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Abstract

We conducteda'meta-analysis of literature reporting on the use of circle hooks and J-hooks
in pelagic longline fisheries. Our study included more data than previous meta-analyses of
the effects®of hook type, due to both a larger number of relevant studies available in recent
years and a more general modeling approach. Data from 42 empirical studies were
analyzed using a random effects model to compare the effects of circle hooks and J-hooks
on catch rate (43 species) and at-vessel mortality (31 species) of target and bycatch

species. Catch rates with circle hooks were greater for 11 species, including four tuna
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species, six shark species, and one Istiophorid billfish. Catch rates on circle hooks were
lower for seven species, including two Istiophorid billfishes and two species of sea turtle.
At-vessel mortality was significantly lower with circle hooks in 12 species, including three
tuna species, three Istiophorid billfishes, swordfish (Xiphias gladius), and three shark
species. Nosspecies had significantly greater at-vessel mortality when captured with a circle
hook rathenthan.aJ-hook. While our general approach increased model variability
compared to more detailed studies, results were consistent with trends identified in
previous studies that compared the catch rates and at-vessel mortality (between hook
types) for'a number of species. Our results suggest that circle hooks can be a promising tool
to reduce mortality of some bycatch species in pelagic longline fisheries, although the
effects depend on the species and the metric (catch rate or at-vessel mortality),

emphasizing the need for fishery-specific data in conservation and management decisions.

Keywords: At-vessel mortality, bycatch, catch rate, circle hooks, meta-analysis, pelagic

longline
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Introduction

Bycatch mortality in pelagic longline fisheries is a major factor contributing to the decline
of several marine species. Such population declines have prompted fishery managers to

implement regulations aimed at mitigating bycatch mortality, including both target species
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that are released (regulatory discards) and non-target species that are captured. Pelagic
longline gear is frequently used to target swordfish (Xiphias gladius, Xiphiidae), tunas,
common dolphinfish (Coryphaena hippurus, Coryphaenidae), and wahoo (Acanthocybium
solandri, Scombridae), and some fisheries may also target sharks (National Marine
Fisheries Service (NMFS), 2014; Graves, Horodysky, & Kerstetter, 2012); however, many
non-target species,are also captured and subsequently discarded for regulatory or
economic reasons. Species that are considered bycatch vary by fishery; however, several
species of conservation concern are among those commonly discarded by longline
fisheries, including istiophorid billfishes, sharks, sea turtles, Atlantic bluefin tuna ( 7hunnus
thynnus, Séombridae), and occasionally, marine mammals and seabirds (NMFS, 2014).

The use of circle hooks may affect the mortality rate of target and bycatch species in
pelagic longline fisheries due to the influence of hook type on catch rates, at-vessel
mortality (mertality during capture), and post-release mortality (mortality occurring after
release fromegear). Unlike traditional ]J- hooks, the point of a circle hook is oriented
perpendicular to the shank, forming a circular shape (Serafy, Cooke, Diaz, Graves, Hall,
Shivji, & Swimmer, 2012a). The rounded shape allows a circle hook to slide over soft tissue
in the mouth"and esophagus and rotate as the hook exits the mouth of a fish so that the
hook setsinithejaw (Kerstetter and Graves, 2006a). Compared to J-hooks, circle hooks
have been associated with lower rates of deep-hooking and foul-hooking, leading to
improved €ondition at haulback and increased survival of released animals (Cooke and
Suski, 2004; Serafy, Kerstetter, & Rice, 2009; Godin, Carlson, & Burgener, 2012; Graves et
al,, 2012; Horodysky and Graves, 2005). Circle hooks (vs. J-hooks) have been shown to
decrease catch rates in billfish (Serafy et al.,, 2009) and increase catch rates of target
species suchras'tunas (Pacheco et al., 2011; Graves et al., 2012; Diaz, 2008, Falterman and
Graves, 2002; Kerstetter and Graves, 2006a), leading to both economic and conservation
benefits in certain fisheries.

The benefits of circle hooks have led to the recommended use of circle hooks instead of
J-hooks to reduce mortality of bycatch species in pelagic longline fisheries (Horodysky and
Graves, 2005; Walter, Orbesen, Liese, & Serafy, 2012; Carruthers, Schneider, & Neilson,
2009; Serafy et al.,, 2012a; Yokota, Takahisa, Minami, & Kiyota, 2012). While the

conservation benefits of circle hooks have been recognized by Regional Fisheries
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Management Organizations (RFMOs), variable results across studies and variation in both
target species and fishing practices among international fisheries have prevented
enactment of more widespread regulations (Graves et al., 2012). Currently, the Western
Central Pacific Eisheries Commission (WCPFC) requires the use of circle hooks on longline
vessels usingsshallow sets to catch swordfish, unless the nation has an alternate mitigation
strategy (WEPEFC.CMM 2008-03). Western Central Pacific Fisheries Commission is the only
RFMO requiring the use of circle hooks in any part of the pelagic longline fishery. In the
Atlantic, the International Commission for the Conservation of Atlantic Tunas (ICCAT)
Standing Committee on Research and Statistics (SCRS) has acknowledged the conservation
benefits of ¢circle hooks to sea turtles, blue marlin (Makaira nigricans, Istiophoridae), and
white marlin (Kajikia albida, Istiophoridae) (ICCAT SCRS, 2016). However, ICCAT has not
yet required the use of circle hooks by participating nations. Additionally, the Western
Central AtlantieFishery Commission (a United Nations Food and Agriculture Organization
Regional Fisheries Advisory Commission) and partners have developed a draft Caribbean
Billfish Management and Conservation Plan that recommends the use of circle hooks in
longline and hook-and-line commercial fisheries (David R. Blankinship, pers. comm.).

Individualeountries may also enact circle hook regulations independently of a RFMO. In
the Atlantie;the U.S. and Canadian pelagic longline fleets now require circle hooks,
measures that were initially adopted in the USA primarily to reduce impacts to sea turtles
(Wilson and™Diaz, 2012) and in Canada as a bycatch reduction initiative (Andrushchenko,
Hank, Whelan, Neilson, & Atkinson, 2014). Mexico is also known to use circle hooks in their
pelagic longline fisheries. However, even in countries without circle hook requirements,
cases have been observed in which fishers switch to circle hooks after seeing improved
catch andscondition of target species in their own fleet (Graves et al., 2012). Potential
benefits of expanding the use of circle hooks to a greater number of large-scale commercial
fisheries and artisanal fleets include increased catch of some target species and reduced
post-release mortality rates of both discarded bycatch species and regulatory discards of
target species.

Previous meta-analyses have examined either a single species or pooled data for
species groups, for example, in sharks (Godin et al., 2012) and billfishes (Serafy et al.,

2009), and consequently, have not assessed effects across taxa (Gilman, Chaloupka,
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Swimmer, & Piovano, 2016). Meta-analyses are used to synthesize results of multiple
studies, providing greater power than any one study (Cohn and Becker, 2003), and to
generate inference from a set of experiments that may otherwise have disparate
conclusions (Gurevitch and Hedges, 1999). Our study uses a meta-analysis to quantify the
relative effeets,of using circle hooks compared to ]J-hooks for target and bycatch species in
pelagic longline fisheries from both the Atlantic and Pacific Oceans. Previous meta-analyses
have found lower at-vessel mortality and hooking injury using circle hooks (vs. J-hooks) in
sharks and billfishes (Serafy et al., 2009; Cooke and Suski, 2004). Conclusions about catch
rates vary by taxa. Most studies on sharks have shown increases in catch rates (Favaro and
Coté, 2013;°Gilman et al., 2016; Cohn and Becker, 2003) on circle hooks, while Serafy et al.
(2009) found no change in catch rate for billfishes.

Our study differs from previous meta-analyses in that we evaluate a greater number of
animals usingsspecies-specific models. Ultimately, this information could be combined with
fishery-specifiefishing characteristics and catch and effort data to estimate conservation or
management benefits of programs encouraging the use of circle hooks instead of J-hooks.
We were able to quantify the magnitude and direction of changes in catch rate and at-

vessel mortality.in species using relative risk (RR) as the measure of effect size.

Methods

We compiled information from studies and experiments that examined circle and J-hook
catch in pelagic longline fisheries, including both Atlantic and Pacific fisheries. Published
literature, technical reports, and unpublished data relevant to our search were identified
via Google'Scholar searches, using the following keywords: circle hook, pelagic longline,
and pelagic longline bycatch. Initial references were collected from the /nternational
Symposium on Circle Hooksheld in Coral Gables, Florida from May 4-6, 2011 (Serafy et al,,
2012a). Collected literature was reviewed for additional references fitting the search
criteria. Inclusion in our analysis required that studies used pelagic longlines, reported
species-speeific data for both circle and J-hooks using the same experimental design, and, at
a minimum, presented data on catch numbers or catch rates. For redundant datasets, we
used the more recent data source. We use the term ‘reference’ to refer to a document;

‘experiment’ to refer to a unique dataset considered in our analysis; and ‘record’ to refer to
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one comparison between circle and J-hooks for a species within an experiment. References
used were collected before October 2014.

‘Data collection and screening

Data collected from each reference included species name, hook type, number of hooks
fished, totaleatch, catch rate, and at-vessel mortality (e.g., number of fish dead at
haulback). All.records were classified as ‘circle’ or ‘] hooks. Following Kim, Moon, Boggs,
Koh, & Hag An (2006) and Serafy et al. (2009) circle hooks were categorized as a type of J-
hook because the point is not ‘blocked’ by the hook shaft when the line becomes taught.

. Although'hookispecifications were recorded when available, even standard hook
parameters differ between hook type and manufacturers. Species names were
standardized to reflect the current taxonomic names based on the Integrated Taxonomic
Information System (ITIS, 2015).

Some valuesithat were required, but not directly reported, were derived where
possible. Forrexample, the number of fish caught was often derived from catch rates and
effort reported in the reference. Each unique experiment was assigned an identification
number (ID). Experiments were considered unique if they differed with respect to
attributes su¢hsas time (year of study or season), location, gear (e.g., hook size), vessel size,
or fleet./Results:from more than one experiment could be presented in a single reference.
Most references included only one or two experiment IDs, although one reference had
seven expériment [Ds (Andraka et al,, 2013) because results were reported for three
countries, two target species sets, and different hook comparisons. Each experiment in our
dataset was treated as independent.

The National Marine Fisheries Service (NMFS) Southeast Fisheries Science Center
Pelagic Observer Program (POP) dataset from 1992-2011 was included as a single
experiment in our analysis of at-vessel mortality rates. POP data were parsed into two time
periods reflecting the U.S. Atlantic pelagic longline fishery before and after implementation
of the 2004 circle hook regulations (i.e., 1992-2003 and 2005-2011) and 2004 data were
excluded to remove the effect of changes that occurred during the calendar year. Species
data from the POP were included in the analysis if the species was already included in our
dataset from other references. The POP dataset variable “boarding status” was used to

designate individual fish as dead or alive on haulback (NMFS, 2015). Serafy, Orbesen,
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Snodgrass, Beerkircher, & Walter (2012b) also used POP data to examine the effectiveness
of circle hooks; however, their data were selected based on criteria specific to their analysis
and were not appropriate for our use. Similarly, we were unable to use data directly from
the Foster, Epperly, Shah, & Watson (2012) and Epperly, Watson, Foster, and Shah (2012)
studies andswere provided raw data by the authors. Our compiled dataset is available in
Supplemental.Material A and includes records of counts (catch, at-vessel mortality, and
hooks fished) for all studies, including those from sources not readily available, such as the
POP dataset, Foster et al. (2012) and Epperly et al. (2012). Data from the POP dataset is
also provided in Supplemental Material B and allows for replication of our analysis.
Meta-analysis

Using the data collected, we constructed a suite of meta-analysis models to evaluate
differences in catch rate and at-vessel mortality for fish and sea turtles caught on circle and
J-hooks andterexamine within- and among- experiment variation. Our analysis follows
methods usedsby Godin et al. (2012), but is specific to the pelagic longline fishery, and uses
relative risk (RR) rather than an odds ratio. We selected RR as an effect size measure
because of its straightforward interpretation. The difference between the calculated RR and
a value of 1.0"represents the mean percent change associated with the experimental
treatment;such:.that an RR less than 1.0 indicates lower values for circle hooks compared

to J-hooks. The RR is equal to:
7 n}

RR =
ci/n?

where for'the ith experiment, q; is the number of animals caught on experimental hook
(circle hook), nlsis the number of experimental hooks fished, ¢; is the number of animals
caught on €6ntrol hooks (J-hooks), and n? is the number of control hooks fished for the
analysis of‘¢atch rate. For the at-vessel mortality analysis, a; is the number of animals dead
at haulba€k on circle hooks, ni1 is the number of animals caught on circle hooks, ¢; is the
number of animals dead at haulback on J-hooks, and nl2 is the number of animals caught on
J-hooks. The RR value is log-transformed to normalize the distribution of effect sizes

around zero and to meet the assumption of normality for the analysis.
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Catch rates and at-vessel mortality for circle and J-hooks were estimated using the
metaforpackage (Viechtbauer, 2010) in R 3.11 (R Core Team, 2014) for each species. We
computed a summary effect size for all taxa that had at least two experiment IDs, including
scenarios in which all experiments came from a single citation. A two-sided Wald-type Z-
test was usedito test for differences between effects mean and zero. Effect sizes were
estimated using a;random effects model, allowing us to account for heterogeneity among
experiments. Heterogeneity was expected due to the many explicit and implicit differences
in study designs included in our analysis (e.g., hook size, offset, and manufacturer, capture
location, fishery studied, time of fishing, and target species). Although we collected data on
other variables, such as hook size, offset, bait-type, target species, and geographic location,
we did not include these as fixed effects in our model because they were not reported
consistently across studies and would have resulted in a reduction in the data available to
test our primary hypotheses.

Compared-to fixed effects models, the random effects approach is generally considered
conservative (Borenstein, Hedges, Higgins, & Rothstein, 2009) and applicable to conditions
and locations outside of the scope of the studies analyzed. The random effects model
computes a global mean effect size based on a weighted mean of the studies’ effect sizes,
where the.global mean estimate represents the average of the true underlying distribution
of effect sizes from which the studies were drawn (Hedges and Vevea, 1998). Weights were
computed as‘the inverse of the sample variance and the between-study variance (72),
thereby placing more weight on experiments with estimates having greater precision and
de-emphasizing those weights with high between-study variance. Sample variance, v;, for

In(RR) of the ith experiment was calculated as:

1 1 1 1
V= ———+———
i

a; nll C; n

We computed the heterogeneity factor as a measure of total variation across experiments
due to variability among experiments (Higgins, Thompson, Deeks, & Altman, 2003). Values
of Zvary from 0% to 100%, with higher values indicating greater heterogeneity between

experiments due to variation among experiments that was unaccounted for in our model

(e.g., hook size, hook offset).
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Results

We identified 33 unique references as part of our data compilation and screening process,
of which 25 were used in our meta-analyses. In total, we analyzed 43 of 54 experiments
identified during our literature search and extracted information for 62 species. Species
not includediinymore than one experiment were excluded from the analysis. Catch rate
analyses wereperformed for 43 species (Table 1 and Supplemental Material C) and at-
vessel mortality estimates were obtained for 31 species (Table 2 and Supplemental
Material D).

Meta-analysis results for 43 species are reported here to evaluate differences in catch
rate and at-vessel mortality among target and bycatch species caught with circle and J-
hooks in the pelagic longline fishery. Forest plots of catch rate and at-vessel mortality for
species included in our meta-analysis are provided in Supplemental Material C and D and
present thewresults and variation among the individual studies used in our meta-analysis.
Results forswordfish and yellowfin tuna ( 7hunnus albacares, Scombridae) are presented
in Figures/1-4 as examples. The meta-analysis found that swordfish catch rates were not
significantly different between circle and J-hooks (Table 1). Forest plots of the individual
experiments'show 13 experiments with higher swordfish catch rates and the remaining 13
with loweryerno difference in, catch rates with circle hooks (Fig. 2). At-vessel mortality in
swordfish was lower (or showed no difference) when caught with circle hooks (Table 2)
and only one"eéxperiment found greater at-vessel mortality in swordfish with circle hooks
(vs.]-hooks) (Fig. 3). For yellowfin tuna, the forest plots show lower catch rates on circle
hooks in four experiments, higher in 12 experiments (Fig. 4), and the summary effect size
(RR=1.32) was significant (Table 1). Forest plots of at-vessel mortality of yellowfin tuna
(Fig. 5) indicate'lower (four experiments) or no difference (one experiment) in mortality
on circle hooks (vs. J-hooks), combined with an overall significant reduction in at-vessel
mortality (RR=0.84, p= 0.003) (Table 2).

Catch rate

The difference in catch rate with circle hooks (vs. J-hooks) was significantly greater
(p<0.05) for 11 of the 43 species evaluated (Table 1, Fig. 6) and significantly lower for
seven species (p<0.05). For presentation and discussion purposes, fish were classified as

tunas, elasmobranchs, billfishes, or “other fish” (e.g., dolphinfish). Overall, catch rates with
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circle hooks (vs. J-hooks) were higher for the shark and tuna species, lower for sea turtle
species and other fish species, and mixed for the billfish species.

The 11 species with higher catch rates included four species of tuna: yellowfin tuna,
albacore (Thunnus alalunga, Scombridae), bigeye tuna ( 7hunnus obesus, Scombridae), and
Atlantic bluefin,tuna; Atlantic sailfish (hereafter simply “sailfish” Istiophorus platypterus,
Istiophoridae);@nd six species of sharks: silky shark (Carcharhinus falciformis,
Carcharhinidae), shortfin mako shark (/surus oxyrinchus, Lamnidae), salmon shark (Lamna
ditropis, Lamnidae), porbeagle shark (Lamna nasus, Lamnidae), blue shark (Prionace
glauca, Carcharhinidae), and crocodile shark (Pseudocarcharias kamoharai,
Pseudocarchariidae). The seven species that showed lower catch rates with circle hooks
(vs.]-hooks) were two species of sea turtles: loggerhead sea turtle (Caretta caretta,
Cheloniidae) and olive ridley sea turtle (Lepidochelys olivacea, Cheloniidae), two billfishes:
striped marlini(Kajikia audax, Istiophoridae) and shortbill spearfish ( Tetrapturus
angustirostrisplstiophoridae), sickle pomfret ( 7aractichthys steindachneri, Bramidae),
snake mackerel ( Gempylus serpens, Gempylidae), and dolphinfish.

Effect sizes for species with significant differences in catch rate between circle hooks
and J-hooks (Fig, 6) illustrate general trends among taxonomic groupings, with higher
catch ratesfortunas and elasmobranchs and lower catch rates for sea turtles and “other
fish” (i.e., snake mackerel, sickle pomfret, and dolphinfish). The billfishes were the only
taxonomic'group with both lower and higher catch rates.

Increases in catch rate with circle hooks (vs. J-hooks) ranged from 20% greater in the
sailfish (RR=1.20; p=0.05) to 246% greater in the crocodile shark (RR=3.46; p<0.001).
Catch rate more was more than doubled for species in the genus Lamna (porbeagle shark
RR = 2.08; p<0:001 and salmon shark RR = 2.44; p=0.04) caught using circle hooks
compared to J-hooks. Among thunnid tunas, catch rates ranged from 32% greater in
yellowfin tuna (RR=1.32; p=0.0098) to 87% greater in bluefin tuna (RR=1.87; p<0.001)
when citcle hooks were used. For the Carcharhiniformes, increases in catch rates were
40% (RR=1.40; p<0.001) and 46% (RR=1.46; p<0.001) higher with circles hooks for the
silky and blue sharks, respectively.

Effect sizes for catch rates that were lower with circle hooks (vs. J-hooks) ranged from

16% lower catch rate (RR=0.84; p=0.01) in dolphinfish to 66% lower catch rate (RR=0.34;
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p<0.001) in snake mackerel. Catch rates for loggerhead and olive ridley sea turtles were
42% (RR=0.58; p=0.02) and 31% (RR=0.69; p=0.0049) lower, respectively, when circle
hooks were used rather than J-hooks.

At-vessel mortality

Twelve species,evaluated had significantly (p<0.05) lower at-vessel mortality rate when
caught on cirele heoks (vs. J-hooks), including three species of shark (oceanic whitetip
shark, shortfin mako shark, and scalloped hammerhead- Sphyrna lewini), two species of
tuna (yellowfin and bluefin), four billfishes (blue marlin, sailfish, white marlin, and
swordfish; dolphinfish, and opah (Lampris guttatus, Lamprididae) (Table 2, Fig. 7).
Reductions'in at-vessel mortality ranged from 62% in the oceanic whitetip shark (RR=0.38,
p=0.03) to eight percent in the swordfish (RR=0.92, p=0.0036). However, 10 of the 12
species had reductions ranging from 14% to 30%.

No significant differences in at-vessel mortality due to capture by circle hook (vs. J-
hook) werefound for the remaining 12 species, which include species of shark, tuna,
billfish, other fish, and sea turtles. Five species had significant differences in both at-vessel
mortality and catch rates in comparisons between circle and J-hooks. Only one species, the
dolphinfish, had,both lower catch rate and lower at-vessel mortality. The remaining four
species hadshigher catch rates and lower at-vessel mortality when caught with circle hooks
(vs.]-hooks): shortfin mako shark, yellowfin tuna, bluefin tuna, and sailfish.

IUCN statis

The IUCN program Red List of Threatened Species lists risk status of species on a global
scale in an effort to highlight taxa threatened with extinction and promote their
conservation (Rodrigues, Pilgrim, Lamoreux, Hoffman, & Brooks, 2006). The IUCN
designationsyin‘order of decreasing risk, are “endangered”, “vulnerable”, “near threatened”,
and “least concern” (“data deficient” and “not evaluated” are also included, but are not
related to risk). IUCN designations for species with significant differences in catch rate (18
species) or at-vessel mortality (12 species) between circle and ]J-hooks are indicated in
Figures 6 and 7, respectively.

Of the 11 species that had greater catch rates with circle hooks, one (bluefin tuna) is
[UCN-designated as endangered, three as vulnerable (bigeye tuna, porbeagle shark, and

shortfin mako shark), five as near threatened (albacore and yellowfin tunas, and crocodile,
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blue, and silky sharks), and two (salmon shark and sailfish) are listed as species of least
concern (Fig. 6). Among these, five of the six shark species that had higher catch rates on
circle hooks, are considered near threatened or vulnerable by the IUCN (none had higher
at-vessel mortality with circle hooks). The five species with lower catch rates with circle
hooks (vs. J-heeks) are listed as vulnerable (both sea turtles), near threatened (striped
marlin), and.ofleast concern (snake mackerel and dolphinfish). The shortbill spearfish and
sickle pomfret are designated as “data deficient” and “not evaluated”, respectively.

The bluefin tuna and scalloped hammerhead are the only species listed as endangered
on the IUCN Red List of Threatened Speciesthat had lower at-vessel mortality with circle
hooks (vs.J-hooks) (Fig. 7). The remaining species with lower at-vessel mortality are [UCN-
listed as vulnerable (oceanic whitetip shark, shortfin mako shark, blue marlin, striped
marlin), near threatened (yellowfin tuna), and of least concern (swordfish, sailfish, opah,
dolphinfishyandiescolar - Lepidocybium flavobrunneum, Gempylidae).

Of the fivesspecies demonstrating significant differences in both catch rate and at-vessel
mortality when captured with circle hooks (vs. J-hooks), the bluefin tuna (endangered),
shortfin mako shark (vulnerable), yellowfin tuna (near threatened), and sailfish (least
concern) hadthigher catch rate and lower at-vessel mortality, while the dolphinfish (least
concern) had-adower catch rate and lower at-vessel mortality (Table 3).

Discussion

Reducing byeateh is an important component in the conservation of threatened species and
recovery of declining fisheries and, therefore, a focus of fisheries conservation and
management (Alverson, 1994; Crowder and Murawski, 1998; Lewison, Crowder, Read, &
Freeman, 2004; Kerstetter and Graves, 2006a; Andraka et al., 2013). The results of our
meta-analysisssuggest that substituting circle hooks for J-hooks in pelagic longline fisheries
may increase the catch rates of some target and bycatch species and decrease catch rates of
others; in contrast, we found only decreases or no change in at-vessel mortality.

Tunas

Our results found increases in catch rate on circle hooks for all four Thunnus species
analyzed. Except for the bluefin tuna, tunas were well represented in the analysis because
they are the target of many pelagic longline fisheries and, therefore, data are available from

numerous studies. Although the results of our meta-analysis suggest that transition to
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circle hooks may increase catch rates of tunas, at-vessel mortality was lower for yellowfin
and bluefin tuna. Similarly, Pacheco et al. (2011) found that bigeye and yellowfin tuna had
lower at-vessel mortality and were hooked externally more than internally, indicating a
greater potential for post-release survival. This may also translate into conservation
benefits in fisheries that release undersized tunas, assuming that circle hook effects on fish
survival are,size-independent.

Yellowfin tuna is one of the primary targets of pelagic longline fisheries on a global
scale (Allen, 2010) and higher catch rates with circle hooks may help overcome the
skepticismof fishers and clear the way for adoption of circle hooks. Furthermore, landing
live tuna lgads to a higher quality (i.e., more valuable) ex-vessel product; therefore,
increasing the number of fish alive at haulback may be an additional incentive for circle
hook adoption by tuna fishers (Foster, Parsons, Snodgrass, & Shah, 2015; Serafy et al,,
2012b; Clueasy1997). For example, Venezuelan pelagic longline fishers targeting yellowfin
tuna werereluctant to experiment with circle hooks because of perceived catch reductions
(Falterman and Graves, 2002). However, after higher catches and lower immediate
mortality rates were demonstrated in their fishery, they adopted the use of circle hooks
(Graves et al;*2012). These financial gains may be significant enough to offset the cost of
gear conversion:to circle hooks, as was demonstrated in the Australian fisheries targeting
bigeye and yellowfin tuna and swordfish (Ward et al., 2009).

Elasmobranch

Significant results for shark species showed only increases in catch rates and decreases in
mortality with respect to hook type. Among shark species, catch rates increased (six
species).orishowed no difference (seven species), while at-vessel mortality rates decreased
(three species)or showed no difference (seven species).

These results are consistent with a previous meta-analysis on the effect of pelagic
longline fishing gear factors on sharks (species combined), in which the use of circle hooks
increased catch rates and reduced at-vessel mortality (Gilman et al., 2016). Gilman et al.
speculated that reduced deep-hooking of sharks caught on circle hooks likely accounted for
the reduced mortality, which may also lead to an increase in post-release survival for
sharks. Literature reviewed for this analysis included findings of no differences in catch

rate between hook type (Yokota, Kiyota, & Minami, 2006; Ward et al., 2009; Pacheco et al,,
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2011), higher catch rates (Watson, Epperly, Shah, & Foster, 2005; Ward et al., 2009; Afonso
et al.,, 2011; Pacheco etal., 2011), and (infrequently) lower catch rates (Gilman et al., 2007;
Curran and Bigelow, 2011; Kerstetter and Graves, 2006a) for pelagic shark species. Godin
et al. (2012) evaluated effects of circle vs. ]-hooks reported in 30 studies and found higher
catch rateswith circle hooks, except for blue, shortfin mako, crocodile, and common
thresher (Alopias.vulpinus, Alopiidae) sharks, which showed no significant effects. An
analysis of circle vs. J-hooks by Gilman et al. (2016) demonstrated higher catch rates in
crocodile, whitetip, and silky sharks, consistent with results of the present study, but lower
catch ratesin blue sharks. Both Godin et al. (2012) and Gilman et al. (2016) demonstrated
lower at-véssel mortality (or greater survival), consistent with our results for pelagic
species.

One potentially confounding factor was the use of different leader types with different
hook typessExperiments conducted by Watson et al. (2005) found that circle hooks had a
significantlyshigher catch rate and lower gut hooking rate of blue shark when compared to
J-hooks; however, the authors hypothesized that use of monofilament leaders may have
confounded catch rate comparisons because gut-hooked sharks are more likely to bite off
these leaderstand escape detection. Afonso, Santiago, Hazin, & Hazin (2012) found that
wire leadersshad higher shark catch rates and that significantly more sharks were captured
alive on wire vs. monofilament leaders (but see Yokota (2006) for a counterexample). They
cautioned'that;in longline fisheries, shark catch and mortality rates may be
underestimated when monofilament leaders were used. Unfortunately, the data available
did not allow us to control for this factor in our analysis, but, due to the paired nature of
most studies.included in our analysis, leader type was controlled for on longline sets within
experiments'by'simply alternating hook type with otherwise identical terminal gear.
Piovano, Basciano, Swimmer, & Giacoma (2012) provide an exception, where one fishing
crew bunched experimental hooks on portions of the line. This control was not possible for
the pelagic observer data, and the potential bias previously noted (Beerkircher, Cortes, &
Shivji, 2003). The effect of leader type on and mortality metrics is an area for future
research, especially with respect to sharks. Respiratory mode is a key factor controlling
post-release mortality in elasmobranchs. Dapp, Walker, Huveneers, & Reina (2016) and

Ellis, McCully Phillips, & Poisson (2017) found that obligate ram-venting sharks, such as
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Carcharhinids and Lamnids, have higher discard mortality (combined at vessel mortality
and post-release mortality) than stationary-respiring species because their respiration is
impaired during capture. Ram-ventilating pelagic fish species, such as tunas, mackerels,
and billfishes, may also have impaired respiration during capture (Wegner, Sepulveda,
Aalbers, & Graham, 2013), although to our knowledge there are no comparable analyses
available for,beny.fish. Water temperature and soak time are other factors influencing
shark discard mortality. Shark survival in pelagic longline fisheries significantly decreases
with increasing water temperature (and corresponding lower dissolved oxygen
concentration) and soak time, which favors asphyxiation and increases capture stress in
sharks (Skomal'and Bernal, 2010; Gallagher, Orbesen, Hammerschlag, & Serafy, 2014).

Our results'suggest that circle hooks would reduce at-vessel mortality in three ram
ventilating sharks - oceanic whitetip, scalloped hammerhead, and shortfin mako. This
result is particularly promising for their management because these species are commonly
caught in pelagic longline fisheries (Coelho, Santos, & Amorim, 2012), and their
conservation status is a matter of international concern. A decrease in at-vessel mortality
for bycatch of these shark species does not necessarily translate to a decrease in post-
release mortality of released individuals, however, some proportion of post-release
mortalityisrelated to physiological stress and injuries experienced during capture (Skomal
2007). To our knowledge, no studies specifically address post-release mortality of
scalloped hammerhead from pelagic longlines (Gallagher et al.,, 2014). Few studies have
estimated/such rates in other large pelagic shark species, but see examples for oceanic
whitetip and shortfin mako (Musyl et al. 2011), the blue shark (Moyes, Fragoso, Musyl, &
Brill, 2006; Campana, Joyce, & Manning, 2009) and common thresher shark (Heberer et al,,
2010; Sepulveda et al., 2015).
Billfishes, swordlfish, and dolphinfish

Replacing J-hooks with circle hooks may increase catch rates of several targeted tuna
species without a corresponding increase in catch rates of other target (swordfish) and
secondary target (billfishes and dolphinfish) species. Our results indicate that the use of
circle hooks will lead to a decrease in at-vessel mortality for these species. Previous work
documented relatively high post-release survival in several billfish species (white marlin,

blue marlin, and swordfish) captured in the pelagic longline fishery (Kerstetter, Luckhurst,
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Prince, & Graves, 2003; Kerstetter and Graves, 2006b; Kerstetter and Graves, 2008);
therefore, the differences in at-vessel mortality that we observed are likely to result in a
conservation benefit to the species. These species are particularly important to
recreational fisheries in tropical and subtropical oceanic waters, and similar reductions in
immediateimortality and injury due to hook trauma have been observed in recreational
billfish fisheries,although survival is generally higher in the recreational fishery than in
pelagic longline fisheries (Horodysky and Graves, 2005, Kerstetter and Graves, 2006b,
Prince et al,, 2007).

Billfishes are among the most common highly migratory species targeted by for-hire
charter boats! Recreational catch of white marlin along the Atlantic and Gulf coasts ranges
between 4,000 and 12,000 individuals annually (Goodyear and Prince, 2003; NMFS, 2006)
and recreational fishing for dolphinfish and other pelagic fish species along the U.S. Mid-
Atlantic hasiinereased in recent years due to improved access of anglers to offshore pelagic
waters (Dell'Apa et al., 2015). Management and other conservation measures are needed
for these fish, particularly in consideration of the rapid expansion of the recreational
fishery in developing countries (Pitcher and Hollingworth, 2002; Alié, 2012) and on a
global scale (Thde, Wilberg, Loewensteiner, Secor, & Miller, 2011). The potential reduction
in mortality.due:to pelagic longline interactions provided by conversion to circle hooks is
promising for the conservation and management of these species, particularly in the
Atlantic. Regulations requiring the use of circle hooks could be part of a broader
management strategy to curtail the impacts of recreational and commerecial fishing to
billfish populations. Further research into post-release survival rates in secondary target
species,anissue which has only been marginally explored in longline fisheries (Graves and
Horodyskyy2008), would be helpful to management and conservation efforts.

Sea Turtles

Catch rates on circle hooks were reduced in two sea turtle species, the loggerhead and olive
ridley. These results are consistent with the large-scale experiment described in Watson et
al. (2005), which was the basis of mandatory circle hook use in the U.S. pelagic longline
fishers operating in Atlantic and Gulf of Mexico waters since 2004 (69 F.R. 6621). Both
species showed a nonsignificant increase in at-vessel mortality, which mirrors the results

found in other studies. Additionally, differences in mortality rates were typically attributed
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to combinations of covarying factors, for example, Cambig, Muifio, Freire, & Mingozzi.
(2012) found that mortality of sea turtles increased with soak time and decreased in
relation to the size of the animal.

IUCN

The resultssofour analysis indicated increased catch rates with circle hooks in four pelagic
species (shortfin,mako and porbeagle sharks, bigeye, and bluefin tuna) identified as
vulnerable or endangered by the IUCN. Reduced at-vessel mortality with circle hooks
(compared with J-hooks) was found in three shark species, bluefin tuna, and two billfish
species listed as endangered or vulnerable by the [UCN (Table 3). These results are
consistentwith those previously reported for sharks (Gilman et al., 2016, Serafy et al.,
2012a), billfishes (Prince, Prince, Ortiz, & Venizelos, 2002; Domeier, Dewar, & Nasby-Lucas,
2003; Horodysky and Graves, 2005; Prince et al., 2007; Skomal, 2007), and bluefin tuna
(Skomal, ChaseyPrince, Lucy, & Studholme, 2002; Prince et al., 2002), which presume that
external (vswinternal) hooking results in reduced mortality. In addition, we found reduced
catch rates for two sea turtle species when circle hooks were used, consistent with findings
of previous studies (e.g.,, Watson et al., 2005, Foster et al., 2012). We believe the use of
circle hooks may be helpful in reducing at-vessel mortality for several at-risk species in the
list, and'therefore provide a valuable tool for management and conservation of bycatch
species.

Cortésetal(2010), in an assessment of the vulnerability of sharks in the Atlantic
pelagic longline fishery, found that as a group, pelagic sharks are particularly vulnerable to
pelagic longline fisheries, primarily due to their low productivity and high susceptibility to
capture,and subsequent mortality. The study ranked silky and shortfin mako sharks as the
first andssecond most vulnerable, respectively, followed by the oceanic whitetip shark
(ranked 5), blue,shark (ranked 7), scalloped hammerhead (ranked 9), and porbeagle
(ranked 10). Of these ranked species, the shortfin mako, porbeagle, and oceanic whitetip
shark are [IUCN-designated as vulnerable, and scalloped hammerhead as endangered. The
remaining species are listed as of least concern or not threatened. Although higher catch
rates may not translate into higher mortality, concern remains regarding the ability of
circle-hooks to contribute to the conservation of some species of sharks. Reduced at-vessel

mortality with circle hooks is expected to benefit sharks caught in regulated fisheries by
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increasing the number of sharks released alive, while higher catch rates remain a concern
in unregulated fisheries because both dead and live sharks may be retained (Serafy et al.,
2012a). We used the IUCN Red List of Threatened Species to evaluate, at a high level, the
potential conservation implications of hook type changes in pelagic longline fisheries.
While we recognize that formal stock assessments are the best source of information for
evaluating steekstatus, not all species evaluated here have been formally assessed. We
consider the [UCN Red List of Threatened Speciesto be a useful proxy, as the [UCN process
provides a formal and consistent evaluation of population risk (Rodrigues et al., 2006)
across species, and stock assessments are considered during the designation process (e.g.,
Collette etal.f2011).
Analysis considerations and implications
Our results are consistent with previous studies of the effects of circle hooks on pelagic
fishes, in whichereduced at-vessel mortality in sharks (Godin et al., 2012; Favaro and Coté,
2013; Gilmanretaal., 2016), billfishes (Graves et al., 2012; Horodysky and Graves; 2005,
Graves and Horodysky, 2008; Serafy et al., 2009; Prince et al., 2002), and tunas (Cooke and
Suski, 2004; Pacheco et al.; 2011, Skomal et al.; 2002) were found. However, ours is the first
meta-analysis'te examine these differences at the species level for a large number of
species@and:provides new information regarding differences in catch rates and at-vessel
mortality between species. For example, Serafy et al. (2009) found no species-specific
patterns in‘céateh rate or mortality for billfishes between circle hooks and J-hooks but found
higher mortality and injury rates on J-hooks across studies analyzed. Since the publication
of that review, several other studies have been published that we were able to include in
our analysis. Our findings were consistent with Serafy et al. (2009), in that all billfishes had
significant deereases or no change in at-vessel mortality with circle hooks. However, we
found significant, mixed results for catch rates - sailfish catch rates increased on circle
hooks, while striped marlin and shortbill spearfish catch rates were reduced on circle
hooks relative to J-hooks.

Variability among datasets (e.g., geography, hook size, shape and manufacturers, depth,
bait type) has previously limited the ability of meta-analyses and reviews to draw
definitive conclusions about the conservation value of circle hooks for target and bycatch

species (Cooke and Suski, 2004; Serafy et al., 2009; Serafy et al., 2012b; Graves et al., 2012).
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We did observe heterogeneity across studies (as measured by I2) and recognize that it is
due to variability among datasets that was accounted for as a random effect rather than
fixed-factors. By grouping at the highest level of hook type (circle or ]) rather than
including additignal fixed-factors such as hook manufacturer model, hook size, and hook
offset, we riskidosing information. However, our estimates of effect are useful as estimates
of benefits over.a,wider range of conditions, particularly because there is a limit to the level
of control that regulations or conservation projects may place on the fishing characteristics
of participating vessels or fisheries. Including additional factors, such as hook size and
offset, would have reduced the available data by restricting the study dataset to those
studies that included the additional variables of interest. We considered binning species
into higher taxonomic categories (e.g., order-level analysis), which would allow for the
inclusion of more data; however, this greatly increased between-study heterogeneity.
Additionallyywe recognize that for analyses that included few experiments, RR estimates
should be usedwith caution and should only be considered a first-order approximation of
the population mean (Hedges and Vevea, 1998), as they are based on datasets that cover
fewer variations in gear configuration and less geographic range, which may not overlap
with a species’primary range.

Compared:to Serafy et al. (2012b), which included a smaller data set but accounted for a
larger number of variables, our species-specific estimates for at-vessel mortality were
generally more‘¢onservative in representing the magnitude of change, but in all cases
reflected the same trends in the direction of change. The agreement between our results
and similar studies suggest that our estimates could be applicable to fisheries for which we
lack fishery-specific estimates to generate a reasonable estimate of the benefits of using
circle hooksrHowever, we recognize the need for fishery-specific estimates of the impacts
of circle hooks in conjunction with the implementation of potential projects that attempt to
increase circle hook use in fisheries.

Greater coordination across scientific and management bodies with respect to common
study parameters and variables might allow smaller scale studies to be combined more
easily and, therefore, increase the power of meta-analyses. If the information provided by
the studies were standardized, it would expand the availability of appropriate data and

increase the ease with which meta-analyses such as ours could be conducted. In our case,
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we were unable to use several studies because they did not present the total number of
hooks fished or species caught per hook type.

Overall, our results suggest that a transition to circle hooks in pelagic longline fisheries
could lead.to lower fishing mortality for some species, including several species of
conservationreencern. Additionally, circle hooks have been shown to increase post-release
survival in billfishes (Horodysky & Graves, 2005) which contributes to lower mortality.
Conclusions
Results of our analysis indicate that circle hooks can benefit the management and
conservation of target species and some common bycatch species caught in commercial
pelagic longline fisheries. The conversion to circle hooks in recreational rod-and-reel
fisheries also could enhance the conservation of billfishes and sharks. However, for circle
hooks to be effective in fostering species conservation, international adoption of this
fishing gear+(and proper handling/release procedures) is needed, given the migratory
behavior ofthesmajority of target and bycatch species of pelagic longline fisheries and the
inherent overlap in fishing effort among pelagic longline fleets and between longline and
some recreational fisheries.

The effectswof circle hooks on catch rates and at-vessel mortality were mixed across
studies andsspecies. Therefore, expanding the use of circle hooks as a management
measure for reducing bycatch mortality for a specific fishery should be evaluated prior to
implementation'either experimentally or more specific analysis, consistent with other
findings (Graves et al., 2012; Cooke and Suski, 2004). Particular attention should be given
to species that had high 7, where the heterogeneity may indicate differences in
experimental design or fishery characteristics (e.g., bait type, hook depth, and hook types)
can leadtodivergent results. Transition to circle hooks may be expedited by direct
outreach that provides fishers with opportunities to evaluate the potential for circle hooks
to increase catch rate of target species while decreasing catch and mortality of bycatch
species/ Impacts to a specific fishery with respect to target species, catch rates, bycatch,
and management goals should be evaluated to assess the potential conservation benefits of

circle hooks.

This article is protected by copyright. All rights reserved



632

633
634
635
636
637
638
639

640

641

642
643
644
645

646
647
648

649
650
651
652

653
654

655
656

Acknowledgements

The authors would like to acknowledge the contributions of Lindsey Feldman who
participated in data compilation, Joe Holmes who created the illustration for Fig. 1, and the
comments andsuggestions of three anonymous reviewers, whose contributions have made
substantial improvements to the manuscript. Funding was provided by the Deepwater
Horizon Natural Resources Damage Assessment. The findings and conclusions in this
manuscript are those of the authors and do not necessarily represent the view of NOAA or

of any other natural resource Trustee for the BP/Deepwater Horizon NRDA.

References—* indicates articles used in the meta-analysis

*Afonso, A.S., Hazin, F.H., Carvalho, F., Pacheco, ].C., Hazin, H., Kerstetter, D.W,, ... Burgess,
G.H. (2011). Fishing gear modifications to reduce elasmobranch mortality in pelagic
and bottom longline fisheries off Northeast Brazil. Fisheries Research, 108, 336-343.
10.1016/j.fishres.2011.01.007

Afonso, ASS., Santiago, R., Hazin, H., & Hazin, F.H. (2012). Shark bycatch and mortality and
hook bite-offs in pelagic longlines: interactions between hook types and leader

materials. Fisheries Research, 131-133,9-14.10.1016/j.fishres.2012.07.001

Ali6, ].J. (2012)./Recreational fishery component of the Caribbean large marine ecosystem,
large'pelagic fisheries case study: Southern Caribbean area (Venezuela with notes
from"Colombia) (Caribbean Regional Fisheries Mechanism (CRFM) Report No. 339).
Rome: Fisheries and Agriculture Organization of the United Nations (FAO).

Allen, R. (2010). /nternational management of tuna fisheries: arrangements, challenges and

away forward (Technical Paper No. 45). Rome: FAO.

Alverson, D.L. (1994). A Global Assessment of Fisheries Bycatch and Discards (Technical
Paper No. 339). Rome: FAO.

This article is protected by copyright. All rights reserved



657
658
659
660

661
662
663
664

665
666
667

668
669
670
671
672

673
674
675
676

677
678
679

680
681
682

*Andraka, S., Mug, M., Hall, M., Pons, M., Pacheco, L, Parrales, M., ...Vogel, V. (2013). Circle
hooks: Developing better fishing practices in the artisanal longline fisheries of the
Eastern Pacific Ocean. Biological Conservation, 160, 214-224.

10.1016/j.biocon.2013.01.019

Andrushchenko, [., Hank, A., Whelan, C.L., Neilson, ].D., & Atkinson, T. (2014). A description
of the Canadian swordfish fisheries from 1988 to 2012, and candidate abundance
indices for use in the 2013 stock assessment. /CCAT Collective Volume of Scientific

Papers,; 70,1679-1710.

Beerkircher, iR, Cortés, E., & Shivji, M. (2003) Characteristics of shark bycatch observed
on pelagic longlines off the Southeastern United States, 1992-2000. Marine Fisheries
Review, 64, 40-49

Borenstein, M., Hedges, L., Higgins, ].P., & Rothstein, H. (2009). Meta-analysis: fixed effect
vs. random effects. In M. Borenstein, L. Hedges, ].P. Higgins, & H Rothstein (Eds), An
introduction to meta-analysis (pp. 61-104). M West Sussex U.K.: John Wiley and
SonsyLitd: Retrieved from https://www.meta-analysis-workshops.com/

downlead/bookChapterSample.pdf

*Boggs, C.H., & Swimmer, Y. (2007). Developments (2006-2007) in scientific research on
the use of modified fishing gear to reduce longline bycatch of sea turtles. Western
and/Central Pacific Fisheries Commission, Scientific Committee, Third Regular

Session, 13- 14 August 2007, Honolulu. WCPFC-SC3-EB SWG/WP-7.

*BoltenyAs, Bs:&Bjorndal, K.A. (2005). experiment to evaluate gear modification on rates of
seaturtle bycatch in the swordfish longline fishery in the Azores-Phase 4. No. NOAA
Award Number NAO3NMF4540204.

*Cambie, Gg"Muifio, R., Freire, ., & Mingozzi, T. (2012). Effects of small (13/0) circle hooks
on loggerhead sea turtle bycatch in a small-scale, Italian pelagic longline fishery.

Bulletin of Marine Science, 88,719-730.10.5343/bms.2011.1041

This article is protected by copyright. All rights reserved



683
684
685

686
687
688

689
690
691

692
693
694

695
696

697
698
699
700

701
702
703

704
705
706

707
708

Campana, S.E., Joyce, W., & Manning, M.]. (2009). Bycatch and discard mortality in
commercially caught blue sharks (Prionace glauca) assessed using archival satellite

pop-up tags. Marine Ecology Progress Series, 387, 241-253. 10.3354/meps08109

CarruthersyEHy, Schneider, D.C., & Neilson, ].D. (2009). Estimating the odds of survival and
identifying mitigation opportunities for common bycatch in pelagic longline

fisheries. Biological Conservation, 142,2620-2630.10.1016/j.biocon.2009.06.010

Clucas, L.].1(1997). 4 study of the options for utilization of bycatch and discards from marine
capture fisheries (Technical Report No. 547). Rome: Fisheries and Agriculture

Organization of the United Nations (FAO).

*Coelho, Rg:Santos, M.N., & Amorim, S. (2012). Effects of hook and bait on targeted and
bycatehfishes in an equatorial Atlantic pelagic longline fishery. Bulletin of Marine

Science, 88,449-467. 10.5343/bms.2011.1064

Cohn, L.D.,&Becker, B.]. (2003). How meta-analysis increases statistical power.

Psyehological Methods, 8,243-253.10.1037/1082-989X.8.3.243

Collette, B., Amorim, A.F.,, Boustany, A., Carpenter, K.E., de Oliveira Leite Jr., N., Di Natale, ...
UozumiyY. (2011). Thunnus thynnus. The IUCN Red List of Threatened Species 2011:
e.T21860A9331546. Retrieved from http://www.iucnredlist.org
http://dX.doi.org/10.2305/IUCN.UK.2011-2.RLTS.T21860A9331546.en.

Cooke, S.J., &Suski, C.D. (2004). Are circle hooks an effective tool for conserving marine and
freshwater recreational catch-and-release fisheries? Aquatic Conservation: Marine

and Freshwater Ecosystems, 14,299-326.10.1002/aqc.614

Cortés, E., Arocha, F., Beerkircher, L., Carvalho, Fl, Domingo, A., Heupel, M., ...Simpfendorfer,
C. (2010). Ecological risk assessment of pelagic sharks caught in Atlantic pelagic
longline fisheries. Aquatic Living Resources, 23,25-34.10.1051/alr/2009044

Crowder, L.B., & Murawski, S.A. (1998). Fisheries bycatch: implications for management.

Fisheries, 23,8-17.10.1577/1548-8446(1998)023<0008:FBIFM>2.0.CO;2

This article is protected by copyright. All rights reserved


http://dx.doi.org/10.2305/IUCN.UK.2011-2.RLTS.T21860A9331546.en�

709
710
711

712
713
714

715
716
717
718

719
720
721
722

723
724
725

726
727
728

729
730

731
732
733
734

*Curran, D., & Bigelow, K. (2011). Effects of circle hooks on pelagics in the Hawaii-based
tuna longline fishery. Fisheries Research, 109, 265-275.
10.1016/j.fishres.2011.02.013

Dapp, D.R;, Walker, T.I.,, Huveneers, C., & Reina, R.D. (2016). Respiratory mode and gear
type are important determinants of elasmobranchs immediate and post-release

mortality. Fish and Fisheries, 17,507-524.10.1111 /faf.12124

Dell'Apa, A5, Knight, E., Overto, A., Landry, C, Dumas, C.F., Whitehead, ].C., & Herstine, ].H.
(2015). The North Carolina charter boat fishery changing with the times: a

comparative analysis of the catch composition (1978 and 2007-2008). Fisheries, 40,
222-233.10.1080/03632415.2015.1026332

Diaz, G.A. (2008). The effect of circle hooks and straight (J) hooks on the catch rates and
numbers of white marlin and blue marlin released alive by the U.S. pelagic longline
fleet in the Gulf of Mexico. North American Journal of Fisheries Management, 28,

500-506,10.1577/M07-089.1

Domeier, MiL., Dewar, H., & Nasby-Lucas, N. (2003). Mortality rate of striped marlin
(Zetrapturus audax) caught with recreational tackle. Marine and Freshwater

Research, 54, 435-445.

*Domingo, A., Pons, M., Jiménez, S., Miller, P., Barcel¢, C., & Swimmer, Y. (2012). Circle hook
performance in the Uruguayan pelagic longline fishery. Bulletin of Marine Science,

88,499-511. 10.5343/bms.2011.1069

Ellis, J.R., McCully Phillips, S.R., & Poisson, F. (2017). A review of capture and post-release
moxtality of elasmobranchs. Journal of Fish Biology, 90, 653-722.10.1111/jfb.13197

*Epperly, S.P., Watson, ].W.,, Foster, D.G., & Shah, A.K. (2012). Anatomical hooking location
and condition of animals captured with pelagic longlines: the Grand Banks
experiments 2002-2003. Bulletin of Marine Science, 88, 513-527.
10.5343/bms.2011.1083

This article is protected by copyright. All rights reserved



735
736
737
738
739

740
741
742

743
744
745

746
747
748

749
750
751

752
753
754

755
756
757

758
759
760

Falterman, B., & Graves, J.E. (2002, August). A preliminary comparison of the relative
mortality and hooking efficiency of circle and straight shank (" ]J") hooks used in the
pelagic longline industry. In Lucy, J. & Studholme, A. (Eds) Catch and Release in
Marine Recreational Fisheries. Symposium conducted at the meeting of the

American Fisheries Society, Bethesda, MD.

Favaro, B., & Coté, .M. (2013). Do by-catch reduction devices in longline fisheries reduce
capture of sharks and rays? A global meta-analysis. Fish and Fisheries, 16,300-309.
10.11171/faf.12055

*Foster, D.G., Epperly, S.P., Shah, A.K,, & Watson, ].W. (2012). Evaluation of hook and bait
type'on‘the catch rates in the western North Atlantic Ocean pelagic longline fishery.

Bulletin of Marine Science, 88,529-545. 10.5343/bms.2011.108

Foster, D.G., Parsons, G.R., Snodgrass, D., & Shah, A.K. (2015). At-sea factors that affect
yellowfin tuna grade in the Gulf of Mexico pelagic longline tuna fishery. Fisheries

Research, 164, 59-63. 10.1016/j.fishres.2014.10.013

Gallagher;*Ad., Orbesen, E.S., Hammerschlag, N., & Serafy, ].E. (2014). Vulnerability of
oceanic sharks as pelagic longline bycatch. Global Ecology and Conservation, 1, 50-

59.10.1016/j.gecco.2014.06.003

Gilman, E., Chaloupka, M., Swimmer, Y., & Piovano, S. (2016). A cross-taxa assessment of
pelagic longline by-catch mitigation measures: conflicts and mutual benefits to

elasmebranchs. Fish and Fisheries, 17,748-784. doi:10.111/faf.12143

*Gilman, E., Kobayashi, D., Swenarton, T., Brothers, N., Dalzell, P., & Kinan-Kelly, I. (2007).
Reducing sea turtle interactions in the Hawaii-based longline swordfish fishery.

Biolegical Conservation, 139,19-28.10.1016/j.biocon.2007.06.002

Godin, A.C,, Carlson, ].K,, & Burgener, V. (2012). The effect of circle hooks on shark
catchability and at-vessel mortality rates in longlines fisheries. Bulletin of Marine

Science, 88,469-483. 10.5343/bms.2011.1054

This article is protected by copyright. All rights reserved



761
762

763
764
765

766
767
768
769

770
771

772
773
774
775
776

777
778

779
780

781
782
783
784

785
786
787

Goodyear, C.P., & Prince, E. (2003). U.S. recreational harvest of white marlin. /CCAT
Collective Volume of Scientific Papers, 55, 624-632.

Graves, J.E., & Horodysky, A.Z. (2008). Does hook choice matter? Effects of three circle hook
models'on post-release survival of white marlin. North American Journal of

Fisheries Management, 28,471-480. 10.1577/M07-107.1

Graves, J.E; Horodysky, A.Z., & Kerstetter, D.W. (2012). Incorporating circle hooks into
Atlanticpelagic fisheries: case studies from the commercial tuna/swordfish longline
and recreational billfish fisheries. Bulletin of Marine Science, 88, 411-422.
10.5343/bms.2011.1067

Gurevitch,Js&Hedges, L.V. (1999). Statistical issues in ecological meta-analyses. Ecology,
80,4:142-1149. 10.1890/0012-9658(1999)080[1142:SIIEMA]2.0.CO;2

Heberer, C,, Aalbers, S.A., Bernal, D., Kohin, S., Di Fiore, B., & Sepulveda, C.A. (2010). Insights
intgreatech-and-release survivorship and stress-induced blood biochemistry of
common thresher sharks (A/opias vulpinus) captured in the southern California
recreational fishery. Fisheries Research, 106,495-500.
10:1016/j.fishres.2010.09.024

Hedges, L.V., & Vevea, ].L. (1998). Fixed- and random-effects models in meta-analysis.
Psychological Methods, 3,486-504.10.1037/1082-989X.3.4.486

Higgins, ].PiExThompson, S.G., Deeks, ].]., & Altman, D.G. (2003). Measuring inconsistency in
meta-analyses. British Medical Journal, 327,557-560. 10.1136/bmj.327.7414.557

Horodysky;AiZs; & Graves, J.E. (2005). Application of pop-up satellite archival tag
technology to estimate post-release survival of white marlin ( 7etrapturus albidus)
caught and straight-shank ("]") hooks in the western North Atlantic recreational

fishery. Fishery Bulletin, 103, 84-96.

*Huang, H.W., Swimmer, Y., Bigelow, K., Gutierrez, A., & Foster, D.G. (2016). Influence of
hook type on catch of commercial and bycatch species in an Atlantic tuna fishery.

Marine Policy, 65,68-75.10.1016/j.marpol.2015.12.016

This article is protected by copyright. All rights reserved



788
789
790

791
792

793
794
795

796
797
798

799
800
801

802
803
804

805
806
807

808
809
810
811

812
813

Ihde, T.F., Wilberg, M.]., Loewensteiner, D.A., Secor, D.H., & Miller, T.J]. (2011). The
increasing importance of marine recreational fishing in the U.S.: Challenges for

management. Fisheries Research, 108,268-276.10.1016/j.fishres.2010.12.016

ITIS (20¥5)=Retrieved (2015, April), from the Integrated Taxonomic Information System
(ITIS) (http://www.itis.gov).

*Kerstetter, D'W., & Graves, ].E. (2006a). Effects of circle versus ]-style hooks on target and
non-target species in a pelagic longline fishery. Fisheries Research, 80, 239-250.

10.1016/j.fishres.2006.03.032

Kerstetter, DIW., & Graves, ].E. (2006b). Survival of white marlin ( 7etrapturus albidus)
released{from commercial pelagic longline gear in the western North Atlantic.

FisheryBulletin, 104, 434-444.

Kerstetter,,D.W.,, & Graves, ].E. (2008). Post-release survival of sailfish caught by
commercial pelagic longline gear in the southern Gulf of Mexico. North American

Journalof Fisheries Management, 28,1578-1586. 10.1577/M07-202.1

Kerstetter, D.Wy Luckhurst, B.E., Prince, E., & Graves, ].E. (2003). Use of pop-up satellite
archival'tags to demonstrate survival of blue marlin (Makaira nigricans) released

from pelagic longline gear. Fishery Bulletin, 101, 939.

*Kim, S.S., AnyD.H., Moon, D.Y., & Hwang, S.J. (2007). Comparison of circle hook and ] hook
catchurate for target and bycatch species taken in the Korean tuna longline fishery

during 2005- 2006. No. WCPFC-SC3-EB SWG/WP-11.

*Kim, S.Si Moon, D.Y., Boggs, C., Koh, ].-R., & Hae An, D. (2006). Comparison of circle hook
and J-hook catch rate for target and bycatch species taken in the Korean tuna
longline fishery. Journal of Korean Society and Fisheries Technology, 42,210-216.
10.3796/KSFT.2006.42.4.210

*Largacha, E., Parrales, M., Rendon, L., Velasquez, V., Orozco, M., & Hall, M. (2005). Working

with the Ecuadorian fishing community to reduce the mortality of sea turtles in

This article is protected by copyright. All rights reserved


http://www.itis.gov/�

814
815

816
817
818

819
820
821
822

823
824
825

826
827
828
829

830
831
832

833
834

835
836
837

838
839

longlines: The first year, March 2004-March 2005. In: Western Pacific Regional
Fishery Management Council. Honolulu, HI, USA. 57 pp.

Lewison, R.L.,, Crowder, L.B.,, Read, A.J., & Freeman, S.A. (2004). Understanding impacts of
fisheries'bycatch on marine megafauna. 7rends in Ecology and Evolution, 19, 598-

604.10.1016/j.tree.2004.09.004

*Mejuto,'].,;"Garcia- Cortés, B., & Ramos-Cartelle., A. (2008). Trials using different hook and
baittype€s in the configuration of the surface longline gear used by the Spanish
Swordfish (Xiphias gladius) fishery in the Atlantic Ocean. /CCAT Collective Volume
of Scientific Papers, 62,1793-1830.

Moyes, C.DsEragoso, M.K., Musyl, M.K., & Brill, RW. (2006). Predicting post-release survival
in large-pelagic fish. Transactions of the American Fisheries Society, 135, 1389-

1397.10.1577/T05-224.1

Musyl, M., BrillyR.W.,, Curran, D., Fragoso, N.M., McNaughton, L.M., Nielsen, A, ...Moyes, C.D.
(2071)#Post-release survival, vertical and horizontal movements, and thermal
habitats of five species of pelagic sharks in the central Pacific Ocean. Fishery

Bullétin, 109, 341-361.

National Marine Fisheries Service (NMFS) (2006). Final consolidated Atlantic highly
migratory species fishery management plan. NOAA Office of Sustainable Fisheries,

Highly Migratory Species Management Division, Silver Spring, MD.

*NMFS (2011). Southeast Fisheries Science Center Pelagic Observer Program Data.

Southeast Fisheries Science Center, Miami, FL. Unpublished raw data

NMFS (2014). 2014 stock assessment and fishery evaluation (SAFE) report for Atlantic
highly migratory species. National Oceanic and Atmospheric Administration

(NOAA), Silver Spring, MD.

NMFS (2015). Pelagic Observer Program. Individual Animal Log Instructions. Southeast

Fisheries Science Center, Miami, FL. Retrieved from

This article is protected by copyright. All rights reserved



840
841

842
843
844
845

846
847
848

849
850

851
852
853
854

855
856
857
858
859

860
861
862
863

864
865

https://www.sefsc.noaa.gov/docs/POP 2016/2016/27 2016%20%20Individual%
20Animal%20Log%?20Instructions.pdf

*Pacheco, ].C., Kerstetter, D.W., Hazin, F.H., Hazin, H., Segundo, R.S., Graves, ].E., ...Travassos,
PiE. (2011). A comparison of circle hook and ] hook performance in a western
equatorial Atlantic Ocean pelagic longline fishery. Fisheries Research, 107, 39-45.
10.1016/j.fishres.2010.10.003

*Piovano, S.,;Basciano, G., Swimmer, Y., & Giacoma, C. (2012). Evaluation of a bycatch
reduction technology by fishermen: A case study from Sicily. Marine Policy, 36, 27 2-
27791071016/j.marpol.2011.06.004

Pitcher, T.Js&Hollingworth, C.E. (2002). Recreational fisheries: ecological, economic and

socialevaluation. Oxford, England: Blackwell Science.

Prince, E.D,, Snodgrass, D., Orbesen, E.S., Hoolihan, ].P., Serafy, ].E., & Schratwieser, ].E.
(2007)=Circle hooks and drop-back time: a hook performance study of the South
Floridawrecreational live-bait fishery for sailfish, Istiophorus platypterus. Fisheries

Managment and Ecology, 14,173-182.10.1111/j.1365-2400.2007.00539.x

Prince, M:S5*Prince, E.D., Ortiz, M., & Venizelos, A. (2002, August). A comparison of circle
hook and “]” hook performance in recreational catch-and-release fisheries for
billfish. Tn Lucy, J. & Studholme, A. (Eds) Catch and Release in Marine Recreational
Fisheries, Symposium conducted at the meeting of the American Fisheries Society,

Bethesda, MD, pp. 66-79.

*Promjinda, S., Siriraksophon, S., & Darumas, N. (2008). Efficiency of the circle hook in
comparison with J-hook in longline fishery. In SEAFDEC—The Ecosystem-Based
Fishery.Management in the Bay of Bengal. 15 pp. Department of Fisheries, Ministry

of Agriculture and Cooperatives: Thailand.

R Core Team (2014). R: a language and environment for statistical computing. R

Foundation for Statistical Computing, Vienna, Austria.

This article is protected by copyright. All rights reserved


https://www.sefsc.noaa.gov/docs/POP_2016/2016/27_2016%20%20Individual%20Animal%20Log%20Instructions.pdf�
https://www.sefsc.noaa.gov/docs/POP_2016/2016/27_2016%20%20Individual%20Animal%20Log%20Instructions.pdf�

866
867
868

869
870
871
872

873
874
875

876
877
878
879

880
881
882
883

884
885

886
887
888
889

890
891
892

Rodrigues, A.S., Pilgrim, ].D., Lamoreux, J.F., Hoffmann, M., & Brooks, T.M. (2006). The value
of the IUCN Red List for conservation. 7rends in Ecology and Evolution, 21, 71-76.
10.1016/j.tree.2005.10.010

*Sales, GyGiffoni, B.B., Fiedler, F.N., Azevedo, V.G., Kotas, ].E., Swimmer, Y., & Bugoni, L..
(2010). Circle hook effectiveness for the mitigation of sea turtle bycatch and capture
of target species in a Brazilian pelagic longline fishery. Aquatic Conservation: Marine

and Freshwater Ecosystems, 20, 428-436. 10.1002/aqc.1106

*Santos, M.N., Coelho, R, Fernandez-Carvalho, ., & Amorim, S. (2012).Effects of Hook and
Baiton'Sea Turtle Catches in an Equatorial Atlantic Pelagic Longline Fishery.

Bulletin'of Marine Science, 88,683-701. 10.5343/bms.2011.1065

SepulvedanG:Ag Heberer, C., Aalbers, S.A., Spear, N., Kinney, M., Bernal, D. & Kohin S.
(2015). Post-release survivorship studies on common thresher sharks (A/opias
vulpinus) captured in the southern California recreational fishery. Fisheries

Research, 161,102-108. 10.1016/j.fishres.2014.06.014

Serafy, J.E;€ooke, S.J., Diaz, G.A., Graves, G.E., Hall, M., Shivji, M., & Swimmer, Y. (2012a).
Circle hooks in commercial, recreational, and artisanal fisheries: research status and
needs for improved conservation and management. Bulletin of Marine Science, 88,

371-391.10.5343/bms.2012.1038

Serafy, ].E,, Kerstetter, D.W., & Rice, P.H. (2009) Can circle hook use benefit billfishes? Fish
and-Fisheries 10,132-142.10.1111/j.1467-2979.2008.00298.x

Serafy, ].E,, Orbesen, E.S., Snodgrass, D.J., Beerkircher, L.R., & Walter, ]J.F. (2012b). Hooking
survival.ef fishes captured by the United States Atlantic pelagic longline fishery:
Impact.of the 2004 circle hook rule. Bulletin of Marine Science, 88, 605-621.
10.5343/bms.2011.1080

Skomal, G. (2007). Evaluating the physiological and physical consequences of capture on
post-release survivorship in large pelagic fishes. Fisheries Management and Ecology,

714,81-89.10.1111/j.1365-2400.2007.00528.x

This article is protected by copyright. All rights reserved



893
894
895
896

897
898
899
900
901

902
903

904
905
906

907
908
909

910
911
912

913
914
915

916
917
918

Skomal, G.B., & Bernal, D. (2010). Physiological responses to stress in sharks. In Carrier, J.,
Musick, J., & M. Heithaus (Eds) Sharks and their relatives II: Biodiversity, adaptive
physiology, and conservation. Boca Raton: CRC Press. 10.1201/9781420080483-
cll

Skomal, G/B., Chase, B.C,, Prince, E.D., Lucy, ]., & Studholme, A. (2002, August). A comparison
of circle hook and straight hook performance in recreational fisheries for juvenile
Atlantic bluefin tuna. In Lucy, ]. & Studholme, A. (Eds) Catch and Release in Marine
Recreational Fisheries. Symposium conducted at the meeting of the American

Fisheries Society, Bethesda, MD, pp. 57-65.

Viechtbauer, W (2010). Conducting meta-analyses in R with the metafor package. Journal
Of Statistical Software, 36, 1-48.

Walter, ].E., Orbesen, E.S,, Liese, C., & Serafy, ].E. (2012). Can circle hooks improve western
Atlantic sailfish, Istiophorus platypterus, populations? Bulletin of Marine Science,

88,755-770.10.5343/bms.2011.1072

*Ward, P.;Epe, S., Kreutz, D., Lawrence, E., Robins, C., & Sands, A. (2009). The effects of
cirele hooks on bycatch and target catches in Australia's pelagic longline fishery.

Fisheries Research, 97,253-262.10.1016/j.fishres.2009.02.009

Watson, |.W., Epperly, S.P., Shah, AK,, & Foster, D.G. (2005). Fishing methods to reduce sea
turtle mortality associated with pelagic longlines. Canadian Journal of Fisheries and

AquatieSciences, 62,965-981. 10.1139/f05-004

Wegner, N.C., Sepulveda, C.A., Aalbers, S.A., & Graham, ].B. (2013). Structural adaptations
for ram.ventilation: gill fusions in Scombrids and billfishes. Journal of Morphology

274:108-120. 10.1002/jmor.20082

Wilson, ], & Diaz, G. (2012). An overview of circle hook use and management measures in
United States marine fisheries. Bulletin of Marine Science, 88, 771-788.
10.5343/bms.2011.1061

This article is protected by copyright. All rights reserved


https://doi.org/10.1016/j.fishres.2009.02.009�

919
920
921

922
923
924

925

926

927

928
929
930
931
932
933
934

935

*Yokota, K., Kiyota, M., & Minami, H. (2006). Shark catch in a pelagic longline fishery:
comparison of circle and tuna hooks. Fisheries Research, 81,337-341.

10.1016/j.fishres.2006.08.006

Yokota, Ky, Takahisa, M., Minami, H., & Kiyota, M. (2012). Perspectives on the morphological
elements of circle hooks and their performance in pelagic longline fisheries. Bulletin

of Marine Science, 88,623-629. 10.5343/bms.2011.1066

1.1 Catch rate and at-vessel mortality of circle hooks versus J-hooks

in pelagic longline fisheries: a global meta-analysis: Tables

Table 1: Results.of the meta-analysis on catch rates showing the summary effect size (relative risk, RR) and
95% confidencerinterval (CI). RR > 1 indicates a higher catch was calculated on circle hooks compared to J-
hooks. 2 describes,the percentage of total variation caused by between-study heterogeneity rather than
within-studysvariance. P-values that are less than or equal to 0.05 are in bold to indicate significance. Status
refers to [UCN, Red/List conservation status category where LC - Least Concern, NT -Near Threatened, VU -
VulnerableyEN=Endangered, and CR - Critically Endangered are categories with increasing extinction risk.

The categories DD = Data Deficient, and NE - Not Evaluated, are not categorized with an extinction risk.

#exp. RR Cl B ) References Status
Aulopiformes
(Coelho et al,, 2012, Curran
and Bigelow, 2011, Kim et al,,
Longnose lancetfish 8 096 0.74-1.25 71% 0.790 2007, Kim etal., 2006, LC
Promjinda et al., 2008, Ward
etal, 2009)
Carcharhiniformes
Silky shark 9 1.4 1.18-1.67 49% <0.001 (Afonsoetal, 2011, Andraka NT
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etal,, 2013, Pacheco et al,,
2011, Promjinda et al., 2008,
Ward et al., 2009, Yokota et
al.,, 2006)

(Afonso etal., 2011, Kim et
al,, 2007, Kim et al., 2006,

Oceanic whitetip shark 6 14 0.85-232 0% 0.190 vu
Pacheco etal,, 2011, Ward et

al,, 2009, Yokota et al.,, 2006)

(Afonso et al.,, 2011, Domingo

Night shark 2 187 0.75-4.66 72% 0.180
etal, 2012)

(Afonso et al.,, 2011, Coelho et
Tiger shark 4 087 0.12-64 63% 0.890 al, 2012, Promjinda etal, NT
2008, Ward et al,, 2009)

(Afonso etal., 2011, Andraka
etal, 2013, Bolten and
Bjorndal, 2005, Cambié et al.,
2012, Curran and Bigelow,
2011, Domingo etal., 2012,
Foster et al,, 2012, Huang et
al, 2016, Kerstetter and

Blue shark 24 146 1.18-1.8 99% <0.001 NT
Graves, 20063, Kim et al.,
2007, Kim et al., 2006,
Largacha et al,, 2005, Mejuto
etal.,, 2008, Pacheco et al.,,
2011, Sales et al., 2010, Ward
etal., 2009, Yokota et al,,

2006)

(Afonso et al.,, 2011, Domingo
etal, 2012, Kim et al., 2007,

Scalloped hammerhead 7 085 0.57-1.28 0% 0.440 EN
Kim et al., 2006, Pacheco et

al,, 2011, Sales et al,, 2010)
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Smooth hammerhead

Lamniformes

Pelagic thresher

Bigeye thresher

Shortfin mako

Salmon shark

Porbeagle shark

Crocodile shark

Lampridiformes
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2

6

10

12

0.25

0.6

1.5

1.71

2.04

2.08

3.46

0.03-2.31 0%

0.25-1.42 26%

0.97-2.31 84%

1.57-1.86 0%

1.05-3.96 16%

1.84-2.34 0%

1.81-6.63 88%

0.220

0.250

0.070

<0.001

0.036

<0.001

2e-04

(Kim et al,, 2007, Kim et al,,
2006)

(Andraka et al.,, 2013,
Domingo etal,, 2012,
Promjinda et al., 2008,
Yokota et al., 2006)

(Coelho et al,, 2012, Curran
and Bigelow, 2011, Kim et al,,
2007, Kim et al., 2006,
Promjinda et al., 2008, Ward
etal., 2009, Yokota et al,,
2006)

(Afonso et al.,, 2011, Andraka
etal, 2013, Domingo et al,,
2012, Foster et al., 2012, Kim
etal, 2006, Mejuto et al,,
2008, Pacheco et al., 2011,
Sales et al., 2010, Ward et al.,
2009, Yokota et al.,, 2006)

(Kim et al,, 2007, Kim et al.,
2006, Yokota et al.,, 2006)

(Domingo et al,, 2012, Foster
etal, 2012)

(Coelho et al,, 2012, Kim et
al,, 2007, Kim et al., 2006,
Pacheco et al,, 2011, Ward et
al.,, 2009)

VU

vu

LC

VU

NT



(Curran and Bigelow, 2011,
Opah 4 1.18 0.68-2.02 87% 0.560 Kimetal., 2007, Wardetal, LC
2009)

Myliobatiformes

(Andraka et al., 2013, Cambie

etal,, 2012, Coelho et al,,

2012, Curran and Bigelow,

2011, Domingo et al., 2012,
Pelagic stingray. 15 0.64 0.36-1.13 87% 0.120 Kerstetter and Graves, 2006a, LC

Kim et al., 2007, Kim et al.,,

2006, Pacheco et al,, 2011,

Promjinda et al., 2008, Ward

etal, 2009)
Percoidei
(Kim et al,, 2007, Kim et al.,
Atlantic pomfret 2 3.11 0.86-11.22 90% 0.084 LC
2006)
Sickle pomfret 2 083 0.71-097 68% 0.022 (Curranand Bigelow, 2011) NE

(Andraka et al,, 2013, Cambie

etal, 2012, Curran and

Bigelow, 2011, Domingo et

al,, 2012, Kerstetter and
Dolphinfish 21 084 074-097 95% 0013 o 2000 Kimetal, LC

2007, Kim et al., 2006,

Largacha et al,, 2005, Pacheco

etal, 2011, Promjinda et al,,

2008, Sales et al., 2010, Ward

etal,, 2009)

(Kim et al., 2007, Promjinda
etal, 2008, Ward et al., 2009)

Great barracuda 3 135 0.25-718 0% 0.730
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Scombroidei

Snake mackerel

Escolar

Oilfish

Wahoo

Skipjack tuna

Albacore
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4

0.34

0.31-0.37

0%

11 131 0.94-1.82 82%

11

0.76

1.08

1.08

1.46

0.49-1.18

0.69-1.69

0.69-1.69

1.01-2.1

0%

73%

57%

93%

<0.001

0.110

0.220

0.730

0.730

0.044

(Curran and Bigelow, 2011,
Promjinda et al., 2008, Ward
etal, 2009)

(Andraka et al., 2013, Curran
and Bigelow, 2011, Domingo
etal,, 2012, Kerstetter and
Graves, 20063, Kim et al.,
2007, Kim et al.,, 2006,
Pacheco et al., 2011,
Promjinda et al., 2008, Ward
etal, 2009)

(Cambie et al,, 2012,
Domingo etal., 2012, Kim et
al,, 2007, Kim et al., 2006,
Largacha et al.,, 2005)

(Andraka et al,, 2013, Curran
and Bigelow, 2011, Domingo
etal, 2012, Kim et al., 2007,
Kim et al., 2006, Pacheco et
al, 2011, Ward et al., 2009)

(Andraka et al., 2013, Curran
and Bigelow, 2011, Kim et al,,
2007, Kim et al., 2006, Ward
etal,, 2009)

(Curran and Bigelow, 2011,
Domingo et al,, 2012, Foster
etal, 2012, Huang et al,,
2016, Kim et al,, 2007, Kim et
al.,, 2006, Pacheco et al., 2011,

LC

LC

LC

LC

LC

NT



Sales et al., 2010, Ward et al.,
2009)

(Andraka et al,, 2013, Curran

and Bigelow, 2011, Domingo

etal, 2012, Huang et al,,

2016, Kim et al., 2007, Kim et
Yellowfin tuna 16 132 1.07-1.62 87% 0.010 NT

al,, 2006, Largacha et al.,

2005, Pacheco et al,, 2011,

Promjinda et al., 2008, Sales

etal, 2010, Ward et al., 2009)

(Andraka et al., 2013, Curran
and Bigelow, 2011, Domingo
etal, 2012, Foster et al,,

2012, Huang et al., 2016, Kim

Bigeye tuna 14 1.38 1.13-1.68 92% 0.002
etal,, 2007, Kim et al.,, 2006,
Largacha et al.,, 2005, Pacheco
etal, 2011, Sales et al., 2010,
Ward et al., 2009)
(Cambie et al., 2012, Foster et
Bluefin tuna 2 187 1.3-2.7 27% <0.001
al, 2012)
Squaliformes
(Kim et al,, 2007, Kim et al,,
Velvet dogfish 2 348 0.41-29.32 75% 0.250 NE
2006)
Testudines

(Andraka et al,, 2013, Boggs

and Swimmer, 2007, Bolten

and Bjorndal, 2005, Cambié
Loggerhead sea turtle 16 0.58 0.36-0.92 91% 0.021 vu

etal, 2012, Domingo et al,,

2012, Foster et al., 2012,

Gilman et al,, 2007, Huang et
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Green sea turtle 10 0.72 0.49-1.06 37% 0.100
Hawksbill sea turtle 6 08 0.31-2.02 7% 0.630
Olive ridley sea turtle 14 0.69 0.53-0.89 60% 0.005

Leatherback seasturtle 10 0.64 0.38-1.08 89% 0.093

Tetraodontiformes

Ocean sunfish 6 099 0.73-1.35 7% 0.970
Xiphioidei

Black marlin 2 111 0.78-1.58 0% 0.560
Sailfish 8 12 1-1.44 38% 0.048
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al,, 2016, Mejuto et al.,, 2008,
Piovano et al., 2012, Sales et

al, 2010)

(Andraka et al.,, 2013,
Largacha et al,, 2005, Pacheco
etal, 2011, Sales et al., 2010)

(Andraka et al., 2013)

(Andraka et al., 2013, Huang
etal, 2016, Kim etal., 2007,
Kim et al,, 2006, Largacha et
al,, 2005, Mejuto et al.,, 2008,
Pacheco et al,, 2011, Santos et
al,, 2012)

(Andraka et al., 2013,
Domingo et al,, 2012, Foster
etal, 2012, Gilman et al,,
2007, Huang et al., 2016,
Mejuto et al., 2008, Pacheco
etal, 2011, Sales et al., 2010,
Santos et al., 2012)

(Cambie et al., 2012, Coelho
etal, 2012, Domingo et al,,
2012, Ward et al,, 2009)

(Andraka et al,, 2013,
Promjinda et al., 2008)

(Andraka et al,, 2013, Kim et

EN

CR

\'A8

vu

DD

LC



White marlin

Striped marlin

Blue marlin

Shortbill spearfish

Swordfish
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26

0.98

0.86

0.96

0.66

1

0.77-1.25 0%

0.76-0.97 56%

0.63-1.46 69%

0.51-0.84 56%

0.81-1.23 97%

0.880

0.015

0.840

0.001

0.980

al.,, 2007, Kim et al., 2006,
Pacheco et al., 2011,
Promjinda et al., 2008)

(Andraka et al.,, 2013,
Pacheco etal, 2011)

(Curran and Bigelow, 2011,
Kim et al., 2007, Kim et al.,,
2006, Ward et al,, 2009)

(Andraka et al., 2013, Curran
and Bigelow, 2011, Kim et al,,
2007, Kim et al., 2006,
Pacheco etal,, 2011, Ward et
al.,, 2009)

(Curran and Bigelow, 2011,
Huang et al., 2016, Kim et al,,
2007, Kim et al., 2006, Ward
etal, 2009)

(Andraka et al,, 2013, Boggs
and Swimmer, 2007, Bolten
and Bjorndal, 2005, Cambié
etal,, 2012, Curran and
Bigelow, 2011, Domingo et
al,, 2012, Foster et al., 2012,
Gilman et al., 2007, Huang et
al,, 2016, Kerstetter and
Graves, 20063, Kim et al.,
2007, Kim et al., 2006, Mejuto
etal, 2008, Pacheco et al.,,
2011, Piovano et al., 2012,
Promjinda et al., 2008, Sales
etal, 2010, Ward et al., 2009)

NT

VU



936
937
938
939
940
941
942
943

Table 2: Results of the meta-analysis on at-vessel mortality showing the summary effect size (relative risk,

RR) and 95% confidence interval (CI). RR > 1 indicates a higher at-vessel mortality was calculated on circle

hooks compared to J-hooks. 2 describes the percentage of total variation caused by between-study

heterogeneity rather than within-study variance. P-values that are less than or equal to 0.05 are in bold to

indicate significance. Status refers to IUCN Red List conservation status category where LC - Least Concern,

NT - Near Threatened, VU - Vulnerable, EN - Endangered, and CR - Critically Endangered are categories with

increasing extinction risk. The categories DD - Data Deficient, and NE - Not Evaluated, are not categorized

with an extinctionsrisk.

#exp. RR
Aulopiformes
Longnose

2 1.07
lancetfish
Carcharhiniformes
Silky shark 2 057
Oceanic whitetip

2 038
shark
Dusky Shark 2 063
Tiger shark 2 1.08
Blue shark 9 0.99
Scalloped

0.79

hammerhead

Cl

0.9-
1.28

0.24-
1.32

0.16-
0.9

0.35-
1.16

0.31-
3.71

0.88-
1.12

0.72-
0.86

98%

54%

0%

42%

40%

88%

0%

0.420

0.190

0.028

0.140

0.910

0.930

<0.001

References

(Curran and Bigelow, 2011)

(Afonso etal, 2011, NMFS, 2011)

(Afonso et al.,, 2011, Pacheco et al., 2011)

(Afonso etal, 2011, NMFS, 2011)

(Afonso etal, 2011, NMFS, 2011)

(Afonso etal., 2011, Curran and Bigelow,
2011, Epperly et al,, 2012, Huang et al,,
2016, Pacheco et al., 2011, Yokota et al.,
2006, NMFS, 2011)

(Afonso et al., 2011, NMFS, 2011)
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Status

LC

NT

VU

VU

NT

NT

EN



Lamniformes

Bigeye thresher

Shortfin mako

Porbeagle shark

Crocodile shark

Lampridiformes

Opah

Myliobatiformes

Pelagic stingray

Percoidei

Sickle pomfret

Dolphinfish

Scombroidei

Snake mackerel

1.08

0.89

0.89

0.97

0.78

1.07

0.95

0.83

0.97

0.9-1.3 61%

0.82-
1%

0.96

0.79-
9%

1.01

0.51-
0%

1.85

0.66-
0%

0.93

0.48-
0%

241

0.7-
0%

1.29

0.76-

0.91

0.85-
0%

1.09

50% <0.001

0.400

0.005

0.074

0.930

0.006

0.860

0.740

0.590

(Coelho et al,, 2012, Curran and Bigelow,
2011, NMFS, 2011)

(Afonso et al.,, 2011, Epperly et al., 2012,
Pacheco et al., 2011, Yokota et al., 2006,
NMEFS, 2011)

(Epperly et al,, 2012, NMFS, 2011)

(Coelho et al.,, 2012, Pacheco et al., 2011)

(Curran and Bigelow, 2011)

(Coelho et al,, 2012, Curran and Bigelow,
2011, Pacheco etal.,, 2011)

(Curran and Bigelow, 2011)

(Curran and Bigelow, 2011, Pacheco et al,,

2011, NMFS, 2011)

(Curran and Bigelow, 2011)
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NT
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Escolar 3 0.7 08 0% <0.001 (Curranand Bigelow, 2011, NMFS, 2011)
0.96- (Curran and Bigelow, 2011, Pacheco et al,,
Wahoo 3 1.01 0% 0.700
1.07 2011)
Skipjack tuna 2 097 095-1 0% 0.077 (Curranand Bigelow, 2011)

(Curran and Bigelow, 2011, Epperly et al.,

0.92-

Albacore 6 0.99 107 60% 0.840 2012, Huangetal, 2016, Pacheco etal,
' 2011, NMFS, 2011)

0.75- (Curran and Bigelow, 2011, Huang et al,,
Yellowfin tuna 5 084 74% 0.003

0.94 2016, Pacheco et al., 2011, NMFS, 2011)

076 (Curran and Bigelow, 2011, Epperly et al.,
Bigeye tuna 6 091 1 09 95% 0.310 2012, Huangetal, 2016, Pacheco et al,,

' 2011, NMFS, 2011)

0.81-
Bluefin tuna 2 086 091 0% 9e-08 (Epperlyetal, 2012, NMFS, 2011)
Testudines

(Cambie et al,, 2012, Gilman et al.,, 2007,
Loggerhead sea 0.61-
5 141 8% 0.420 Mejuto etal., 2008, Sales et al., 2010, NMFS,
turtle 3.26
2011)
Leatherback sea 0.49- (Huang et al., 2016, Mejuto et al.,, 2008,
4 1.49 25% 0.480

turtle 456 Pacheco etal., 2011, NMFS, 2011)
Xiphioidei
Sailfish 2 071 05-1 3% 0.048 (Pachecoetal, 2011, NMFS, 2011)

0.77-
White marlin 2 084 09 0% <0.001 (Pachecoetal, 2011, NMFS, 2011)
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944
945

946

947

948
949
950
951
952
953
954

Striped marlin 2 1.06 ' 62% 0.670 (Curran and Bigelow, 2011) NT

1.41

0.75- (Curran and Bigelow, 2011, Pacheco et al,,
Blue marlin 4 0.82 0% <0.001 \48)

0.9 2011, NMFS, 2011)

0.94- (Curran and Bigelow, 2011, Huang et al,,
Shortbillksspearfish 3 1.01 33% 0.870 DD

1.08 2016)

087 (Curran and Bigelow, 2011, Epperly et al.,
Swordfish 6 092 0 97 80% 0.004 2012, Huangetal, 2016, Pacheco et al,, LC

2011, NMFS, 2011)

Table 3: Species by TUCN status. See text for details on status determination. IUCN status refers to IUCN Red
List conservation.status category where LC - Least Concern, NT - Near Threatened, VU -Vulnerable, EN -
Endangeredyand:€R - Critically Endangered are categories with increasing extinction risk. The categories DD -
Data Deficient, and NE - Not evaluated, are not categorized with an extinction risk. Species in bold were found
to have a relative risk of catch rate or at-vessel mortality significantly different from zero. Those species are
followed by amfindication of the direction of the relative risk (catch rate, at-vessel mortality). A dash (-)

indicates notsignificantly different from zero for that parameter (catch rate, at-vessel mortality).

IUCN )
Species
Status
CR Hawksbill sea turtle
EN Green sea turtle, Scalloped hammerhead(-,), Bluefin tuna(7,{)

Bigeye thresher, Oceanic whitetip shark(-,d), Dusky shark, Night shark, Loggerhead sea turtle(d,-),
VU Leatherback sea turtle, Shortfin mako(T,!), White marlin(-,1), Porbeagle(T,-), Olive ridley sea turtle(!,-

), Blue marlin(-,4), Ocean sunfish, Smooth hammerhead, Bigeye tuna(1,-)
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955

956

957
958
959

960
961
962
963
964
965

966
967
968
969
970
971

972
973

Silky shark(1,-) Tiger shark, Striped marlin({,-), Blue shark(1,-), Crocodile shark(?,-), Albacore(1,),

NT

Yellowfin tuna(T,!)

Wahoo, Longnose lancetfish, Atlantic pomfret, Dolphinfish({,d), Snake mackerel(!,-),Sailfish(1,4),
LC Skipjack tuna, Salmon shark(T,-), Opah(-,1), Escolar(-,d), Pelagic stingray,Oilfish, Great barracuda,

Blackfin tuna, Swordfish(-,d)

DD Black Marlin, Shortbill spearfish({,-)

NE Velvet dogfish, Sickle pomfret(d,-)

Figure 1. Diagram of circle, tuna, and J-hook. Arrows represent the distinctive
characteristies.of each style of hook. Tuna hook - the curved shaft, J-hook - the point is

parallel to‘the shaft, Circle hook - the point is turned inward relative to the shaft.

Figure 2¢Effectssize of hook type on catch rate for swordfish for experiments considered in
this analysis and estimated by the resulting model (RE model). ‘Events’ refer to observed
catch and ‘total” indicates the number of hooks fished. Effect size (relative risk - RR), 95%
confidence intervals (CI), and weights (%W) are shown indicated for each study and the
meta-analysis.model. Numeric superscript refers to the experiment identification number

provided te distinguish between experiments within a reference.

Figure 3. Effect size of hook type on at-vessel mortality for swordfish for experiments
considered in this analysis and estimated by the resulting model (RE model). ‘Events’ refer
to observed'mortalities and ‘total’ indicates the number fish caught. Effect size (relative
risk - RR),"95% confidence intervals (CI), and weights (%W) are indicated for each study
and the meéta-analysis model. Numeric superscript refers to the experiment identification

number provided to distinguish between experiments within a reference.

Figure 4. Effect size of hook type on catch rate for yellowfin tuna for experiments

considered in this analysis and estimated by the resulting model (RE model). ‘Events’ refer

This article is protected by copyright. All rights reserved




974  to observed catch and ‘total’ indicates the number of hooks. Effect size (relative risk - RR),
975  95% confidence intervals (CI), and weights (%W) are indicated for each study and the
976  meta-analysis model. Numeric superscript refers to the experiment identification number

977  provided to distinguish between experiments within a reference.

978  Figure 5. Effect size of hook type on at-vessel mortality for yellowfin tuna for experiments
979  considered in this analysis and estimated by the resulting model (RE model). ‘Events’ refer
980 to observed mortalities and ‘total’ indicates the number of fish caught. Effect size (relative
981 risk - RR),95%"confidence intervals (CI), and weights (%W) are indicated for each

982  experimentand the meta-analysis model. Numeric superscript refers to the experiment
983 identification number provided for the purpose of distinguishing between experiments

984  within a reference.

985  Figure 6. Effect.size (relative risk - RR) of hook type on catch rate for species for which a
986 significantdifference was observed. Squares represent mean values and lines show the
987  Wald-type95% confidence intervals estimated by the model. Values < 1 represent

988  significantly lower at-vessel mortality on circle hooks relative to J-hooks. IUCN status

989 refers to [UEN,Red List conservation status category.

990  Figure 7. Effect size (relative risk - RR) of hook type on at-vessel mortality for species for
991  which a significant difference was observed. Square represent the mean values and lines
992  show the Wald-type 95% confidence intervals estimated by the model. Values < 1

993 representsignificantly lower at-vessel mortality of fish caught on circle hooks relative to J-

994  hooks. IUGN"status refers to IUCN Red List conservation status category.
995

996
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999

1000

1001

1002

Authors Circle hook J-hook

Events Total Events Total % W RR [95% CI]
Piovano etalf 2012 8 4275 36 4275 . 2.84% 0.22[0.10, 0.48]
Bolten & Bjorndal 2005% 264 46040 723 46040 - 4.40% 0.37[0.32, 0.42]
Andraka et al. 2013% 83 65603 181 69040 - 4.20% 0.48[0.37, 0.63]
Curran & Bigelow 2011° 120 1176471 231 1172589 b 4.28% 0.52[0.42, 0.65]
Kerstetter,& Graves 2006a'® 49 7650 72 7650 p—H 3.97% 0.67[0.47, 0.97]
Curran & Bigelow,2011%" 19 215909 27 214286 . 3.34% 0.70[0.39, 1.26]
Domingo et al. 2012 148 19911 195 19911 H 4.29% 0.76 [0.61, 0.94]
Kerstetter & Graves 2006a°233 7650 282 7650 i 4.36% 0.83[0.70, 0.98]
Sales et dl. 20107 7156 72914 833 72914 ¥ 4.44% 0.86[0.78, 0.95]
Piovano etal. 2012 2 100 9011 113 9012 m 4.19% 0.89[0.68, 1.16]
Pacheco &t'al2091' 301 25085 307 25085 - 4.38% 0.98[0.84, 1.15]
Cambie et al. 2012% 1 2320 1 2322 —a 0.52% 1.00[0.06, 15.99]
Foster et al. 2012° 11035 156164 8110 116359 t 4.48% 1.01[0.99, 1.04]
Domingo et al. 2012° 148 22571 139 22571 . 4.26% 1.06[0.85, 1.34]
Andraka et alr2013* 223 177942 210 178732 m 4.33% 1.07[0.88, 1.29]
Boggs & Swimmer2007’ 65 8250 60 8250 F 4.00% 1.08[0.76, 1.54]
Kim et al. 2006 12 14700 11 14700 —a— 2.70% 1.09[0.48, 2.47]
Ward et al. 2009 127 47575 111 47575 }--| 421% 1.14[0.89, 1.48]
Gilman etal. 2007* 33142 2150674 17086 1282748 » 4.48% 1.16[1.14, 1.18]
Bolten & Bjorndal'2005% 212 13613 138 13613 i 4.29% 1.54[1.24, 1.90]
Huang-etal. 2016* 341 203838 220 203838 Eu 436% 1.55[1.31, 1.84]
Bolten & Bjorndal 2005”357 29383 203 29383 L 4.36% 1.76 [1.48, 2.09]
Mejuto et al. 2008°° 4232 143413 2172 143473 - 4.47% 1.95[1.85, 2.05]
Andraka etal..2013* 38 36834 20 38207 |—-—| 3.48% 1.97 [1.15, 3.39]
Promijinda et al. 20087 12 6277 4 6277 — 1.98% 3.00 [0.97, 9.30]
Kim et al.[2007%° 52 15616 15 15616 = 3.38% 3.47[1.95, 6.15]
RE Model ¢ 100.00% 1.00 [0.81, 1.23]
T T 1
005 025 1 4

Figure 2. Swordfish catch rate

Risk Ratio (log scale)
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1003

1004

1005

1006

1007

1008

1009

1010

1011

1012

1013

1014

1015

1016

Authors _Circle hook J-hook

Events Total Events Total % W RR [95% CI]
Curran & Bigelow 2011° 49 120 128 231 - 4.39% 0.74[0.58, 0.94]
NMFS 2041% 31095 45237 38902 49936 . 28.13% 0.88[0.88, 0.89]
Epperly etal2012°2 . 5553 8557 5490 7634 . 27.19% 0.90[0.88, 0.92]
Pacheeo etalz2041?' 260 301 275 307 . 21.47% 0.96 [0.91, 1.02]
Huang et'dl. 2016* 283 341 182 220 " 18.29% 1.00 [0.93, 1.08]
Curran & Bigelow 2011*" 8 19 9 27 —i— 0.53% 1.23[0.58, 2.63]
RE Model § 100.00% 0.92[0.87, 0.97]
I

Figure 3. Swordfish at-vessel mortality

0.05 025 1 4

Risk Ratio (log scale)
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Figure 4. Yellowfin tuna catch rate
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_Circle hook =
Authors Events Total ae%af % W RR [95% CI]
Largacha etal..2005" 3 6857 6 6857 ——t 1.81% 0.55[0.14, 2.20]
Andraka etal 2013% 105 65603 149 69040 - 7.98% 0.74[0.58, 0.95]
Curran & Bigelow/2011° 960 1172161 1097 1172009 n 8.87% 0.88[0.80, 0.95]
Curran & Bigelow 2011*' 232 214815 263 214694 - 8.46% 0.88[0.74, 1.05]
Ward et al. 2009™ 47 47575 41 47575 . 6.62% 1.15[0.75, 1.74]
Pacheco et'ali2011%! 128 25085 105 25085 m 7.92% 1.22[0.94, 1.58]
Andraka ef'al"2093°% 275 34619 248 40890 i 8.50% 1.31[1.10, 1.55]
Domingo ‘et al. 20127 196 19911 146 19911 - 8.23% 1.34[1.08, 1.66]
Sales et al. 2010%] 116 72914 84 72914 - 7.75% 1.38[1.04, 1.83]
Huang et'al. 2016%° 65 203838 41 203838 m 6.85% 1.59[1.07, 2.34]
Andraka etal. 2013 25 36834 16 38207 s 4.97% 1.62[0.87, 3.04]
Kim et'al 2006 69 14700 38 14700 . 6.81% 1.82[1.22, 2.70]
Andraka et al"2043" 298 177942 162 178732 - 8.38% 1.85[1.53, 2.24]
Domingo.etal. 2012° 2 22571 1 22571 .—._» 0.70% 2.00 [0.18, 22.05]
Promjinda et al. 2008° 2 6277 1 6277 — 0.70% 2.00 [0.18, 22.05]
Kim et al. 2007%° 63 15616 15 15616 . 5.45% 4.20[2.39, 7.37]
RE Model 0 100.00% 1.32[1.07, 1.62]
1T T 1



1026

1027

1028

1029

1030

1031

1032

1033

1034

1035

1036

1037

1038

1039

Authors Circle hook J-hook
Events Total Events Total % W RR [95% CI]
Pacheco et al. 20112’ 56 128 67 105 - 13.02% 0.69 [0.54, 0.88]
NMFS 2077% 11138 31696 12185 26915 . 33.20% 0.78[0.76, 0.79]
Curran & Bigelow2011° 396 960 509 1007 . 26.65% 0.89[0.81,0.98]
Curran & Bigelow 2011*' 96 232 112 263 - 15.60% 0.97 [0.79, 1.19]
Huang et al. 2016%° 44 65 28 41 - 11.54% 0.99 [0.76, 1.30]
RE Model . 100.00% 0.84 [0.75, 0.94]
I

0.05 025 1 4

Risk Ratio (log scale)

Figure 5. Yellowfin tuna at-vessel mortality
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