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Abstract

Worldwide, many shark populations are classified as data poor, making it difficult t
assess their status. However, for many sharks, their longevity, lateatiwatiand low
productionsof pups make them highly vulnerable to exploitation and highlight the need to
assess their'status. We compared reference points and stock status estimated from full stock
assessments f@3 shark populations with those derived anabfly, empirically, or through
simulation. There was excellent agreement between overfished status estimated from an
assessment amtermined from analytical methods using life history and an index of
abundancgen 70% of cases thanalyticalestimate oktatus was robust to assumptions
initial index-depletion. We reviewdtie ratiobetween fishing mortality at MSY-{sy) and
natural-mertality ¥1) for chondrichthyans, from published studies and shark stock
assessmentaNVe then compared conclusions@rerfishing status from the stock assessments
to those derivewvith Fysy proxies and found very good agreement. Finally, we conducted a
simulation study across representative life history parameters and different fishery selectivity
patterndo explore the resulting range Bfisy to M ratios As a rule of thumbFysy should
not exceed 0.24 for low productivity stocks, 0.9@ for stocks of intermediate productivity,
and 0.80/ for the most productive shark stocks wimmature individuals are harvested

which is the norm in the vast majority of cases examiAddage method is proposéiat
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provides a roadmap for using these datated methods as an initial step towards assessment
of stock status and sustainability of chondrichtyans.

Keywor ds.Biological reference points, data-limited methods, depletion, sharks, stock
assessment; stock status
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I ntroduction

Multiple indicators'are used by different management badoelslwideto characterize the status of

fish stocks (€.g., Regional Fishery Management Organizations, Food and Agriculture@rgani
International Union for the Conservation of Nature, and Convention on International irade i
Endangered Speeies). Although the indicators differ, the objectives are broalily isithat some
measure of vulnerability of the stock is derivadlis thenmatched to recommendations for

appropriate management response. Sustainability and responsible resource use are common goals

across theserdifferent management fora.

A key element of determining stock status is the estimation, or specificati@fiei@nce points
that serve as'a basis for comparing with current Szekestimates. Two types of reference points are
traditionally usedto assess and manage fish stocks: a stock size reference point, which sletermine
whether the stock is in an overfished condition, and an exploitation reference point,dehities
whether overfishing is taking placén the ecological literature, these indicatars also referred to as
state and pressure indicators, respecti@@ynrings 2005). To determine overfished status, the current
biomass estimat@Bcyr) or abundancestimate is compared taeference pointypically the biomass
or abundance at maximum sustainable yiBlgs(), andit is concluded that the stock is overfished if
Bcur<Bwmsy or if Beur is less than some proportionByisy. Similarly, overfishing status is

determined by comparing the current fishing mortagtimatgFcyr) to the fishing mortality at MSY
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(Fmsy) or some proxy oF sy, with a conclusion that overfishing is occurringrfur>Fusy. These
status determinations are ultimately used to manage the stock and the fteleéeraploit them
(Clarke and Hoyle 2014).

Stock status anckference points are most often obtained from stock assessments of varying
degree of complexity, but which require, at a minimum, some information on the bichbcjy,oc
effort, and measures of relative abundance of the stock.eftdeavor requasfinancial commitment,
supporting infrastructure, and scientific training to collect, analyze, angretdishery data
(Geromont and Butterworth 2015). In many developing countries, resources areiardtifficneet
theserequirememt’(Evans 2000). And in both developing and developed countries, data fiargein-
species arespecially poor with respect to discarded amowtssick et al. 2000; FAO 20120liver
et al 2015 and.basic biological studies are typically lackiRg© 2009; Costelle@t al 2012). lllegal,
unreported, and.unregulated (IUU) fishing is another factor limiting the ability forpeassessments
(Bray 200Q Agnewet al 2009).

Chondrichthyan fishes (sharks, skates, rays, and chimaeras) suffer substantial mortality as
bycatch, particularly in longline fisheries (Watson and Kerstetter;ZBil®anet al. 2007;
Mandelmaret.al 2008 Oliveret al 2019. In addition, IUU fishing activities are often cited as a
major issue for'sharks (FAO 2014). Even when landings are reported, more than 75%esffcaitc
sharks and rays are aggregated at the level of Order or Family (FAO 2014). Chondritambysgs
reported to FAO reached a peak in 2003 and declined in the following decade by almost 20%,
apparently owingsto increased fishing pressureenodystenattributesthat ledto population declines
rather thario improved fisheries managemédavidsonetal. 2016).

On the.whole, chondrichthyan fishes angaaticularly datdimited group, which explains why
most stocks:werldwidbave not beeassessed with formal fisheries stock assessment metbodés
et al 2012).According to IUCN Red List criterjaone-quarter of chondrichthyan species worldwide
are classified as threatened due to overfishing whereas onthiothef species are considered safe

from extinetion (Dulvyet al. 2014).

The past decade has seen the emergence of numerclimdathmethods (e.g., Carruthess
al. 2012, 2014; Newmaet al 2014). Some of these methods are focused on providing catch advice

(MacCall 2009; Berksont al. 2011), while others look to reconstruct stock dynamics (Stock
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Reduction Analysis, Dick and MacCall 2011), or characterize stock status by ‘borromforghation

from more data rich stock®¢ntet al 2011 Jiaoet al 2009, 2011). Brookst al.(2010) derived

analytical overfishedeference points based only on knowledge of the life history, and demonstrated
how overfished status could be evaluated with an index of abundance. They found that predictions of
the overfished,eendition obtained with their method matched those of nmopdesostock assessment
methods applied.to nine shark specistangelet al (2013) also noted the close agreement between
reference points'estimated from stock assessment data and the analytical reference points of Brooks et
al. (2010).

Datalimited approaches for specifying fishing mortaligference points have existed for
decades. Alcommon rule of thumb relates natural mortdiyyahdFusy. For example, Francis
(1974), suggestedusy=M. However, Zhowet al. (2012) showdthat this “rde” is not supported by
empirical data«.Fer chondrichthyans, Aual. (2008) concluded th&tysy=0.9M based on stock-
recruit and abundangeerrecruit relationships, whereas Zhetal. (2012) found thaF ysy=0.41M
using Bayesian hierarchical errarsvariables models. However, these studies did not consider the

effect of selectivity on the estimateskoblogicalreference point§-ggrp).

Our'study aimed to test the ability of déitaited approaches to replicatesults obtained in
shark stock.assessments worldwide. The first objective was to evaluate the accuracy and robustness of
overfished status determined by a datated method relative to results froansuite offull stock
assessments., Weaddhis by comparing analytically derived reference points using the Bed@its
(2010) method and hypotheses about initial depletion for an index of abundassessment results
The second objective was to comppredictions doverfishing status based empiricalFysy
proxieswith those from the stock assessmehitsaddition to thd-ysy proxies from Auet al (2008)
and Zhouwet al (2012), wedeveloped another one bglculaing theratio of Fysy andM from all of
the stock assessmentsour analysis. The estimate Bfin the last assessment year was compared to
each of thd-ysy proxies to determine overfishingn a few cases, we were also able to use externally
derived estimates &f obtained from tagging experiments or a catch ctoywedict overfishing status
using theFusy'proxies thesepredictionswvere alsacomparedvith overfishing status from stock
assessment$he third objective was to explore through simulation how the ratiBg&f andM vary
across a range of life historjegvendifferent relationships betwedisheryselectivity and maturity
(median age and slope of the ogives) simalpe of fishery selectivity (flabpped odomeshapedl
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Based on our findings, we conclude by proposing a triage approach that provides a roadmap on how
these datdimited methods can be applied to chondrichthyan stocgsodean initial assessment of

stock status and sustainability.
Materials and.methods

Derivation of overfished referenceipts

Overfished reference points are typically expressed in terms of absolute almuodbimnass, the

scale of which.is.strongly influenced by catch. For exanigeyis defined here ahe spawning

stock biomass. of mature (“spawning”) individutiiat results from fishing &ysy. In data-poor
situations, catchemay be unknown or poorly known, inhibiting determination of scale. An alternative
in such casess to express the reference point relative to unfished conditions sbréfats to an

optimal depletionBusy/ Bo, and the scale is then relatinaher than absolute

In Brogkset al. (2010), analytical reference points were derived for optimal depletion in terms
of @, the maximum lifetime reproductive rgteumber of spawners produced by each spawner over its
entire lifetime)at low stock density (Myerst al. 1997).It has been shown thatcan besimply
calculated ashe product of unexploited spawners per rec&iRR-o) and theslope at the origin of a
stockrecruit curve Myerset al 1997; Brooks and Powers 2007). One convenient feature of shark life
history is thathe.slope at the origin of a steoécruit curve ieffectively a measure of the survival of
age-0 individuals (pup survivaly, (Brookset al. 2010). Therefore, given life history information on
maturity at age(m,), fecundityat age(pa, the number of offspring produced per breeding female per

year) and natural mortalitat age(M;), it is possible to directly calculaieas:
R A a-1 M
a=§SPR,= &, mA] & (1)
a=r j=r
wherer is the age of recruitmemaindA is maximum ageWe will usea@ as a measure of productivity

henceforth. For a Bevertdhelt stockrecruit function, an overfished reference point for optimal stock
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depletion that corresponds to maximizing yield in terms of number rather thaadsigiaximum
Excess Recruitment, MER; Goodyear 1980jerived inBrookset al (2010):
By Va-1

= . 2
B, a-1 @)

Optimal depletiomwas, also derivetbr the Ricker stockecruit function (Brook®t al 2010), although

it is thought to béessappropriaten generathan the Bevertoiiolt relationshigfor sharkgCortéset

al. 2012). Asdiscussed in Brooktal.(2010), the analytical derivation assumes that all fish are fully
mature and fully selected by the fishery. When that is not the case, one can rliynsehaafor the
optimal depletion®to maximize yield in termsrmafmber (MER) or biomass (MSY). Differences
betweerByer/"Bo'andBysy/ Bo werefound to baminor for values ofi<4, which is the case for many
shark stockgBrookset al 2010).

We calculated optimal depletiarsing EquationZ) for 33 shark stocks, primarily from the
Atlantic Ocean, but also including stocks from the Pacific and Indian OcEable (1, Tables1). The
stock assessments included surplus production (n = 12§tagédred production (a 9), age-
structuredy(r==8);stockreduction (n = 3) models, and a model based on an index of abundance (Table
1; Table S1). We obtainedst-year survivorship%) and life history value® calculateéSPR--o,
including M, directly from the stock assessmeiitshe life history values used in the stock assessment
were not reported, we used published values that approximated the implied biologlg&endrinsic
rate of increasé max Used in a Bayesian production model). For thesagetured assessments, we
compared the predicted optimum depletiBpgr/ Bo) to assessmerastimateBysy/ B values We
did not make.thisseomparison for surplus production mdaetause the estimatedsdpletionin a
productionsmodeiefers to total population biomas3he analytical optimum depletion refers to
mature biomasand ranges from 0 to 0.5, whereas for a surplus production moaeyes from 0 to 1
(Brookset al. 2010).

Evaluating werfishedstatus

We used Equation (2) to predict optimum depletBiek/ Bo) using the life history values from the

assessmentslhe optimal depletion reference pofBiusy or Buer) is considered a target, i.e. the point
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207  where removals are maximized within sustainability constraR&ther thametermining overfished
208  status based on being strictly above or below this target, where random itunstunady push the stock
209 to vary from overfished to not overfished even in the absence of changes in fishing pressure, ma
210 management bodies aim to keeptockfrom declining below some threshd&sbs than this targefThe
211 threshold is intended to serve as a trigger, such that more stringent managemeistroagtbe

212 implementedif a stock declines below the threshold (threshold here is similar to ‘limit’ in the FAO
213 Precautionary"Approach (1995)).

214 Havingrcaleulatedhetarget foroptimal depletionthe next step is to calculaa@ overfished
215  threshold whichean be defineds some proportiomp, of thattarget We used théormula to

216  determine the appropriate proportipnthatwasadopted for shark management in the UBA,(1-M)
217  (Restrepcet al.1998). The motivation for defining= (1-M) relates to the magnitude of expected
218  fluctuations areun®vsy, i.e. “small fluctuations for low M and large fluctuations for high M”

219  (Restrepcet al 1998). With this definition, astock would be considered overfished if:

B
220 %< p%. (3)
o B

221 To comparepredicted overfished status from the analytical method to the assessment estimate of
222  overfished statuspwe need a measure of current stock depletion to compare withrthedepletion

223  threshold. Current stock depletiddc(jr / Bo) can be inferred from an index of abundance that is

224  scaled by unexploited stock siBe. In data-poor situations it is very unlikely that an index spanning
225 the entire period of exploitation exists; however, if an index of abundatie does not extend back

226  in time to unexploited conditions is available, that index can be scaled as:

227 D=I'd=—t|t—:1. 4)

t t It=1 I unfished
228 In (4),D = Bcur/ By, is an index of depletior, is the current depletion of the inddX) (elative to
229 itsinitial value (i=1), andd is ahypothesis about the depletion level at the beginning of the index from
230 its unexploited levell(nished (GOOdyear 2003). Overfished status can be evaluated by looking at the

231  most recent depletion index valu2dyr), such thathe stock isconsidered overfished if:
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We compared the overfished status determination fhen33stock assessmenisth that
derived from thesindex of hypothesized depletion andtiaytical reference pointd.o derive
hypothesized depletion for a given stpale endeavored to use the most representative index of
abundance available from each stock assessment. Ideally this was the longesinserseyesbut in
other cases we used a hierarchical index of abundance that comhitipke indices into a single
series (Conn 2010) or a fishery-dependent index from the main fishery if nothingaslswailable.

In a few cases the startiagd ending values of the indexesgnot reported and had to be derived by
eye from examination of a plot in the stock assessment r8adnieS1). We then used the level of
depletiond, originally reported in, or inferred from, the stock assessment (n=24jasks where

could not be ebtaine@h=9), we assumed a value that we felt was reasonable based on knowledge

about the development the specific fisheryTable 1).

Because the hypothesiboutd can impact the conclusion on overfished status, we further
computedthe“initial value of depletiahyiicai, that would result in a change of statitsn our limit
reference poinfpBusy/Bo or pBuer/Bo) and determined whether the magnitude of the change was
reasonable based on the prevailing knowledge of the fishery. This allowed us tortatdretherour
datalimited approach to assessing overfished status was robust to assumed initial depdetion.
example, for the North Atlantic blue shafkrionace glaucaCarcharhinidaestock assessment
(ICCAT 2009, the'assumed depletion at the beginning of the index in 1957 was 0.90. In order for
conclusions gnrstock status to have changed from not overfished to overfished, initiabil@pEd57
would haverhadto b@ 25 or less We conclude that 0.25 unreasonably low, considering the fishery
startedca. 1950, and therefore the method was deemed robust in this case. In contrast, for the Gulf of
Mexico blacktip shark@archarhinus limbatusCarcharhinidae) stock assessm@IFS 2012), the
assumed depletion at the beginning of the index in 1982 was 0.65 and the depletion that would result in
a change ofistatus wa$0. Considering that the blacktip shatkck was already rather heavily
exploited, the initial depletion would not have to change substantially for stock stahege from

not overfished to overfished, and therefore the method was not deemed to be robust in this case
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To summarizehe degree of agreementoverfished status determinatibatween the
assessments and our dhmaited approachwe computed several performance measufégse
includetrue positives (TP), false positives (FP), true negatives (TN), false negatN)esEuracy
rate((TP+TN)/(P+N)), error rate ((FP+FN)/(P+N)¥ensitivity(= true positive rate; TP/P), and
specificity (= true.negative rate; TN/N)btainedwith the Rlibrary “ROCR” (Singet al 2005).

Derivation ofeverfishing reference points

Overfishing reference points are usually expressed in terms of an instantatemidishing that
produces optimal yieldsusy. This is typically derived within a stock assessment, and in age-
structured models.it depends on the stock-recruit funcidhen a stockecruit function cannot be fit,
or when information is insufficient to conduct a stock assessment, a proxy value issaftefor- sy
(Froeseet al 2016). For the 38tock assessments we assembled;aleulated theatio of Fysy toM
where that information was availalfle= 29). We refer to this as the assessmgaed proxy for
Fwsy. For agestructured models, thd value used was the mean of ages 1 to maximum; for
production.models, the value Efwas obtained iterativellgy solving for the value af,ax used in the
stock assessmenty(e.g., as a Bayesian prior) through the Euler-Lotka equation (Loxkehi@07
fixing the otherpublished life history inputs (i.e., growth, maturity, lifespanfeswhdity) for that
stock.

Evaluating overfishing status

To evaluate whether overfishing is occurring, an estimate of current fisloiriglity (Fcur) is needed
to compare againgtusy. We determined overfishing status in two ways. Firstewaluated how
consistent conclusions about overfishing status weredagithe stock assessmeartd when
comparingF curfrom the stock assessmentthe Fysy proxies (assessmebtised proxyAu etal.’'s
(2008)Fnsy=0:5QM proxy, and Zhowet al's (2012)Fusy=0.41M proxy) calculated by multiplying
theFusyM ratio by the assessment estimat®pf Agreement was summarized bgmputing
performance measuresth the “ROCR” R packagéSinget al. 2005).
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We also searched for estimated=ahat were derived independently of a stock assessment to
compare with thé&ysy proxies. We only found fowestimatesor the stocks that had been assessed
threederived using markecapture methodsr Gulf of Mexico blacktip shark (Swinsburg 2013)
North Atlantic blue shark (Aireda-Silvaet al. 2009), andNorth Atlantic shortfin makol§urus
oxyrinchus Lamnida¢ (Wood et al. 2007), and the other for the bonnethead s8phy{na tiburo
Sphyrnidae) (Cortés and Parsons 1996) obtained with a leogtierted catch curve. Tlieur studies
provided estimates & (total instantaneous mortality rate) from whiehvas obtained by subtracting
the value oM'used in the stock assessmefie then compared tlestimated- value from each study
to the thred-ysy proxies and determined whether overfishing was occurring or not. To determine
consistency of status determination for this approach, we compareesult to that from the stock
assessment, where the assessment estimate of overfissingtermined from the estimateFofor
the same year as theependenstudy and the assessment estimatéwgf. For the Gulf of Mexico
blacktip shark anfllorth Atlanticshortfin makahe markrecapture studsspanned 1964-20Xnd
1962-2003, respectively, but only provided a singleeafF for the entiretime period. We opted to
compare thatssingle valueto themedianF value from the stock assessmfmtthe years that
overlapped, 1982010 and 1971-2003espectively

Simulation study

The rules of thumb derived by Aat al (2008) and Zhoet al (2012)are simple ratios to deriieysy
proxies fromM. As such, these proxies dot consider the effect of selectivity on the estimates of
Fmsy or the variation in life historyWe extend simulation work in Brooket al (2010) toexaminethe
ratio of Fysy/ M-andFyer / M for a range of productivityalues and for several relationships between
median selectivity age and median age at matufitysimulate productivity&), we need to specify
values for the followindife-history parameters: natural mortality, maturity, fecundity, and pup
survival (Eaquation.1). Below, we definempirical relationships toalculate maturity, fecundity, and
pup survival for a given value of natural mortaliiysed on the stock assessments that we reviewed
Values for weight at age were also needed to calculate dfEYepletion in terms of biomass, and we
also describe those relationships to natural mortalitit.simulation parameters and their values are
described in Table 2.
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A relationship for age at 50% maturity was derived by examining cumulative surviagl to
from the stock assessments assembled for this study. On average, cumulative survival was 0.35, with a
standard deviation of 0.12, and ranged from 0.16 for one of the slowest growing, least productive
species we examined (sandbar sh@&r¢harhinus plumbeyg£archarhinidae)) to 0.71 for one of the
fastest growingsmost productive stocks (Atlantic sharprieeez¢prionodorierraenovae
Carcharhinidae)).< To reflect this variability in cumulative survival as a function of longasgty,

our simulation"was calculated as

Aso = —, (6)

wherex ranged from 0.21 to 0.35 in 25 equal increments (to match the number of difevahies).
This range contributed to the contrast we sought in our simulation for overall productidityaa
supported by the abserved range from stock assessments. Our mean estimate for sagyiaaldo
also the relationship betwedhandK, aresimilar to values reported by Frisk al (2001) for

elasmobranchs:

Fecundity.in our simulation wakefined aghe annual production of pups. Gestation periods
ranged from.9-24 months for the species included in our review. Calculating the number of pups
produced in a.given year (total pups produced/gestpgdnd yielded an observed range of 2.25-

37.26, or 1.12-18.63 female pups per year. The lower range corresponded to long-lived, late maturing
species, while the shortbved, earlier maturing species were on the higher end of that range. We
specified annual,pup production to range from 1.15-16 female pups per year in 25 equantxtem

pair with the ‘range of natural mortality in our simulation.

Pup survival was calculated &= exp(M)/co, wherecy ranged from 1.1 to 1.5 in increments

of 0.01. Thisscales adult survivdl.e., exp(M)) to be 1.1-1.5 times greater than pup survival.

Length at age was also derived from the valul aguch that the von Bertalanffy growth

coefficient K) wasra scalar multiple:
K=1.1M (7)

This functional form was motivated by life-history invariant relationsfrigs Charnov (1993) and

Jensen (1996) who found that 0.61M andK = 0.67M, respectively, across a wide range of taxa.
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While the value 1.15 was representative for the studies we examined, we note thiaietioéhan

these studies was derived from empirical relationships, some of which used parameter estimates from
the von Bertalanffy growth function (e.g., Pauly (1980), Jensen (1996), Chen and Watanabe (1989)),
while others were lengtlor massbased (e.g., Lorenzen (1996), Peterson and Wroblewski (1984)).
Thus, rather than, claim this as a new paradigm for sharks, we siotglyhat using this scalar within

our simulations will result in relationships between life history parameters that are consistent with the

stock assessments.

The remaining parameters for the von Bertalanffy growth curve, asymptotic maxigeim s
(L) and age atszero lengthy), were fixed at 200 and 0, respectively. Lendithat age is converted
to weight (V) at/age a8V = al®, wherea = 1E-6, anc = 3.0. These are arbitrary constants that might
be expected;to.vary across life history. Howeverptilg use in the simulation is to calculate
spawning biomass depletion at MSY or MER, which is expressed on a relativeFRadtermore,
selectivity is @gaased rather than length-based, so these constants have no bearing on the fishing

component of the simulation.

We considered four casesarplorethe effect of selectivity oRusy proxies 1) only immature
sharks are selected, i.e. selectivat{l-maturity); 2)median selectivity ages{s) = one-half themedian
age at maturitydso); 3) Sso = 1.0asp; and 9 sso = 1.2550. The slope of the selectivity ogive was
moderately steefl.5), while the maturity ogive either had a gradual (0.5) or knife-edged slope (100).
For case$2)-(4), we also considered two shapes for the selectivity ai@gjetic and dome-shaped,
for a total ofl4'selectivity casegFig. 1). When selectivity was dome shaped, the age at 50%
selectivity onthe“descending limb of the dome was paired with the asceggliyiglding median
ascending and descending selectivity of 1)d6,51.50sq], 2) [1.0as0, 2.0a50], and 3) [1.2%8s,
2.25a50]. Each of theseelectivity combinationwas evaluated fa25 different values a1 [0.08,
0.09, ..., 0.32].and 41 values fpup survival &) for a total of 12x 25x% 41 = 12,30Qasest+ the

immatureonly.selectivity cases (2050 cases)

By Separately specifyingl andS,, and the other biological parameters described above, we
were able to calculai@ directly for all14,3% simulation casest(ranged from 1.504 to 12.968An
alternative parametéor describing productivityr resilience to exploitatigrwhich incorporateboth
survival and reproduction, is steepnd®s (Steepness is a unitless parameter, and measures the

proportion of unfished recruitment that can be expected from a population that hasdbeed te
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20% of unfished spawning abundance (Mace and Doonan 1988). Steepness ranges from 0.2
(indicating replacement only, i.doWwest productivity) to 1.0 (indicating no reduction in recruitment
as spawnersatreasei.e. “highest productivity), andcan be calculated frodash=a&/(4 + @)

(Myerset al 1999). The range @f in the simulations corresponds to a steepness range of 0.27-0.76.

Our choice of cases relatisgy to asp in the simulation was motivated in part by examining
values from the 33 stock assessments and also to explore the effect of increased exploitation or
escapement'on different segments of the population. In assembling the empiricalwalteokasg
directly from the stock assessment when-atyactured models were used or from the inputs to the
EulerLotka equation used to develop an estimate,@fwith production models. Similarlgso was
extracted directly from the aggtructured models or from infimation available about the fishery (e.g.,
gear, fishingdeecation, size frequency) in the stock assessment otherwise. The shape of the selectivity
curve, i.e. logistie/or domshaped, for the predominant gear type was used, except in a few cases
where a pedominant gear could not be identified and both a logistic and a sloaped curve were
used. We were able to extract dataagnandsso for 19 out of the 33 stock assessments examined.
The median ratio betweesg, andas, for the stocks examined was 0.48 (IQR = 0.19-0.75, n = 12) for
domeshaped.selectivity and 0.51 (IQR = 0.29-0.67, n = 10) for logistic selectivity (Fig. 2).

Results
Consistency of'overfished status

The analytical. methodccurately replicated the results of stock assessmewtgeoished statusm 31
out of 33, or 94%o0f the caseéTables 1 and 3).There was only disagreement with two stock
assessmentswhich used &feictured models’he sensitivity (probability of correctly predicting that
the stock was overfished when it was indeed overfished), was 83% and the spéorbbiability of
correctly predicting that the stock was not overfished when it was not overfishedPos (Tal# 3).
The meandifference between the analytically predicted optimum deplBtigr'Bo) andBusy/Bo
values from agetructured stock assessments wat {SD= 0.11, n = 15Table ).

We deemed thahe analytical method was robust to changes in assumed initial depdetion,
70% of the case@he difference betweethanddciica ranged from 0.36 to 0.84r 5596%,in the
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cases where it could be calculated, r6¥. This range for the hypothesized depletion difference was
notrealisticgiven knowledge of the fishery operation, species biology, addtars abouavailable
indices. In the 10 cases where it was not robust, the hypothesizedovalueeded towvary from 0.04
to 0.23(or 8-31%)for the status estimate to charfgam not overfished to overfished (n ¥af vice
versa (n= 3, Table 1 indicating that we could not make meaningful distinctions about initial
depletion.

Assessmeriiased sy proxy

The mearmatio of Fysy andM for all stock assessmens&s0.74 (median= 0.64 interquartile range
(IQR) = 0.39-1.00,.n = 29; Fig. 3). We usecetmediarnvalue tocalculate the assessmdratsed- sy
proxy and evaluate overfishing statuche relationship between thieysy/M ratio and productivity
(expressed ag&) was not significantr{ = 0.34, df = 26P = 0.076), butt becamehighly significant(rs
=0.80, df = 22P = 2.17E-06)fterremovng four stockghat had FysyM ratios >1 The mearratio

was 060 (median=0.46 IQR = 0.24-1.00n = 11) for surplusproduction models0.81(median=

0.79 IQR =.0.52-1.09; n = 9) for ag&tructuredoroduction models, 0.62 (median = 0.57; IQR = 0.48-
0.80; n = 6) for age-structured models, and 1.31 (median = 0.83; IQR = 0.65-43y#br stock
reduction models+(Fig.)3

The predictions on overfishirgjatusfrom stock assessments and those basedmparing-cur
from the assessment with tRgsy proxies (assessmehasedvalue of 0.64 and the two published
empiricalvalues.of 0.41 and 0.5@greed well, with the assessmbased-ysy proxy we derived
producing the highest agreemenables 3 and 4. The overfishing status did not match in several
cases where_the assessment determined there was no overfishing occurring, while the proxies
suggested overfishing was occurripgrticularly forindian Ocean blue sharktlantic sharpnose in
the Gulf of MexicoandAtlantic smooth dogfishNlustelus canisTriakidae) Most of hese cases
corresponded.te'productive stocks where the fishery selectivity was dome shiipedme fraction
of the adult pepulationot subject to full exploitationa distinction that was not captured by By
proxies, which ignore selectivity. Iilahe assessmetiased~ysy proxy had the highest accuracy and
specificity, with the thre&ysy proxies being able to correctly predict overfishing when overfishing
was occurring in all cases (Taldg
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Overfishing statusalculated fronfour estimate®f F obtainedrom availabletagging stugesand
a catch curvand theF sy proxies was inconsistentith theestimated statusom the stock
assessmentslhere was good agreement for bonnetrateik where the estimate &ffrom thecatch
curve was 0.152 and tlgsy proxies ranged from 0.091 to 0.142, indicating overfisimragl cases
The assessmeastimate of during the year when data for the catch curve were collected (4i892)
estimate overfishing. However, for the three other cases, wHemeas obtained from tagging studies,
proxy-basedverfishingstatus and that derived from the stock assessment did not faitthe Gulf
of Mexico blacktip'shark and the North Atlantic shortfin make, estimate of from the tagging
studeswas 0.168nd 0.10while theFysy proxies ranged from 0.063 to 0.099 and 0.041 to 0.064,
respectivelyindieating overfishing. However, tieedianas well as the annuklestimatedrom the
stockassessmerior the period 1981-2010 and 1971-2068spectivelywhich included years during
which the tagging stuestook place 1964-2011 for blacktip shark and 1962-2003 for shortfin mako),
was well belowF sy, thus indicating thatwerfishing was not occurringor theNorth Atlanticblue
shark,meanFin 2000 from the tagging studyom four subarea of the North Atlantievas 0136,
whereas th&gsyproxies ranged from 0.062 to 0.096, indicating overfishing. HoweveF, ttwen the

stock assessment for the year 20@3 well belowF sy, indicating that overfishing was not occurring.

Simulation results

We evaluated variability in the estimatedfsy andFyer reference points due the factors
explored in the simulatiolM andS, values, relationship betweeag, andssp, gradual ersusknife-
edged slope of the maturity ogive, and logistic versus dgmaped selectivity) All factors were
significant (ANOVA, P << 0.001),butM explained almoghalf of thevariability in Fuysy andFyer,

and the trend-was'nearly linear (Fig. 4; result$i@sy shown only. The next most important factor
was therelationship betweeasy andssy, explainingalmost 40% of the variabilityLower values of
Fusy andFyer Were associated with lower valueshdfandssg < asp.  Also, logistic selectivity had
lower Fysy@andFyer than domeshaped selectivity because the dome allowed greater survival and
additional spawning opportunities. The slope of the maturity ogive made a slight difengtncthe
gradual slope having slightly highEpsy andFyer compared to the knife-edged slope (Fig. 4).
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457 Noting thata reflects the combined effect bf, S, maturity, and fecundityye grouped results
458  for theFusy / M scalarinto three productivity categories as follows: “low” correspond® +0[1.50 -
459  2.67} “medium” corresponds té = [2.671 - 6.00]; “high” corresponds &= [6.01 - 13.00]. When
460  selectivity was domshapedwe found thatcross alksg casedor low productivitythe median

461  Fysy/M ratiowas0.39(IQR = 0.29-0.57“Combined” column inTable5a). At mediumproductivity,
462  the median ratiowak.03 (IQR = 0.67-1.52), and at high productivity the median ratio was (1QR
463 = 1.05-2.67. 'If selectivity was logistic instead of domebese values all decreased b§70.23,

464  depending on productivity.

465 Regardless of the shape of the selectivity curve (logistic, dome, or combining bath sets
466  results—"All"lin Table 5), the mediar-ysy/M ratios for the case whesgy = 0.5%sy were only 6%

467  at mostof thesmedian result for the “Combined” ratidSimilarly, if only immature sharks are

468  harvested“Immature” row, Table 5)then thd-ysy/M ratios were the lowest estimated, with median

469 values of 0.22, 0.51, and 0.96 for the low, medium, and high productivity categories, respectively.

470 The median ratios fdfyer / M werevery similar toFysy / M at lowand mediunproductivity,
471  and were greaterby about @thigh productivity (Table 5b)lhis is consistent with the result

472  described in"Brooks et al. (2010), j.thatFyer is a good proxy foFysy for stocks on the loar end
473  of the produetivity scale, as many sharks are. However, for more productive stocishitige f

474  mortality that maximizes yield in number becomes non-negligastyer tharthe F that maximizes

475  yield inbiomass.We summarizadditional results foFusy / M below, and note that the pattern was

476 identical forFgerM.

477 The pattern, obptimaldepletion at MSY BysyvBo) and SPRisy = SPR-pusy/SPRe=g is also

478  associated.witiproductivity, and follows naturally from the fact that higher productivity stocks can
479  support higheFysy (Fig. 5). For outhreeproductivity categaes optimaldepletion ranged from

480 0.38-0.47 (low), 0:30-0.39 (medium), and 0@83 (high), indicating that stocks with higher

481  productivity can sustain greater depletion (Fig. Sajmilarly, the range for SRRy by productivity

482  category was 0.61-0.82 (low), 0.4262 (medium), and 0.38-44 (high), reinforcing that more

483  productive stoks are able to sustain a greater reduction in reproductive capac#ilaremain

484  sustainabléFig. 5d). Not unexpectedly, when only immature sharks are selected, the fraction of the

485  population remaining at optimal depletion is the high&@BR,sy estimates are highdfysy/ M ratios
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are the lowest, and the fraction of total population biomass that can be sigtaamabstedMSY /
Bo) is the lowest.

Discussion
Evaluating overfished status

The Brookset'al*(2010) analytical methddr deriving overfished reference poimtsrformed well in
the vast majority of caseand conclusions about overfished status \gereerallyrobust to hypotheses
about initial depletion of the stock. The ability of this method to replicate results ofcoogex

stock assessmenits is encouraging and suggests that it could be applied to stookes tiwd e n
assessed as a first indication of the overfished status of the population. Choice of a representative and
credible index of abundance, howevereaftemains a challenging issuéormulating a hypothesis
about the depletion at the beginning of the index of abundance is also challenging, pggnbea a
stock is nearthe-overfished reference painérethe method is more sensitive to the assuvadde of
depletion. hissis:alimitation that also affects other dap@or methods based on catch, such as the
DepletiorCorrected Average Catch (DCAC; MacCall 2009), the CM&Y (Martell and Froese
2013), or the.€MSY (Froes al.2017) methods.

The analytical method is able to replicate results from more complex stock assessment models
on a relative'scale only because it doesusettotal catch This emphasizes the role that different data
play in astockassessmenin general, life history pameters determine vulnerability to exploitation,
indices of abundance inform about the trend over time, and catch provides absolutkn swaler. to
provide advice about sustainable catch, one would need data that allows estima@bs of sc

Evaluatingoverfishing status

Whereas previgus studies attempted to estimate a single value reflecting thegtbesfFysyto M,
we found that there is no single “best” value for tiadib. 1t dependdirst on the productivity of the
stock, and theon the relationship betweeelectivity and maturitywith theFusy/ M ratio becoming

larger if fish are harvested after they become ma@iteer factors related the shape of the
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selectivity function and the slope of the maturity ogive &adhaller, but still significanpact on
Fusy/M ratios Domeshaped selectivityesulsin largerFysy /M ratios because it alloesome

mature adults to avoid exploitation.

The median-of simulatioresults, aggregated across selectivity staaqubage at 50% selectivjty
suggestshat for low productivity stockEusy / M < 0.36 should be an upper threshold, whegust
below the 0.41 value proposed in Zhou et al. (2012) for chondrichthymesntrast, upper thresholds
for shark stocksvith medium productivityvould beFysy/ M = 1.0, and for stocks with high
productivity, FpusyhM = 1.6. However, empirical evidenchowed that in most situations immature
individuals aresharvestedsaso< 1) and therefore an approximate rule of thumb isRkgt should
not exceed=0.2M for low productivity stockss0.5M for stocks of intermediate productivity, and
~0.8M for the.mest productive shark stocks (Table B)ese recommended ratios were consistent
(medians and.interquartile ranges) for the case when only immature sharks are selected and also when
aggregating dome and logistic results for the case wfyef.5as,. Although we haveummarized
our results intaliscrete productivity categoriese emphasize that there is a continuuri gy / M
ratios, and the appropriate ratio will depend on a shark’s productivity and the adegteeh

immature sharks.,are harvested and/or there is escapement of mature sharks.

These simulation results haweplications for datdimited methods that rely on predetermined
reference points based Bgisy/M ratios (MacCall 2009; Mooret al. 2013;Carrutherset al.2014;
Newmanet al.2014).Froeseet al.(2016) noted that = M should be considered a limit, rather than a
target, referencewpoint and that candidate valu&sshiould not exceelll. Walters and Martell (2004)
found theFyvsy/Mdratio to be 0.6 or less for vulnerable stocks. As we have shberg is no single
ratio that can be specified for all stocks, whether they be fish or sharks, béeaappropriate ratio
depends on the life history of the stock and selectivity of the fishery, just as with éénence points
(e.g.SPRusy andBysv/Bo).

Our finding that harvesting immature sharks results in a lower level of sustagxahddation than
when fishing mature individuals in contrast tahe gauntlet fisheries hypothesis (Walker 19P8nce
2005 Smartet al 2017), which advocatdgrvesting one or more age classes of juveniles because
natural mortality idigh at young ages and one wouldt be replacing natural with fishing mortality
Accordingly, the hypothesis suggests that protecting older females that hady &leen through the

“gauntlet” and are exposed to lower leveldvbis preferable because they can immediately contribute
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to the populationin contrast elasticity analyss of sharks have consistently shown that the juvenile
stagefor species with delayed onset of maturity has the greatest influence on populatitn grow
(Cortés 2002). This is also supported by several studies that have shown that jppes#rva
reproductive potential or reproductive value—which pesdatly after maturity—is the preferred
management strategy for shari@(lucciet al 2006;Cortéset al 2012).Indeed, increasing age at

first capture so that afish have had a chance to spawn is a akathwn precautionary approach to
fisheries management (Froese 20Borrest and Walters 2009h general, ptential responses of
populations to'changes in catsgmecific mortalitycan be explained by two hypotheses: compensation
and additivity (Anderson and Burnham 1976; Nicledlal 1984). Compensation, to which the
gauntlet hypothesis conformmplies that if mortality from one source is reduced, the surviving
individuals will‘die from other causel contrast, the additivity hypothesis predicts that individuals
that die from the additive cause would have survived if this cause were rem@red. (F013

showed thain reality these two hypotheses are extreme points on a gradient of possible population
responses to.changes in mortality patterns and thatil@d@species and populations under the
carrying capaeitystend to “compensate” less than dhad speciesand populations above carrying
capacity There issalso evidence thadrtial compensation can ocaup to some harvest level, after

which the additional harvest becomes additive (Skalski et al. 2005).

|dentification ofF sy proxies for determining overfishirggatuswill ultimately require
specification_of the type of selectivity from the main fishing gears affecting the dféelsuggest that
our simulation study, which group&ghisy proxies by productivity level and selectivity versoaturity
pattern, may. provide raull hypothesis for sharks where very little information is availables@Rysy
proxies could be a quantitative alternative to the more qualitative producsivggeptibilityanalyses
for example filton, 2001; Stobutzket al.2001; Zhou and Griffiths (2008Patrick et al. 201,0Cortés
et al.2010):

Determiningwhetheroverfishing is occurringnowever, wl still require characterization of
current fishingsrates. The few estimate$ dbr theassessed shaskocksexamined that were
obtained independently of stock assessments made it clear thatounddy designetield-based
research is needed if veapect to evaluate overfishing in dditaited situations A factorthat
complicated comparisoof F estimate®btained from markecapture dateaith those from stock

assessments is that tagging experiments usually covered a protracted timalspait difficult to

This article is protected by copyright. All rights reserved



573
574
575
576
577
578
579
580

581

582

583
584
585
586
587
588
589
590
501
592
593
594
595
596

597
598
599
600
601

compare the resulting singkeestimate to annual values estimated in stock assessristimates of
from markrecapture studies that spaperiod of only a few years, such as those defiveseveral
shark speciem Australia (e.g. McAulet al. 2007; Harryet al. 2016) would bemore amenable to
usingFwsy proxies for determining overfishing status. Another factor that may explain the
discrepancyetweerfF values obtained from matiecapture studies and those estimated from stock
assessmentsiis thatthetagging studies we found, thevalueswere obtained by subtraction idf

from Z. Methods that directly estimahd or F, such aknown{ate modelshold more promise,

especially witithe"growing availability ofatellitetag data(Byrneet al. 2017)

A triage method

Shark and other.chondrichthyan fish stocks worldwide are generally data poor. Following the
development of the International Plan of Action (IPOA) for the Conservation and Managément
Sharks (FAO 1999), at least 18 of the top 26 shark fishing countries have developed a Nanavfal P
Action (NPOA) forishark management (Fisckerl 2012). While the greatest progress has been in
terms of improved.reporting of catch and management measures related to shark finsefFacher
2012), determination aftock status and assessment are much less developed. The objective of the
IPOA for Sharks'was “to ensure the conservation and management of sharks dadgherm
sustainable use,” and one of the guiding principles was that “management and camssinzégies
should aim to keep total fishing mortality for each stock within sustainable leyveisplying the
precautionary approach” (FAO 1999. recentstudy (Simpfendorfer and Dulvy 2017) concludieat
sustainable fishing of chondrichthyans iadible a view first expressed by Walker (1998), but that
managementin general is insufficient.e\uggest that a triage approach to perform an initial
assessment could be used to evaluate stock status and sustainability, and then management action

could be focused on stocks needing the most urgent attention.

This triage approach would focus on three key elements: 1) life history; 2) abundance
trends;and 3)fishing métier. If detailed life history informatiam age, growthmaturity,
reproduction, and mortalityg available, then quantitative estimatepfductivity (e.g&) and
appropriate reference points for overfished status, such as those in Brook®G#t®l.¢an be made.

If detailedvital rate data araot available, wewgygest that if some genetablogical knowledge about
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602  the stock in question exists, then it could be categorized by productivity, sioniter lbbw-medium-
603  high categories we defined. Alternatively, a stock could be assigned to a prodeetieggry based

604  on biologicalsimilarities with beter-known stocks.

605 Thersecond element, abundance trends, could then be used in concert with the productivity
606  estimate from the first element for determining overfished status. Abundamds Wweuld be ideally

607 in the form of a fisheriesmmdependent index of relative abundance, or alternatively, a fisheries-

608 dependent index for the stock of interest.

609 The third elementjshing métier, would provide essential information for understanding the
610 fishery affectingdhe stock, including tderation ofthefishery, the trend in effort over time, the

611  spatial distribution of the fleet, anlde size selectivity of the gear. Information on the length of time a
612 fishery has operated, and the trend in effort over time, can give insight into rdadgaiitheses of

613  depktion at the start acinabundance trend {(n Equation 4) and sensitivity analysis can be carried
614  out to identifyd.; andevaluae the robuess of stock status results.

615 Being able to categorize productivitythe first stepwould alsoallow specification of

616  appropriate. proxies fdfysy, and identification of sustainable fishing rates. We provide guidance

617 based on our simulation results (Table 5, Figure 5) for common reference poaitgg(gdpletion,

618  Bwmsy/ Bo, Spawning potential rati®@PRysy, harvestable fraction of total biomass, MBY,/andFusy/

619 M) relative to@ of a Beverton-Holt function. This could help identify overfishing reference points if
620 one is able t6 assign a stock within one of our broad categories of productivity and seletitive

621  to maturity (See Brookst al. 2010 for analytical derivation oélativedepletion andSPRat MSY or

622 MER relative toz)..Information on maturity from the life history component together with size

623  selectivity data.from the fishing métier component could be used to categorize selectivity relative to

624  maturityandspecify adequate reference points.

625 Hordyket al (2015) notedhat individual lifehistory parameters may be difficult to obtain for
626  data-poor stocks, and suggeithat life-history ratios may be an easier alternative. Tientified a
627 relationship between SPR and the quantMeX, F / M, fraction of asymptotic length where knife-
628 edged maturity begind / L), and fraction of asymptotic length where knifdged selectivity

629  begins ./ L.). Similar to our results, they foudat SPRdecreased with increasifg/ M ratio and

630 that the decrease was more severe when immature individuals were hacfetted Figure b to
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our Figure 5d). An important distinction between the work herein and that of HerdyK2015)is
that they variedr / M across a range @hlues to explore the impact on SPR, whasmir work
estimatedh valuefor Fysy/ M that corresponded to each combination ofifgtory parameters and
selectivity pattern. If it is possible to relate e K andL,/ L., ratiosto productivity, one could use
the Hordyket al«(2015) approach to approximateand then use knowledge about the fishery

selectivity to determinappropriateeference points arfélysy/ M proxies as we have outlined.

Finally, informationon the spatial distribution of the fleiedbm the fshing métiecomponent
couldhelp identifypotential overlap with nursery areas of the stock and determine whether young,
immature sharks-are likely to be caught. As we demonstrated with simulatiomgdisi before the

age of maturity/results in a much lower rate of fishing that can be consideredahlstai

Summary

The Brookset:al«(2010) analytical methocan identifyoverfished reference pointghen sufficient

life history infermation is available to calculate productivity, which in tdlowes specification of

proxy overfishing reference points. An index of relative abunddratadequatelyepresents the
population is-also needed along with knowledge of the fishery and exploitation history of the stock to
formulatecrediblehypotheses about initial depletion.

The longheld view in fisheries science that the fishing mortabie that results in the
maximum sustainable yield of a stock should not exceed the natural mortaliby ttzdé stock seems
too liberal for_stocks with low productivity. Our results indicate that productivity is the main driver of
the Fusy /M ratio, which is also influenced by the relationship between median ageuaityretd
selectivity, andsthehapeof the selectivityogive. Our finding isn line with GarciaCarreraset al
(2015), who found, that-based reference points and associated uncertainty were more affected by
plausible changes in selectivity than by incremeadaltion of more comprehensive data. We suggest
that for low'productivity species, such as many shark stock&n&eM ratio stould not exceee 0.4.
Furthermore, for this group of predators where empirical evidence indicates that most stocks are
harvested before reaching maturity, our findings also suggest that as a hulembftheF sy /M ratio

should not exceed 0.2, 0.5, and 0.8 for low, medium, and high productivity stocks, respectively.
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In summary the relatively datdimited approach and triage method we propssems
attractive if only because it is easier, faster, and cheaper to implement than more congpiut ahésl
intensive stock assessment meth@@sromont and Butterworth 2015; Gar€lafreraset al 2015). It
can provide a rapid arabsteffective means to assess the overfished status of unassieadetocks
and, when combined with an independently derived estimd&iealdo assess the overfishing status.
This approach could then be augmented widre comprehensive stock assessmehisn sufficient

information’ becomes available
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Table 1 Comparison of results from 33 stock assessments to predictions from analytediitygul optimum depletio®Bfer/ Bo)

and depletion in the final year based on a scaled index of abun@ahc® (s first-year survivalgpg is virgin spawners per recruit (or
net reproductive rate)y is maximum lifetime reproductive Bigy/ Bo is the proportion of virgin biomass at which MSY is
reached in“agstructured assessment modélsis depletion from an index of abundandés initial depletion from an unexploited
state of the index of abundanc;ica IS initial value of depletion that would result in a change of stdMus;the instantaneous rate
of naturabmertality; “Robu8t’ indicateswhether the method is sensitive or not to the hypothesis on initial depbatas were as
follows: GOM+US-SA=Gulf of Mexico and U.S. South Atlantic; NA=North Atlantic; SA=South Atlantic, NWA= Northwest
Atlantic; GOM=Gulf of Mexico; NP=North Pacific; I=Indian; NEA=Northeast Atlantic;-88=U.S. South AtlanticNEP=Northeast
Pacific, WCR=West Central Péci SEI=Southeastern IndiaBWP=Southwest Pacific; Shading indicates disagreement between
stock assessment and analytical refAdsessments are listed by method (surplus producti@8; agestructuredoroduction: 13-21
age-structured: 229; stock reduction: 3@2; index: 33)See Table S1 for detalils.
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Stock assessment Stock Assessment  Analytical
No. Scientific name Area code So fo a Buer/BoBusyBo Dy I'y d dcritical M Robust? result resuft
1 Carcharhinus isodon GOM+US-SA FTH-NWA 0.703% 1.46 1.03 0.50 d 0.42 0.53 0.80 0.74 0.214 no not overfished not overfishe
2 Isurus oxyrinchus NA SMA-NA 0.88 2.23 1.95 0.42 d 0.45 0.65 0.70 0.57 0.100 no not overfished not overfishe
3 Isurus oxyrinchus SA SMA-SA 0.88 2.23 1.95 0.42 d 7.18 10.26 0.70 0.03 0.100 yes not overfished not overfishe
4 Lamna nasus NWA POR-NA 0.88 131 1.15 0.48 d 0.17 0.26 0.65 i 0.150 yes overfished overfished
5 Mustelus spp. GOM SMHD-GOM 0.68° 5.37 3.65 0.34 d 1.63 2.33 0.70 0.11 0.231 yes notoverfished not overfishe
6 Prionace glauca NA BSH-NA 0.71 27.21 19.24 0.19 d 0.55 0.61 0.90 0.25 0.150 yes not overfished not overfishe
7 Prionace glauca SA BSH-SA 0.71 25.82 18.25 0.19 d 2.14 2.38 0.90 0.06 0.150 yes not overfished not overfishe
8 Prionace glauca NP BSH-NP 0.71 2721 19.24 0.19 d 0.52 1.04 0.50 0.14 0.177 yes not overfished not overfishe
9 Prionace glauca SA BSH-SA2 0.71% 27.21 19.24 0.19 d 1.93 3.86 0.50 0.29 0.150 yes not overfished not overfishe
10 Prionace glauca | BSH-I 0.71% 27.21 19.24 0.19 d 1.20 2.00 0.60 0.07 0.150 yes not overfished not overfishe
11 Sphyrna lewini NWA SHH-NWA 0.84 8.04 6.75 0.28 d 0.19 0.29 0.65 0.85 0.103 no overfished overfished
12 Squalus acanthias NEA DOG-NEA 0.90 3.07 2.77 0.38 d 0.08 0.10 0.80 : 0.104 yes overfished overfished
13 Carcharhinus acronotus US-SA  BNOS-NWA 0.75 1.76 1.32 0.47 0.45 0.24 0.30 0.80" i 0.197 yes overfished overfished
14 Carcharhinus acronotus GOM BNOS-GOM 0.75 2.59 1.94 0.42 0.36 1.25 1.780.70" 019 0213 yes  overfished  not overfishe
15 Carcharhinus limbatus GOM BTIP-GOM 0.79 1.64 1.30 0.47 0.34 0.51 0.79 0.65 0.50 0.154n0 not overfished not overfishe
16 Carcharhinus limbatus US-SA BTIP-NWA 0.85 1.91 1.62 0.44 0.44 4.23 7.04060" 005 0.123 yes not overfished not overfishe
17 Carcharhinus plumbeus NWA SAN-NWA 0.85 1.34 1.14 0.48 0.43 0.25 0.420.60" 099 0.136 yes overfished overfished
18 Carcharhinus obscurus NWA DUS-NWA 0.81 2.40 1.94 0.42 0.35 0.37 0.42 0.87 ! 0.067 yes overfished overfished
19 Rhizoprionodon terraenov: GOM ATSH-GOM 0.66 3.45 2.28 0.40 0.36 0.71 0.89 0.80 0.33 0.259es not overfished not overfishe
20 Rhizoprionodon terraenovi  US-SA  ATSH-NWA 0.79 4.48 3.54 0.35 0.45 2.27 2.84 0.80 0.09 0.23%es not overfished not overfishe
21 Sphyrna tiburo GOM+US-SABH-GOM+SA 0.79 5.19 4.10 0.33 0.30 0.30 0.38 0.80 0.68 0.223no  not overfished not overfishe:
22 Alopias vulpinus NEP THR-NEP 0.84 3.71 3.10 0.36 0.49 0.33 0.54 0.60 0.54 0.179n0 not overfished not overfishe
23 Carcharhinus falciformis WCP SIL-WCP 0.84 3.28 2.74 0.38 0.39 0.03 0.06 0.41" i 0.180 yes overfished overfished

This article is protected by copyright. All rights reserved



24 Carcharhinus longimanus WCP OCW-WCP 0.84 3.28 2.74 0.38 0.42 0.06 0.12 0.47" i 0.180 yes overfished overfished
25 Furgaleus macki SEI WHIS-SEI 0.76 4.39 3.35 0.35 € 0.21 0.21 1.00 : 0.270 yes overfished overfished
26 Galeorhinus galeus SWP SCHO-SWP 0.86 5.83 5.02 0.31 0.28 0.26 0.520.50" 054 0100 no overfished overfished
27 Mustelus canis NWA SMD-NWA 0.82 8.10 6.62 0.28 0.32 1.15 1.64070" 013 0.202 yes not overfished not overfishe
28 Mustelus lenticulatus SWP RIG-SWP 0.78° 2.90 2.26 0.40 € 0.35 0.55 0.65 0.54 0.250 no overfished  not overfishe
29 Prionace glauca | BSH-13 0.51% 7.83 3.99 0.33 0.46 0.30 0.51 0.60 0.55 0.159n0 not overfished not overfishe
30 Carcharhinus sorrah SWP SPOT-SWP 0.73¢ 1.37 1.00 0.50 f 0.74 0.93 0.80 0.36 0.315 yes notoverfished not overfishe
31 Carcharhinus tilstoni SWP ABTIP-SWP 0.73° 3.24 2.36 0.39 f 0.90 1.12 0.80 0.24 0.315 yes notoverfished not overfishe
32 Prionace glauca | BSH-12 0.70% 9.70 6.79 0.28 f 1.20 2.00 0.60 0.10 0.260 yes not overfished not overfishe
33 Squalus acanthias NEP DOG-NEP 0.95 5.76 5.48 0.30 9 0.40 050 0.80" 057 0043 no notoverfished not overfishe:

2 Value not reportéd, butresulted in same productivity as used in stock assessment

® Midpoint of vallies used in Euler-Lotka equation for Mustelus canis-M.sinusmexicanis complex and M. norrisi (0.74 and 0.63, respectively)
° Value not reported, but assumed to be equal to adult sunivorship

9 Stock assessment was, surplus production model and result is not comparable to analytically derived optimal depletion
© Stock assessment was age-structured model but no value was provided
' Stock assessment model was stock reduction analysis and no value was provided

9 Stock assessment was an index method and no value was provided

" Not specified in'stock assessment; depletion assumed to have occurred by the time the index of abundance starts (see also Supplementary materials)

"Indicates that dcirical Would have to be above 1 for status to change from overfished to not overfished

i Model results expressed in terms of depletion from virgin biomass, but assumed overfished state (B1g97/Bo=0.32-0.40)
¥ Model results expressed in terms of depletion from virgin biomass, but assumed overfished state (B1g95/Bo=0.25-0.39)
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Table 2 Specifications for simulation studyFactors are parameters for which a simulation loop
iterated across their valudd: (25 levels),S, (41 levels)maturity slopes (2 levels), selectivity shape
(2 levels)with median selectivitysg Or [Ss0.a, Ss0.d] (3 levels) for 12,300 cases. aPametersdso, pup

production K) were calculated directly froid. In the equations for maturity and selectivays age.

Parameter Value Description

M [0.08-0.32] Natural mortalityfactor with 25 levels]0.08-
0.32] (increments of 0.01); constant for ages 1+

S exp(M)/co Pup survivafactor with 41 levelscy in [1.1-
1.5] (increments of 0.01)

Maturity (m5) 1 Logistic maturity; slopefactor (s) with 2
1+ exp (=s(a = aso)) levels: 0.2 or 100

aso = -In(x)/M Age at 50%maturity (aso) is calculated directly
from M, with x ranging from [0.21-0.35] in 25

equal increments (to matdh levels)

Annualfemale [1.15-16] Age invariant, calculated directly from in 25
pup production equal increments (to matdh levels)

(Pa)

Selectivity (Sa) 1 Logistic selectivitywith slope=0.2 for all cases

1+ exp (—0.2(a — ss50y)
S50 = Casp Factor age at 50% selectivitys{y) has 3 levels:

c={0.5, 1.0, 1.25}imesaso; additional case for

immature only ¢, = 1 -m,)
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< 1 ) Double logisticselectivitywith slope = 0.2 for

1+ exp (=0.2(a = Ss0)) both ascending and descending limbs for all

(1 1 cases
1+ exp (—0.2(a — ss0.9))

S50a = Caaso Factor age at 50% selectivity for ascending

and descending limbsd 4, Ss04] has 3 levels:

S50d = Cd as0 [ca, cal= {[O. 5, 1.5], [1.0, 2.0], [1.25, 2.25]}
timesaso
K 1.15( Von Bertalanffy growth function coefficient
Lo 200 Arbitrary scalar for asymptotic length
to 0 Arbitrary constant for age when length=0
a 1E-6 Arbitrary scalar for convertingength () to

weight V), W=alL”

b 3.0 Arbitrary exponent for converting length)(to
weight @V), W= aL"

Table 3 Perfarmance measures for prediction of overfished and overfishing status. Fisheder
statuspredictions from the datpoor(analytical)method are compared to those from 33 stock
assessments;.for.overfishing status, predictions thoeeF sy proxies are compared to those from 26

stock assessments
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Overfished status Overfishing status
Assessments  Analytical method  Assessments F msy proxies
F msy=0.4IM F ysy=0.5MF \;5y=0.64M
Posttives (P) 12 8
Negatives (N) 21 18
True pos itives (TP) 10 8 8 8
True negatives' (TN) 21 14 15 16
False pos itives (FP) 0 4 3 2
False negatives (FN) 2 0 0 0
Accuracy ((TP+IN)/(P+N)) 0.94 0.85 0.88 0.92
Error rate ((FP+FN)/(P+N)) 0.06 0.15 0.12 0.08
Sensitivity (TP/P) 0.83 1.00 1.00 1.00
Specificity (TN/N) 1.00 0.78 0.83 0.89
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Table 4 Overfishing status found in Z8ock assessments compared to predictions from three
biological reference points basedMr(instantaneous natural mortality rat§hadingndicates

disagreement between the stock assessmerrapigically derived-ysy values.

This article is protected by copyright. All rights reserved



Stock assessment  Stock Overfishing?

No. code Assessment F \;sy=0.4IM F sy=0.9M F y5y=0.64V
1 FTH-NWA No No No No
2 SMA-NA No No No No
3 SMA-SA No No No No
4 POR-NA No No No No
5 SMHD-GOM No No No No
6 BSH-NA No No No No
7 BSH-SA No No No No
9 BSH-SA2 No No No No
10 BSH-I No Yes Yes Yes
11 SHH-NWA Yes Yes Yes Yes
13 BNOS-NWA Yes Yes Yes Yes
14 BNOS-GOM Yes Yes Yes Yes
15 BTIP-GOM No No No No
16 BTIP-NWA No No No No
17 SAN-NWA No No No No
18 DUS-NWA Yes Yes Yes Yes
19 ATSH-GOM No Yes Yes Yes

20 ATSH-NWA No No No No

21 BH-GOM+SA No Yes No No
23 SIL-WCP Yes Yes Yes Yes
24 OCW-WCP Yes Yes Yes Yes

27 SMD-NWA No Yes Yes No

29 BSH-13 Yes Yes Yes Yes

30 SPOT-SWP No No No No

31 ABTIP-SWP No No No No

32 BSH-12 Yes Yes Yes Yes

% agreement 85 88 92
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Table 5 Descriptive statisticémedian and interquartile rand@R) of simulation results dfa) Fusy /M and(b) Fyer /M ratiosfor a
given selectivity shape. Results are summariaethree relationships between median selectivity agg €nd median age at
maturity @so) for stocks with lon(@ = [1.50 - 2.67]) medium(a@ = [2.671 - 6.00]), and high productiviti € [6.01 — 13.00]).The
“Immature”selectivity shape specified selectivity at ags,as1-m,, so only immature individuals were selectéde “All” case

includes™“Dome” and “Logistic” results.

(@)
Median selectivity agesg) vs. median maturity age £g)
- . Selectivi
Produ ctivity Combined s50=0.5"asg Sso=1.0"aso ss0=1.25%asg ty
shape
Low Median IQR Median IQR Median IQR Median IQR
0.22 0.18-0.28 -- -- -- -- - -- Immature
0.32 0.22-0.48 0.19 0.15-0.23 0.35 0.26-0.43 0.55 0.41-0.110gistic
0.39 0.29-0.57 0.26 0.2-0.31. 0.42 0.32-0.52 0.64 0.48-0.82Dome
0.36 0.25-0.52 0.22 0.18-0.27 0.38 0.29-0.48 0.59 0.45-0.77 All
Medium 0.51 0.43-0.59 - - - -- - - Immature
0.89 0.51-1.38 0.44 0.38-0.51 0.9 0.75-1.06 1.69 1.38-2.050gistic
1.03 0.67-1.52 0.6 0.52-0.69 1.05 0.88-1.23 1.82 1.51-2.19Dome
0.96 0.59-1.47 0.51 0.42-0.6 0.97 0.81-1.16 1.76 1.43-2.13 All
High 0.96 0.82-111 - -- -- -- - - Immature

151 0.78-2.5 0.73 0.66-0.73 151 1.4-1.62 2.75 2.5-3.04.0qistic
1.74 1.05-2.67 0.99 0.92-1.05 1.74 1.61-1.87 2.92 2.67-3.24Dome
1.62 0.99-2.58 0.82 0.73-0.99 1.62 1.48-1.76 2.84 2.58-3.15 All
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Table 5 (cont.)

(b)
Median selectivity agesgg) vs. median maturity aga ;)
S . Selectivi
Produ ctivity Combined S50=0.5"asg Ss0=1.0"aso ss0=1.25asg ty
shape
Low Median IQR Median IQR Median IQR Median IQR
0.24 0.19-0.29 -- -- -- -- -- -- Immature
0.32 0.22-0.49 0.2 0.15-0.24 0.36 0.27-0.45 0.57 0.41-0.Mogistic
0.39 0.29-0.58 0.26 0.21-0.32 0.43 0.32-0.53 0.66 0.48-0.8Dome
0.37 0.26-0.54 0.23 0.18-0.28 0.39 0.3-0.49 0.61 0.45-0.79 All
Medium 0.57 0.48-0.67  -- -- -- -- -- -- Immature
0.96 0.56-1.56 0.49 0.41-0.57 0.98 0.81-1.19 1.93 1.52-2. 5 0gistic
1.08 0.71-1.66 0.64 0.54-0.74 1.11 0.92-1.32 2 161-254 Dome
1.02 0.64-1.61 0.56 0.45-0.66 1.04 0.85-1.27 1.97 1.56-2.52 All
High 09 082111  -- -- - -- - - Immature
2.14 1.08-3.97 0.95 0.81-1.08 2.14 1.8-2.48 4.88 3.97-5.d50gjistic
221 1.25-3.97 1.16 1.04-1.25 221 1.9-2.51 4.87 3.97-5.9Dome
2.18 1.19-3.97 1.06 0.9-1.19 2.18 1.85-25 4.87 3.97-5.94 All
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Figurelegends

Figure 1 Selectivity cases explored in simulation included dome-shaped (left columrygastit|
(right column). Rows indicate an example of low (top panels), medium (middle pameld)igh
(bottom panels)-productivity, correspondingite 1.61, 6.0, or 11.62, respectively. Median
selectivity at/agestp) relative to median age at maturigsq) is indicated by the color of the dotted
line and symbolss=0.5 aso (blue with open circleskso=1.0aso (medium blue with open squares),

sso=1.25as (light blue wih open triangles). The maturity ogive is indicated by a solid red line.

Figure 2 Ratio of median selectivity agss() to median age at maturitgisp) obtained from 19 stock
assessmentsq(ns=,22) for logistic (black) and dshegped (grey) selectivitieSee Table 1 for stock

codes.

Figure 3 Ratig.ofFvsyto M from a compilation of 29 shark stock assessments that used surplus
production (blue), age-structured production (red), age-structured (green), arestacton (grey)

models. See Table 1 for stock codes.

Figure 4 Simulation results foFysyfor differert levels of instantaneous natural mortality rég (
when selectivity is dome-shaped (a, c) or logistic (b, d). The maturity ogive had afsid)ie
(protracted ogive; a, b) or 0.2 (kniéelged ogive; c, d). Legends refer to the value of a scalar lvetwee

median selectivity ages{p) and median age at maturigsg), Sso = c*aso, Wwherec = 0.5, 1.0, or 1.25

Figure 5 Relationship between maximum lifetime reproducti@ndf the BevertorHolt stock recruit
relationship and (@) depletion at MSB\(sy/ Bo), (b) harvestable fraction of total biomass (M$¥),
(c) Fusy/ M, or(d)SPRysy. Productivity is delimited by dashed vertical lin@s2.67 (low);
2.67<@<6.0.(medium); @>6 (high). The scalar between age at 50% selectisity &nd age at 50%
maturity @sg) Isfindicated by symbol: blue circle= 0.5, medium blue squdr®Aight blue triangle

=1.25. The green '+ is when only immature sharks are selected.
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Supporting Information

Additional Supporting Information can be found in the online version of this article.
Table S1. Model type and information on the index of abundance used for each stock.

Refer encelistifor Table S1. References of stock assessments cited in Table S1.
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