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Abstract

Ecological risk assessment is a useful methoddioggssisting the management of
fisheries from an ecosystem perspective. Atlantnatfisheries, managed by the
International Commission for the Conservation dbAtic Tunas (ICCAT), are
economically important and interact with severatdigh species. In spite of these
interactions, no comprehensive ecological risk essent has been conducted for
bycatch species caught in ICCAT fisheries. In gaper, we followed a two stage
approach with the objective of assessing the xaatsk of species being negatively
impacted by Atlantic tuna fisheries. An analysighe ICCAT bycatch species list
(which includes all species reported to have irtedwith different tuna fishing gears
operating in the Atlantic) revealed that most &g species are caught in longline
fisheries, followed by gillnets and purse seinesca@kding to the IUCN red list, 7
species of the ICCAT bycatch list (3 coastal shaBksea turtles and one seabird) are
categorized as critically endangered. In our stadyg based on their life history
characteristics, marine mammals and coastal slcarkght in ICCAT fisheries showed

the highest intrinsic vulnerability values. A prativity susceptibility analysis for the

European Union (EU) tropical tuna purse seine feet the United States (US) pelagic

longline fleet revealed two groups with high relatrisk scores. The first one included
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pelagic and coastal sharks, characterized by velgtiow productivities, and the

second one included teleosts, characterized byehjgtoductivities but high
susceptibility to purse seine and longline geaosn&alternative approaches to conduct
productivity susceptibility analyses in the contekecological risk assessments are

discussed.

Keywords
Ecological risk assessment, productivity, suscdftipecosystem approach, bycatch,

purse seine, longline

I ntroduction

Risk assessment approaches are commonly usedgbfsbery management (Francis
and Shotten 1997), but they are less developdtkeiframework of the ecosystem
approach to fisheries management. Murawski (20@Mlighted the lack of consensus
for defining “ecosystem overfishing” and suggedtezineed for objective metrics that
gauge properties associated with the main featfrdge ecosystem (e.g. production,
diversity, and variability). To evaluate managemaptions that are both scientifically
credible and economically practical regarding tee of ecosystems, decision makers
require information regarding the effects of fighon ecological processes, as well as
on human activities. With respect to the first poihe ecological risk assessment
framework (ERA) appears as a relevant methodologydvide ecosystem indicators
and to enable implementation of an ecosystem apbprimefisheries management.
Ecological risk assessments were first proposedari980s (Hope 2006) and a variety
of different approaches have subsequently beenajsa (e.g. Scandol et al. 2009).
Astles (2008) provided a review of recent developim®f ERA in marine fisheries and
the elements required to estimate ecological rikere is a particular need for a simple
and transparent way to classify marine stocks kel limits to controllable

exploitation in order to prioritise data collectj@tientific assessment, and management
action.

Quantitative assessments relying on increasingtyptex mathematical models have
been used to predict the response of the ecologicaptor to a changing environment,
while qualitative risk assessments use a combinati@ttributes of the ecosystem,

ecological receptor and stressor (Astles et al6Rdome authors (e.g. Griffiths et al.
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70  2006) have suggested that qualitative risk assedsrtieat provide relative indicators of
risk may be inadequate for reflecting even the mbstous changes in fishing impacts
on bycatch species as induced by concrete managewetens. However, although
guantitative ecosystem models have clearly imprdakiedunderstanding of the
dynamics of marine populations (Hollowed et al. @0@here are a myriad of factors

75 and processes influencing these systems and eeosysbdels may have poor
predictive capability. Also, in many cases qualtititdassessments can only be
conducted for a limited number of species, gength# most valuable ones.
Consequently, qualitative assessments have bedragsetool to identify which
species should be the subject of quantitative ass&® (Smith et al. 2007) and to

80  prioritize issues for fisheries management (Flat@®®5; Fletcher et al. 2005).

There are only few methods that are useful forssssg large numbers of species for
which biological data are scarce (Dulvy et al. 20Qualitative risk assessments have
proved to be important at this initial stage of #ssessment of ecosystem state by
providing the relative risks of species to priagtiresearch and management (e.g.

85  Stobutzki et al. 2001a,b). In contrast, quantimtgsessments require more data and are
usually applied to a more restricted group of spe¢e.g. Goldsworthy and Page 2007;
Zhou and Griffiths 2008; Zhou et al. 2009).

To date, application of ERASs to fisheries that urd species and species groups of
significantly different nature (e.g. marine mammalstles, sharks and teleosts) are

90 scarce. The development of comprehensive ERAssendéial to not exclude potentially
important species from the overall analysis atayestage. An ERA can provide a
transparent methodology to pursue more complexassiessments and/or take
immediate management action for a range of spaciégisheries. This is of particular
relevance if it involves a hierarchical approacht ttnoves from a comprehensive, but

95 largely qualitative analysis of risk (level 1),aanore focused and semi-quantitative
approach (level 2), and finally to a highly focused fully quantitative approach (level
3, Hobday et al. 2011; Smith et al. 2007). Levébdaale, Intensity, Consequence
Analysis) evaluation of risk is mostly based on pleeception from interaction with
stakeholders, level 2 (Productivity Susceptibifyalysis, PSA) is semi-quantitative in

100 nature but it relies on a good scientific basigl Evel 3 is fully quantitative (full stock
assessment and analysis of uncertainty).
Tuna and tuna-like species are important socio-@rinresources worldwide, both for

industrial fleets operating in distant waters a#l a®for artisanal fleets operating in
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coastal waters. Until recently, there have beenE&# applications to tuna and tuna-
like fisheries, in spite of the fact that many higtespecies are caught in association
with the main target species. Kirby (2006) condd@d®SA analysis for species caught
in the Western and Central Pacific Ocean tuna ffiskevhich included marine
mammals, turtles, teleosts, sharks and seabirds.approach was also applied in the
Indian Ocean by Murua et al. (2009). In the AtlepGortés et al. (2009) conducted a
PSA analysis restricted to eleven species of peklgsmobranches in order to assess
their vulnerability to pelagic longline fisherieslso, the seabird assessment conducted
by the International Commission for the ConservatbAtlantic TunagICCAT, 2008)
included an initial PSA analysis that facilitaté@ identification of those seabird
species most at risk, and those for which a fullgrgitative risk assessment could be
pursued.

In this paper we followed a two step approach wh#hobjective of assessing the
relative risk of both target and bycatch speciesdregatively impacted by Atlantic
tuna fisheries managed by ICCAT. First, a genegatdptive analysis of species
caught in ICCAT fisheries was conducted which ideld all species reported caught
and all gears operating in the Atlantic tuna figg®rThe gears that interact with the
most species groups were identified. Also, thedgmlal characteristics and the intrinsic
vulnerability of the species were analyzed. Seogradproductivity and susceptibility
analysis was conducted for two fleets for whichadadllected by scientific observer
programs were readily available (i.e., EU Purseé&and US Pelagic Longline fleets)
with the aim of ranking the species most at rigkthis paper, we refer to productivity
as the capacity of the stock to rapidly recovermtiepleted, whereas susceptibility is
the potential for the stock to be negatively impddby the fishery (Patrick et al 2010).
Some alternative approaches to conduct productsusgeptibility analyses in the

context of ecological risk assessments are alsusked.

M aterial and Methods

As a first step, we reviewed the list of all tECAT bycatch species that have been
reported as caught in tuna fisheries. The ICCATabgfe list includes 242 species
recorded as having been caught by a major tunarfish the Atlantic at some time.
The database includes information from three bemirces: (i) catch reports by the

different countries, (ii) scientific documents peated to the ICCAT Standing
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Committee for Research and Statistics, and, majiilya survey in which each
country’s experts identified the species that hewer interacted with their fisheries.
The presence of a species in the list does notithpt it is caught in significant
quantities, or that the individuals caught diecassult of the interaction. In fact, the
database does not provide any information on the lr amount of catches and itis
only a register of species names associated toowarious fishing gears (available at
http://www.iccat.int/en/bycatchspp.htm). Neitheerth is any information about the
potential fraction of species caught but not regubriVe assumed that a reasonably high
amount of the species interacting with Atlanticadisheries are included in this
database, and we used it to identify the contriloutif each of the main fishing gears
operating in the Atlantic (i.e. baitboat, gillnetgrpoon, longline, purse seine, traps and
others) to the total bycatch and bycatch by spamesps i.e. Scombridae and billfish,
other teleosts, skates and rays, coastal sharegjipeharks, marine mammals, sea
turtles and seabirds in the ICCAT Convention aNtaeteen of the 242 species
recorded in the database were only identified éoginera or the family level.
Therefore, in order to avoid potential duplicatiarg only used records identified to the
species level.

We consulted web based libraries (Froese and P&1§, Palomares and Pauly 2010,
www.searoundus.ordnttp://www.fimnh.ufl.edu/fish/) as well as puliied literature
(Compagno 2001; ICCAT 2010; Jefferson et al. 198drquez 1990), to collate
additional information about life history parameterhe basic information collected

included maximum length, length at maturity, insitwvulnerability (according to
Cheung et al. 2005; Cheung et al. 2007) and IUGNis¢ status (IUCN 2010). The
intrinsic vulnerability index measures vulneralyilib exploitation based on life history
traits (as opposed to total vulnerability that dkskes into account environmental or
fishing effects), while the IUCN status also coesglpopulation trends.

This information was used to calculate the avemagmsic vulnerability of all species
within a group and of all species by gear type oAtee number of species affected by
ICCAT fisheries in the different categories of tkkCN red list, namely not evaluated
(NE), data deficient (DD), least concern (LC), ngaeatened (NT), vulnerable (VU),
endangered (EN) and critically endangered (CR),thadelative contribution of each
fishing gear to the bycatch of those species wsas ahalyzed.

Finally, we used data collected by scientific olkeeprograms to conduct a

productivity and susceptibility analysis on theeeft of fishing for the European
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tropical tuna purse seine fishery operating ingastern equatorial Atlantic and the US
pelagic longline fishery operating in the northveestAtlantic. The European tropical
tuna purse seine fishery observer program has seradr coverage ranging between
5% and 10% and the dataset used includes yearst@@D®7 (Amande et al. 2010),
while the observer coverage for the US pelagiclioedishery ranges between 6% and
9% and the dataset includes years 1992 to 200& @ial. 2009). Due to the relatively
high observer coverage and the long observatianghewe assumed that the list of
species that interacted with these fisheries awded by each observer program is a
representative sample. The PSA was conducted miaildyving Kirby’s (2006)
approach, which identifies species most at riskragrtbose caught by each of the
fleets. The productivity index was defined accogdio Kirby (2006):

P;= (RS)/3+ (Lmat /Lmax)

WhereRS s the reproductive strategy of a given spedaimsat is its length at maturity,
andLmax is the maximum lengttRS was scored as follows:

1.- Broadcast spawners-> external fertilizatioshRivhich release their gametes into
the water, where fertilization may occur; withoatrental care.

2.- Egg layers-> internal fertilization: specieatttay eggs (oviparity); species where
the pups are protected by egg cases.

3.- Live bearers-> internal fertilization: ovovidpty and viviparity; species where pups

are born alive.

As a sensitivity test, a simpler alternative prdduty index was defined as:

P,=Lmat / Lmax

High P, andP; values indicate high risk due to low productiilyoadcast spawners
are considered to be more productive than eggdaymd live bearers, and a low length
at maturity to maximum length ratio indicates ah@gchance of being able to
reproduce as it is more likely to reach sexual migtprior to capture). The

susceptibility index was defined as:

S= (Lcatch/ Lmax + Pdead)/2
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WhereLcatch is the average length of the catch for each speaceording to the
observer datasets, computed as the arithmetic ofeavserved lengths over all fishing
operations sampled, aidlead is the proportion of dead animals after interagtiith

the fishing gear. Note that, according to Kirby@ah the first term of the equation is
proportional to susceptibility assuming that natumartality is higher at smaller sizes
and, thus, fishing mortality is a smaller componatbtal mortality than for larger
sizes (as suggested by Fonteneau and Pallares, PHi@gever, this term might also
appear counter intuitive since the larger the atzeapture is, the higher the chance for
spawning. Thus, as a sensitivity test, a simpker@tive susceptibility index was

defined as:

S= Pdead

In the case of tropical purse seindtdead was calculated assuming that the categories
“escaped from net (for cetaceans and whale shdtkKen out of the net (for cetaceans
and whale shark)” and “discarded alive” had no eiséed mortality. This assumption
may well have resulted in an under-estimation efggfoportion of dead animals. In the
case of longliners, it was assumed that all finsiearks died. The categories “lost at
surface” and “released” were not considered toresB the percentage of dead animals
since they do not provide information about the faftthe animals.

The productivity and susceptibility indices as wadlalternative P and S indices were
scaled to the maximum value of the series. ThestskesR; andR;, for each species
were calculated as the euclidean distance betveeorigin and their position in a

bidimensional Productivity Susceptibility space,

H

R
R, =+/PZ +

é’&,

Alternative productivity, susceptibility and risk@es were compared using Pearson
correlation tests. For each of the fisheries (EeampPurse Seine and US Longline), the
risk scores were ranked in order to highlight thecges and species groups most at risk

of being negatively impacted by the fisheries.
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The susceptibility indices considered so far adependent of the number of
individuals caught. Therefore, a species couldesbagh even if a single individual was
caught and died during the entire observed pefliocbvercome this situation,
alternative risk scores could be developed by piyitig S, (or ) by the numbers
caught by the fishery. However, the amounts okedéht species caught by a fishery not
only depend on the species selectivity of the figlgear, but also on the relative
abundances of the species themselves (i.e. catshirggal tuna might have a smaller
impact than catching one shark). Thus, we suggeasttbetter approach would be to
multiply S, (or $) by the catch to abundance ratio of each spet@slustrate this, we
compared alternative risk scoré® AndRy,) that incorporate catch and catch to
abundance ratio information &, respectively, as described above, for those speci
caught by the EU Purse Seine fishery for whichmeabundance estimates were
available from ICCAT (2009).

Results

An “occurrence” was defined as a species repoddtve interacted at least once with
a fishing gear (i.e. it is included in the ICCATdaych list). The analysis of the ICCAT
bycatch list revealed that most occurrences ocdurréongline fisheries, followed by
gillnets, purse seines, other fisheries, harpomaps and baitboats (Fig. 1a).
Information on species specific intrinsic vulnetipmwas not available for some coastal
sharks (2%), marine mammals (4%), seabirds (41R&ajes and rays (8%) and other
teleosts (15%). Based on the available informatio@ average intrinsic vulnerabilities
for the species groups caught in ICCAT fisheriesgven in Fig. 2a. Marine mammals
and coastal sharks are the species groups whieh tileohighest average intrinsic
vulnerabilities, although their confidence intessalverlap with those of pelagic sharks,
sea turtles and skates and rays. On the other baahirds (for which there were no
scores in 15 out of 37 species) show lowest avardgesic vulnerability, their
confidence interval overlapping with that for Scardhe and billfish, as well as sea
turtles. Intrinsic vulnerability reflects vulneréiby based on biological characteristics.
Highest intrinsic vulnerabilities are expected$pecies with longer life spans, later
sexual maturation, slower growth and lower nataraftalities (Morato et al. 2006).
However, total vulnerability might significantlyféer from intrinsic vulnerability, as it

is also affected by the environment and fishinglfgels, for example, are highly
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vulnerable to longline fishing given their tenderncybe hooked on longlines operating
in certain regions of the Atlantic.

Harpoon and trap gears, in spite of their low dbotron to total catch of tuna and tuna
like species, showed the highest average intringicerability of the species

interacting with each gear (Fig. 2b). The averagensic vulnerability of species
interacting with gillnets is similar to that of Iginers and purse seiners.

Most species (including most teleosts) are notuatat by the IUCN (Fig. 3a). Most
ICCAT species (Scombridae and billfish) are eithetrevaluated (19) or categorized as
data deficient (3), with only one species in eakctine “low concern” and “vulnerable”
categories. According to the IUCN red list, 7 spsare critically endangered: 3 coastal
sharks $quatina aculeata, Squatina oculata and Squatina squatina), 3 turtles
(Dermochelys coriacea, Eretmochelys imbricata andLepidochelys kempii) and one
seabird Puffinus mauritanicus). Moreover,16 species are endangered (9 sealirds,
marine mammals, 2 turtles, 1 teleost, 1 coastaksinad 1 ray).

Among the species evaluated as CR by the IUCN, dbe interactions occurred in
longline, 27% in purse seine, 18% in gillnets af@ifl harpoons (Fig. 3b). Traps,
baitboats and others do not catch species evalaat€dR. Considering vulnerable

(VU), endangered (EN) and CR species, 45% of oeaags occur in longline, 19% in
gillnets, 15% in purse seine, 10% in harpoon figs7% in other fisheries, 2% in traps

and 1% in baitboats.

Productivity Susceptibility Analysis

According to the ICCAT bycatch list, the purse segear interacted with 75 different
species. Observers on the EU tropical tuna puiise fleet have recorded catch for 52
different species (including target and bycatctce®). Thirty one of these species were
assigned productivity and susceptibility scores iormation needed to estimdte
andSwas not available for the rest of the species. Sgeeies that were included in the
PSA analysis included 3 coastal sharks, 12 Scombmrahd billfish, 3 pelagic sharks, 2
skates and rays, 4 sea turtles and 7 other non-TC€lkosts. Only 2 individual marine
mammals have been observed to interact with trbpica purse seiners during the
observer program, neither of which died and trengths were not recorded. Hence, it
was not possible to compute a susceptibility sémrany of the marine mammals and

they were not included in the PSA analysis.
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The results of the PSA analysis for European psegeers identified two main risk
groups according to tHe, score (Fig. 4). The first group is comprised dbge and
coastal sharks characterized by relatively low pobities. The second group
comprised teleosts including both ICCAT (Scombridad billfish) and non-ICCAT
species characterized by higher productivities aied higher susceptibility to purse
seine gear. The 10 species with highest risk sénohsded 3 pelagic sharks, 2 coastal
sharks, 4 Scombridae and billfish and 1 other t&laocording to th&; score and 8
Scombridae and billfish, 1 pelagic shark and 1 @ahark according to tH& score
(Table 1).

According to the ICCAT bycatch list, 164 differesgecies interacted with pelagic
longline gear. Observers on the US pelagic londliet recorded catch of 82 different
species (including target and bycatch speciedy fatir of these species were assigned
productivity and susceptibility scores. The infotioa needed to estimate P and S was
not available for the rest of the species. Theiggdbat were included in the PSA
analysis were 17 coastal sharks, 13 Scombridadi#tfish, 11 other teleosts, 9 pelagic
sharks and 4 sea turtles.

The PSA analysis for the US pelagic longline fishewealed that some coastal sharks
are, according to thig; score, at the top of the risk rank with both lowdguctivities

and relatively high susceptibility to the fishingag (Table 2 and Fig. 5). A mixed group
of pelagic and coastal sharks also share low ptodiycvalues, but slightly lower
susceptibility to capture. Some teleosts (both IT@Ad other species) also showed
high risk scores, mainly because of their high spsbility to the fishing gear even
though their productivity was relatively high. Anwpthe teleosts, several non-ICCAT
species $ciaenops ocellatus, Scomber scombrus andScomber japonicus) showed

higher risk values than ICCAT species (e.g. albatona). Among the 10 species with
the highest risk scores were 7 coastal sharkslagipesharks and 1 non-ICCAT teleost
according to th&, score and 3 coastal sharks, 4 non-ICCAT tele@dSCAT species
and 1 pelagic shark according to ®escore (Table 2).

For both the European purse seine and the US pdtagiline fisheries, the evaluated
sea turtles were not highly ranked in term&pbr R,. Although considered to be
animals with relatively low productivity, their stesptibility scores were low for these
fisheries, mainly due to the fact that most areaséd alive. Other sensitive species

groups (like marine mammals or seabirds) weremmtided in the analysis essentially

10
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because the data showed that these two partigsitaries rarely interact with them
(e.g. purse seine observer data contains no ini@naeith seabirds).

The alternative productivity scores;(andP,) showed positive correlations
(R°=0.6577; p=8.013e-12) as did the alternative suixbty scores & andS,,
R?=0.9045; p=2.2e-16) and the alternative risk sc(ResndR, R*=0.5376, p=1.122e-
07).

When including catch information on the risk sc(Rg), target specieK@tsuwonus
pelamis andThunnus albacares) were upgraded in the risk rank (Table 3). Howgver
when including the catch to abundance ratio irrigleestimate Ry ,), these two species
had the lowest scores, while bycatch spedies gpturus albidus, Makaira nigricans

and Istiophorus albicans) had the highest scores.

Discussion

In the paper we follow a two stage approach. Tieemiative analysis of the ICCAT
bycatch list is more inclusive than the PSA a®itsiders all species that were reported
to interact with ICCAT fisheries. The subsequenfR®Balysis we performed is more
quantitative in nature, but it was restricted ailwlyhose species for which data collected
by scientific observer programs and life histoaygmeters were available. This kind of
analysis that includes all species, followed by isguantitative PSA analysis is to some
extent comparable to the multilevel ERA framewddolday et al. 2011)
recommended by Dulvy et al. (2004) and Astles .et28l06) as a way to triage or
rapidly assess large numbers of species. Howevsmot hierarchical in the sense that
the first analysis does not restrict the scopdefstecond analysis. However, the first
analysis is important as it stresses the relevahtiee second analysis and it helps to
identify future needs.

For both the ICCAT bycatch list and the observdaskts, we assumed that a
reasonably high proportion of the species intengovith the respective gears and
fisheries was included in these datasets. Howavéhge case of the ICCAT bycatch list,
there is no information about the fraction of spedhat might have been non-reported,
and the real number of species interacting witlaitit tuna fisheries might be higher
than the already high number (242 species) regisdterthe database. Similarly, in spite

of the relatively long observed period and the hogkerver coverage for the US pelagic

11
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longline fishery and the EU tropical tuna pursanedishery observer programs, the
number of species recorded in the respective dsgslia likely to increase in the future
as more fishing operations are observed. Thusygtine stressed that the results of
updated analyses might change as new speciesemt#igt as interacting with these
fisheries.

The analysis of the ICCAT bycatch list showed tbagline, gillnet and purse seine
gears interact with the highest number of bycapgtci®es which generally have
relatively high intrinsic vulnerabilities. Howevehe number of species caught by each
gear is only a coarse measure of potential impaceghe risk itself is not evaluated.
The species in the ICCAT bycatch list are not nesely species at risk, or species at
similar levels of risk. In fact, the presence alpecies in the bycatch list does not imply
that it is caught in significant quantities rel&ito its population size, or that the
individuals that are caught necessarily died dubednteraction. For instance, although
gillnets catch a lower number of species than lmegl they catch more marine
mammals. On the other hand, almost all seabirdaotens are reported to occur in
longline fisheries (Fig. 1b). However, it shouldta&en into consideration that different
longline types operate in different areas and fé¢mint depths, time of day, etc.,
potentially affecting and interacting with diffetespecies of different resilience. In fact,
the interaction of a certain gear with a certaiecgps might differ from one region to
another, due to differences in environmental caooiist

The average intrinsic vulnerability of species fatging with a fishing gear depends on
the relative proportion of species with differingliverabilities. It is clear that catches by
harpoon and trap gears are minor when comparethéo gears like longline, purse
seine or baitboat. For that reason, the averageexaibility by gear should ideally be
weighted by the relative magnitude of gear spec#itches or mortalities (not estimated
here). This may well provide a different pictureatben vulnerability is considered in
isolation and may be a more meaningful method $sessing the impact of a particular
gear type. This is of course dependant on theahibitly and/or quality of catch data
available for the bycatch species.

Given that purse seine and longline gears intevébta relatively high number of
species and that the total tuna and tuna like speatch of both these gears is high in
comparison to other gears, the selection of a mese and a longline fishery for the
PSA seemed adequate for the purpose of this asalsreover, both the EU purse

seine and the US longline fisheries have relatigelyd observer coverage (Diaz et al.

12
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2009; Amande et al. 2010). However, the list ofdigh species that interacted with
these two fisheries might not be representativaldhe longline and purse seine
fisheries operating throughout the Atlantic. Thuggests the need to conduct additional
PSA analyses on other purse seine and longlinesfegeerating in different areas, at
different times and with different targets, as tih@ght interact with bycatch species at
different levels of risk. In addition, it would al$e of interest to analyze observer data
on gilinet fisheries which are also reported teiatt with many bycatch species,
including a high proportion of marine mammals (Whshowed highest intrinsic
vulnerability indices), and other critically end@&ngd and vulnerable species. Extending
the PSA analyses to gillnet fisheries would alltv development of a more global
picture of fishing effects on the ecosystem anbetiter focus research and management
efforts.

The PSA for the two fleets considered in this asialghowed several similarities.
Overall, two high risk groups were identified tllagiserve enhanced scientific
monitoring and management action in the near futumenely coastal and pelagic sharks
characterized by low productivity and relativelglhisusceptibility to capture, and
teleosts (both ICCAT and non-ICCAT species) withhar productivity but also higher
susceptibility to capture. However, the PSA wasdemted on a subset of species that
are caught by these two fleets for which enougbrimétion was available to produce
productivity and susceptibility scores. Thus, ibshll be noted that the results may
change in the future as new information for othpscses becomes available.

Most of the “top 10” species identified by tRgescore as being most negatively
impacted by purse seine and longline fisheries \am®@ identified byR,, because

strong positive correlations where obtained betwash scores over the entire dataset
mainly due to the high correlation between theratitve susceptibility scores. The
correlation between alternative productivity scasslewer because they differ by an
offset (i.e. the reproductive strategy) that, ia tase oP;, separates species into groups
according to their different reproductive stratsgi€here is no point in usiri®j to score
relative productivities of species with the sanf@oductive strategy, but the useRaf

may be preferred when species with different repctide strategies are being scored
(as in the present analysis). However, the pra@sees for the alternative reproductive
strategies should be discussed between expetis mhfferent species groups, as well as
the relative weight between reproductive strategythe length at maturity to

maximum length ratio.
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In fact, it should be taken into consideration tiat risk ranking is likely to change
under different definitions of risk. Different awtts have adopted alternative definitions
of productivity and or susceptibility, dependingtbe species characteristics and data
availability. For instance, the scoring procedurethe same variable differs between
authors (e.g. Stelzenmuiller et al. 2010 considériedels of Reproductive Strategy for
their analysis, while only 3 levels were consideredur study). Moreover, the
variables considered by Furness and Tasker (2008)dre seabird sensitivity to fishing
(e.g. potential foraging range, ability to diveijliépto switch diet, cost of foraging,

etc.) significantly differed from those used byl&amduller et al. (2010) for their
spatially explicit risk assessment for fish (ergportance for fisheries, habitat
vulnerability and affinity to seabed). This raisks debate as to which are the most
appropriate variables to use (and how to score tivéren species of very different
nature are simultaneously analyzed (e.g. sealtudkes, marine mammals and fish).
Such analyses are of great importance to betteisfoesearch and management efforts.
Scientists may, however, have difficulties in agrgeon the appropriate way to conduct
this type of PSA. Interestingly enough, and aceagdo our analysis, sea turtles do not
appear to be at high risk even though the IUCNt (tbasiders interactions with a wider
range of stressors) lists 2 of the 5 sea turtleispeas endangered, and the other 3 as
critically endangered. The reason of this appaletrepancy is that, although some sea
turtle species have a relatively high interactiaie with longline gear, fishing practices
by the US pelagic longline fleet (e.g. mandatory okcircle hooks and de-hooking
devices for sea turtles) resulted in a high proportf sea turtles being released alive.
In general, although the PSA has proved to be mlusethodology to simultaneously
compare large numbers of species and identify thuss at risk, further

methodological development is needed to addredgsasathat include species groups
of a significantly different nature (Hope 2006)texhative risk scores could be
developed that take into consideration the amotioatch for each of the species. This
R. would accentuate species most frequently caugtiidfishery (usually the target
species), and would avoid cases such as that dotfishmako that appeared at the top
of theR; risk rank for the EU purse seine fishery even gioonly one individual was
captured during the entire observer program (whigigests that the total vulnerability
of this species to the purse seine gear may nbigtg. In this sense, the catch to
abundance ratio might better reflect susceptibilign catch itself. In fact, usirig

target species became most at risk wRijgranked species more in accordance with

14
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their respective population status. The disadvantdgisingRy, is that the number of
species or populations included in the analysisdsiced substantially since more
information is demanded. In fact, this is largelgirgular argument as, according to
Hobday et al. (2011), stock assessments from wdticindance data for this kind of
PSA analysis can be obtained correspond to fulntjtative analyses that are
conducted to assess the risk to those specieldliatbeen prioritized in earlier PSA
analyses and for which enough data were avail&olethat reason, it makes sense to
useR; in the PSA analysis covering as many species sslge to prioritize those most
at risk, and then to conduct fully quantitativekressessments on those species. Our
analysis produced relative risk scores for spdogsnging to different species groups.
These scores (or those produced using the alteesadiscussed above) allowed the
identification of species most at risk and for whinore quantitative risk assessments
can be pursued (e.g. following Zhou and Griffitl®8; Zhou et al. 2009). Spatially
explicit risk assessments (e.g. Stelzenmiuller.€2G0) might also be conducted for
species with known spatial distributions facilitefithe identification of potential
marine protected areas. In cases where not enofmimiation is available to conduct
such gquantitative assessments, specific data tiolle@nd research programs can be
designed.

In the mean time, the hierarchical approach isqadarly useful for assessment of
numerous Atlantic bycatch species in data-limiistidries. In spite of the arguments
against using a common risk metric for fish, bitdstles and mammals, the steps
involved and the decision criteria used to deteemigk levels are transparent and
logical and can be applied to a wide range of dkffi¢ fisheries, allowing stakeholders
to be involved in the process. This approach allfaws management response at any
level, optimizing research and management effortisléntifying and excluding low-
risk species from data intensive assessments (Bratal. 2006). In essence,
hierarchical ecological risk assessments are usaiig for the ecosystem approach to

fishery management in the Atlantic Ocean.
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Figure legends:

Figure 1. Summary plots of the ICCAT bycatch leggtNumber of species reported to
have interacted with each fishing gear, by spegieap. b) Number of species
reported to have interacted with each species gimufishing gear. An
occurrence is defined as a species reported toihtaracted at least once with a
given fishing gear. The presence of a speciesarishdoes not imply that it is
caught in significant quantities, or that indivitkithat are caught necessarily died
as a result of the interaction.

Figure 2. Average instrinsic vulnerability (sensoe@ng et al. 2005; Cheung et al.
2007) by a) species groups and b) main fishinggyddre line in b) represents
average yearly catch by gear since 1990. Vertiaed Imdicate one standard error.

Figure 3. a) Number of species under the alteradth\CN red list status categories. b)
Percentage of species caught by fishing gear uhdalternative IJUCN red list
status categories.

Figure 4. Results of the productivity susceptipiinalysis for species caught by EU
tropical tuna purse seiners. Elliptical 80% confide intervals are provided for
each species group. See table 1 for correspondetaeen species codes and
species names.

Figure 5. Results of the productivity susceptipiinalysis for species caught by US
longliners. Elliptical 80% confidence intervals gm@vided for each species

group. See table 2 for correspondence betweenespeatdes and species hames.
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Table 1. Productivity Susceptibility Analysis fdret European purse seine fishery: alternative
risk scoresR; andR,) obtained in the Productivity Susceptibility argyfor the European

645  purse seine fishery. The table is ordered in delingrorder according tB; within each specie
group. The species ranked among the top ten acgptolR, andR, are marked with and®
superscripts, respectively.

Species

Species group code Species Ry R

Coastal sharks SPL L2gphyrna lewini 1.165 1.145
SPz 'Sphyrna zygaena 1.059 0.912
RHN Rhincodon typus 0.898 0.537

Pelagic sharks SMA 2| surus oxyrinchus 1.292 1.279
FAL 'Carcharhinus falciformis 1.13 1.094
oCs 'Carcharhinus longimanus 1.087 0.988

Scombridae and

billfish WHM L2Tetrapturus albidus 1.158 1.325
FRT 2Auxis rochei 1.108 1.283
ALB L2Thunnus alalunga 1.09 1.231
SwWo L2Xiphias gladius 1.053 1.148
SAl ?|stiophorus albicans 0.968 1.142
FRT ’Auxis thazard 0.953 1.125
BUM ’Makaira nigricans 0.942 1.137
WAH Acanthocybium solandri 0.869 1.097
LTA Euthynnus alletteratus 0.837 1.085
SKJ Katsuwonus pelamis 0.825 1.082
BET *Thunnus obesus 0.82 1.179
YFT Thunnus albacares 0.728 1.081

Other teleosts CFwW 'Coryphaena equisdlis 1.048 1.026
GBA Sphyraena barracuda 0.896 1.082
TRG Balistes carolinensis 0.87 1.06
RUB Caranx crysos 0.836 0.979
DOL Coryphaena hippurus 0.833 1.048
RRU Elagatis bipinnulata 0.831 1.069
NAU Naucr ates ductor 0.529 0.527

Sea turtles LKY Lepidochelys kempii 0.974 0.915
TUG Chelonia mydas 0.922 1
TTL Caretta caretta 0.829 0.757
DKK Dermochelys coriacea 0.731 0.543

Skates and rays PLS Dasyatis violacea 1.033 0.75
RMB Manta birostris 0.866 0.499
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650 Table 2. Productivity Susceptibility Analysis fdret US pelagic longline fishery: risk scor&s (
andR,) obtained in the Productivity Susceptibility argdyfor the US pelagic longline fishery.
The table is ordered in descending order accortdify within each specie group. The species

ranked among the top ten accordingRt@ndR, are marked with and® superscripts,

respectively.
655

Species

Species Group code Species R, R

Coastal sharks RHT 12Rhi zoprionodon terraenovae 1.376 1.156
HXT L2Heptranchias perlo 1.255 1.24
CCA L2Carcharhinus altimus 1.184 1.162
CCSs 'Carcharhinus signatus 1.124 1.073
CcCcP 'Carcharhinus plumbeus 1.113 0.9
CCB 'Carcharhinus brevipinna 1.111 1.03
DUS 'Carcharhinus obscurus 1.084 0.99
BSK Cetor hinus maximus 1.047 0.723
CCL Carcharhinus limbatus 1.047 0.893
SPZ Sphyrna zygaena 1.015 0.893
CCE Carcharhinus leucas 1.008 0.655
SPL Spohyrna lewini 0.998 0.803
CTI Mustelus canis 0.989 0.739
ccv Carcharhinus perez 0.984 0.734
SPK Sohyrna mokarran 0.935 0.764
DGS Sgualus acanthias 0.869 0.54
TIG Galeocerdo cuvieri 0.815 0.479

Pelagic sharks PCH Pseudocar charias kamohar ai 1.18 0.934
SMA L2 surus oxyrinchus 1.128 1.106
FAL Carcharhinus falciformis 1.047 0.951
LMA I surus paucus 1.016 0.801
BSH Prionace glauca 0.91 0.63
BTH Alopias superciliosus 0.905 0.635
ALV Alopias vulpinus 0.899 0.661
POR Lamna nasus 0.894 0.646
OCS Carcharhinus longimanus 0.882 0.632

Scombridae and

billfish ALB *Thunnus alalunga 1.058 1.201
BET *Thunnus obesus 0.942 1.14
WAH Acanthocybium solandri 0.91 1.091
BON Sarda sarda 0.896 0.917
WHM Tetrapturus albidus 0.887 0.982
SPF Tetrapturus pfluegeri 0.859 0.977
BFT Thunnus thynnus 0.857 0.825
LTA Euthynnus alletteratus 0.851 0.924
BLT Thunnus atlanticus 0.834 0.826
SWO Xiphias gladius 0.832 1.057
YFT Thunnus albacares 0.83 1.05
SAl I stiophor us albicans 0.757 0.814
BUM Makaira nigricans 0.648 0.645
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Other teleosts

Sea turtles

MAS
MAC
RDM
GES
ANG
NAU
RRU
LAG
BLU
CBA
CVJ

TUG
LKY
TTL
DKK

25comber japonicus
“Scomber scombrus
“Sciaenops ocellatus
Gempylus serpens
Lophius americanus
Naucr ates doctor
’Elagatis bipinnulata
Lampris guttatus
Pomatomus saltatrix
Rachycentron canadum
Caranx hippos
Chelonia mydas
Lepidochelys kempii
Caretta caretta
Dermochelys coriacea

22

1.131 1.221
1.063 1.11
1.053 1.126
1.024 0.992
0.961 1.081
0.908 1.08
0.874 1.094
0.845 0.942
0.81 0.885
0.806 0.879
0.507 0.55

0.99 1.009
0.879 0.915
0.819 0.742
0.722 0.543
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Table 3. Productivity Susceptibility Analysis fdret European purse seine fishery: alternative

risk scoresky, R; andR.;) obtained in the Productivity Susceptibility anéyf®r Scombridae
660 and billfish caught by the European purse seirefisfor which enough data were available. In

R. andRy,, the susceptibility scorés) of each species is multiplied by the catch anthiey

catch to abundance ratio, respectively. The tabtedered in descending order accordinByto

The species ranked among the top three accordiRgandR,, scores are marked withand?

superscripts, respectively.

665

Species codeSpecies R R R

WHM L2Tetrapturus albidus 1.00 1.00 1.16
ALB Thunnus alalunga 0.90 0.88 1.09
SWO Xiphias gladius 0.75 0.75 1.05
SAl ?|stiophorus albicans 0.75 1.25 0.97
BUM ’Makairanigricans  0.78 1.04 0.94
SKJ 'Katsuwonus pelamis 1.18 0.64 0.83
BET Thunnus obesus 0.82 0.80 0.82
YFT Thunnus albacares  1.16 0.75 0.73
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Arrizabalaga et al. Figure 1
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Arrizabalaga et al. Figure 2
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675 Arrizabalaga et al. Figure 3
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Arrizabalaga et al. Figure 4

Other teleosts

Coastal sharks
Scombridae and bhillfish
Pelagic sharks

Skates and rays

Sea turtles

E00O0EN

LOW RISK

HIGH RISK

0.0 0.2 0.4 0.6 0.8 1.0
Productivity (P1)

27

1.2




ALR-015V2 28

Arrizabalaga et al. Figure 5
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