has been well established 
for chondrichthyans (Dulvy et al., 2008; Hutchings et al., 2012; Clarke et al; 2018). For this 

http://www.fao.org/geonetwork/srv/en/main.search
https://www.iucnredlist.org/
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study, P3: Fecundity metrics were redefined from those used for teleosts in Hobday et al. 
(2011) to be relevant to deepwater chondrichthyans. The default Hobday et al. (2011) 
attribute values for P4: Average maximum size and P5: Average size at maturity were based 
on a large database of teleosts and chondrichthyans and described a strong negative 
relationship between size and productivity, resulting in larger species exhibiting lower 
productivity and smaller species exhibiting higher productivity. An analysis of the size-
productivity relationship using data from the global database for deepwater 
chondrichthyans held by James Cook University (JCU), in Australia, estimated the 
relationship to be weaker than that suggested by these default values, with both small and 
large deepwater chondrichthyans exhibiting similar productivity. Consequently, these 
attributes were rescaled to be relevant to deepwater chondrichthyans.  

Table1: Productivity attributes and risk categorisations (adapted from Hobday et al. 2011) 

Attribute 
Low productivity 

(high vulnerability, 
score 3) 

Medium productivity 
(medium vulnerability, 

score  2) 

High productivity 
(low vulnerability, 

score  1) 

P1. Average age at maturity >15 years 5–15 years <5 years 

P2. Average maximum age >25 years 10–25 years <10 years 

P3. Fecundity 
(redefined and rescaled for 
deepwater chondrichthyans) 

<10 pups/egg cases 
per year 

10-20 pups/egg cases per 
year 

>20 pups/egg cases per 
year 

P4. Average maximum size 
(rescaled for deepwater 
chondrichthyans) 

>200 cm 70–200 cm <70 cm 

P5. Average size at maturity 
(rescaled for deepwater 
chondrichthyans) 

>150 cm 40–150 cm <40 cm 

P6. Reproductive strategy Live bearer Egg case layer 
Broadcast spawner 
(teleosts)* 

P7. Trophic level >3.25 2.75–3.25 <2.75 

* Not used in this assessment 

Susceptibility attributes 

Susceptibility was estimated based on traits proposed by Hobday et al., (2011, following 
Walker 2005) and outlined in Table 2. S1: Availability was calculated as the overlap of 
species distribution within the SIOFA and SPRFMO areas and the spatial footprint of fishing 
effort for each gear (between 2012 and 2016) at a 20 minute resolution. Vulnerability was 
only assessed within the SIOFA and SPRFMO areas because the inclusion of species 
distribution data outside the fisheries would act to bias results due to the spatial limitations 
of the method that only considers overlap between fishing effort and species distribution 
within a defined area (e.g. each respective RFMO/A area). S2: Encounterability was 
calculated as the proportion of vertical overlap between fishing effort and species depth 
ranges (Table 3). The middle 90 percent (i.e. from the 5th to 95th percentiles) of fishing depth 
records for each gear was defined as the core depth range. Using this approach, outliers, 
zeros and data deemed to be implausible were discarded. S3: Selectivity categorisations 
were informed by an analysis of available literature for gear selectivity (e.g. Kirkwood and 
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Walker 1986 for gillnet selectivity) and expert input (trawl and line gears). S4: Post capture 
mortality (PCM) scores were formulated through a desktop analysis of the role of each 
species in each fishery (target, bycatch and discard species).  

Table 2. Susceptibility attributes and risk categorisations (adapted from Hobday et al. 2011) 

Attribute 
Low susceptibility (low 
vulnerability, score = 1) 

Medium susceptibility 
(medium vulnerability, 

score = 2) 

High susceptibility (high 
vulnerability, score = 3) 

S1. Availability <10% horizontal overlap 10-30% horizontal overlap >30% horizontal overlap 

S2. Encounterability  
(modified using gear depth 
data) 

Low vertical overlap with 
fishing gear (<10%) based 
on middle 90% of the fishing 
depth range by gear type 

Medium vertical overlap 
with fishing gear (10-30%) 
based on middle 90% of the 
fishing depth range by gear 
type 

High vertical overlap with 
fishing gear (>30%) based 
on middle 90% of the fishing 
depth range by gear type 

S3. Selectivity (scores vary 
by gear type)  

Demersal and midwater 
trawl: 0-15 cm; > 500 cm 
max. length  
Line: 0-40 cm; >500 cm max. 
length 

Demersal and midwater 
trawl: 15-30 cm; 400-500 
cm max. length 
Line: 40-80 cm; 200-500 cm 
max. length 

Demersal and midwater 
trawl: 30-400 cm max. 
length 
Line: 80-200 cm max. length 

S4. Post-capture mortality 
(scores may vary by 
fishery and gear type) 

Evidence of post capture 
release and survival* 

Bycatch or discarded species 
(limited evidence of 
survival) 

Target or byproduct species 
(retained) 

* Not used in this assessment 

 

Table 3: Core depth range (5th-95th percentiles) of gears used to inform encounterability for the 
SIOFA and SPRFMO PSA assessments (calculated using available fishing effort data for 2012–2016) 

Gear 
SPRFMO depth 

min. (m) 
SPRFMO depth 

max. (m) 
SIOFA depth 

min. (m) 
SIOFA depth 

max. (m) 
Demersal trawl 520 1069 700 1235 
Midwater trawl 327 548 430 970 
Demersal longline 230 654 597 1716 
Demersal gillnet - - 810 1390 
 

Sensitivity analysis of spatial overlap 

Spatial distribution data varied significantly between data sources for some species (e.g. 
FAO Geonetwork vs. IUCN Red List). Consequently, the selection of these data influences S1: 
Availability scores. To evaluate sensitivity to the overlaps between fishing effort and species 
distribution in the PSA assessment, the estimated overlap used to calculate the S1: 
Availability attribute was varied by both positive and negative 10%, 20%, 30% increments. 
The S1: Availability attribute was then re-discretised into the attribute scores and the 
susceptibility score recalculated. The number of species changing to a lower or higher risk 
category were recorded. 
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Sustainability Assessment for the Effects of Fishing (SAFE) 

The SAFE method (Zhou et al. 2007, Zhou and Griffiths 2008, Zhou et al. 2009, Hobday et al. 
2011; Zhou et al. 2016; Zhou et al. 2019) as applied in ERA provides an absolute measure of 
risk by estimating the fishing mortality rate F (expressed as the estimated fraction of the 
population that has died as a result of fishing), as well as quantitative reference points 
associated with it. The method as applied here uses three parameters: spatial overlap, 
catchability and post capture mortality as described by Zhou et al. (2011) to determine the 
fishing mortality 𝐹𝐶𝑈𝑅𝑅   as: 

𝐹𝐶𝑈𝑅𝑅 =
∑ 𝑎𝑡

𝐴
𝑞ℎ𝑞(1 − 𝑠)(1 − 𝐸) 

where  at and A represent the area fished and a species’ distribution area (i.e. spatial 
overlap), respectively, qh and q are the habitat-dependent encounterability and size- and 
behaviour-dependent catch rate (‘catchability’), E is the escapement rate (i.e. the amount of 
the population that does not get caught by fishing) and s is the post-capture survival rate. 
Methods for estimating spatial overlap vary depending on the fishery characteristics, 
including the configuration of gears. Similarly, qh, q, E and s vary depending on the biology 
of the species.  Zhou et al. (2012) describe the different methods used for estimating these 
parameters for trawl, longline and gillnet fisheries, with these methods underlying the 
model used for this analysis. 

The SAFE method relates life history traits that inform natural mortality (M), growth rate 
and intrinsic rate of increase (r) to biological reference points using six formulae derived 
from Pauly (1980), Quinn and Deriso (1999), Hoenig (1983), Jensen (1996) and fishbase.org 
(see Zhou et al. 2012 for additional detail). The model uses the average of the six methods 
for defining the midpoint on the productivity axis. Where information is not available for 
one or more methods, the model uses the average of the remaining methods. Data deficient 
species in the SAFE are classified as those for which fishing mortality (F)-based reference 
points (Box 1) could not be estimated due to missing productivity attribute data. The result 
is that F can be considered against Fmsm, Flim and Fcrash, giving an absolute measure of risk 
(Box 2). 
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Box 1: Biological reference points used in SAFE assessment. 

 

Box 2: SAFE vulnerability categories 

 

Results 

Productivity-Susceptibility Analysis (PSA) 

Tables Sx and Sx in supplementary material provide details of the PSA results for both 
Southern Indian and South Pacific Oceans. There were a total of 10, 12, 8 and 6 
chondrichthyan species ranked as high vulnerability in the Southern Indian Ocean to 
demersal trawl, midwater trawl, demersal longline, and gillnet fisheries respectively 
(Table 4). In the South Pacific Ocean, there were a total of 8, 3 and 7 species ranked as high 
vulnerability to demersal trawl, midwater trawl and demersal longline fisheries 
respectively (Table 4).  

Out of the 101 species assessed in the Southern Indian Ocean, none were classified as data 
deficient (i.e. missing three or more productivity or susceptibility attributes), while in the 
South Pacific Ocean, one (Squalus fernandezianus) of the 112 species assessed were 
classified as data deficient. Productivity attributes from congeneric species were applied to 
60 species in the Southern Indian Ocean and 76 species in the South Pacific Ocean. 

Chondrichthyan species classified as high vulnerability across all fisheries in the Southern 
Indian Ocean included Centrophorus granulosus, Dalatias licha, Chimaera buccanigella and 
Chimaera willwatchi. Chondrichthyan species classified as high vulnerability across all 
fisheries in the South Pacific Ocean included Squalus fernandezianus and Hexanchus 
nakamurai.  

The vulnerability scores by region (Southern Indian and South Pacific Oceans) and fishery 
(i.e. gear type) are shown in Figures 1a and 1b. The vulnerability scores for most fisheries 
(midwater trawl in South Pacific a clear exception) cluster closely along the horizontal axis 
of the PSA plots (i.e. >2.0 productivity score) because the biological attributes of many 
chondrichthyans are similar. In contrast, there was more resolution in the vertical axis, due 
to different susceptibilities between species. For example, in the Southern Indian Ocean, 
productivity scores for all high risk species ranged from 2.29 to 2.86, while susceptibility 
scores ranged from 1.42 to 3. 

Fmsm – Fishing mortality rate corresponding to maximum sustainable fishing 
mortality (MSM) at Bmsm (biomass that supports MSM, equivalent to MSY) 

Flim – Fishing mortality rate corresponding to limit biomass Blim, where Blim is 
defined as 50% biomass that supports the MSM 

Fcrash – minimum unsustainable fishing mortality rate that theoretically may lead 
to population extinction in the long term 

Low – F<Fmsm 

Medium – Flim>F>Fmsm 

High – Fcrash>F>Flim 

Extreme – F>Fcrash 
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Figure 1a. PSA results for 101 chondrichthyan species thought to occur and have the potential to interact with longline, demersal and midwater trawl and 
gillnet fisheries in the Southern Indian Ocean. Size of symbol represents number (n) of species with the same vulnerability score. 
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Figure 1b. PSA results for 112 chondrichthyan species thought to occur and have the potential to 
interact with longline, demersal and midwater trawl fisheries in the South Pacific Ocean. Size of 
symbol represents number (n) of species with the same vulnerability score.  
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Sustainability Assessment for the Effects of Fishing (SAFE) 

Tables Sx and Sx in supplementary material provide details of the SAFE results for both 
Southern Indian and South Pacific Oceans. The SAFE classified a total of 11, 12, 9 and 4 
chondrichthyan species as high (F>FLIM) or extreme (F>FCRASH) vulnerability in the Southern 
Indian Ocean area to demersal trawl, midwater trawl, demersal longline and gillnet fisheries 
respectively (Table 4). In the South Pacific Ocean, there were a total of 20, 4 and 17 species 
classified as high (F>FLIM) or extreme (F>FCRASH) vulnerability to demersal trawl, midwater 
trawl and demersal longline fisheries respectively. Out of the 101 species assessed in the 
Southern Indian Ocean, only two (Mitsukurina owstoni and Benthobatis moresbyi) were 
missing data needed to calculate FMSM, FLIM and FCRASH, while in the South Pacific Ocean, four 
(Echinorhinus cookei, Oxynotus bruniensis, Mitsukurina owstoni, Squalus fernandezianus) of 
the 112 species assessed were missing these data. 

Chondrichthyan species classified as high or extreme vulnerability across all fisheries 
(Table 5) in the Southern Indian Ocean included: Centrophorus granulosus, Centroselachus 
crepidater and Zameus squamulosus. An additional four species were classified as high or 
extreme vulnerability across demersal trawl, midwater trawl and demersal longline 
fisheries in the Southern Indian Ocean including: Dalatias licha, Chimaera buccanigella, 
Chimaera didierae and Chimaera willwatchi. 

Chondrichthyan species classified as high or extreme risk across all fisheries (Table 6) in 
the South Pacific Ocean included Echinorhinus cookei, Mitsukurina owstoni, Oxynotus 
bruniensis and Squalus fernandezianus. An additional seven species were classified as high 
or extreme vulnerability across all fisheries with the exception of midwater trawl in the 
Southern Indian Ocean including Dalatias licha, Squalus acanthias, Deania calcea, 
Centrophorus harrissoni, Hydrolagus bemisi, Centrophorus squamosus and Chimaera 
carophila. 

A comparison between the PSA and SAFE vulnerability scores for all species in the Southern 
Indian and South Pacific Oceans is displayed in Figures 2a and 2b. For the Southern Indian 
Ocean, the results indicate some level of consistency between the PSA and SAFE results for 
those species at the extreme/high end of the vulnerability spectrum. Conversely, in the 
South Pacific Ocean, it appeared the PSA was biased towards false negatives, with a large 
number of species classified as medium vulnerability in the PSA but high or extreme risk in 
the SAFE. Nonetheless, many species classified as medium vulnerability by the PSA in both 
the Southern Indian and South Pacific Oceans were ranked as low risk by the SAFE (Figures 
2a and 2b). 
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Figure 2a: Relationship between SAFE and PSA results for 101 chondrichthyan species thought to occur and have the potential to interact with demersal 
longline, demersal trawl, midwater trawl and demersal gillnet fisheries in the Southern Indian Ocean. Points are coloured dark red, light red, orange and 
green to signify species classified as extreme, high, medium and low vulnerability respectively in the SAFE. Dashed red and orange lines represent PSA risk 
high and medium score boundaries. Two species are not shown on the panels as F-based reference points were unable to be calculated.
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Figure 2b: Relationship between SAFE and PSA results for 112 chondrichthyan species thought to 
occur and have the potential to interact with demersal longline, demersal trawl and midwater trawl 
fisheries in the South Pacific Ocean. Points are coloured dark red, light red, orange and green to 
signify species classified as extreme, high, medium and low vulnerability respectively in the SAFE. 
Dashed red and orange lines represent PSA risk high and medium score boundaries. Four species 
are not shown on the panels as F-based reference points were unable to be calculated.   
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Table 4. Count of data robust and data deficient species assessed to be at high vulnerability (PSA) and high and extreme vulnerability (SAFE) for each fishery 
in the Southern Indian Ocean and South Pacific Ocean. Data deficient species are classified as those missing three or more productivity and/or susceptibility 
attributes (PSA) and for which F-based reference points could not be estimated due to missing biological data (SAFE). 

  

  

Southern Indian Ocean South Pacific Ocean 
Demersal 

gillnet 
Demersal 
longline 

Demersal 
trawl 

Midwater 
trawl 

Demersal 
longline 

Demersal 
trawl 

Midwater 
trawl 

PSA SAFE PSA SAFE PSA SAFE PSA SAFE PSA SAFE PSA SAFE PSA SAFE 

Data Robust 6 3 8 9 10 11 12 12 6 13 7 16 2 0 

Data Deficient 0 1 0 0 0 0 0 0 1 4 1 4 1 4 

Total 6 4 8 9 10 11 12 12 7 17 8 20 3 4 
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Table 5. Matrix of high (and extreme) vulnerability species from either the PSA or SAFE for each fishery in the Southern Indian Ocean 

Southern Indian Ocean Demersal longline Demersal trawl Midwater trawl Gillnet 

Species PSA SAFE PSA SAFE PSA SAFE PSA SAFE 

Deania calcea High Extreme Medium Medium High Extreme Medium Low 

Centrophorus granulosus High Extreme High Extreme High Extreme High Extreme 

Dalatias licha High Extreme High Extreme High Extreme High Medium 

Bythaelurus bachi High Medium Medium Medium Medium Medium Medium Low 

Chimaera buccanigella High High High Extreme High Extreme High Low 

Chimaera didierae High High High Extreme Medium Low High Low 

Chimaera willwatchi High High High Extreme High Extreme High Low 

Centroselachus crepidater High Extreme High Extreme Medium High High Extreme 

Scymnodon plunketi Medium Extreme High Extreme High Extreme Medium Low 

Zameus squamulosus Medium Extreme Low Extreme Medium Extreme Medium High 

Etmopterus alphus Medium Medium High Extreme High Extreme Medium Low 

Apristurus indicus Medium Low High Low High Low Medium Low 

Harriotta raleighana Medium Low High Low High Low Medium Low 

Bythaelurus tenuicephalus Medium Medium Medium Extreme Low Medium Medium Low 

Chlamydoselachus anguineus Medium Low Medium High Medium High Medium Low 

Hexanchus nakamurai Medium Low Medium Low High Low Medium Low 

Etmopterus pusillus Medium Low Medium Low High High Medium Low 

Somniosus antarcticus Medium Low Medium Low High Extreme Medium Low 

Mitsukurina owstoni Medium Low Medium Low Medium Low Medium Extreme 
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Table 6. Matrix of high (and extreme) vulnerability species from either the PSA or SAFE for each 
fishery in the South Pacific Ocean  

South Pacific Ocean Demersal longline Demersal trawl Midwater trawl 

Species PSA SAFE PSA SAFE PSA SAFE 

Squalus fernandezianus  High Extreme High Extreme High Extreme 

Deania calcea High Extreme High Extreme Medium Low 

Gollum attenuatus High Extreme Medium Low Medium Low 

Squalus griffini High Extreme Medium Medium Medium Low 

Centrophorus harrissoni High Extreme Medium Extreme Medium Low 

Hexanchus nakamurai High Low High Low High Low 

Oxynotus bruniensis High Extreme High Extreme Medium Extreme 

Mitsukurina owstoni Medium Extreme Medium Extreme Medium Extreme 

Echinorhinus cookei Medium Extreme Medium Extreme Medium Extreme 

Pseudotriakis microdon Medium Extreme Medium Medium Medium Low 

Squalus acanthias Medium Extreme Medium Extreme Medium Low 

Deania quadrispinosa Medium Extreme Medium Medium Medium Low 

Galeocerdo cuvier Medium Extreme Medium Low Medium Low 

Dalatias licha Medium High High Extreme Medium Low 

Hydrolagus bemisi Medium Extreme Medium High Low Low 

Centrophorus 
squamosus 

Medium Extreme High Extreme Medium Low 

Parmaturus macmillani Medium Extreme Low Low Low Low 

Chimaera carophila Low High Medium Extreme Low Medium 

Apristurus melanoasper Medium Low High Extreme Medium Low 

Harriotta raleighana Medium Low High Low Medium Low 

Brochiraja vitticauda Low Low Medium High Low Low 

Notoraja alisae Low Low Medium High Low Low 

Brochiraja heuresa Low Low Medium High Low Low 

Apristurus garricki Low Medium Medium High Low Low 

Somniosus antarcticus Medium Medium Medium Extreme Medium Low 

Centroselachus 
crepidater 

Medium Low Medium Extreme Medium Low 

Echinorhinus brucus Low Low Medium High Low Low 

Zameus squamulosus Low Low Medium Extreme Low Low 

Lamna nasus Medium Low High Low High Low 
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Table 7. Sensitivity analysis for Southern Indian and South Pacific Ocean species that change 
vulnerability categories when S1: Availability scores are varied by negative and positive 10%, 20% 
and 30% increments. Note that X denotes no change. 

Fishery Gear and Species -30 -20 -10 
PSA 

Vulnerability 
+10 +20 +30 

S
o

u
th

e
rn

 I
n

d
ia

n
 O

ce
a

n
 

Demersal trawl 

Centrophorus granulosus Medium Medium X High X X X 

Centroselachus crepidater Medium Medium X High X X X 

Chlamydoselachus 
anguineus 

X X X Medium X High High 

Dalatias licha Medium Medium Medium High X X X 

Scymnodon plunketi Medium Medium X High X X X 

Zameus squamulosus X X X Low X Medium Medium 

Midwater trawl 

Chlamydoselachus 
anguineus 

X X X Medium X High High 

Etmopterus pusillus Medium Medium X High X X X 

Somniosus antarcticus Medium Medium Medium High X X X 

Zameus squamulosus X X X Low X X Medium 

Demersal longline 

Centrophorus granulosus Medium X X High X X X 

Centroselachus crepidater Medium Medium X High X X X 

Dalatias licha Medium Medium X High X X X 

Scymnodon plunketi X X X Medium X High High 

Demersal gillnet 

Dalatias licha Medium Medium X High X X X 

S
o

u
th

 P
a

ci
fi

c 
O

ce
a

n
 

Demersal trawl 

Apristurus ampliceps X X X Low Medium Medium Medium 

Apristurus exsanguis X X X Low X Medium Medium 

Centrophorus harrissoni X X X Medium X High High 

Centrophorus squamosus Medium Medium Medium High X X X 

Dalatias licha Medium Medium X High X X X 

Etmopterus molleri X X X Low X Medium Medium 

Hydrolagus bemisi Low X X Medium X X X 

Oxynotus bruniensis Medium Medium X High X X X 

Squalus acanthias X X X Medium X X High 

Zameus squamulosus Low X X Medium X X X 
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Midwater trawl 

N/A        

Demersal longline 

Centrophorus harrissoni Medium Medium Medium High X X X 

Etmopterus lucifer Low Low  Medium X X X 

Mitsukurina owstoni X X X Medium High High High 

Oxynotus bruniensis Medium Medium Medium High X X X 

Pseudotriakis microdon X X X Medium X X High 

Squalus acanthias X X X Medium X X High 

 

Recommendations 

It is recommended that the SIOFA SERAWG: 

• Note that this PSA and SAFE analysis has identified a number of species of 
deepwater chondrichthyans at high or extreme relative vulnerability to fishing 
using demersal trawl, midwater trawl, demersal longline and demersal gillnet gears; 
 

• Note that a number of these species assessed to be at the high or extreme 
vulnerability are taken in association with commercial deepwater shark fisheries; 
 

• Note there is limited catch, effort and biological information for many species of 
deepwater chondrichthyan; 
 

• Note that some species of deepwater chondrichthyans are highly vulnerable to 
overfishing due to their life history characteristics; and 
 

• Recommend that the SC recommend to the Meeting of the Parties that stock 
assessment for species of deepwater chondrichthyans taken in association with 
commercial deepwater shark fisheries is urgently required to estimate sustainable 
yields and mitigate the potential for overexploitation that has been seen in similar 
fisheries globally. 

 

  



 21 

Acknowledgments 

The authors thank representatives of the respective scientific committees of the Southern 
Indian Ocean Fisheries Agreement (SIOFA) and South Pacific Regional Fisheries 
Management Organisation (SPRFMO) for their cooperation in providing necessary data and 
for reviewing results, as well as the respective RFMO/A secretariats. We also thank 
representatives and members of the Southern Indian Ocean Deepsea Fishers Association, 
namely Graham Patchell and Brian Flanagan, for their efforts providing relevant bycatch 
data collected and photographs taken on board FVs Will Watch and Nikko Maru. Martin 
Cryer (NZ MPI) is thanked for his assistance providing data for South Pacific fisheries. We 
are grateful for advice received from David Ebert (Pacific Shark Research Center, Moss 
Landing Marine Laboratories) on the development of species lists and species identification. 
GIS analysts from the FAO (Emmanuel Blondel and Fabio Carocci) and the IUCN (Max 
Fancourt) are also thanked for their assistance in providing species distribution data.  

  



 22 

References  

Cortés E., Arocha F., Beerkircher L., Carvalho F., Domingo A., Heupel M., Holtzhausen H., 
Santos M.N., Ribera M., Simpfendorfer C., 2010, Ecological risk assessment of pelagic sharks 
caught in Atlantic pelagic longline fisheries. Aquatic Living Resources. 23, 25–34 

Dichmont C. M.,  Brown I. W.. A case study in successful management of a data-poor fishery 
using simple decision rules: the Queensland spanner crab fishery, Marine and Coastal 
Fisheries , 2010, vol. 2 (pg. 1-13) 

Dowling N. A.,  Smith D. C.,  Knuckey I.,  Smith A. D. M.,  Domaschenz P.,  Patterson H. M.,  
Whitelaw W.. Developing harvest strategies for low-value and data-poor fisheries. Case 
studies from three Australian fisheries, Fisheries Research , 2008, vol. 94 (pg. 380-390) 

Duffy, C, Geange, S and Bock, T 2017, Ecosystem approach considerations: Deepwater 
chondrichthyans (sharks, rays and chimaeras) in the Western SPRFMO Area, paper 
prepared by NZ Department of Conservation and NZ Ministry for Primary Industries for the 
5th meeting of the SPRFMO Scientific Committee, Shanghai, China, 23–28 September 2017.  

Ebert, D.A. (2013) 'Deep–sea Cartilaginous Fishes of the Indian Ocean. Volume 1. Sharks.' 
(FAO species catalogue for fishery purposes. No. 8, Vol. 1. Rome, FAO.) pp 256. 

Ebert, D.A. (2014) 'Deep–sea Cartilaginous Fishes of the Indian Ocean. Volume 2. Batoids 
and Chimaeras.' (FAO Species Catalogue for Fishery Purposes. No. 8, Vol. 2. Rome, FAO.) pp 
138. 

Ebert, D.A. (2016) 'Deep–sea Cartilaginous Fishes of the Southeastern Pacific Ocean.' (FAO 
species catalogue for fishery purposes. No. 10, Rome, FAO.) pp 254. 

Ebert, D.A., Fowler, S., and Compagno, L. (2013) 'Sharks of the world. A fully illustrated 
guide.' (Wild Nature Press: Plymouth) pp 528. 

Fergusson, I. K.; Graham, K. J.; Compagno, L. J. V. 2008. Distribution, abundance and biology 
of the smalltooth sandtiger shark Odontaspis ferox (Risso, 1810) (Lamniformes: 
Odontaspididae). Environmental Biology of Fish, 81:207–228. 

Ford, R.B., Galland, A., Clark, M.R., Crozier, P., Duffy, C.A.J., Francis, M.P., and Wells, R. (2015) 
Qualitative (Level 1) risk assessment of the impact of commercial fishing on New Zealand 
chondrichthyans. New Zealand Aquatic Environment Biodiversity Report No. 157. Ministry 
for Primary Industries.   

Forrest, R. E. & Walters, C. J. (2009). Estimating thresholds to optimal harvest rate for long‐
lived, low‐fecundity sharks accounting for selectivity and density dependence in 
recruitment. Canadian Journal of Fish Aquatic Sciences, 66, 2062–2080. 

Foster, S, Dunstan, P, Althaus, F & Williams, A 2015, The cumulative effect of trawl fishing 
on a multispecies fish assemblage in south-eastern Australia, Journal of Applied Ecology, 
53:129–139. 

Graham, K. J.; Andrew, N. L.; Hodgson, K. E. 2001. Changes in relative abundance of sharks 
and rays on Australian South East Fishery trawl grounds after twenty years of fishing. 
Marine and Freshwater Research, 52: 549–561. 

Graham, KJ 2005, Distribution, population structure and biological aspects of Squalus spp. 
(Chondrichthyes : Squaliformes) from New South Wales and adjacent Australian waters, 
Marine and Freshwater Research 56(4) 405-416 https://doi.org/10.1071/MF04275. 



 23 

Griffiths and Aires-da Silva (2017) A preliminary ecological risk assessment of the large-
scale tuna longline fishery in the eastern Pacific Ocean using Productivity-Susceptibility 
Analysis. Conference Paper · May 2017 

Griffiths, SP, Kesner-Reyes, K, Garilao, CV, Duffy, L & Roman, M, Development of a flexible 
ecological risk assessment (ERA) approach for quantifying the cumulative impacts of 
fisheries on bycatch species in the eastern Pacific Ocean, Inter-American Tropical Tuna 
Commission, Scientific Advisory Committee, 9th Meeting, La Jolla, California (USA), 14–18 
May 2018, Document SAC-09-12. 

Hobday, A, Smith, A, Stobutzki, I, Bulman, C, Daley, R, Dambacher, J, Deng, R, Dowdney, J, 
Fuller, M, Furlani, D, Griffiths, S, Johnson, D, Kenyon, R, Knuckey, I, Ling, S, Pitcher, R, 
Sainsbury, K, Sporcic, M, Smith, T, Turnbull, C, Walker, T, Wayte, S, Webb, H, Williams, A, 
Wise, B & Zhou, S 2011, Ecological risk assessment for the effects of fishing, Fisheries 
Research, vol. 108, pp. 372–384. 

Hordyk, A & Carruthers, T 2018, A quantitative evaluation of a qualitative risk assessment 
framework: Examining the assumptions and predictions of the Productivity Susceptibility 
Analysis (PSA), PLOS ONE 13(6): e0198298. 
https://doi.org/10.1371/journal.pone.0198298  

Huveneers, C.; Simpfendorfer, C.; Thomson, R. 2013. Determining the most suitable index of 
abundance for school shark (Galeorhinus galeus) stock assessment: review and future 
directions to ensure best recovery estimates. Final Report to the Fisheries Research and 
Development Corporation FRDC TRF Shark Futures 2011/078. South Australian Research 
and Development Institute (Aquatic Sciences), Adelaide. SARDI Publication No. 
F2012/000479-1. SARDI Research Report Series No, 673. 58 pp. 

Kirby D.S., 2006, Ecological risk assessment for species caught in WCPO tuna fisheries: 
inherent risk as determined by productivity-susceptibility analysis WCPFC-SC2-2006/EB 
WP- 1, 24 p 

Kyne, P M.; Simpfendorfer, C. A. 2007. A collation and summarization of available data on 
deepwater chondrichthyans: biodiversity, life history and fisheries. A report prepared by 
the IUCN SSC Shark Specialist Group for the Marine Conservation Biology Institute. 
Gainesville, Florida Museum of Natural History. 137 pp. 
http://www.iucnssg.org/uploads/5/4/1/2/54120303/kyne___simpfendorfer_2007.pdf 

Last, P.R., and Stevens, J.D. (2009) 'Sharks and rays of Australia.' 2nd edn. (CSIRO Publishing: 
Collingwood) pp 644. 

Last, P.R., White, W.T., de Carvalho, M.R., Seret, B., Stehmann, M.F.W., and Naylor, G.J.P. 
(2016) 'Rays of the World.' (CSIRO Publishing: Melbourne) pp 790. 

Marchal, P., and Vermard, Y. 2013. Evaluating deepwater fisheries management strategies 
using a mixed-fisheries and spatially explicit modelling framework. – ICES Journal of Marine 
Science, 70: 768–781. 

McLean, D.L., M. Green, E.S. Harvey, A. Williams, R. Daley, K.J. Graham 2015, Comparison of 
baited longlines and baited underwater cameras for assessing the composition of 
continental slope deepwater fish assemblages off southeast Australia, Deep Sea Research 
Part I: Oceanographic Research Papers, Volume 98, 2015, Pages 10-20, 

Milton, D. A. 2001. Assessing the susceptibility to fishing of populations of rare trawl 
bycatch: sea snakes caught by Australia’s Northern Prawn Fishery. Biological Conservation, 
101, 281-290. 

http://www.iucnssg.org/uploads/5/4/1/2/54120303/kyne___simpfendorfer_2007.pdf


 24 

Murua H., Arrizabalaga H., Huang J.J.H.-W., Romanov E., Bach P., Bruyn P. de, Chavance P., 
Molina A.D.d., Pianed R., Ariz J., Ruiz J., 2009, Ecological Risk Assessment (ERA) for species 
caught in fisheries managed by the Indian Ocean Tuna Commission (IOTC): a first attempt. 
IOTC-2009-WP-20. 

Murua, H., J. Santiago, R. Coelho, I. Zudaire, C. Neves, D. Rosa., I. Zudaire, Y. Semba, Z. Geng., 
P. Bach, H. Arrizabalaga, P. Bach, J.C. Baez, M. L. Ramos, J.F Zhu, and J. Ruiz (2018)  Updated 
Ecological Risk Assessment (ERA) for shark species caught in fisheries managed by the 
Indian Ocean Tuna Commission (IOTC)  IOTC-2018-SC21-14_Rev1 

Musick, J.A. 1999. Ecology and conservation of long-lived marine animals. In J.A. Musick 
(ed.). Life in the slow lane: ecology and conservation of long-lived marine animals, pp. 1– 
10. Amer. Fish. Soc. Symp. 23. Bethesda, Maryland. 

Nel, R, Wanless, R, Angel, A, Mellet, B & Harris, L 2013, Ecological Risk Assessment and 
Productivity-Susceptibility Analysis of sea turtles overlapping with fisheries in the IOTC 
region, Unpublished Report to IOTC and IOSEA Marine Turtle MoU. 

Rigby, C., and Simpfendorfer, C.A. (2015) Patterns in life history traits of deep-water 
chondrichthyans. Deep-Sea Res. I 115, 30-40. doi: 10.1016/j.dsr2.2013.09.004 

Simpfendorfer, CA & Kyne, PA 2009, Limited potential to recover from overfishing raises 
concerns for deep-sea sharks, rays and chimaeras, Environmental Conservation 36 (2): 97–
103, 

Stobutzki, I., Miller, M., Heales, D.S. and Brewer, D. T. 2002. Sustainability of elasmobranchs 
caught as bycatch in a tropical prawn (shrimp) trawl fishery. Fisheries Bulletin, 100, 800-
821. 

Straube, N. , Kriwet, J. and Schliewen, U. K. (2011), Cryptic diversity and species assignment 
of large lantern sharks of the Etmopterus spinax clade from the Southern Hemisphere 
(Squaliformes, Etmopteridae). Zoologica Scripta, 40: 61-75. doi:10.1111/j.1463-
6409.2010.00455.x 

Walker, T.I., Hudson, R.J., and Gason, A.S. (2005). Catch Evaluation of Target, By-product and 
Bycatch Species Taken by Gillnets and Longlines in the Shark Fishery of South-eastern 
Australia. Journal of Northwest Atlantic Fisheries Science 35, 505-530. 

Walker, TI 2005, 13. Management measures. In: Musick, J.A., Bonfil, R. (Eds.). Management 
techniques for elasmobranch fisheries. FAO Fisheries Technical Paper 474. Food and 
Agriculture Organisation of the United Nations, Rome, pp. 216–242 (251 pp). 

Zhou, S & Griffiths, S 2008, Sustainability Assessment for Fishing Effects (SAFE): A new 
quantitative ecological risk assessment method and its application to elasmobranch bycatch 
in an Australian trawl fishery, Fisheries Research, 91, 56–68 

Zhou, S, Daley, RM, Fuller, M, Bulman, CM & Hobday AJ 2019, A data-limited method for 
assessing cumulative fishing risk on bycatch, ICES Journal of Marine Science (2019), 
doi:10.1093/icesjms/fsy20 

Zhou, S, Fuller, M & Daley, R 2012, ‘Sustainability assessment of fish species potentially 
impacted in the Southern and Eastern Scalefish and Shark Fishery: 2007-2010. June 2012’ 
Australian Fisheries Management Authority, Canberra, Australia. 

Zhou, S, Hobday, A, Dichmont, C & Smith, A 2016, Ecological risk assessment for the effects 
of fishing: A comparison and validation of PSA and SAFE, Fisheries Research, vol. 183, pp. 
518–529. 

https://doi-org.ezproxy.utas.edu.au/10.1111/j.1463-6409.2010.00455.x
https://doi-org.ezproxy.utas.edu.au/10.1111/j.1463-6409.2010.00455.x


 25 

Zhou, S, Smith, T & Fuller, M 2007, Rapid quantitative risk assessment for fish species in 
selected Commonwealth fisheries, prepared by CSIRO for the Australian Fisheries 
Management Authority 

Zhou, S., Smith ADM., Fuller M 2011, Quantitative ecological risk assessment for fishing 
effects on diverse data-poor non-target species in a multi-sector and multi-gear fishery. 
Fisheries Research 112:168-178. DOI: 10.1016/j.fishres.2010.09.028 

 


