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ABSTRACT: In fisheries, vulnerability assessments—also commonly known as ecological risk
assessments (ERAs)—have been an increasingly popular alternative to stock assessments to
evaluate the vulnerability of non-target species in resource- and data-limited settings. The
widely-used productivity—susceptibility analysis (PSA) requires detailed species-specific bio-
logical information and fishery susceptibility for a large number of parameters to produce a rela-
tive vulnerability score. The two major disadvantages of PSA are that each species is assessed
against an arbitrary reference point, and PSA cannot quantify cumulative impacts of multiple fish-
eries. This paper introduces an Ecological Assessment of the Sustainable Impacts of Fisheries
(EASI-Fish), a flexible approach that quantifies the cumulative impacts of fisheries on data-limited
bycatch species, demonstrated in eastern Pacific Ocean (EPO) tuna fisheries. The method first
estimates fishing mortality (F) based on the ‘volumetric overlap' of each fishery with the distribu-
tion of each species. Fis then used in length-structured per-recruit models to assess population
vulnerability status using conventional biological reference points. Model results were validated
by comparison with stock assessments for bigeye and yellowfin tunas in the EPO for 2016. Appli-
cation of the model to 24 species of epipelagic and mesopelagic teleosts, sharks, rays, sea turtles
and cetaceans and identification of the most vulnerable species is demonstrated. With increasing
demands on fisheries to demonstrate ecological sustainability, EASI-Fish allows fishery managers
to more confidently identify vulnerable species to which resources can be directed to either im-
plement mitigation measures or collect further data for more formal stock assessment.
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1. INTRODUCTION

The traditional paradigm of fisheries management
has typically aimed to ensure the sustainability of the
populations of individual economically important tar-
get species. This has evolved significantly over the
past 2 decades to include ecosystem-based approa-
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ches to fisheries management in recognition of grow-
ing evidence that the direct and indirect impacts of
fishing extend beyond those of the target species.
Fishing can affect the populations of various species,
from the inconspicuous to iconic megafauna (Lewi-
son et al. 2004), the physical aquatic environment
and habitats (Chuenpagdee et al. 2003), and can
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compromise the integrity of supporting ecosystems
(Myers et al. 2007, Griffiths et al. 2019) and the quan-
tity and quality of the services they provide not only
to fisheries, but to human society in general (Worm et
al. 2006).

Furthermore, the public perception of commercial
fishing practices and their management has also
been an increasingly important socio-political driver
for fisheries to demonstrate their commitment to
operating in an ecologically responsible manner
(Hall et al. 2000, Mikalsen & Jentoft 2001, Jacquet &
Pauly 2007). In recent years, this has manifested into
eco-labelling of products produced by fisheries that
have been certified, by organisations such as the
Marine Stewardship Council, as being ecologically
sustainable (Kirby et al. 2014).

Although a noble concept, ecological sustainability
can be difficult and expensive to demonstrate in
practice. This is due to the common paucity of reli-
able biological and catch information for non-target
species, herein defined as a species that is not a pri-
mary target species but is either retained for eco-
nomic reasons, consumed by crew members or used
for bait (‘byproduct’), or discarded at sea (‘discard’)
(see Gilman et al. 2014). The challenge is exacer-
bated in fisheries that employ relatively unselective
gears such as longline and purse seine used in tuna
fisheries that interact with large numbers of taxa rep-
resenting diverse life histories including teleosts,
chondrichthyans, seabirds, sea turtles and marine
mammals (Hall & Roman 2013). Therefore, assessing
all affected species using traditional data-intensive
stock assessment approaches is both cost-prohibitive
and impractical.

A suite of simplified ecological assessment tools
that have been developed since at least the late
1990s —in a research field commonly referred to in
fisheries as ecological risk assessment (ERA)—has
been increasingly used by fisheries worldwide as a
rapid and cost-effective alternative for assessing
the ecological effects of fishing, particularly in data-
limited settings (Gallagher et al. 2012). However, as
stated by Fletcher (2015), ERA is largely a misnomer,
as the primary methods used in this field do not cal-
culate the risk of a specific threat to a species mani-
festing under the formal International Organization
for Standardization (ISO) risk definition as ‘the effect
of uncertainty on objectives’ (ISO 2009). Instead,
ERA, as commonly applied in fisheries, is a process to
identify potentially vulnerable species for which spe-
cific management measures (e.g. gear modifications,
time-area closures, etc.) can be implemented to re-
duce a species' vulnerability, or prioritise them for

further data collection, to subsequently facilitate
more rigorous quantitative assessment.

Vulnerability assessment methods differ significant-
ly in their data requirements and model complexity.
The simplest method is the qualitative consequence-
likelihood analysis that uses all available data types
using a 'weight of evidence' approach driven by
stakeholder involvement and expert opinion where
justifying narratives are provided throughout the
process (Fletcher 2005, 2015). This approach is also
compliant with generic international and Australian
risk assessment standards (IEC 2009, ISO 2009, Stan-
dards Australia 2012). In contrast, the more complex
methods are quantitative, spatially explicit biomass-
pool population models that require more detailed
fishery and biological information for parameterisa-
tion (Zhou & Griffiths 2008, Pitcher et al. 2017). The
semi-qualitative productivity—susceptibility analysis
(PSA) (Stobutzki et al. 2001) of intermediate com-
plexity has been a popular method applied to a vast
array of species groups and fisheries worldwide (Mil-
ton 2001, Waugh et al. 2008, Cortés et al. 2010,
Patrick et al. 2010, Lucena-Frédou et al. 2017). The
popularity of PSA stems from its flexibility in data
inputs and assessment attributes that can rapidly
produce a relative measure of vulnerability of a large
number of species that can be easily interpreted by
fishery managers, policy makers and laypersons. For
these reasons, PSA is the primary ecological assess-
ment method recommended by the Marine Steward-
ship Council for fisheries seeking certification for
eco-labelling purposes.

PSA assesses the relative vulnerability, rather than
the absolute risk as defined by international risk
standards (see IEC 2009, ISO 2009), of each affected
species by scoring a number of attributes relating its
susceptibility to being captured by a particular fish-
ery or gear type, and the population's biological
capacity to recover should it become depleted. Sus-
ceptibility (e.g. gear selectivity) and productivity
(e.g. natural mortality rate, fecundity) attributes are
developed for the species and fishery of interest, and
the ranges of possible values for each attribute are
divided into 3 categories, with cut-off values deter-
mined — often subjectively — by the practitioner.

For example, species comprising a bycatch assem-
blage may range in maximum age ({n.x) between 4
and 30 yr, resulting in scoring categories of <10,
10-20 and >20 yr. For each species, each attribute is
then given a rank of 1 (least susceptible; least produc-
tive) to 3 (most susceptible; most productive). The sus-
ceptibility and productivity attribute scores for each
species are averaged and then combined to produce a
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vulnerability score (v). The species with a vulnerability
score exceeding a pre-defined threshold value (e.g.
>2.0) are deemed 'highly vulnerable’ to becoming un-
sustainable under current levels of fishing.

Unfortunately, commonly adopted wvulnerability
threshold values are arbitrarily defined and have no
biological significance, nor have they been statisti-
cally derived. This is because input data, even highly
precise parameter estimates, are reduced to categor-
ical scores. As a result, a PSA vulnerability score for a
species provides only a measure of vulnerability rel-
ative to the other species included in the assessment
for a single fishery. Furthermore, this scoring system
does not allow the scores for multiple fisheries to
simply be summed to assess the cumulative impacts
of fishing, which is a growing need in many areas of
the world, where target and associated bycatch spe-
cies are shared between expanding and increasingly
efficient fisheries (Martinez-Ortiz et al. 2015). How-
ever, a few authors have attempted to take into
account the effects of multiple gears by applying
various weighting methods to susceptibility scores
(Ormseth & Spencer 2011, Micheli et al. 2014, Duffy
et al. 2019).

These shortcomings present a conundrum for fish-
eries managers, who may wish to establish formal
PSA reference points (e.g. v = 2.0; see Cope et al.
2011) or relative risk boundaries (Hobday et al. 2006)
to initiate a management response similar to the ob-
jectives of harvest control rules for commercially
important species. Such arbitrary thresholds can
therefore cost a fishery valuable resources by trigger-
ing mitigation measures for species that have only
been classified as vulnerable due to artifacts of the
assessment method. This highlights the need for im-
proved assessment methods and biologically mean-
ingful reference points to definitively determine the
vulnerability of data-limited species.

In an attempt to address this issue, Zhou & Griffiths
(2008) developed the quantitative Sustainability As-
sessment for Fishing Effects (SAFE) approach, which,
like other vulnerability assessment methods, is com-
prised of a susceptibility and a productivity compo-
nent. The proportion of each species’ population that
is vulnerable to capture, after accounting for various
selectivity effects, is assessed against biological
reference points (BRPs) developed from empirical
equations that relate life history traits to natural mor-
tality (M). These are (1) the maximum sustainable
fishing mortality (Fy,sm) — @ proxy for the fishing mor-
tality at maximum sustainable yield (MSY)—and (2)
the lowest fishing mortality that would render a spe-
cies extinct (F,.asn) (also see Zhou et al. 2012).

Although SAFE was designed to assess data-poor
bycatch species, it is based upon high spatial resolu-
tion species distribution and fishing effort data de-
rived from fishery-independent scientific surveys and
vessel monitoring systems data. Unfortunately, for re-
source-limited or large-scale fisheries, fishery-inde-
pendent faunal surveys are cost prohibitive. Fishery-
dependent logbook and/or observer programmes are
in place in many fisheries; however, the reporting
level of low-value and rarely encountered bycatch
species is generally poor, and at best would generally
only provide presence-only data for most species. A
data-limited approach is therefore needed to quanti-
tatively measure the cumulative impacts of multiple
fisheries in the absence of precise estimates of catch
or abundance of bycatch species and to determine
the vulnerability status of a species’ population.

This paper introduces a spatially explicit quantita-
tive vulnerability assessment approach, termed the
Ecological Assessment of the Sustainable Impacts of
Fisheries (EASI-Fish), that quantifies the cumulative
impacts of multiple fisheries on data-limited species.
The approach builds on PSA's flexibility in using a
range of susceptibility and productivity data inputs —
but as continuous rather than categorical values—
coupled with the basic concept of quantifying popula-
tion impact by the degree to which the distribution of
fishing effort overlaps with a species’ habitat. EASI-
Fish first estimates the instantaneous fishing mortality
rate from the ‘volumetric overlap' of multiple fisheries
on a species’ 3-dimensional spatial distribution, in this
case developed using a relative environmental suit-
ability (RES) model based on presence-only data cou-
pled with environmental data for the assessment re-
gion. The estimated fishing mortality is then used in
length-structured per-recruit models to determine the
vulnerability status of each species using conventional
and precautionary fishing mortality- and spawning
stock biomass-based BRPs commonly used in stock
assessment. Using ‘industrial’ longline and purse-
seine tuna fisheries in the eastern Pacific Ocean (EPO)
as a case study, this paper aimed to (1) validate the ap-
proach by comparison with the results of fully inte-
grated stock assessment results for yellowfin tuna
Thunnus albacares and bigeye tuna T. obesus in the
EPO, and (2) demonstrate the application of EASI-
Fish to a representative subset of pelagic and meso-
pelagic teleost, shark, ray, turtle and dolphin species
caught in these fisheries for the purpose of identifying
and prioritising species for management, or for the
collection of further information that will fill key data
gaps and allow for more formal population assess-
ments to be undertaken in the future.



92

Mar Ecol Prog Ser 625: 89-113, 2019

2. MATERIALS AND METHODS

2.1. Assessment region and definition
of included fisheries

EASI-Fish was designed for use in data-limited set-
tings, but has sufficient flexibility to use a range of
data types of varying quality. For demonstration pur-
poses, the approach is used to assess the vulner-
ability of a representative assemblage of species (tar-
get, retained non-target and discarded non-target)
caught in the '‘industrial’ longline and purse-seine
fisheries in the EPO, and managed by the Inter-
American Tropical Tuna Commission (IATTC). The
IATTC Convention Area extends over an area of
approximately 55 million km? from the west coast of
the Americas to 150° W between latitudes 50° N and
50°S (Fig. 1).

The analyses presented in this paper draw upon
fishing effort data for 2016 obtained from vessel log-
books or collected by on-board scientific observers, or
submitted to the IATTC by its members for longline
vessels >24 m length overall (LOA) and purse-seine
vessels (carrying capacity >363 t). The purse-seine
fishery was disaggregated into 3 separate fisheries
based on set type: (1) sets associated with floating
objects (OBJ), (2) sets associated with dolphins (DEL)
and (3) sets on unassociated schools of tuna (NOA).
The spatial distribution of the 2016 effort for each
fishery is shown in Fig. 1.

Although this paper presents a ‘proof of concept’ of
the EASI-Fish approach using the aforementioned
fisheries, it should be noted that several fisheries that
catch the species included in this study were not in-
cluded in our analyses since catch and/or effort data
were not available. These mainly include domestic

.

Fig. 1. Convention Area of
the Inter-American Tropi-
cal Tuna Commission (IAT-
TC) (red outline) with the
distribution of fishing ef-
fort by the ‘industrial’ large-
scale tuna longline fishery
(5° x 5° large open squares)
and the 3 set types in the
purse-seine fishery (DEL:
dolphin sets; NOA: unas-

sociated tuna school sets;
OBJ: floating-object sets;
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small-scale commercial fisheries (e.g. gillnet, long-
line, troll, harpoon), the widespread artisanal fish-
eries (e.g. gillnet, longline) and sport fisheries that
exist throughout South and Central America (see
Alfaro-Shigueto et al. 2010, Cartamil et al. 2011,
Southwick et al. 2013, Martinez-Ortiz et al. 2015).

2.2. Assessing susceptibility to estimate
fishing mortality

In data-rich situations, the instantaneous fishing
mortality rate (F) of an assessed species is most com-
monly estimated using reliable species- and length-
specific catch data. However, in resource-limited
fisheries, or for low-value non-target species (e.g.
discarded bycatch species), the length composition of
the catch is often not available, and for many infre-
quently caught or taxonomically ambiguous species,
catch is simply not recorded. Therefore, an alterna-
tive approach used in EASI-Fish is to estimate the
proportion of the population that is susceptible to
being captured and incur mortality, the finite mortal-
ity rate (f), which is converted to F.

A similar spatial approach was developed by Pitcher
et al. (2007)—and later refined by Pitcher et al.
(2017) —to estimate the impact of benthic trawling
on epibenthos, and subsequently adapted to elasmo-
branchs (Zhou & Griffiths 2008) and teleosts (Zhou et
al. 2009). However, these approaches assume the
population to comprise a single biomass pool where
selectivity components are independent of length or
age. This becomes a limitation for researchers wish-
ing to capture quite obvious length-related suscepti-
bility effects for particular species (e.g. minimum or
maximum size retention limits) and for fisheries man-
agers wishing to rapidly consider the potential
impact of easily implemented length-based manage-
ment measures (e.g. gear modifications to reduce the
length at first capture), before resorting to expensive
species-specific monitoring and/or stock assessment.

To address such issues, EASI-Fish uses a length-
based approach with various susceptibility para-
meters to estimate the proportion of a length class (j)
of a species' population that is susceptible to incur-
ring mortality by fishery x (S,;) in a given year, which
can be represented as:

Gy
SXj = E (DXAXjNXjCXj'PXj) (1)

where G is the total number of grid cells occupied by
a species (i.e. the 'stock’); Gy is the number of occu-
pied grid cells exposed to at least 1 unit of fishing

effort by fishery x; duration of fishing season (D,) is
the proportion of the population that is available to
fishery x given the proportion of a year when fishing
is permitted; seasonal availability (A,;) is the propor-
tion of length class j that is available to capture by
fishery x; encounterability (Ny;) is the proportion of
length class j that may potentially encounter the gear
used by fishery x; contact selectivity (C,;) describes
the proportion of length class j that is retained once it
encounters the gear used by fishery x; and post-
release mortality (Py;) is the proportion of length class
j that is caught by fishery x and dies before, during or
soon after release. Each of the parameters in Eq. (1) is
described in detail in the following.

For the purposes of this study, the stock definition
for each species, within which its distribution is esti-
mated, was assumed to be defined by the boundaries
of the IATTC Convention Area. Within these bound-
aries, G was estimated from RES models developed
for each species at 0.5° x 0.5° resolution based on
presence-only data and environmental variables
(depth, sea surface temperature, salinity and primary
productivity) to develop an environmental envelope
(see description of RES model development and
Fig. S1 in Supplement 1 at www.int-res.com/articles/
suppl/m625p089_suppl.pdf) using the method of
Kaschner et al. (2006). These maps are publicly
available, free of charge and customisable (www.
aquamaps.org) and the presence (source and pre-
dicted) and environmental data are available for
download should the user wish to use alternative
habitat models (e.g. generalised additive models,
maximum entropy models). A detailed description of
the methodology and development of the RES mod-
els is provided in Text S1 in Supplement 1.

Although a knife-edge probability-of-occupancy
(¥) threshold (e.g. 0.7) may be used for each cell to
define the distribution of each species, the predicted
distribution can differ substantially depending on the
threshold value used (see example for Mobula japan-
ica in Fig. S2 in Supplement 1). Since a defined spe-
cies distribution can influence the proportion of the
population exposed to fishing, we accounted for this
uncertainty by running the EASI-Fish model using
distribution maps based on Y values of 0.5-0.95 in
0.05 increments, with a preferred value determined
after modelled distributions were reviewed by ex-
perts and cross referenced with catch data (if avail-
able) (see Section 2.6 below, and Table S1 in Supple-
ment 1).

Fishing effort for each fishery in 2016 (Fig. 1) was
overlaid on each species’ distribution map —for each
¥ value —to calculate Gy, and the percentage overlap


https://www.int-res.com/articles/suppl/m625p089_supp1.pdf
https://www.int-res.com/articles/suppl/m625p089_supp1.pdf

94 Mar Ecol Prog Ser 625: 89-113, 2019

of each fishery was calculated by dividing Gy by G.
Effort data for purse-seine vessels (as the number of
sets) were reported at <0.5° resolution, so each set
location was allocated to the corresponding 0.5° x
0.5° grid cell. In contrast, longline data (number of
hooks) for 2016 were reported at 5° x 5° resolution,
conservatively assuming that there was at least 1 unit
of effort in each occupied 0.5° x 0.5° cell contained in
a 5° x 5° cell with effort. Certainly, there may be by-
catch species for which data are too sparse to develop
a reliable distribution map, or available effort data
for a fishery is not spatially explicit, and so the pre-
cautionary approach would be to assume G,/G = 1.

The first 4 parameters in the parentheses of Eq. (1)
(Dyi Ayji Nyj and C,;) comprise what is generically
regarded as ‘selectivity' in stock assessment parlance,
which combines — often implicitly — ‘population avail-
ability’ (the relative probability that a fish of length
class j is located in the area at the time where the
fishery is operating) and ‘contact selectivity' (the rel-
ative probability that a fish of length class j will be
retained once it comes in contact with the gear) (Millar
& Fryer 1999). Because selectivity curves are unlikely
to be available for data-limited bycatch species, it
was considered important to disaggregate selectivity
components as far as practicable. This also allows the
individual components to be parameterised if infor-
mation is available, or the default assumption of full
selection to be implemented as a precautionary
measure in the absence of reliable information.

Duration of fishing season (D) is the proportion of
the population that is available to fishery x given the
proportion of a year when fishing is permitted, ex-
pressed as the number of fishing days divided by 365.
In the EPO, IATTC Resolution C-13-01 mandated a
62 d closure of the purse-seine fishery in 2016, mean-
ing that the species was potentially exposed to purse-
seine fishing for 0.83 ([365 — 62]/365) of the year.
Fishing effort is assumed to be evenly distributed
throughout the year, since fishing mortality would be
different in a fishery in which all the fish could be
caught in 100 d, for example, rather than the full
year. The default precautionary value is 1.0 for fish-
ery x, to assume that the species is available to fish-
ery x for the entire year.

Seasonal availability (A,;) is the proportion of
length class j that is available to capture by fishery x,
given that some species may undertake extensive
intra-annual migrations outside of the fishing bound-
aries, where they are unavailable for fishery inter-
actions. This is expressed as the proportion of the
year that the species is available to the fishery. In
cases where migrations are known to occur, but are

not adequately quantified, broad categories may be
used similar to the PSA approach (e.g. 1-3 mo = 0.25,
4-6 mo = 0.5, 7-9 mo = 0.75, 10-12 mo = 1.0), or a
data range defined in a prior distribution to incorpo-
rate parameter uncertainty (see Section 2.6). The de-
fault precautionary value is 1.0 for fishery x, to
assume that no seasonal movement outside of fishery
x occurs for length class j.

Encounterability (N,;) is the proportion of length
class j that may potentially encounter the gear used
by fishery x based on the species’ distribution in the
water column relative to the defined fishing depth
range of the gear. In the EPO, we defined the effec-
tive fishing depth range for all purse-seine set types
as 0-200 m (Hall & Roman 2013) and 0-300 m for
‘deep sets' by longlines (Bigelow et al. 2006). Mini-
mum and maximum depths of each species were
defined using the results of published studies —gen-
erally independent of length or age—using elec-
tronic tags (e.g. Schaefer & Fuller 2010), longline fish-
ing experiments using time—depth recorders (Boggs
1992) or relating catch to estimated maximum hook
depths (Ward & Myers 2005, Zhu et al. 2012). The
proportional vertical overlap between a species and
fishery x is calculated using 1 of 5 equations (Egs.
2a-2e), depending on the relationship between the
defined maximum (Max) and minimum (Min) depth
of length class j and the gear of fishery x:

N;;i=0 for Min; > Max,, or Max; < Min, (2a)
N,;=1.0 for Max; < Max, and Min; > Min,  (2b)
N, = (Max; — Min;) — (Max; — Miny)

(Max;— Min;)

for Min; < Min, and Max; < Max,  (2¢)

(Max; — Min;) - (Max, — Min;)
N, = -
X (Max; — Min;)
for Max; > Max, and Min; > Min,  (2d)
N = (Max; — Min;) — (Max, — Min,)
K (Man - Mln])

for Max; > Max, and Min; < Min,  (2e)

The default precautionary value is 1.0 for fishery x,
thus assuming that all fish of length class j encounter
the gear for fishery x. A graphical representation of
the encounterability concept and its calculation is
shown in Figs. S1 & S2 in Supplement 2 at www.int-
res.com/articles/suppl/m625p089_supp2.pdf.

Although a species may encounter the gear due to
overlapping vertical and spatial distribution with the
fishery, this does not mean all fish will be caught and


https://www.int-res.com/articles/suppl/m625p089_supp2.pdf
https://www.int-res.com/articles/suppl/m625p089_supp2.pdf

Griffiths et al.: Flexible bycatch vulnerability assessment 95

incur mortality. Contact selectivity (Cy;) describes the
proportion of length class j that is retained once it
encounters the gear used by fishery x. Typical gear
selectivity curves can be used where available; for
example, dome-shaped or logistic ogives can be used
to represent net and longline fisheries, respectively.
However, reliable gear selectivity curves are unlikely
to be available for the majority of bycatch species. In
such cases, knife-edge selectivity (Cy; = 1.0) may be
assumed from the smallest length class fish observed
in fishery x. However, the default precautionary
value is 1.0 for fishery x, to assume full selectivity for
all size classes in fishery x.

Although the volumetric overlap of fishery x with
length class j of a species may be very high, the spe-
cies may be discarded, either due to its low market
value, or for conservation reasons. For example, the
IATTC mandates the release of oceanic whitetip
sharks Carcharhinus longimanus (Resolution C-11-10)
and mobulid rays (Resolution C-15-04) in all fish-
eries, and the release of silky sharks C. falciformis in
purse-seine fisheries (Resolution C-16-06). There-
fore, fishing mortality would be overestimated unless
the component of the catch that survives release is
accounted for. This is introduced in the model as
post-release mortality (Py;), the proportion of length
class j that is caught by fishery x and dies before, dur-
ing or soon after release. Where species-specific data
are not available, the default precautionary value is
1.0 for fishery x, to assume a post-release mortality
rate of 100 %.

Following the estimation of the overall susceptibil-
ity of length class j to incurring mortality from fishery
X (Syj), a proxy for Fcan be estimated from the annual
finite fishing mortality rate (f)—or exploitation rate
—for the species caught in one or more fisheries in a

specified year as:
> a1 Sxi

F=—1n|:1—§;qXEX [Tﬂ 3)

Here, n is the number of length classes defined for
the species, which can theoretically be almost any
number, but it is recommended that the length inter-
val be relevant to the typical length range of the spe-
cies and allow a reasonable growth interval between
classes (Chen & Gordon 1997). For most species as-
sessed in the present study, increments of 2 cm were
used for j, whereas increments of 5 cm were used for
some larger-growing species of billfish and sharks. In
Eq. (3), Ey is the total effort of fishery x, scaled to a
maximum of 1, applied in area G, while the catcha-
bility coefficient (qy) is the fraction of the stock that is
caught by 1 unit of effort (E,) in fishery x. In many

data-limited fisheries, g and E will not be known, so
a precautionary approach is to assume both are equal
to 1—as was assumed in the present study —which
implies that 1 unit of fishing effort can catch all fish
within each species-occupied grid where S,; = 1.

The F value for the assessment year, in this case
2016, is then compared with values for F for the vari-
ous BRPs derived from the per-recruit models (de-
scribed in Section 2.3). However, it needs to be em-
phasised that, because of the assumptions and likely
uncertainty in the parameters used in deriving the F
estimate, it should only be considered a proxy of F
(and probably a conservatively high one).

2.3. Modelling species productivity using
per-recruit models

One of the major impediments for quantitative
assessments of the population status of data-limited
species is the lack of species-specific time series of
catch data required for fully-integrated stock assess-
ment models. However, yield-per-recruit (Y/R) mod-
els are widely used in developing or data-limited
fisheries due to the relatively few parameters that
need to be estimated (Gabriel & Mace 1999), most of
which also need to be estimated for methods such as
PSA. Y/Rmodels are generally age-structured, which
poses complications with most data-limited species
and fisheries, since most biological and fishery pro-
cesses are more precisely represented in terms of
length rather than age (e.g. length—-weight relation-
ships, length-at-maturity, gear selectivity) (Chen &
Gordon 1997). Many bycatch species also lack reli-
able biological studies that describe their growth or
population dynamics in terms of age. Furthermore,
many age-specific parameters are often estimated
from length-based conversions, such as estimated
length-at-age in the von Bertalanffy growth model.
Therefore, it is more practical to construct per-recruit
models based on length, rather than age.

Y/R is used to characterise the biological dynamics
of each species using the generic Ricker model
(Ricker 1975), which Chen & Gordon (1997) adapted
for lengths as:

n

Y — 2 ijbjF [1 _ e—(bjF+M)ATj]

R S bF+M

j-1
1oy (D F+M)AT, 4)
R

o
j=1

Here, jrepresents fully recruited length classes. W;
is the mean weight of a fish in length class j, the
instantaneous natural mortality rate (M) is assumed
to be constant across all length classes—but can be
length-specific if sufficient data are available —while
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selectivity (b;) is the proportion of the population in
length class j that is caught across all fisheries, repre-
sented as:

bj=2.,Sy 5)
x=1

Fis disaggregated into increments of 0.01, from 0 to
a biologically realistic maximum for a species. The
parameter AT represents the time taken for a fish to
grow from one length class to the next, represented

as:
AT, = L Ll (6)
K L.-Lj-d;
where K and L., are parameters from the von Berta-
lanffy growth function (VBGF), and d is the width of
the length class, calculated as Lj,; — L;. The VBGF was
used to characterise growth for the 24 species, both for
reasons of practicality, and because differences in pre-
dicted length-at-age, and thus AT, were negligible
when alternative growth models were reparameterised
as a VBGF (see Fig. S3 in Supplement 2). Nonetheless,
Eq. (6) can be easily modified to estimate AT using al-
ternative growth models (e.g. Richards, logistic, Laird-
Gompertz), where L., and K can be substituted for a
relevant parameter characterising asymptotic length,
and the rate at which this length is attained, respec-
tively. In the absence of direct estimates of K and L,
L,, may be estimated empirically from maximum
recorded length (L) (Froese & Binohlan 2000) and K
values may be used from studies of closely related spe-
cies (see Thorson et al. 2017).

The spawning stock biomass-per-recruit (SSB/R)
model of Quinn & Deriso (1999) is complementary to
Y/R, and can be modified to suit the analysis of length
rather than age classes and can be represented as:

B n j-1
Sf;— = 2 Wymy [ Jeerrnate @)
j=1 k=1

where W;is the mean weight of fish in length class j,
mj; is the proportion of mature females at the mean
length of length class j, and the product operator
describes the number of fish surviving from the
length at recruitment (L,) to L;. Because the number
of spawners is unlikely to be known for most bycatch
species, and the model estimates the relative SSB/R,
the initial number of spawners is set to a value of 1.
A range of maturity ogives may be used to parame-
terise m; for a species, but in this study, it is derived
from a female maturity ogive represented in the
logistic form:
1

) = e T ®)
where L;is the mean length of a fish in length class j,
L5 is the length at which 50% of the population is

mature, and r is the curvature parameter. Alterna-
tively, knife-edge maturity can be assumed from the
length at first maturity (L,,). If a direct or reliable
published estimate of Lsq or Ly, is unavailable, L, can
be estimated using the von Bertalanffy growth para-
meter L, in the empirical equation of Froese &
Binohlan (2000):

L. = 10(0.89810910 L.. - 0.0781) (9)
'm

2.4. Estimating natural mortality

The instantaneous natural mortality rate (M) is one
of the most influential parameters in stock assess-
ment models, but is notoriously difficult to estimate
directly (Kenchington 2014, Then et al. 2015). Conse-
quently, empirical equations based on life history
traits, t,.x and VBGF parameters (L_, K, t,) are often
used as an alternative. There are over 30 natural
mortality estimators in existence, none of which has
been proven to perform better than another for all
species (Kenchington 2014). Therefore, it is common-
place to run stock assessment models using a range
of M values derived from multiple estimators that the
researchers deem most appropriate for the species in
question. Therefore, M was calculated for each spe-
cies using 6 estimators recommended by Kenching-
ton (2014) and Then et al. (2015) (see Table S1 in
Supplement 2). Priority was given to M values that
were estimated directly (e.g. from tagging), followed
by tmax-based estimators (Hoenig , and Hoenig, )
for long-lived species such as elasmobranchs and
cetaceans, and finally K-based estimators (Jensen,
Pauly ., Pauly, . and Pauly, ). Where species lacked
information on longevity and L., L. was estimated
from maximum recorded length (L..,), using the
method of Froese & Binohlan (2000), and used in the
Pauly, . estimator with a mean annual water temper-
ature of 25°C for the EPO (Fiedler & Talley 2006). A
flow diagram showing the hierarchical approach to
estimating M depending on the availability of data is
shown in Fig. S4 in Supplement 2.

2.5. Biological reference points

BRPs are often used in stock assessment to define
the status of a population relative to a fishing mor-
tality rate. EASI-Fish uses a similar approach, but
instead BRPs are used here to quantify relative vul-
nerability of species. The F value at MSY (Fysy) is
used, because it is a commonly-used BRP in stock
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assessment. In Y/R models, it is, more specifically,
the fishing mortality at which yield is maximised
(Fumax), since there is no stock-recruitment relation-
ship (steepness = 1). However, Fy;sy can be opti-
mistic under certain conditions, and so F,; was
included as a precautionary BRP, as has been rec-
ommended for data-limited species or fisheries
(Gabriel & Mace 1999). A second precautionary BRP
used was SSByp¢,, which is the F value correspon-
ding to 40% of the spawning potential ratio (SPR;
the SSB/R at a given fishing mortality divided by
the SSB/R where F = 0).

The assessment of the vulnerability of each species
was determined using F and SSB expressed relative
to the MSY or precautionary BRPs (Fj; and SSByg,).
To aid in the interpretation of the results, BRP values
are represented on the 4-quadrant phase (or Kobe)
plot that is widely used to display the results of tradi-
tional stock assessments, and therefore easily inter-
preted by most fisheries managers and researchers.
The traditional definitions of these quadrants relate
to the degree to which the stock status is considered
‘overfished' or ‘undergoing overfishing’'. In contrast,
EASI-Fish uses generic definitions of vulnerability to
define each quadrant, in order to reflect the uncer-
tainty in model parameters for data-limited species.
Fig. 2 shows the vulnerability definitions of each
quadrant in the EASI-Fish phase plot, where the F
and SSB index refers to one of the BRPs, MSY, 0.1 or
40% and denoted by x in the index definitions: (1)
‘least vulnerable’ (green; F/F,; < 1 and SSB/SSB, > 1),
(2) 'increasingly vulnerable' (orange; F/F, > 1 and
SSB/SSBy > 1), (3) 'most vulnerable' (red; F/F; > 1
and SSB/SSB, < 1) and (4) ‘decreasingly vulnerable’
(vellow; F/F, < 1 and SSB/SSB, < 1).

The 2 simple alternative BRPs, Fs, and F,sn, pro-
posed by Zhou et al. (2012) using life history traits to
assess data-poor species, were also included in the
results as a comparison of their performance, since
the Y/R model used in EASI-Fish estimates Fyax
(=Fysy) directly.

2.6. Implementation of the EASI-Fish model

Best available information from unpublished stud-
ies or the literature was used to derive biological
parameter values for each species (see Tables S2 &
S3 in Supplement 2). These parameters were fixed as
point estimates in the EASI-Fish model, which is rou-
tine in stock assessment. Despite variability existing
in these estimates, growth and reproductive para-
meters are highly correlated with natural mortality

2.0

1.5

Decreasingly

0.5 7 vulnerable

0.0 T

0.0 0.5 1.0 1.5 2.0
SSB index

Fig. 2. Kobe plot illustrating how vulnerability status was
defined for each species assessed using a desired fishing
mortality (F) and spawning stock biomass (SSB) index from
the EASI-Fish model as a reference point on the x- and y-
axis, respectively. Using a maximum sustainable yield
(MSY)-based index as an example, vulnerability of a species
is defined by its position within 1 of 4 quadrants in the phase
plot: ‘least vulnerable’ (green, F/Fysy < 1 and SSB/SSBysy > 1),
‘increasingly vulnerable' (orange, F/Fysy > 1 and SSB/
SSBysy > 1), ‘most vulnerable' (red, F/Fysy > 1 and SSB/
SSBusy < 1), and 'decreasingly vulnerable’ (yellow, F/Fysy < 1
and SSB/SSBysy < 1). Maximum axis limits of 2.0 are for
illustrative purposes only

(Thorson et al. 2017). Therefore, by simultaneously
incorporating uncertainty in natural mortality and
other biological parameters, the predicted variances
in BRPs will be greatly overestimated. As a conse-
quence, parameter uncertainty was incorporated
only for M—and also for susceptibility parameter G,
using values of 0.5-0.95 for Y. Monte Carlo simula-
tions were used to generate uncertainty estimates for
these parameters given a specified prior distribution
(e.g. triangular, or uniform). For example, for G
where several estimates were possible but one was
considered more plausible by species experts (see
Table S1 in Supplement 1), a triangular distribution
was used with the most plausible parameter value as
the mean and the extreme upper and lower estimates
defining the bounds of the distribution. In contrast,
for parameters where a range of values were equally
plausible, a uniform distribution was used where val-
ues are selected at random between the minimum
and maximum values defined.
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Once the parameter distributions were defined, the
Y/R and SSB/R models were run 10000 times using
Monte Carlo simulations, each time using a random
sample from the distribution of each parameter. The
mean and 95 % confidence intervals (95 % CI) were
estimated for the BRPs Fyisy, Fo1, Fiow, SSBumsy:
SSBy; and SSByg.

2.7. Qualitative scoring of input data relevance
and quality

Although parameter uncertainty is incorporated
into the EASI-Fish model, this does not necessarily
indicate the precision, reliability, or relevance of the
parameter value to the fishery in which it is applied.
For example, the population dynamics of many fish
species differ on various spatial scales (Williams et al.
2012), so the application of biological parameter val-
ues derived from one region, regardless of the qual-
ity of the study, may not be appropriate in a model of
the same species in a different region. Of course, in
the absence of local information, a common situation
for bycatch species, the use of non-local studies may
be required. Therefore, the reliability of parameter

values used plays an important role in identifying
which species are truly vulnerable and deserve fur-
ther management attention (i.e. true positives) and
species that may be data-deficient and require fur-
ther data collection and re-assessment (i.e. false pos-
itives). Therefore, a qualitative data quality index
was developed to score the relevance of the data to
the assessed fisheries and species by using a matrix
of data quality, stratified by ocean basin and taxo-
nomic resolution (Table 1).

For a hypothetical example in assigning a data
quality index to growth parameters for black skip-
jack Euthynnus lineatus in the EPO, a study that sta-
tistically derived a growth curve for the species from
thousands of precisely aged otoliths from fish col-
lected from across the EPO, would be scored a 9-10,
while an identical study of the species using the same
sample size and methodology in the western Pacific
Ocean would score 8-9. In contrast, a study of the
closely related kawakawa E. affinis in the EPO that
used only a few hundred length measurements to
imprecisely estimate growth from cohort progres-
sions would score 4-5. The use of empirical equa-
tions (e.g. Froese & Binohlan 2000) based on para-
meter values averaged across several species from

Table 1. Qualitative index used to rank the relative reliability of biological and ecological parameters used for each species in

Ecological Assessment of the Sustainable Impacts of Fisheries (EASI-Fish) assessments with respect to the reliability of the

methodology used to estimate the parameter and the precision of the parameter estimate, relative to the data source's rele-

vance to the species and region being assessed. Colours correspond to indices (ranging from blue: 0 to red: 10). EPO: Eastern
Pacific Ocean; WCPO: Western and Central Pacific Ocean

High accuracy

Medium accuracy

Low accuracy No data

High Low
precision

precision

Species-specific

Related species

High
precision

Low High Low
precision precision precision
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the same family (e.g. Scombridae) may score 1-2.
Where no data are available for the species or any
closely related species, a score of 0 would be assigned.
Of course, these scores are subjective, so having mul-
tiple experts score the quality of the data source is
desirable.

Once the data quality scores are finalised, they are
represented in a single radar plot for each species,
aiding in the easy interpretation of numerous model
parameters and particularly to identify potential false
positives.

2.8. Validation of EASI-Fish using fully integrated
stock assessments

Although EASI-Fish is intended for data-limited
species, it is first important to demonstrate that the
model is capable of producing reliable results in
moderately data-rich settings. As a model validation
process, we replicated the data inputs, as far as
possible, used in fully integrated statistical stock
assessment models used for EPO stocks of Thunnus
albacares (Minte-Vera et al. 2017) and T. obesus
(Aires-da-Silva et al. 2017) in 2016. Although other
stock assessments have been undertaken on a few
other species in the EPO included in the present
study, they were not suitable for direct comparison
either because catch per unit effort (CPUE) indicators
were used, the assessments were undertaken in
other years or they incorporated only a fraction of the
EPO stock as part of North Pacific assessments.

The values for the BRPs F/Fysy and SSB/SSBysy
produced by EASI-Fish for T. albacares and T. obesus
were compared with those of the stock assessments.
EASI-Fish was considered to produce acceptable
results if the location of the plotted results on a con-
ventional Kobe plot were located in the same vulner-
ability status quadrant or if the 95 % confidence inter-
vals overlapped.

3. RESULTS

3.1. Estimates of susceptibility (S) and fishing
mortality (F)

Habitat models developed for the 24 selected spe-
cies are shown in Fig. 3, and the preferred probability
of occupancy used to define each species’ distribu-
tion is shown in Table S1 in Supplement 1. A promi-
nent feature of many of these distributions is the low
probability of occupancy in the central South Pacific

Subtropical Gyre at around 20-30°S, which is char-
acterised by a deep (>200 m) pycnocline (Fiedler &
Talley 2006) contributing to this region being the
most oligotrophic zone in the world's oceans (Bonnet
et al. 2008).

For each species, the value for each parameter con-
tributing to the overall susceptibility (Sy) estimate
and a description of its derivation is given in Table S2
in Supplement 2. The horizontal overlap of the long-
line fishery with the distribution of the species as-
sessed was high (=50 %) for all species except Lepi-
docybium flavobrunneum (36 %). However, this may
be in part due to the longline fishery reporting effort
at 5° x 5° resolution, and potentially encapsulating
more 0.5° x 0.5° grids than would be the case if effort
was reported at a finer resolution. The highest species
overlap by the purse-seine fishery —mainly by OBJ
sets—was Mobula japanica, (33 %), Alopias super-
ciliosus (28 %; DEL), Carcharhinus falciformis (27 %),
Makaira nigricans, Dermochelys coriacea and Lepi-
dochelys olivacea (26 %) and C. longimanus (24 %).

Encounterability of the gear by each of the 4 fisheries
was high (>60 %) for most species, given that most spe-
cies spend the majority of their time at depths <300 m
where they are vulnerable to capture by purse-seine
(0200 m) and longline (0-300 m) gears. Exceptions
were Thunnus obesus, A. superciliosus and L. flavo-
brunneum, which spend a proportion of their time be-
low the maximum fishing depths of the gears.

The range of contact selectivity, averaged across
length classes, varied substantially between species
due to the range of knife-edge, logistic- and dome-
shape selectivity ogives assumed. Average selectivity-
at-length was generally less than about 0.70 for most
species, but as high as 1.0 for Stenella attenuata,
Delphinus delphis and A. superciliosus in purse-seine
fisheries where no species-specific selectivity infor-
mation was available (see Fig. S5 in Supplement 2).

No reduction in fishing mortality was afforded by
post-release survival of most species, since species
were assumed to be retained as a target or mar-
ketable non-target species, or lacked sufficient data
quantifying post-release survival. Exceptions were
C. falciformis, C. longimanus and L. olivacea that
were assumed to have a 95, 60 and 20 % post mortal-
ity rate in each fishery, respectively.

3.2. Vulnerability status of selected species
in the EPO

Biological parameter values used in empirical
equations, maturity ogives and the per-recruit and
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Fig. 3. Modelled dis-
tributions of the 24 as-
sessed species caught
in the eastern Pacific
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sels >24 m LOA) (5° x
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x 0.5°) in 2016. Gradi-
ent bar in legend
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growth models for the 24 species and their sources
are shown in Tables S3 & S4 and Figs. S6 & S7 in
Supplement 2. Estimates for fishing mortality,
spawning stock biomass and BRPs are provided in
Table 2.

Comparing the EASI-Fish results for T. albacares
and T. obesus using integrated stock assessment
models, as a form of validation, EASI-Fish produced
a very similar value as the T. albacares stock assess-
ment for the Fysy BRP (F/Fygy = 0.92 cf. 0.93) and
a slightly more optimistic result for SSBysy BRP
(SSB/SSByisy = 1.04 cf. 0.86). EASI-Fish allocated T.
obesus to the same vulnerability status quadrant
('least vulnerable') as the stock assessment (Fig. 4)
but was more optimistic for SSB (SSB/SSBysy = 1.47
cf. 1.23) and slightly more pessimistic in terms of fish-
ing mortality (F/Fysy = 0.68 cf. 0.89). Nonetheless,
95% confidence intervals for both species over-
lapped with the stock assessment results, indicating
a reasonable corroboration between the 2 methods.

When assessing F and SSB for the 24 species
against MSY BRPs, 10 species were classified as
‘most vulnerable', with the sea turtles D. coriacea
and L. olivacea having the highest vulnerability val-
ues, followed by sharks (Sphyrna zygaena, C. longi-
manus, A. superciliosus, Isurus oxyrinchus and C.
falciformis), billfishes (Kajikia audax and M. nigri-
cans), and the pelagic sting ray Pteroplatytrygon vio-

a Thunnus albacares

Fao16/Frmsy

0.0 0.5 1.0 1.5 2.0

SSB2016/SSBumsy

lacea (Fig. 5a). The remaining species were classified
as 'least vulnerable’, either due to their high produc-
tivity (e.g. Acanthocybium solandri and Katsuwonus
pelamis), or low fishing mortality as a result of low
areal overlap with fisheries (e.g. S. attenuata and D.
delphis) or low encounterability and/or selectivity
(e.g. L. flavobrunneum and Lampris guttatus).

When assessing the 24 species using the precau-
tionary Fy; BRPs, the aforementioned ‘most vulnera-
ble’ species retained this vulnerability classification,
along with an additional 4 teleosts (T. albacares, T.
obesus, T. alalunga and Coryphaena hippurus), and
a billfish (Istiophorus platypterus) (Fig. 5b).

Using the precautionary SSB-based BRPs (F and
SSB at SPRyg¢,), the species classified as ‘most vulner-
able’ using F,; BRPs retained this vulnerability clas-
sification (with the exception of T. albacares), with an
additional species, M. japanica (Fig. 5c). However,
the magnitude and relative rank of the most vulnera-
ble species differed between the F;; and SSByje,,
notably the sharks A. superciliosus and I. oxyrinchus
that were ranked as highly as the sea turtles D. cori-
acea and L. olivacea.

In contrast to the results from conventional BRPs, F
for only 3 species (K. pelamis, C. hippurus and A.
solandri) and 5 species (K. pelamis, C. hippurus, A.
solandri, K. audax and I. platypterus) did not exceed
the Fsm and F..sn BRPs, respectively (Table 2).

b Thunnus obesus

0.0 0.5 1.0 1.8 2.0
SSB2016/SSBumsy

Fig. 4. Kobe plots (see Fig. 2) showing the mean (£95 % confidence intervals) estimates for biological reference points F/Fysy
and SSB/SSBysy for (a) yellowfin tuna Thunnus albacares and (b) bigeye tuna T. obesus from fully integrated stock assess-
ments (purple) and EASI-Fish (black) in the eastern Pacific Ocean
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Fig. 5. Kobe plots (see Fig. 2) show-
ing the vulnerability status of 24 spe-
cies caught in eastern Pacific Ocean
tuna fisheries assessed by EASI-Fish
represented by mean (+95% confi-
dence intervals) estimates for 3 pairs
of biological reference points: (a)
F/FMSY and SSB/SSBMsy, (b) F/F()J
and SSB/SSBy; and (c) F/F,., and
SSB/SSB4g+,. Note the differences in
axis scales between plots. Species
codes shown in Table 2
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In assessing the data reliability for species model-
ling, the radar plots in Fig. 6 show that of the 10 most
vulnerable species with respect to the MSY BRPs
(Fig. 5a), 8 have data reliability scores of =8 for each
parameter, and may therefore be regarded as legiti-
mately vulnerable species. The 2 exceptions, S. zyga-
ena and P. violacea, both had low scores for Ls;, and
natural mortality, while P. violacea also had very low
scores for minimum and maximum depth (5) and
VBGF parameters (6). Together, these low data qual-
ity scores may have overestimated the vulnerability
of this species.

In contrast, it is also important to consider the least
vulnerable species with the data reliability scores to
identify potential false negatives. For example, L.
flavobrunneum and L. guttatus were among the least
vulnerable species prima facie (Fig. 5a), but the for-
mer species lacked reliable data for all growth and
reproductive parameters. The latter species lacked
a reliable length-at-maturity ogive to estimate Lsq
(Fig. 6), which would likely increase the length-at-
maturity, and reduce the SSB/SSBysy value, and thus
increase its relative vulnerability.

4. DISCUSSION

Our results comparing the wvulnerability of 24
species caught in EPO tuna fisheries demonstrated
the usefulness of EASI-Fish as a tool to quantitatively
assess the vulnerability of affected assemblages of
species representing a wide range of life history
strategies —from fast-growing fecund teleosts to slow-
growing and reproductively limited cetaceans—to
the cumulative impacts of multiple fisheries within a
single assessment framework using conventional and
scientifically defensible fishing mortality and spawn-
ing biomass BRPs that are familiar to most fisheries re-
searchers and managers. Although the method is de-
signed to be applied in the future to data-limited
bycatch species, a range of species caught in ‘indus-
trial' EPO fisheries were included, from data-rich tar-
get species (e.g. Thunnus obesus, Xiphias gladius),
moderately data-rich retained non-target species (e.g.
Kajikia audax, Coryphaena hippurus) and data-poor,
discarded non-target species (e.g. Lepidocybium
flavobrunneum, Mobula japanica) in order to better
‘ground truth’ the model results for species that were
expected a priori to span a wide spectrum of vulnera-
bility to fishing impacts. It is also important to note
that this ‘proof of concept’ assessment included only 4
‘industrial’ fisheries in the EPO and did not include
several smaller commercial, recreational and artisanal

fisheries that are known to impact many of the species
assessed, to varying degrees, throughout the high
seas and national exclusive economic zones (EEZs)
within the EPO (Cartamil et al. 2011, Dapp et al. 2013,
Martinez-Ortiz et al. 2015). Therefore, the fishing
mortality rates reported for the species assessed in
this paper are considered minimum estimates.

The model produced intuitive results, classifying
the least productive species with the highest volu-
metric overlap with fisheries as ‘most vulnerable’.
The most vulnerable species were the sea turtles
Dermochelys coriacea and Lepidochelys olivacea.
Although D. coriacea has been listed by the IUCN as
Critically Endangered in the EPO, our analysis sug-
gests that L. olivacea has higher vulnerability, in
spite of surveys showing an increasing population
size in the EPO between 1992 and 2006 (Eguchi et al.
2007). This higher vulnerability is because L. oli-
vacea was predicted by the model to experience
higher fishing mortality than D. coriacea (1.15 yr~! cf.
0.70 yr!) since it has high spatial overlap and selec-
tivity in all 3 purse-seine set types, additional to the
longline fishery in which D. coriacea is caught almost
exclusively. The fishing mortality is likely over-
estimated for both species given the extensive con-
servation initiatives currently implemented the EPO,
particularly by the USA, to reduce incidences of cap-
ture through modifications in gear (e.g. use of circle
hooks) and fishing techniques (e.g. minimising shal-
low sets), and handling practices to improve post-
release survival of captured sea turtles (Swimmer et
al. 2017; IATTC Resolutions C-04-05 and C-07-03).
Although EASI-Fish allows the incorporation of data
relating to post-release survival, we precautionarily
assumed no post-release survival for sea turtles in the
EPO longline fishery in the absence of substantive
quantitative post-release survival data. However, if
high post-release survival rates in EPO fisheries were
assumed based on anecdotal information and limited
tagging experiments (see Swimmer et al. 2017), the
fishing mortality and the subsequent vulnerability
status would be greatly reduced.

The majority of elasmobranch species assessed
were also classified as ‘'most vulnerable’, with Alopias
superciliosus, Isurus oxyrinchus, Sphyrna zygaena,
Carcharhinus longimanus and C. falciformis having
the highest vulnerability ranks using the Fyy9,/SSB4g9,
BRPs. The fact that all of these species are classified as
Vulnerable by the IUCN provides a strong indication
that the model is correctly ranking the true vulnera-
bility of assessed species. Similar to sea turtles, the
aforementioned species were vulnerable due to a
combination of high volumetric overlap with fisheries,
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especially longline, and life history traits that are not
conducive to withstanding high fishing mortality. For
example, the longline fishing effort had a 71 and 59 %
spatial overlap with the modelled distributions of A.
superciliosus and I. oxyrinchus, as well as high (262 %)
encounterability and contact selectivity, leading to
high fishing mortality rates of 0.58 and 0.49 yr?, re-
spectively. Considering that these 2 species live for at
least 20 yr (Liu et al. 1998, Bishop et al. 2006) and
reach maturity at >80 % of L., (Liu et al. 1998, Semba
et al. 2011), their populations are vulnerable to
decline under existing fishing mortality regimes. C.
longimanus and C. falciformis are more productive
than A. superciliosus and I. oxyrinchus, by being
slightly shorter lived (tn.x = 13-25 yr) and reaching
maturity at 57-68 % of L., (Seki et al. 1998, Oshitani et
al. 2003), but are still considered vulnerable. The vul-
nerability status of these 4 species determined by
EASI-Fish corroborates well with quantitative stock
assessments of these species that indicate they are
considered overfished in the northern and western
Pacific Ocean (Liu et al. 2006, Rice & Harley 2012,
2013, Fu et al. 2016). EASI-Fish results also comple-
ment the results of qualitative vulnerability assess-
ments of elasmobranchs using PSA in the Pacific, In-
dian and Atlantic Oceans. For example, Murua et al.
(2018) determined that species with the highest rela-
tive vulnerability in the Indian Ocean longline fishery
were also I. oxyrinchus, C. falciformis and A. supercil-
iosus. Similarly, Cortés et al. (2015) used various rela-
tive vulnerability measures within PSA to conclude
that A. superciliosus, I. paucus and I. oxyrinchus were
the 3 most vulnerable species caught by longline fish-
eries in the Atlantic Ocean.

Interestingly, the 2 species of cetaceans assessed,
Stenella attenuata and Delphinus delphis, were
among the least vulnerable species, despite their low
reproductive capacity and the conservation concerns
that have existed in the EPO for several decades
regarding the impacts of purse-seine fishing for yel-
lowfin tuna on sympatric populations of dolphins
(Joseph 1994). This result is due to only the purse-
seine (DEL) fishery interacting with these 2 species,
overlapping with 18 and 6 % of their predicted distri-
butions, respectively. Although the number of fishery
related dolphin mortalities has continued to decline
from over 133000 in 1986 to 688 in 2017 in the EPO
(Hall 1998, IATTC 2017), Gerrodette & Forcada
(2005) warned that populations of S. attenuata had
not recovered to pre-fishery levels based on a survey
conducted in 2000. Consequently, we ensured pre-
cautionary parameterisation of the models of both
species, with encounterability and selectivity para-

meters being fully realised. Furthermore, we assumed
100% post-release mortality in spite of the actual
post-release mortality now probably being negligible
due to the widespread use of effective release strate-
gies, including net ‘backdown’ procedures, finer mesh
nets to reduce entanglement and manual rescue of
encircled dolphins (Hall et al. 2000).

4.1. Model assumptions

As in all ecological assessment approaches, as-
sumptions must be made to overcome deficiencies in
knowledge about the species and fisheries being
analysed. EASI-Fish makes several assumptions re-
lated to the derivation of susceptibility parameter
values (e.g. encounterability) additional to those of
per-recruit models, and these should be carefully
considered when interpreting the results. For exam-
ple, both length-structured per-recruit models and
simple surplus production models used in single-
species stock assessments (Chen & Gordon 1997, Ye
1998) assume that the density of the species within
the defined stock boundaries is homogenously dis-
tributed in space and time. This is a simplistic
assumption that ignores the typical heterogeneity in
fish densities, even for wide-ranging pelagic fishes
whose local abundances are often influenced by a
range of physical and oceanographic features (Musyl
et al. 2003, Royer et al. 2004). However, in an equilib-
rium state (which assumes no immigration or emigra-
tion, and that the biomass of a species is pooled over
the year), such variability in local abundance may be
tempered at the stock level.

The definition of stock boundaries is a particularly
important consideration in the assessment of any spe-
cies affected by fishing (Cadrin & Secor 2009). Un-
fortunately, stock boundaries can be difficult to de-
termine, even for species of high commercial and
conservation importance such as Atlantic bluefin tuna
T. thynnus that has been the subject of extensive tag-
ging studies (Block et al. 2005) and genetic analyses
(Carlsson et al. 2007). Therefore, it can be assumed
that the stock boundaries of most bycatch species will
be poorly understood, and so a precautionary ap-
proach is to define the smallest feasible stock bound-
ary relative to the fishery being assessed. Pelagic spe-
cies may have an assumed stock boundary at least at
the spatial scale of the smallest management unit. For
example, for a country assessing a wide-ranging spe-
cies within its EEZ, a precautionary stock boundary
would be the EEZ. However, for large management
areas such as the EPO, it may be precautionary to as-
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sume multiple smaller stocks based on, for example,
prominent oceanographic features or the movements
of well-studied species. For example, a tagging study
of bigeye tuna in the EPO indicated that there may be
little mixing across the Equator, suggesting separate
northern and southern stocks (Schaefer et al. 2015).

One of the most important assumptions of the sus-
ceptibility component of EASI-Fish is that the pres-
ence of any level of fishing by any gearin a 0.5° x 0.5°
grid cell where a species is predicted to be present is
evenly distributed and has the potential to remove all
fish within that cell, providing all other susceptibility
attributes (e.g. encounterability, selectivity) are fully
realised. This assumption is required to estimate fish-
ing mortality independent of catch data, since catch
data are often unavailable, or unreliable, for many
bycatch species that are often of low commercial
value, infrequently encountered and taxonomically
ambiguous. Obviously, this is a conservative assump-
tion. However, since the goal of the analysis is to
quantitatively determine species’ vulnerability status
to prioritise species for data collection, further analy-
sis and/or management, it can be considered reason-
able, and it does take the lack of information into
consideration to easily identify false positives. How-
ever, even if all susceptibility parameters were fully
realised, and all fisheries impacting a species were
represented, EASI-Fish would likely overestimate
fishing mortality, and thus represent a precautionary
‘worst case' estimate of fishing impacts. It should be
emphasised that, because of this assumption, the
analysis should not be used in place of stock assess-
ment for determining the status of a stock (e.g. ‘over-
fished'; ‘subjected to overfishing') and is the reason
generic definitions of vulnerability were used to
define each quadrant in the EASI-Fish Kobe plot.

A similar precautionary approach was also exer-
cised for other susceptibility parameters. For exam-
ple, an assumption when deriving the encounterabil-
ity parameter (N) is that a specific fishing gear fished
equally as efficiently over its specified depth range.
The effective fishing depth has been reasonably well
estimated for tuna purse-seine nets at around 200 m
(Hall & Roman 2013), although longlines can fish as
little as 54 % of the intended fishing depth (Boggs
1992). This is due to numerous environmental (e.g.
currents, wind) factors and gear configuration (e.g.
number of branchlines between floats) that affect the
extent of shoaling of the gear and its ultimate fishing
depth (Bigelow et al. 2006). Therefore, our assumed
maximum longline fishing depth of 300 m —derived
from various experiments using time-depth recorders
on branchlines during 'deep’ sets targeting bigeye

tuna and swordfish during the day (e.g. Bigelow et al.
2006) —may have slightly overestimated the encoun-
terability of the gear by species with depth ranges
that extend beyond this depth (e.g. L. flavobrun-
neum, T. obesus). Furthermore, depending on the
gear configuration, the minimum effective fishing
depth is determined by the length of the floatlines —
used to suspend the mainline—that can be up to
50 m in length, meaning the top 50 m of the water
column may not be fished. This may be an important
consideration for refining the fishing mortality of sea
turtles —the most vulnerable species in the present
assessment—that are most vulnerable to longline
capture in depths <40 m (Gilman et al. 2006).

Considering encounterability in a temporal con-
text, it was assumed that fish were available for cap-
ture throughout their specified depth range at all
times of day and night, despite documented noctur-
nal vertical migrations to epipelagic waters by some
species included in this study (e.g. Polovina et al.
2008, Schaefer & Fuller 2010, Hoolihan et al. 2011).
Again, this was a precautionary approach to account
for the lack of differentiation between deep and shal-
low sets in reported longline effort data (see Griffiths
et al. 2017) that would allow the definition of 2 ‘fleets’
in the model, as was done for the 3 purse-seine set
types. This would in turn allow a better approxima-
tion of the potential for each longline ‘fleet’ to inter-
act with animals while they occupied different depth
ranges by day and by night. However, such precau-
tionary assumptions are justified, and recommended,
in the absence of more informative data.

Of the susceptibility components, contact selectiv-
ity is one of the most important parameters influenc-
ing the outcomes of stock assessments and the sub-
sequent management advice (Maunder et al. 2014),
and therefore needs careful consideration for data-
limited bycatch species. Selectivity-at-length ogives
were available for some economically important spe-
cies from stock assessments that included fleets or
gear types that were the same as, or comparable to,
the purse-seine and longline fleets specified in the
EASI-Fish models. However, selectivity ogives are
unlikely to be available for bycatch species. The most
precautionary approach for these species is to
assume that selectivity is fully realised for all length
classes, as was done for A. superciliosus in the 3
purse-seine fisheries. However, if limited length-
frequency or reliable anecdotal information is avail-
able (from scientific observers or fishers, for instance)
to determine the smallest length caught by a particu-
lar gear (L.), knife-edge selectivity can be assumed
where selectivity is fully realised for all length classes
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greater than L., thereby removing any unrealistic
fishing mortality on smaller length classes.

Post-release mortality is an important parameter
when assessing a fishery. Handling and release prac-
tices that allow a significant proportion of captured
fish to survive the sub-lethal effects of capture and re-
lease are much simpler management measures to im-
plement for reducing fishing mortality than measures
such as gear modifications or spatial and temporal clo-
sures to reduce the capture of a particular non-target
species. In the present study, post-release mortality
was assumed to be 100 % for the majority of species
assessed, since many species were either marketable
non-target species and unlikely to be released, or data
on post-release mortality were insufficient. However,
a small number of tagging experiments pertaining to
post-release mortality of purse-seine-caught C. falci-
formis, C. longimanus and M. japanica (Hutchinson et
al. 2015, Francis & Jones 2017)—albeit with small
sample sizes—allowed this information to be inte-
grated into the assessment. A precautionary approach
was used in these cases, assuming slightly higher
post-release mortality rate than the highest recorded
rate from these studies.

4.2. Assessing the cumulative impacts of
multiple fisheries

A key feature of EASI-Fish is that it allows the
cumulative impacts of multiple fisheries on each
species to be assessed. Summing fisheries impacts
implies that each fleet does not catch the same fish.
The assumption that all fish in a grid can be caught —
where fisheries happen to overlap exactly and have
fully realised selectivity —can obviously violate the
additive assumption. However, this assumption can
be relaxed since fisheries rarely exactly overlap
temporally. For example, in the EPO, purse-seine
sets are rarely made in the vicinity of longlines, both
to avoid gear interactions, but also because each
fishery tends to fish in different habitats to target
different species.

Therefore, by each fishery not impacting all fish in
a grid cell instantaneously, fishing is considered to
occur ‘with replacement’ from adjacent unfished
cells under the assumption that the stock is homoge-
nously distributed throughout its defined range.
However, in settings where multiple fisheries exactly
overlap in space and time, some adjustments should
be made. For example, the spatial overlap could be
calculated by combining the data for the fisheries
that overlap, or assuming the precautionary value of

1.0 until improved data become available on selectiv-
ity components that can better separate the fisheries.

4.3. Biological reference points

Selecting appropriate BRPs to assess fish stocks is
an ongoing topic of debate among stock assessment
modelers, fisheries managers and policy makers,
especially for data-limited species. Whilst many
modern stock assessments use Fyy as a target re-
ference point for economically important species
(Smith & Punt 2001), it has been suggested that Fysy
should be regarded as an upper limit reference point,
because the difficulty of estimating it with precision
means that overfishing can occur before fishing mor-
tality reaches the Fygy level (Caddy & McGarvey
1996). Given the likely uncertainty in the input data
used for deriving both susceptibility and productivity
estimates for data-limited bycatch species, Fysy may
therefore not be an appropriate target reference
point on the simple basis that a fishery manager's
objective is not to optimise yield, but instead to en-
sure that a buffer exists between fishing mortality
and a BRP sufficient to respond with appropriate
management intervention should bycatch popula-
tions begin to show signs of becoming unsustainable.

For these reasons, Walters et al. (2005) argued that
MSY has the potential to deteriorate the structure of
ecosystems supporting fisheries, and advocated for
the use of alternative, more conservative BRPs for
target species. For instance, Dichmont et al. (2010)
demonstrated that using maximum economic yield
(Fvmey) can optimise fishery profits whilst simultane-
ously satisfying biological conservation objectives,
since Fygy is generally attained at fishing mortalities
less than Fy;gy. Other authors recommended the use
of F,; as a precautionary BRP for data-limited species
or fisheries (Gabriel & Mace 1999), although subse-
quent work has suggested that low-productivity spe-
cies, such as elasmobranchs and long-lived teleosts,
may be overexploited before Fy; is reached (Punt
2000). The problem is exacerbated for these less-pro-
ductive species and for data-limited species whose
biological parameter estimates have large uncertain-
ties, because F-based reference points (Fysy and Fy 1)
can be too sensitive to provide reliable estimates of
vulnerability (Tsai et al. 2011), and are therefore
liable to incur false negatives.

Interestingly, the opposite was true in the present
study when applying F-based BRPs (F, and Fg )
based on life history traits—ultimately M—devel-
oped specifically for data-poor species (Zhou et al.
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2012) that overestimated fishing impacts for most
teleosts, in most cases by more than a factor of 2. This
may be attributed to the meta-analysis of Zhou et al.
(2012) including a wide range of elasmobranch and
demersal teleost species, but a comparatively small
number of high-performance pelagic fishes. These
species have unique metabolic and growth processes
in that their gill surface area does not grow isometri-
cally with their body mass, with higher weight expo-
nents of around 0.95 compared to 0.66 assumed for
most fishes (Temming 1994), thereby allowing them
to extract proportionally more oxygen from the water
to facilitate anabolic processes (Pauly 2010). This
may have resulted in the growth parameters for these
species bearing a different relationship to M as mod-
elled by Zhou et al. (2012), and thus, the BRPs may
not have been well predicted by their model.

The stock-recruitment relationship is a highly in-
fluential component of the productivity of a stock and
can differ substantially among species and is therefore
important to consider when selecting BRPs. Given the
diversity of species groups in which fisheries like the
EPO tuna fisheries interact, a single BRP may there-
fore not be appropriate to assess vulnerability, so care-
ful consideration needs to be given to life history traits,
as well as the assumptions of the underlying population
model. There is the potential for overestimating the
vulnerability of a stock when using Y/R models, since
the stock-recruitment relationship is assumed to be
time-invariant and recruitment is independent of stock
size — equivalent to a steepness (h) value of 1 (Gabriel
& Mace 1999). In an ecological vulnerability assess-
ment context, this is favourable since it is precaution-
ary. Therefore, it would be reasonable to propose Fj
as a target reference point and Fysy as a limit re-
ference point for teleosts, based on the validation re-
sults comparing EASI-Fish and the stock assessments
of T. albacares and T. obesus, which showed close cor-
roboration of the models using these reference points.

Conversely, a Y/R assessment for species that have
a strong stock-recruitment relationship (i.e. h < 1),
such as elasmobranchs and cetaceans (Punt 2017),
would probably be optimistic. In these cases, there
are 3 primary options. The first option is to improve
the precision of the Y/R analysis to include the stock-
recruitment relationship to directly estimate MSY-
based reference points, rather than relying on Fyax
or other proxies. Unfortunately, the stock-recruit-
ment relationship is difficult to estimate (Lee et al.
2012), especially for data-limited species, and so the
alternative options are to use species or taxonomic
group-based proxies that may be obtained from
meta-analyses (see Myers et al. 1999), or employ pre-

cautionary BRPs that take into account the stock-
recruitment relationship. For example, in the USA,
the Pacific Management Council used Fj as a
proxy for all species of Sebastes, and Fss¢, for all
other stocks (Ralston 2002), while Tsai et al. (2011)
explored a range of BRPs as target reference points
for shortfin mako shark and recommended BRPs that
relate to the spawning stock size in data-limited
settings, namely a spawning potential ratio of 35%
(SPR359,). Our results showed that SSBy¢, (equivalent
to SPRyy+,) is the most precautionary of the 3 BRPs
implemented for longer-lived and less productive
species, including elasmobranchs, turtles and dol-
phins, that tend to have a strong stock-recruitment
relationship, and therefore may be an appropriate
BRP for these species groups.

5. CONCLUSIONS

The primary objective of ecological assessments in
fisheries is to identify, rapidly and cost-effectively,
species that are most vulnerable to fishing impacts, in
order to guide the development of mitigation meas-
ures to reduce or eliminate those impacts, or to col-
lect further information to facilitate more formal
stock assessment (Hobday et al. 2011). Therefore,
incurring false positives is preferable to incurring
false negatives. As such, outcomes from vulnerability
assessment models —including EASI-Fish—do not
need to be precise, but the models need to be (1) rea-
sonably accurate at defining the vulnerability of spe-
cies to all mortality sources relative to some scien-
tifically defensible benchmark(s), (2) transferable
between species with different life histories (e.g.
teleosts to cetaceans), although the choice of BRP
may vary, (3) transparent in their assumptions and
repeatable and (4) transferable between fisheries
and gear types. The first 2 points are a major advan-
tage of the EASI-Fish approach over most other vul-
nerability assessment methods, while using signifi-
cantly fewer data inputs than the widely used PSA
method (see Table S5 in Supplement 2), in that spe-
cies groups with different life histories that are affec-
cted by multiple fisheries can be assessed with the
same model using an appropriate BRP—and even
presented on the same Kobe plot.

By comparison, most attribute-based vulnerability
assessment methods such as PSA fall short of these
desirable model characteristics, producing only a rel-
ative indicator of risk based on categorical values for
attributes describing a species' susceptibility and pro-
ductivity, without biologically meaningful reference
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points with which to definitively determine the vul-
nerability of a population. Such attributes are often
added or removed, input data category ranges are
manipulated and scores are weighted, often in an ad
hoc manner, depending on the species group as-
sessed, with little statistical demonstration of the im-
pacts on overall vulnerability scores due to biases
from correlated attributes (Duffy & Griffiths 2019).
This is because productivity and susceptibility attrib-
utes used in methods such as PSA ideally need to be
adapted to particular species groups (see Milton 2001,
Stobutzki et al. 2001, 2002) given the differences in
the magnitude of their productivity parameter values.
For example, the reproductive biology of elasmo-
branchs and marine mammals differs significantly
from that of teleosts, particularly in that they generally
produce numbers of offspring that are many orders of
magnitude smaller and exhibit some degree of parental
care (Walker 1998). Therefore, when assessed to-
gether with teleosts, it is not surprising, or informative
for managers, that elasmobranchs and marine mam-
mals are often identified as the most vulnerable spe-
cies (see Kirby 2006, Arrizabalaga et al. 2011), but
only because of the magnitude of the biological attrib-
ute scales required to accommodate all species. This
increases the potential for creating false negatives for
more productive species that may in fact be vulnera-
ble, which would be apparent if productivity scales
were used that are relevant to these species.

Furthermore, separating species groups for analy-
sis using PSA also creates other issues for determin-
ing which species are vulnerable, owing to the adop-
tion of arbitrary vulnerability threshold values derived
from categorical attribute scores. For instance, a vul-
nerability score of 2.3 for teleosts does not necessarily
have the same biological meaning as a score of 2.3
for marine mammals or sea turtles, and this creates
difficulties in objectively determining which species
are truly vulnerable to fishing.

Although the approach for implementing EASI-Fish
described in this paper, using EPO tuna fisheries as a
case study, marks an important ‘proof of concept’,
there is scope for further development of the model
and its application to other fisheries, such as demersal
fisheries that may have unique issues to consider in
the estimation of susceptibility parameter values. In
view of the growing worldwide demand for fisheries
to demonstrate that they are ecologically responsible,
through both formal avenues (e.g. legislation and
policies) and the influence of the public perception of
commercial fishing (Jacquet & Pauly 2007), EASI-Fish
was designed with the end-user in mind to assist fish-
eries stakeholders to meet these demands cost-effec-
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tively. The flexibility of the EASI-Fish approach
allows researchers and managers, independently or
in a workshop setting, to quickly and easily explore
the potential outcomes of the implementation of spe-
cific management measures such as spatial and/or
temporal closures, improved post-release survival of
discarded species due to improved handling practices,
minimum retention lengths, changes in gear selectiv-
ity or the potential effects of climate change, such as a
species’ distribution moving relative to fishing grounds
or political boundaries (e.g. marine protected areas or
EEZs). Variations in such factors can be implemented
independently or in unison, and the change in a spe-
cies’ status can be easily assessed using the conven-
tional BRPs recommended in this paper, or specific
BRPs considered by the user to be appropriate for a
particular species group.

The EASI-Fish model presents a significant evolu-
tionary step in the development of rapid and cost-
effective ecological assessment approaches that are
capable of quantitatively assessing the vulnerability
of data-limited bycatch species to the cumulative
impacts of multiple fisheries by using conventional
BRPs that have been validated in data-rich settings
and are widely understood by fisheries researchers
and managers. As a result, EASI-Fish may afford
fisheries managers more confidence in identifying
the most vulnerable species, in order to direct re-
sources to either implementing mitigation measures,
or prioritising research or data collection that can fill
key data gaps and subsequently allow more formal
and precise stock assessments.
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