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ABSTRACT

Experiments were conducted on the Grand Banks of the North Atlantic Ocean
during 2002-2003 to evaluate the effect of circle hooks and mackerel bait on pelagic
longline catches and bycatch, and compare the treatments to the industry standards
at the time. Circle hooks were 18/0, and both non-offset and 10° offset were used
as separate treatments and compared to the 9/0 J-hook control hooks with 10°-30°
offset. Bait treatment was mackerel (Scomber scombrus Linnaeus, 1758), which was
compared to the squid control (Illex spp.). We analyzed the effects of hook (one
J- and two circle hooks), bait (mackerel and squid), temperature, soak time, and
animal length on anatomical hooking location for seven fish species and two sea
turtle species. We also analyzed the effects of the same variables, inclusive and
exclusive of hooking location, on the odds of boating a dead fish. We found that hook
was one of the most important variables in predicting anatomical hooking location,
and that soak time and hook and/or anatomical hooking location were important
in predicting the odds of observing a dead animal boatside. The importance of the
other variables differed by species, and for several species no models were significant
for predicting hooking location or for predicting observed mortality.

Throughout the last century, the growing human population and the demand for
seafood have resulted in a dramatic increase in fishing effort, while technological
advances have accelerated fishing power, raising concern about the sustainability of
harvest and the integrity of the ocean’s ecosystems today (Valdemarsen 2001, Pauly et
al. 2005). The incidental capture of animals that are either unwanted or are required
to be discarded in fisheries (bycatch) is an important aspect of marine conservation
(Alverson et al. 1994, Lewison et al. 2011). There are three means of reducing the
impact of a fishery on bycatch: reduce the number of animals (1) interacting with the
gear (cryptic) or (2) captured on gear (observed), and (3) increase their post-release
survival. Circle hooks have been advanced as a means of both reducing bycatch and
increasing the post-release survival of bycatch (Prince et al. 2002, Cooke and Suski
2004, Watson et al. 2005, Gilman et al. 2006, Lyle et al. 2007, Ward et al. 2009). Circle
hooks also are believed to increase the quality and hence the value of the marketed
seafood product, but as noted by Serafy et al. (2012a), has yet to be demonstrated.

In 2002-2003, the National Marine Fisheries Service together with the Blue Waters
Fishermen’s Association conducted experiments on the fishing grounds of the Grand
Banks in the North Atlantic. The purpose of these experiments was to investigate
the effect of circle hooks on the catch rate of loggerhead (Caretta caretta, see Table 1
for species authorities) and leatherback (Dermochelys coriacea) sea turtles, and also
on the catch of target species, usually swordfish (Xiphias gladius). The 2002 results
were analyzed quickly to support rule-making, and were published relatively soon
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after the completion of the experiments (Watson et al. 2005). They focused narrowly
on the catch rates of the two sea turtle species and four fish species. In the 2002
experiment, the tested circle hooks greatly reduced the bycatch of both sea turtle
species over the standard J-hook, and also decreased the proportion of deeply in-
gested hooks—considered to be the most lethal (Ryder et al. 2006)—in loggerhead
sea turtles. Furthermore, with the appropriate hook and bait combination, the catch
of the swordfish in cool waters was not diminished. The 2002 results, combined with
the unpublished 2003 results, culminated in the mandatory requirement of United
States (US) pelagic longline fishermen in both the Atlantic fishery and in the Hawaii-
based shallow set fishery to use circle hooks (US Department of Commerce 20044a,b).

The comparison of catch rates of target and bycatch species for the combined
2002-2003 Grand Banks experiments are reported by Foster et al. (2012). Their
study expands the number of species analyzed over that presented by Watson et al.
(2005) and explores a year effect. Our study is a companion paper to Foster et al.
(2012), and focuses on the condition of both target and bycatch species in the same
experiments by evaluating the effects of hook, bait, sea surface temperature, soak
time, and animal length on the anatomical hooking location and observed boatside
mortality of animals captured during 2002-2003 experiments.

METHODS

SAMPLING

The sampling methods are summarized here, but see Watson et al. (2005) and Foster et al.
(2012) for details. Commercial pelagic longline fishing vessels were contracted to fish on the
Grand Banks in the North Atlantic Ocean, 2002-2003. Two types of hooks were alternated
along the mainline, using only one type of bait per set. For the purposes of the present study,
we only are using data from two treatment circle hooks and from the control J-hooks because
sampling effort for other treatment hooks tested in 2003 was low (Foster et al. 2012). The
control hooks used were Mustad 9/0 #7698 RD, Mustad 9/0 #76801, Eagle Claw 9/0 #9016
and #9015, and Lindgren-Pittman SW 9/0; the Lindgren-Pittman J-hook, the model most fre-
quently used by the fleet, had 10° offset and a minimum hook width of 4.2 cm; the remaining
control hooks had offsets of 20°-30° and a minimum hook width of 3.9 cm. Hook offset is
the angle of the barb’s deviation from the shaft (Swimmer et al. 2010). The vessels had the
freedom to choose their control hooks (J-20). The treatment hooks were Lindgren-Pittman
18/0 forged stainless steel circle hooks, one with 0° offset (C-0) and one with 10° offset (C-10).
The minimum hook width for the 18/0 circle hooks was about 5.0 cm. Bait was squid (/llex
spp.), the control, and mackerel (Scomber scombrus Linnaeus, 1758), the treatment. The non-
offset circle hook (C-0) was not baited with mackerel due to the difficulty of baiting whole
fish on non-offset hooks. Vessels alternated among the experimental set configurations. In
2002, there were three set configurations, each involving the control J-hook (J-20 and C-0
and squid; J-20 and C-10 and squid; J-20 and C-10 and mackerel). In 2003, there were four set
configurations, but only one directly compared two of the hooks used in our analysis (J-20
and C-0 and squid). For each of the remaining three configurations, only one hook was of
interest: two configurations involved C-10 baited with mackerel, and one involved C-0 baited
with squid. To minimize gear-induced variability, fishing gear was standardized both among
vessels [odd number of hooks between floats (3 or 5), gangions longer than float lines, green
lightsticks on every hook, leaded swivels on all gangions, consistent bait size, restrictions on
time gear was deployed] and within a vessel’s trip (hook spacing between floats, leader length
and size, and mainline, buoy line and leader colors, and placement of lightsticks and leaded
swivels). Within these constraints, captains chose the fishing locations, trip lengths, total
number of hooks fished on a set, etc.
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All vessels carried observers who identified every animal captured, condition when brought
alongside the boat (alive vs dead; animals coded as “damaged,” either from natural predation
or anthropogenic cause, were censored from the analysis), the hook (J-20, C-0, and C-10 for
the purpose of this analysis), and the nature of the interaction [entangled, externally-hooked
(foul-hooked), mouth-hooked, deeply ingested (gut-hooked)]. Infrequently, the hook could
not be determined because some animals were captured with more than one hook or be-
cause some animals only were entangled in the mainline; these data were excluded from the
analysis. Boated animals were measured to the nearest cm [curved fork length (lower jaw) for
swordfish and billfish, straight fork length for sharks (snout tip), tunas and other finfish (up-
per jaw), disk width for skates and rays, curved standard carapace lengths for sea turtles]. The
lengths for animals not boated were estimated to the nearest 30 cm (approximately 1 ft). The
observer also recorded the bait used for each set. Sea surface temperature (taken and analyzed
as °F but later converted to °C for presentation here) and time were recorded for each end of a
mainline section during setting of the gear and haulback; temperature was displayed on the
vessel’s equipment and the sensor was located on the hull, about a meter below the waterline.
Soak time (min) and temperatures were estimated for each section of the mainline by averag-
ing the soak times and temperatures for the beginning and end of each section.

STATISTICAL ANALYSES

The log odds of a captured fish or sea turtle being gut-hooked (vs not gut-hooked) was mod-
eled using a logistic regression model (Hosmer and Lemeshow 2000, Agresti 2007) with terms
of hook, bait type, temperature, soak time, and animal length. Because mackerel bait never
was used with the non-offset 18/0 circle hook (C-0), the hook by bait type interaction term
was not included in the model. Temperature, soak time, and animal length were modeled as
continuous covariates, with interpretations constrained to the range observed (Appendix 1).
The odds ratio due to an increase of k units of the continuous variables can be computed as
(odds ratio)*. Pairwise comparisons were made, keeping all other effects constant. For those
species for which gut-hooking counts were very low for an adequate fit of the model, a differ-
ent hooking location of interest with reasonable counts was modeled. Descriptive statistics
are presented for species for which an adequate model could not be fit.

Anatomical hooking location was reported for almost all animals captured during these
experiments, but that is not standard protocol for many observer programs, including that
of the US Atlantic pelagic longline fleet (Keene et al. 2010). In the case of the US Atlantic
program, hooking location usually is recorded only for the protected sea turtle species as
a requirement of the Biological Opinion on the fishery (National Marine Fisheries Service
2004). Hence, in addition to analyzing the condition data taking into account anatomical
hooking location, we also conducted the analysis without hooking location information so
that commercial fishery observer data could be more easily compared to the experimental
data (see Serafy et al. 2012b).

For each species, a logistic regression model was used to model the log odds of boarding a
dead animal with the explanatory variables hook, hooking location, bait type, temperature,
soak time, animal length, and hook by hooking location interaction. If the observed counts for
a particular hooking location were very low and caused inadequate model fit, then that loca-
tion was dropped to improve the model fit. If the hook by hooking location interaction was
significant, then hooks were compared within hooking locations for significance (and vice
versa) using appropriately constructed contrasts. The inference on main effects is not mean-
ingful in the presence of interaction. If the interaction term was not significant, then it was
dropped from the model and the model was refitted for inference on main effects. Pairwise
comparisons were made keeping all other effects constant.

Models as described above also were fitted for each fish species without the terms of hook-
ing location and hook by hooking location interaction.
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Table 1. The most frequent taxa observed (captured on 18/0 circle hooks or 9/0 J-hooks or
entangled on a gangion) during the 2002-2003 pelagic longline experiments on the Grand Banks.

Species and authority Common name Frequency Percent
Prionace glauca (Linnaeus, 1758) blue shark 22,000 50.0
Xiphias gladius Linnaeus, 1758 swordfish 16,372 372
Thunnus obesus (Lowe, 1839) bigeye tuna 1,754 39
Lamna nasus (Bonnaterre, 1788) porbeagle 898 20
Isurus oxyrinchus Rafinesque, 1810 shortfin mako 550 1.3
Thunnus alalunga (Bonnaterre, 1788) albacore 547 12
Coryphaena spp. dolphinfishes 285 0.6
Alepisaurus spp. lancetfishes 277 0.6
Rajiformes rays, skates 267 0.6
Thunnus thynnus (Linnaeus, 1758) bluefin tuna 246 0.6
Dermochelys coriacea (Vandelli, 1761) leatherback sea turtle 202 0.5
Caretta caretta (Linnaeus, 1758) loggerhead sea turtle 167 04
REsuLTS

During the 2002-2003 pelagic longline experiments on the Grand Banks, 67
trips were made by 13 vessels, accounting for 813,157 hooks of interest deployed
in 999 sets. Fifty-one taxa comprising 43,963 individuals were reported captured
on the hooks of interest. Twelve taxa accounted for 99% of all animals captured,
with blue shark (Prionace glauca) and swordfish representing the majority of indi-
viduals (Table 1). Due to sample size constraints, we restricted the analyses to taxa
representing at least 1% of the catch. In addition, we analyzed data for bluefin tuna
(Thunnus thynnus) because it was being considered for listing as a protected species
(US Department of Commerce 2011) and the two sea turtle species because they
were protected species under the US Endangered Species Act. Thus, we report the
results for a total of nine taxa.

ANATOMICAL HOOKING LOCATION

Most fishes were hooked in the mouth, some species more so than others (Fig. 1).
A greater proportion of each of the fish species was gut-hooked on the J-hooks, when
compared to circle hooks. In the case of the tuna species, the vast majority was mouth-
hooked, regardless of hook. In contrast, most loggerhead sea turtles were gut-hooked
on J-hooks and leatherback sea turtles mostly were hooked externally (foul-hooked)
with all hooks.

Hook was very important in predicting the probability that fish and loggerhead sea
turtles were gut-hooked (vs not gut-hooked; i.e., all other locations combined) and
also for predicting the probability of leatherback sea turtles being foul-hooked (Table 2).
The details of the odds ratios for pairwise comparisons can be found in Table S1 in
Online Supplemental Material. For all models with significant hook effects, keeping
all other effects constant, the odds of gut-hooking on a J-hook always were signifi-
cantly greater than the odds of gut-hooking on either of the 18/0 circle hooks. The
odds of gut-hooking when comparing circle hooks with no offset to circle hooks with
10° offset were not significant except for swordfish. The hook effect was greatest for
loggerhead sea turtles: the odds of being gut-hooked with a J-hook were 22.62 times
the odds of being gut-hooked with a non-offset circle hook.



Proportion of catch

100

100
80
60
40
20

100

100

X. gladius

T. alalunga

P. glauca

T

I. oxyrinchus

100 -

60 -
40 4
20 -
o -

EPPERLY ET AL.: ANATOMICAL HOOKING LOCATION AND ANIMAL CONDITION 517

T. obesus

100 -

60 -

40 -+

20 ~

100 -

T 1

T. thynnus

L. nasus

D. coriacea

C. caretta

&

()
&
2
<<’(\

Figure 1. Hooking locations for (A) swordfish, (B,C,D) tunas, (E,F,G) sharks, and (H,I) sea tur-
tles. The proportion of catch among hooking locations for a given species is shown for each hook
style and offset. Dark shading is the 9/0 J-hook with 10°-30° offset, no shading is the 18/0 circle
hook with no offset, and medium shading is the 18/0 circle hook with 10° offset.
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Table 2. Summary of species-specific models for predicting the probability of an animal being
gut-hooked (vs all other locations combined). For leatherback sea turtles (Dermochelys coriacea)
only, the model predicts the probability of an animal being hooked externally (foul-hooked); “ns”
indicates non-significant (P = 0.05) Wald chi-square values. The models for Thunnus alalunga and
Isurus oxyrinchus were not significant and are not shown.

Model terms

Mean section Mean section Animal
Species Hook Bait temperature soak time length
Xiphias gladius <0.0001  <0.0001 0.0025 ns ns
Thunnus obesus <0.0001 ns ns ns <0.0001
Thunnus thynnus 0.0136 ns ns ns ns
Prionacae glauca <0.0001 <0.0001 ns ns <0.0001
Lamna nasus <0.0001 0.0266 ns ns ns
Dermochelys coriacea 0.0084 ns ns ns ns
Caretta caretta < 0.0001 ns 0.0148 ns 0.0089

Mean section soak time was not a significant model effect for any species, but bait,
mean section temperature, and animal length sometimes were important effects
(Table 2). Baiting with squid rather than mackerel increased the odds of gut-hooking
swordfish, but decreased the odds of gut-hooking blue sharks and porbeagles. The
odds of gut-hooking decreased with increasing temperature for swordfish and log-
gerhead sea turtles. The odds of gut-hooking increased with increasing animal size
for bigeye tuna, blue sharks, and loggerhead sea turtles.

The models for albacore and shortfin mako were not significant for predicting gut-
hooking. We also fit models for mouth-hooking (vs all other locations) for these two
species: the model was significant only for shortfin mako, with hook being the only
significant effect (P = 0.0029). The odds of mouth-hooking on the J-hook were sig-
nificantly less (P = 0.0028) when compared to the 10° offset circle hook (odds ratio
0.428, CI: 0.246-0.746); the odds of mouth-hooking on the J-hook were not signifi-
cant (P = 0.0593) when compared to the non-offset circle hook (odds ratio = 0.364,
CI: 0.128-1.040).

CONDITION

Swordfish experienced the highest mortality; the majority were dead when brought
alongside the vessel (Table 3). In contrast, all sea turtles of both species were released
alive. Hence, sea turtles were excluded from the analysis of effects on observed boat-
side mortality.

Animal Condition Taking into Account Anatomical Hooking Location.—
Anatomical hooking location, and to a lesser extent hook, were important variables
in predicting whether a fish was likely to be boated dead (Table 4). Soak time was
a significant variable for all species and temperature was significant for all species
except the shortfin mako. Bait was important only for swordfish. Animal length was
important for bigeye tuna and blue shark. The details of the odds ratios for pairwise
comparisons can be found in Table S2 in Online Supplemental Material.

In the case of swordfish and blue shark, the interaction term of the hook by hook-
ing location was significant (Table 5). Hence, one must consider anatomical hooking
location when comparing hooks for these two species, and vice versa. Keeping all
other effects constant, the odds of boating a dead animal on a J-hook were 22% great-
er for swordfish and 16% greater for blue shark than the odds of boating a dead fish
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Table 3. Percent of animals that were alive when brought alongside the vessel, by hook style
and offset, excluding animals reported as damaged, animals for which hook type could not be
determined, and animals that were entangled in the mainline only.

9/0 J-hook, 18/0 circle hook, 18/0 circle hook,
Species (n) 10°-30° offset no offset 10° offset
Xiphias gladius (16,191) 28.1 334 359
Thunnus obesus (1,719) 714 78.7 73.0
Thunnus alalunga (538) 38.1 35.6 339
Thunnus thynnus (243) 46.2 58.5 60.2
Prionace glauca (21,684) 774 80.1 81.2
Lamna nasus (866) 70.0 684 70.5
Isurus oxyrinchus (543) 73.5 78.7 76.3
Dermochelys coriacea (177) 100.0 100.0 100.0
Caretta caretta (166) 100.0 100.0 100.0

on an offset circle hook when the animal was hooked in the mouth. The odds of boat-
ing a dead swordfish captured on a J-hook and hooked in the mouth or foul-hooked
also were greater (1.16 times and 2.25 times, respectively) than the odds of boating
an animal dead on a non-offset circle hook. For all three hooks, the odds of boating
either species dead was 2.70—4.54 times greater if the animal was hooked in the gut
compared to mouth-hooked. Also, for swordfish, the odds of boating a dead animal
when gut-hooked were 1.96-4.48 times greater than if it was foul-hooked. For both
species, the odds of boating a dead fish increased with increasing water temperature
and soak time (Table 5).

Sometimes the results for swordfish and blue sharks differed. For example when
comparing the two circle hooks, the odds of boating a dead foul-hooked swordfish
on an offset circle hook were 2.14 times greater. However, the reverse was true for
blue sharks, where the odds of boating a dead foul-hooked shark on the non-offset
circle hook were 3.84 times greater. The odds of boating a blue shark decreased as
animal length increased (odds ratio = 0.993, CI: 0.992-0.995); for swordfish, length
was not significant (P = 0.0979) and the direction of the trend (odds ratio = 1.001, CI:
1.000-1.002) was opposite that for blue shark.

The models for albacore and for bluefin tuna were not significant and the interac-
tion term of hook by hooking location was not significant in the models for bigeye

Table 4. Summary of species-specific models, including hooking location as an effect, when
animals were dead at boarding. Probabilities are for the Wald chi-square for each model term; “ns”
indicates not significant (P = 0.05). The models for albacore and bluefin tuna were not significant
and are not shown. Significant interaction terms preclude evaluation of main effects because these
could not be evaluated separately.

Model terms

Interaction of Mean
Hooking hook type by section Mean section Animal
Species Hook location  location Bait temperature soak time length
Xiphias gladius <0.0001 <0.0001 <0.0001 <0.0001 ns
(0.0979)
Thunnus obesus 00287 <0.0001 ns ns 0.0304 <0.0001 0.0188
Prionacae glauca 0.0242 ns < 0.0001 <0.0001 <0.0001
Lamna nasus ns <0.0001 ns ns 0.0049 <0.0001 ns

Isurus oxyrinchus ns  <0.0001 ns ns ns 0.0050 ns
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Table 5. Summary of species-specific models, excluding hooking location as an effect, when
animals were dead at boarding. Probabilities are for the Wald chi-square for each model term; “ns”
indicates not significant (P = 0.05). The models for albacore and bluefin tuna were not significant
and are not shown. Note that animal length is only marginally non-significant for swordfish.

Model terms

Mean section ~ Mean section Animal
Species Hook Bait temperature soak time length
Xiphias gladius < 0.0001 <0.0001 <0.0001 < 0.0001 ns (0.0554)
Thunnus obesus 0.0053 ns 0.0403 <0.0001 0.0033
Prionacae glauca < 0.0001 ns <0.0001 < 0.0001 <0.0001
Lamna nasus ns ns 0.0130 <0.0001 ns
Isurus oxyrinchus ns 0.0489 ns 0.0028 ns

tuna, porbeagle, and shortfin mako (Table 5). Due to the very small number of short-
fin mako (n = 5) that were entangled, those observations were omitted from the anal-
ysis; no bluefin tuna were entangled. The odds of boating a dead bigeye tuna on the
offset circle hook were greater than the odds of boating a dead bigeye tuna on either
the J-hook (15%) or non-offset circle hook (52%); the mortality odds were 32% greater
for the J-hook than the non-offset circle hook. For bigeye tuna, porbeagle, and short-
fin mako, gut-hooking was 2.37-5.18 times more lethal than mouth-hooking and
mortality increased with soak time. For shortfin mako, foul-hooking was 4.58 times
more lethal than mouth-hooking. For bigeye tuna, the odds of boating a dead fish
increased with increasing temperature, but decreased with increasing temperature
for the porbeagle. Animal length was significant only for bigeye tuna, with mortality
increasing with length.

Animal Condition Not Accounting for Anatomical Hooking Location.—Soak time
was a significant explanatory variable for predicting the odds of an animal being
boated dead for all species (Table 5). The effect was similar among species; odds ra-
tios were 1.001-1.002 per minute increase and multiplicative. Temperature was sig-
nificant for all species except the shortfin mako. For swordfish, bigeye tuna, and blue
shark, keeping all other effects constant, the odds of boating a dead animal increased
with increasing temperature (odds ratios = 1.026-1.050 for the first 0.6 °C), but the
odds decreased with increasing temperature for porbeagle (odds ratio = 0.928 for the
first 0.6 °C). The details of the odds ratios for pairwise comparisons can be found in
Table S3 in Online Supplemental Material.

Hook was significant for predicting mortalities for swordfish, bigeye tuna, and blue
shark (Table 5). For all three species, keeping all other effects constant, the odds of
boating a dead fish were 22%—-48% greater if caught on a J-hook than if caught on a
non-offset circle hook, and were also significantly greater for swordfish (29%) and
blue shark (28%) when compared to the offset circle hook. For swordfish and bigeye
tuna, the odds of mortality were 14%—50% greater if caught on an offset circle hook
compared to a non-offset circle hook.

Animal length was a significant explanatory variable for bigeye tuna and blue
shark, but not for swordfish (P = 0.0554; Table 5). As size increased, the odds of boat-
ing a dead swordfish or bigeye tuna increased (odds ratio = 1.001-1.010 cm™), but
the odds of boating a dead blue shark decreased (odds ratio = 0.994 cm™). Bait was
significant only for swordfish, with the odds of boating a dead swordfish 32% greater
on squid than on mackerel.
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DiscussioNn

Hook and often circle hook offset significantly affected the location in which an
animal was hooked for all species analyzed, except for albacore and shortfin mako for
which the multiple regression models were not significant. A greater proportion of
animals captured on the 9/0 J-hook compared to the circle hooks had deeply ingested
the hook, which is usually the most lethal location (Ryder et al. 2006, Lyle et al. 2007,
Grixti et al. 2008). With the exceptions of albacore and bluefin tuna, for which the re-
gression models were not significant, anatomical hooking location, sometimes in in-
teraction with hook, was important in predicting the probability of an animal being
boated dead, and these results are consistent with the findings of other studies (e.g.,
Albs et al. 2008, 2009). Interestingly, while mean section soak time and temperature
seldom were significant effects in the models predicting hooking location, they were
significant in predicting boatside mortality, with only one exception (temperature
was not significant for shortfin mako mortality).

It is not clear whether the greater gut-hooking rate of the J-hook, and consequently
the higher observed boatside mortality associated with that hook, is due to the style
(J- vs circle) or size of the hook, or differences in hook offset, or all. Circle hooks are
thought to increase the probability of mouth-hooking. Animals attack a baited hook
in different ways, from gulping it to tearing at the bait. It is believed that initially a
circle hook with little or no offset does not engage (e.g., the point does not penetrate
tissue), even if swallowed. As the animal pulls away from the gangion and turns, it
is believed that the circle hook is pulled outward and rotates, catching in the corner
of the jaw. Many studies have reported circle hooks to have a lower gut-hooking rate
than J-hooks, and consequently a higher survival rate, whether observed at boat-
side or post-release (see reviews in Cooke and Suski 2004 and in Gilman et al. 2006;
Beckwith and Rand 2005, Kerstetter and Graves 2006, Sales et al. 2010). In the Grand
Banks experiments, we found the probability of boating a dead bigeye tuna or, for
some hooking locations, a dead swordfish or blue shark, increased if the animal was
captured on a J-hook. While some studies, including ours (e.g., Lamna nasus and
Isurus oxyrinchus; Tables 4, 5), have not found significant differences in gut-hooking
or survival rates between hook styles for selected species (see Cook and Suski 2004
for review; Mapleston et al. 2008, Ward et al. 2009, Curran and Bigelow 2011), studies
reporting an increase in gut-hooking or a greater lethality with circle hooks are rare
(Cooke et al. 2003, Curran and Bigelow 2011).

Hook size is an important factor, as hook selectivity for species and individual
size is well documented (Anonymous 1963). Hook size also may affect anatomical
hooking location; larger hooks may be less likely to be swallowed but more likely to
foul-hook. In controlled laboratory experiments using captive-reared loggerhead sea
turtles, the frequency of attempts to swallow hooks decreased as the width (35.7-
62.1 mm) of a modified hook increased (Stokes et al. 2011). The loggerheads captured
in our experiments, however, were of a size (mean 61 cm CCL, see Appendix 1) capa-
ble of swallowing the control and treatment hooks of the Grand Banks experiments
equally well (Stokes et al. 2011). Hook style and size is confounded in the Grand
Banks experiments because the minimum width of experimental circle hooks was
approximately 1 cm wider than the width of the control J-hooks. A greater propor-
tion of J-hooks, which were smaller, were swallowed, which is what we would expect
based on hook size alone.
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Hook offset is believed to increase the probability that the hook’s point will pen-
etrate tissue immediately after the bait is taken, but there is debate about what con-
stitutes minor (thus insignificant effect) vs major offset (thus significant effect). For
many comparisons in the Grand Banks experiments, there were no differences be-
tween the two circle hooks (0° and 10° offsets). However, when there was a significant
difference, the odds of gut-hooking and the odds of boating a dead fish both were
greater for the offset circle hook, with foul-hooked blue shark the only exception. We
found significant differences between the non-offset and 10° offset circle hooks for
swordfish anatomical hooking location and, for foul-hooked and entangled sword-
fish, significant differences in mortality. There also were significant differences in
survival between the two circle hooks for bigeye tuna, with higher mortality real-
ized for the offset hooks. Some circle hooks with offsets may have similar effects
as J-hooks. Prince et al. (2002) reported that billfish captured on circle hooks with
offsets <4° had lower incidence of bleeding than billfish captured on circle hooks with
15° offset, defined by the authors as a severe offset. Bleeding on the severely offset
hook was comparable to the incidence of bleeding observed with J-hooks. Swimmer
et al. (2010) compared circle hooks with no offset and 10° offset, and found no signifi-
cant difference in hooking locations between the two hooks for cheloniid sea turtles.
Interestingly, Carruthers et al. (2009) compared hooking locations among animals
captured on non-offset J-hooks (36—41 mm hook width), 20°-30° offset J-hooks (36—
41 mm hook width), and a non-offset circle hook (50 mm hook width) and found no
significant difference among hooks for anatomical hooking locations for loggerhead
sea turtles, but found a significant difference for sharks. In contrast, we found signifi-
cant differences between the J-hooks (with 10°-30° offsets) and circle hooks (with 0°
and 10° offsets) in both anatomical hooking location and survival for many species.

For some species encountered in the Grand Banks experiments, bait also affected
anatomical hooking location and survival: we report that the odds of gut-hooking
and the odds of mortality for swordfish were higher with squid bait. In contrast, the
odds of gut-hooking in the blue shark and shortfin mako were higher with mackerel
bait. In controlled lab experiments with loggerhead sea turtles, bait was a significant
effect in sea turtles’ attempts to swallow the hook (Stokes et al. 2011). The authors
found that the odds of swallowing the hook were higher when the hook was baited
with squid than when baited with a Spanish sardine (Sardinella aurita Valenciennes,
1847). They also found a significant effect of baiting technique: the odds of swallow-
ing the hook were higher when bait was threaded on the hook than when the hook
was single-baited. We found no bait effect on hooking location for loggerheads in the
Grand Banks experiments, a result consistent with an analysis of data for the entire
US Atlantic fleet (Stokes et al. 2012). However, we note that baiting techniques were
not controlled in the Grand Banks experiments nor were they recorded in the com-
mercial fishery database, and thus the methods were mixed, further confounding the
results of both studies.

Continuous variables often were also important for predicting the boatside mor-
tality observed in the Grand Banks experiments. For all fish species with significant
models, longer soak time increased the odds of boating a dead fish. The odds ratios
for all species were similar: 0.1%—0.2% for the first minute increase in soak time
(6%—12% for a 60 min increase in soak time). For most species, water temperature
contributed to the prediction of mortality, but the direction of the response was not
consistent. For porbeagle, mortality decreased with temperature (odds ratio for the
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first 0.6 °C increase is 0.911), whereas for swordfish, blue shark, and bigeye tuna,
mortality increased with increasing temperature (odds ratio for the first 0.6 °C in-
crease ranged from 1.031 to 1.054). Infrequently, animal length was a significant fac-
tor, and, like temperature, the response varied in direction among species. Mortality
was significantly lower for larger blue sharks (odds ratio = 0.993 for the first cen-
timeter increase), but was significantly higher for larger bigeye tuna (odds ratio =
1.008 for the first centimeter increase). In an analysis of Canadian pelagic longline
bycatch data from an area in proximity to our study, Carruthers et al. (2009) found
that longer soak times increased the likelihood of bycatch mortality and that length
was a significant predictor of mortality for discarded swordfish, but length did not
significantly affect the odds of survival for discarded blue shark. Temperature was
not included in their models.

The mortality information presented in the present study represents only the im-
mediate boatside mortality. Additional mortality is expected after live animals are
released, and that mortality likely will be influenced by several factors including spe-
cies, animal size and condition, water temperature, anatomical hooking location,
and handling. Understanding post-release mortality is the focus of many studies
(e.g., Horodysky and Graves 2005, Millard et al. 2005, Lyle et al. 2007, Sasso and
Epperly 2007, Grixti et al. 2008) as it has important implications for stock assess-
ments. Animals discarded dead and animals that are released alive but later die due
to the gear interaction must be accounted for in population assessments, separate
from animals marketed.

While the Grand Banks experiments attracted interest worldwide due to the dem-
onstrated potential to reduce bycatch, especially for sea turtles, without impacting
the catch of primary target species, concern was raised about the applicability of the
results to other areas, and the major regional fisheries management organizations
encouraged further research (ICCAT 2005, IOTC 2005, IATTC 2007). Subsequently,
many experiments have been conducted across the oceans, testing a variety of hook
styles, hook sizes, hook offsets, and baits, with varied results that are not easily com-
pared (e.g., Yokota et al. 2006, Piovano et al. 2009, Ward et al. 2009, Sales et al. 2010,
Swimmer et al. 2010, Curran and Bigelow 2011), thus reinforcing the need to evaluate
the effects individually among separate regions, for target and bycatch species. The
mixed results also point to the need for researchers to be explicit when designing ex-
periments and reporting results, specifically identifying hook dimensions, hook off-
set, species and size of bait tested, and baiting method, and to examine each of these
factors in their analysis, rather than pooling data. Furthermore, the importance of
anatomical hooking location in predicting boatside mortalilty, and likely effect on
post-release mortality (Horodysky and Graves 2005, Ryder et al. 2006) suggests that
observer programs should be encouraged to include hooking location information
among the data collected for scientific analysis.

The Grand Banks experiments demonstrated that changes in terminal gear and/or
bait, perhaps in conjunction with soak time, water temperature, and animal size, not
only affect catchability (Foster et al. 2012), but also boatside condition (present study)
for a number of species. The 2004 regulations requiring circle hooks and whole bait
in the US Atlantic fishery and the Hawaii-based shallow-set fishery changed both
these factors for the US fisheries in ways that have potential to alter stock assessment
results. Consequently, these changes need to be considered in future assessments
to reduce bias and uncertainty in the management quantities estimated (see Cass-
Calay et al. 2012).
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Supplemental Table 1

Comparisons for significant model effects for predicting the probability of an animal
being gut-hooked (foul-hooked for leatherback sea turtles). The odds ratio estimate,
95% confidence intervals of the estimate, and the probability for the Wald chi-square
estimate are given for all significant effect variables for each species: A. swordfish, B.
bigeye tuna, C. bluefin tuna, D. blue shark, E. porbeagle, F. leatherback sea turtle, and
G. loggerhead sea turtle. Hooks are 9/0 J-hook with 10-30° offset (J-20), 18/0 circle
hooks with no offset (C-0), and 18/0 circle hooks with 10° offset (C-10).

The continuous variables and their units are temperature (1°F = 0.6°C), soak time (min),
and animal length (cm). Sea surface temperature (°F) and time were recorded for each
end of a mainline section during setting of the gear and haulback; temperature was
displayed on the vessel's equipment and the sensor was located on the hull, about a
meter below the waterline. Soak time (min) and temperatures were estimated for each
section of the mainline by averaging the soak times and temperatures for the beginning
and end of each section. The odds ratios for an increase in k units of a continuous
variable can be computed as (odds ratio)*.



Comparison

A. Xiphius gladius

Bait: squid vs mackerel
Hook: J-20 vs C-10
Hook: C-0vs C-10
Hook: J-20 vs C-0
Average Section Temp.
B. Thunnus obesus
Hook: J-20 vs C-10
Hook: C-0vs C-10
Hook: J-20 vs C-0
Animal Length

C. Thunnus thynnus
Hook: J-20 vs C-10
Hook: C-0vs C-10
Hook: J-20 vs C-0

D. Prionacae glauca
Bait: squid vs mackerel
Hook: J-20 vs C-10
Hook: C-0vs C-10
Hook: J-20 vs C-0
Animal Length

E. Lamna nasus

Bait: squid vs mackerel
Hook: J-20 vs C-10
Hook: C-0vs C-10
Hook: J-20 vs C-0

F. Dermochelys coriacea
Hook: J-20 vs C-10
Hook: C-0vs C-10
Hook: J-20 vs C-0

G. Caretta caretta
Hook: J-20 vs C-10
Hook: C-0vs C-10
Hook: J-20 vs C-0
Average Section Temp.

Animal Length

Odds Ratio
Estimate

1.682
2.134
0.580
3.680
0.979

6.423
1.631
3.938
1.031

18.455
2.102
8.778

0.795
2.661
0.956
2.783
1.004

0.515
2.583
0.705
3.662

6.941
3.167
2.191

8.376
0.370
22.621
0.086
1.079

Lower
Limit

1.530
1.930
0.497
3.242
0.965

2.204
0.502
2.103
1.016

1.540
0.085
0.989

0.710
2.376
0.827
2.494
1.003

0.287
1.555
0.250
1.447

2.030
0.515
0.378

1.834
0.045
4.864
0.766
1.019

Upper
Limit

1.849
2.359
0.676
4.178
0.992

18.7130
5.297
7.373
1.048

221.2
52.034
77.913

0.889
2.981
1.106
3.095
1.005

0.926
4.290
1.994
9.266

23.726
19.473
12.696

38.259
3.063
105.2
0.972
1.142

Pr>
ChiSq

<0.0001
<0.0001
<0.0001
<0.0001

0.0025

0.0007
0.4156
<0.0001
<0.0001

0.0214
0.6499
0.0512

<0.0001
<0.0001

0.5475
<0.0001
<0.0001

0.0266
0.0002
0.5104
0.0061

0.0020
0.2134
0.3815

0.0061
0.3568
<0.0001
0.0148
0.0089
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Supplemental Table 2

Pairwise comparisons for predicting the probability of a fish being boated dead, with
hooking location as a term in the model. A. swordfish, B. blue shark, C. bigeye tuna, D.
porbeagle, and E. shortfin mako. The odds ratio estimate, 95% confidence intervals of
the estimate, and the probability for the Wald chi-square estimate are given. Hooks are
9/0 J-hook with 10-30° offset (J-20), 18/0 circle hooks with no offset (C-0), and 18/0
circle hooks with 10° offset (C-10). Note that because the interaction term of hook by
hook location was significant for swordfish and blue shark, one must consider hook
location when comparing hook and vice versa for these two species. For these two
species only, we show the results of all pairwise comparison, not just the significant
model effects. For the remaining species, only the significant model effects are shown.

The continuous variables and their units are temperature (1°F = 0.6°C), soak time (min),
and animal length (cm). Sea surface temperature (°F) and time were recorded for each
end of a mainline section during setting of the gear and haulback; temperature was
displayed on the vessel's equipment and the sensor was located on the hull, about a
meter below the waterline. Soak time (min) and temperatures were estimated for each
section of the mainline by averaging the soak times and temperatures for the beginning
and end of each section. The odds ratios for an increase in k units of a continuous
variable can be computed as (odds ratio)*.



A. Xiphius gladius

Comparison

Hook: J-20 vs C-10, location is mouth
Hook: J-20 vs C-10, location is foul

Hook: J-20 vs C-10, location is entangled

Hook: J-20 vs C-10, location is gut

Hook: C-0 vs C-10, location is mouth

Hook: C-0 vs C-10, location is foul

Hook: C-0 vs C-10, location is entangled

Hook: C-0 vs C-10, location is gut

Hook: J-20 vs C-0, location is mouth

Hook: J-20 vs C-0, location is foul

Hook: J-20 vs C-0, location is entangled

Hook: J-20 vs C-0, location is gut

Location:
Location:
Location:
Location:
Location:
Location:
Location:
Location:
Location:
Location:
Location:
Location:
Location:
Location:
Location:
Location:
Location:

Location:

mouth vs gut, hook is J-20
mouth vs gut, hook is C-0

mouth vs gut, hook is C-10

foul vs gut, hook is J-20

foul vs gut, hook is C-0

foul vs gut, hook is C-10
entangled vs gut, hook is J-20
entangled vs gut, hook is C-0
entangled vs gut, hook is C-10
mouth vs entangled, hook is J-20
mouth vs entangled, hook is C-0
mouth vs entangled, hook is C-10
foul vs entangled, hook is J-20
foul vs entangled, hook is C-0
foul vs entangled, hook is C-10
mouth vs foul, hook is J-20
mouth vs foul, hook is C-0

mouth vs foul, hook is C-10

Bait: squid vs mackerel

Average Section Temperature

Average Section Soak Time

Animal Length

Odds
Ratio
Estimate

1.218
1.052
0.604
0.833
1.053
0.467
0.252
0.848
1.156
2.252
2.401
0.982
0.371
0.315
0.254
0.511
0.223
0.404
0.531
0.217
0.731
0.699
1.453
0.347
0.962
1.026
0.553
0.727
1.416
0.628
1.226
1.031
1.002
1.001

Confidence Limits

1.103
0.758
0.210
0.663
0.921
0.317
0.089
0.585
1.029
1.562
0.795
0.706
0.327
0.228
0.207
0.402
0.145
0.297
0.238
0.095
0.355
0.315
0.671
0.172
0.422
0.452
0.264
0.580
1.042
0.489
1.120
1.018
1.002
1.000

1.344
1.459
1.742
1.045
1.205
0.687
0.712
1.230
1.299
3.245
7.251
1.364
0.422
0.436
0.311
0.652
0.341
0.551
1.184
0.496
1.508
1.553
3.146
0.699
2.194
2.321
1.157
0.911
1.924
0.806
1.342
1.045
1.002
1.002

Pr>
ChiSq
0.0001
0.7639
0.3511
0.1140
0.4492
0.0001
0.0093
0.3853
0.0149
<0.0001
0.1203
0.9117
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
0.1220
0.0003
0.3965
0.3795
0.3435
0.0031
0.9269
0.9510
0.1159
0.0056
0.0263
0.0003
<0.0001
<0.0001
<0.0001
0.0979



B. Prionacae glauca

Comparison

Hook:
Hook:
Hook:
Hook:
Hook:
Hook:
Hook:
Hook:
Hook:
Hook:
Hook:
Hook:

J-20 vs C-10, location is mouth
J-20 vs C-10, location is foul

J-20 vs C-10, location is entangled
J-20 vs C-10, location is gut

C-0 vs C-10, location is mouth

C-0 vs C-10, location is foul

C-0 vs C-10, location is entangled
C-0 vs C-10, location is gut

J-20 vs C-0, location is mouth
J-20 vs C-0, location is foul

J-20 vs C-0, location is entangled

J-20 vs C-0, location is gut

Location: mouth vs gut, hook is J-20

Location: mouth vs gut, hook is C-0

Location: mouth vs gut, hook is C-10

Location: foul vs gut, hook is J-20

Location: foul vs gut, hook is C-0

Location: foul vs gut, hook is C-10

Location: entangled vs gut, hook is J-20

Location: entangled vs gut, hook is C-0

Location: entangled vs gut, hook is C-10

Location: mouth vs entangled, hook is J-20

Location: mouth vs entangled, hook is C-0

Location: mouth vs entangled, hook is C-10

Location: foul vs entangled, hook is J-20

Location: foul vs entangled, hook is C-0

Location: foul vs entangled, hook is C-10

Location: mouth vs foul, hook is J-20

Location: mouth vs foul, hook is C-0

Location: mouth vs foul, hook is C-10

Bait: squid vs mackerel

Average Section Temperature

Average Section Soak Time

Animal Length

Odds
Ratio
Estimate

1.158
2.324
1.158
0.880
1.103
3.837
0.167
1.072
1.050
0.606
6.926
0.821
0.290
0.226
0.220
0.805
1.090
0.305
3.303
0.392
2.511
0.088
0.578
0.088
0.244
2.786
0.121
0.360
0.208
0.722
1.026
1.035
1.002
0.993

Confidence Limits

1.022
0.696
0.194
0.733
0.961
1.010
0.011
0.840
0.937
0.240
0.566
0.668
0.256
0.186
0.187
0.476
0.494
0.102
1.164
0.040
0.581
0.031
0.059
0.020
0.076
0.251
0.020
0.214
0.096
0.242
0.918
1.021
1.001
0.992

1.313
7.767
6.928
1.057
1.267
14.592
2.499
1.369
1.176
1.532
84.754
1.008
0.327
0.276
0.259
1.360
2.406
0.914
9.375
3.849
10.852
0.248
5.658
0.377
0.777
30.845
0.748
0.606
0.451
2.153
1.146
1.050
1.002
0.995

Pr>
ChiSq
0.0212
0.1705
0.8725
0.1722
0.1634
0.0485
0.1949
0.5741
0.4013
0.2895
0.1299
0.0591
<0.0001
<0.0001
<0.0001
0.4173
0.8305
0.0341
0.0248
0.4212
0.2177
<0.0001
0.6381
0.0011
0.0170
0.4038
0.0231
0.0001
<0.0001
0.5593
0.6525
<0.0001
<0.0001
<0.0001



Comparison

C. Thunnus obesus

Hook: J-20 vs C-10

Hook: C-0 vs C-10

Hook: J-20 vs C-0
Location: mouth vs gut
Location: foul vs gut
Location: mouth vs foul
Average Section Temp.
Average Section Soak Time
Animal Length

D. Lamna nasus

Location: mouth vs gut
Location: foul vs gut
Location: entangled vs gut
Location: mouth vs entangled
Location: foul vs entangled
Location: mouth vs foul
Average Section Temp.
Average Section Soak Time

E. Isurus oxyrinchus
Location: mouth vs gut
Location: foul vs gut
Location: mouth vs foul
Average Section Soak Time

Odds Ratio
Estimate

0.866
0.657
1.319
0.193
0.540
0.357
1.054
1.002
1.008

0.422
0.710
2.104
0.200
0.337
0.594
0.911
1.002

0.214
0.981
0.218
1.001

Confidence
Limits
0.622 1.208
0.467 0.924
1.012 1.720
0.113 0.328
0.163 1.786
0.120 1.065
1.005 1.106
1.001 1.002
1.001 1.015
0.282 0.631
0.302 1.670
0.723 6.122
0.072 0.561
0.093 1.219
0.263 1.343
0.85 0.972
1.00 1.003
0.117 0.393
0.355 2.709
0.089 0.535
1.000 1.003

Pr >
ChiSq

0.3970
0.0158
0.0409
<0.0001
0.3126
0.0646
0.0304
<0.0001
0.0188

<0.0001
0.4322
0.1723
0.0022
0.0973
0.2112
0.0049
<0.0001

<0.0001
0.9705
0.0009
0.0050
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Supplemental Table 3

Pairwise comparisons for predicting the probability of a fish being boated dead, without
hooking location as a term in the model: A. swordfish, B. bigeye tuna, C. blue shark, D.
porbeagle, and E. shortfin mako. The odds ratio estimate, 95% confidence intervals of
the estimate, and the probability for the Wald chi-square estimate are given for all
significant (p < 0.05) effect variables. Hooks are 9/0 J-hook with 10-30° offset (J-20),
18/0 circle hooks with no offset (C-0), and 18/0 circle hooks with 10° offset (C-10).

The continuous variables and their units are temperature (1°F = 0.6°C), soak time (min),
and animal length (cm). Sea surface temperature (°F) and time were recorded for each
end of a mainline section during setting of the gear and haulback; temperature was
displayed on the vessel's equipment and the sensor was located on the hull, about a
meter below the waterline. Soak time (min) and temperatures were estimated for each
section of the mainline by averaging the soak times and temperatures for the beginning
and end of each section. The odds ratios for an increase in k units of a continuous
variable can be computed as (odds ratio)*.



Comparison

A. Xiphius gladius

Hook: J-20 vs C-10

Hook: C-0 vs C-10

Hook: J-20 vs C-0

Bait: squid vs mackerel
Average Section Temp.
Average Section Soak Time
Animal Length

B. Thunnus obesus

Hook: J-20 vs C-10

Hook: C-0 vs C-10

Hook: J-20 vs C-0

Average Section Temp.
Average Section Soak Time
Animal Length

C. Prionacae glauca

Hook: J-20 vs C-10

Hook: C-0 vs C-10

Hook: J-20 vs C-0

Bait: squid vs mackerel
Average Section Temp.
Average Section Soak Time
Animal Length

D. Lamna nasus

Average Section Temp.
Average Section Soak Time
E. Isurus oxyrinchus

Bait: squid vs mackerel
Average Section Soak Time

Odds Ratio
Estimate

1.290
0.881
1.465
1.322
1.029
1.002
1.001

1.006
0.677
1.485
1.050
1.001
1.010

1.282
1.050
1.221
1.008
1.027
1.001
0.994

0.928
1.002

0.560
1.001

Confidence
Limits
1.181 1.410
0.778 0.996
1.324 1.622
1.209 1444
1.016  1.042
1.002 1.002
1.000 1.002
0.728 1.390
0.484  0.947
1.152  1.914
1.002 1.100
1.001 1.002
1.003 1.017
1.166  1.411
0.938 1.176
1.121 1.330
0914 1.110
1.014  1.040
1.001 1.002
0.993 0.995
0.874 0.984
1.001 1.002
0.314  0.997
1.000 1.002

Pr>
ChiSq

<0.0001

0.0434
<0.0001
<0.0001
<0.0001
<0.0001

0.0554

0.9736
0.0228
0.0023
0.0403
<0.0001
0.0033

<0.0001

0.3929
<0.0001

0.8803
<0.0001
<0.0001
<0.0001

0.0130
<0.0001

0.0489
0.0028





