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Capture of sea turtles in longline fisheries has been implicated in population declines

of loggerhead (Caretta caretta) and leatherback (Dermochelys coriacea) turtles. Since

2004, United States (U.S.) longline vessels targeting swordfish and tunas in the Pacific

and regions in the Atlantic Ocean have operated under extensive fisheries regulations

to reduce the capture and mortality of endangered and threatened sea turtles. We

analyzed 20+ years of longline observer data from both ocean basins during periods

before and after the regulations to assess the effectiveness of the regulations. Using

generalized additive mixed models (GAMMs), we investigated relationships between the

probability of expected turtle interactions and operational components such as fishing

location, hook type, bait type, sea surface temperature, and use of light sticks. GAMMs

identified a two to three-fold lower probability of expected capture of loggerhead and

leatherback turtle bycatch in the Atlantic and Pacific when circle hooks are used (vs.

J hook). Use of fish bait (vs. squid) was also found to significantly reduce the capture

probability of loggerheads in both ocean basins, and for leatherbacks in the Atlantic

only. Capture probabilities are lowest when using a combination of circle hook and

fish bait. Influences of light sticks, hook depth, geographic location, and sea surface

temperature are discussed specific to species and regions. Results confirmed that in two

U.S.-managed longline fisheries, rates of sea turtle bycatch significantly declined after the

regulations. In the Atlantic (all regions), rates declined by 40 and 61% for leatherback and

loggerhead turtles, respectively, after the regulations. Within the NED area alone, where

additional restrictions include a large circle hook (18/0) and limited use of squid bait, rates

declined by 64 and 55% for leatherback and loggerhead turtles, respectively. Gains were

even more pronounced for the Pacific shallow set fishery, where mean bycatch rates

declined by 84 and 95%, for leatherback and loggerhead turtles, respectively, for the

post-regulation period. Similar management approaches could be used within regional

fisheries management organizations to reduce capture of sea turtles and to promote

sustainable fisheries on a global scale.
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INTRODUCTION

It is well-established that fisheries bycatch poses a significant
threat to numerous sea turtle populations worldwide (Kaplan,
2005; Wallace et al., 2010, 2013). Pelagic longline fishing, a
gear type present in all the world’s oceans, is directly associated
with high rates of bycatch and variable rates of mortality of sea
turtles (Camiñas et al., 2006; Swimmer and Gilman, 2012). Sea
turtle vulnerabilities to longline fishing gear are dependent on
gear configuration as well as the species’ geospatial, temporal,
and vertical depth distributions (Wallace et al., 2013). Previous
assessments of sea turtle bycatch in longline fisheries indicate
significantly higher catch rates in fisheries setting gear at shallow
depths (<60 m), typically targeting swordfish (Xiphias gladius),
compared to most deep-set fishing targeting tuna (Lewison et al.,
2004; Kaplan, 2005). Numerous investigations indicate a high
percentage of turtles are released alive from shallow-set fishing
gear (e.g., Swimmer et al., 2006, 2011, 2013; Piovano et al.,
2009; Sales et al., 2010; Swimmer and Gilman, 2012), however
a proportion of these turtles are assumed to subsequently die
as a result of injuries, with likelihood of mortality a function
of anatomical hooking location and degree of gear removal
(see Ryder et al., 2006; Carruthers et al., 2009). Mitigating the
effects of fisheries bycatch is a conservation priority worldwide,
yet both research and managements actions are hindered by
statistical challenges when analyzing rare and episodic events, as
in common many examples of fisheries bycatch. Despite this, the
magnitude of fisheries effort worldwide results in a cumulative
negative effect on threatened populations, such as sea turtles,
and therefore these challenges must be addressed for effective
management.

Commercial longline fishing operations in United States
(U.S.) Exclusive Economic Zone are regulated by the
National Marine Fisheries Service, which aims to address
the conservation needs of highly migratory populations of
threatened and endangered marine species such as sea turtles
while simultaneously managing domestic fisheries. U.S. fisheries
must be in compliance with the Endangered Species Act (ESA)
[as amended, 16 U.S.C. 1539(a) (2)] that requires federal agencies
to ensure that any action they authorize (such as commercial
fisheries), fund or carry out is not likely to jeopardize the
continued existence of any endangered or threatened species
or result in the destruction or adverse modification of critical
habitat of such species. The ESA, in addition to other statutes
such as the Magnuson-Stevens Fisheries Conservation and
Management Act and the Marine Mammal Protection Act,
provide the regulatory regime for U.S. Federal fisheries.

In U.S. waters, pelagic longline fishing (PLL) involves the
setting of a mainline to which baited hooks are attached by
gangions (or branchlines), occurs in the Atlantic Ocean, Gulf
of Mexico and Pacific Ocean. The fisheries in the Atlantic,
Caribbean and Gulf of Mexico (herein “Atlantic data”) are
managed according to 11 distinct statistical areas (Figure 1).
The sea turtle species most commonly captured as bycatch in
both ocean basins are leatherback (Dermochelys coriacea) and
loggerhead (Caretta caretta) turtles (Witzel, 1999; Lewison et al.,
2004; Gilman et al., 2007; Zollett, 2009), both of which are listed
on the ESA as either endangered or threatened.

Starting in 2000, the Northeast Distant (NED) statistical area
(8.9 million km2) of the U.S. Atlantic PLL fishery, a highly
productive area that includes the Grand Banks, was partially
closed and then fully closed in 2001 in response to legal action
aimed to reduce bycatch of endangered sea turtles (July 6, 2004,
69 FR 40734; U.S Dept. of Commerce, 2001; NMFS, 2004b). The
NED portion of the Atlantic is primarily a swordfish-targeted
fishery and was previously determined to have high rates of sea
turtle bycatch (Witzel, 1999). Around the same time, in the U.S.
North Pacific PLL fishery, the fishing grounds north of Hawaii
(north of 28◦N and between 150 and 168◦W) were partially
closed beginning in December 1999, and the entire longline
swordfish fishery was closed in 2001 due to sea turtle bycatch.
Beginning in April 2001, a spatial and seasonal closure off the
U.S. North Pacific PLL fishing grounds south of 15◦N during
April-May was also implemented (NMFS, 2004a,b).

These temporary fisheries closures in both the Atlantic and
Pacific Oceans lasted for ∼3 years. During this time, U.S.
government-sponsored research was conducted in the NED
that provided evidence that the use of a relatively large (18/0)
circle hook in combination with ∼200–500 g Atlantic mackerel
(Scomber scombrus) bait could significantly reduce bycatch
rates of both loggerhead and leatherback sea turtles (Watson
et al., 2005). Additionally, hook-and-bait combinations were also
found to decrease the proportion of deeply ingested hooks in
loggerhead turtles (Watson et al., 2005), thereby presumably
increasing the rates of post-interaction survival. Based on these
findings, both previously closed areas in the North Pacific and
NED area of the Atlantic were re-opened with required use of
circle hooks with minimum width dimensions equivalent to an
18/0 size hook (∼4.9 cm). In the Hawaii shallow-set-permitted
fishery, bait type is limited to fish-only, whereas in the NED bait
type allowances are made for use of squid bait in addition to
fish bait. In both regions, additional regulations also included
variations of limited entry and fishing effort, turtle bycatch limits,
requirements for sea turtle education and outreach efforts, as
well as increased on-board scientific observer coverage [NOAA,
50 CFR Part 660 (Pacific); NOAA 50 CFR Parts 223 and 635
(Atlantic)].

In this investigation, we used long-term fisheries observer data
to assess the efficacy of regulatory measures on the probability
of sea turtle bycatch in two U.S. pelagic longline fisheries.
Specifically, we tested the null hypothesis that bycatch per
unit effort (BPUE) was the same before and after regulations.
Additionally, we used various statistical models to identify
explanatory variables associated with the probability of sea turtle
bycatch in both ocean basins, thereby providing further insight
into the regulatory measures as well as new information on
turtle species’ vulnerabilities and responses to specific mitigation
methods.

METHODS

Data Sources
Observer data for the analysis originated from the Pelagic
Observer Program (POP) and the Longline Observer Data
System for the Atlantic and North Pacific, respectively. POP
data are maintained by the NMFS Southeast Fisheries Science
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FIGURE 1 | United States (A). Atlantic pelagic longline fisheries statistical reporting areas as recorded by NOAA NMFS Southeast Fisheries Science Center. CAR,

Caribbean; GOM, Gulf of Mexico; FEC, Florida East Coast; MAB, Mid-Atlantic Bight; NCA, North Central Atlantic; NEC, Northeast Coastal; NED, Northeast Distant;

SAB, South Atlantic Bight; SAR, Sargasso; TUN, Tuna North and TUS, Tuna South. (B) Location of shallow sets made by the Hawaii shallow-set longline fishery from

2008 to 2011 (source: NOAA Fisheries Pacific Islands Regional Office).

Center and have been previously described (Keene, 2016). For
use in this study, POP data were limited to trips that targeted
both swordfish and a mix of swordfish and tunas from 1992
to early 2015, which were analyzed jointly. These analyses
omitted data from experimental operations when vessels used
modified gear to test various outcomes (e.g., during the NED
closure from 2001 to 2003). Pre-regulation data are defined as
years 1992–2001, and post-regulation data start in mid 2004
after the fishery was re-opened. These data were combined and
analyzed jointly. Observer coverage varied during this time,
ranging between ∼3 and 5% of total fleet effort from 1992
to 2003 (Beerkircher et al., 2002) followed by a mandated

minimum 8% coverage of the fleet beginning in 2004 (NMFS,
2004b).

The NMFS Pacific Islands Fisheries Regional Office maintains
the Pacific observer data. Pacific data analysis was limited to
the specified shallow-set (swordfish-target) sector of the fishery
from 1994 to 2014. Pre-regulation data include data prior to
February 2002, and the post-regulation period after May 2004.
Between 1994 and 2000, observer coverage ranged from 3 to
10% (mean ∼5%) and increased to 20.5% in 2001. Observer
coverage became mandatory (100% coverage) for all Hawaii-
permitted pelagic longline vessels targeting swordfish since the
fishery re-opened.
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Data Caveats
General observer data characteristics and turtle bycatch specific
to the different targeted sets from the Atlantic and Pacific Oceans
are in Table 1. For both combined Atlantic and Pacific data,
the number of observed sets analyzed is heavily skewed post-
regulation vs. pre-regulation, which is a function of themandated
increased observer coverage when the fisheries were re-opened
in 2004. For all data, nominal bycatch per unit effort (BPUE)
was calculated as individual loggerhead and leatherback turtles
caught for each unique set per 1,000 hooks. In certain situations,
we collapsed categorical variables to achieve sufficient sample
sizes and statistical rigor (see Table 2). Turtle size measurements
are only available for loggerheads, as leatherback turtles were not
boarded due to their size.

Analysis of sea surface temperature (SST) data obtained
from both regions indicated a high degree of discrepancies
when compared with satellite-derived data at a slightly broader
scale and time span encompassing fishing location coordinates.
This is largely due to the frequent collection of SST using
unstandardized methods. Based on these findings, our statistical
analyses included SST data derived from 5-day composites from
AVHRR Pathfinder v4.1 (1985–2003). These SST data were
continued by the AVHRR Global Area Coverage dataset (January
2003–April 2016) with a spatial resolution of 0.1◦ × 0.1◦.
Analyses included the weekly values when available, otherwise
monthly data were used.

Analytical Methods
All analyses were conducted separately for the two regional
data sets (Atlantic and Pacific) as well for each turtle species,

TABLE 1 | General characteristics and sample sizes for observer data from the

Pacific Hawaii-based shallow-set longline fishery, the Atlantic swordfish-set

longline fishery, and Atlantic mixed-set longline fishery from ∼1992 to 2014.

General data characteristics Pacific data

(swordfish)

Atlantic data

(swordfish)

Atlantic data

(mixed-fishery)

Approximate time of initial set Sunset Sunset Sunrise

Number of hooks between

floats

Majority 4–5

(range: 3–21)

Majority 3–5

(range: 1–12)

Majority 4–5

(range: 2–10)

Mean number of light

sticks per hook (all years)

0.57 0.92 0.38

Hook preferred

pre-regulations

J 9 J 9 16/0

Hook regulations

(type and minimum size)

Circle 18/0 Circle 16/0 or

18/0*

Circle 16/0

Bait preferred

pre-regulations

Squid Squid Squid

Bait regulations Fish only Fish or squid** Fish or squid

Sets with fish-only bait (all years) 13,713 890 262

Sets with squid-only bait (all

years)

1,532 2,268 3,566

SEA TURTLES CAPTURED (ALL YEARS):

Leatherback 105 415 429

Loggerhead 222 672 230

*In NED, hook must be 18/0.

**In NED, squid bait is only allowable if using a non-offset hook.

leatherback, and loggerhead. On a few occasions, a subset of
the Atlantic data, specifically the NED region, was analyzed
separately given the enhanced regulatory requirements in this
area (e.g., 18/0 circle hook). Turtle catch probability was uniquely
referenced at the level of longline set, which refers to the
individual mainline set (or haul) with baited hooks that remain
soaking in the water for ∼8–12 h. Spatial statistics were used
to generate spatio-temporal kernel density maps to visualize
longline sets that captured one or more turtles. Finally, we used
statistical models that incorporated a suite of variables that help
explain and predict the probability of sea turtle bycatch on
longline fishing vessels in the U.S. Atlantic and Pacific fleets.

TABLE 2 | List of explanatory variables for Atlantic and Pacific observer data used

in generalized additive mixed models.

Explanatory

variable

Type Description

Target

species

Categorical Atlantic data: mixed (swordfish and tuna) and

swordfish.

Hawaii: swordfish-target only.

Maximum

hook depth

Continuous Atlantic data: sum of lengths of floatline,

branchline, dropline length. Does not account for

mainline sag, sheer, or other factors.

Hawaii: not consistently recorded.

Sea surface

temperature

(SST) ◦C

Continuous Weekly SST were obtained from NOAA Pathfinder

SST data by location (average of initial set and

end of haul locations). When weekly was not

available, monthly data were used.

Hook type Categorical Atlantic data: 9/0 J hook was predominant hook

type pre-regulation, circle hooks (16/0 and 18/0)

were used exclusively post-regulation.

Pacific data: nearly 100% use of 9/0 J hooks pre-

regulation and 100% use of circle hooks (18/0)

post regulation.

Hook size Categorical Atlantic data: inclusive of circle hooks 16/0, 17/0,

18/0, 20/0, with sizes 16/0 and 18/0 represented

in 66% of data. Very few 17/0 and 20/0. For

analysis, data collapsed so that small circle hooks

were sizes 16 and 17, large circle hooks were

sizes 18 and 20. Small J hooks were sizes 7, 8, 9,

and large J hooks were 10 &11. However, sample

sizes in general were too small to make

appropriate comparisons.

Pacific data: nearly 100% use of size 9/0 J hooks

prior to 2002 and 100% use of circle hooks size

18/0 after 2003.

Bait Categorical Atlantic data: Three categories-fish, mix of fish,

and squid.

Pacific data: Three categories—fish, squid, other

(unknown). Mackerel is the most common fish

species. Squid used nearly exclusively prior to

regulations.

Soak

duration

Continuous From initial set time to end of set (haul).

Lightstick to

hook ratio

Continuous Ratio of total number of light sticks to number of

hooks per set.

Number of

hooks

between

floats

Continuous Atlantic data: Mixed fishery range: 2–10 (majority

4 or 5 floats).

Swordfish fishery range: 1–12 (nearly all between

3 and 5).

Hawaii data: range: 3–21 (nearly all were 4 to 5).
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Assessment of Regulations
In order to assess the efficacy of the conservation measures as a
whole, we used non-parametric statistics (Mann-Whitney, due to
lack of normality and homogeneity of the variances) to test the
null hypothesis that sea turtle BPUE was similar before and after
the regulations in mid 2004. Specifically, we compared BPUE for
time periods before and after the regulations for leatherback and
loggerhead turtles in the Atlantic and Pacific.

Identification of Spatio-Temporal Bycatch
Patterns
Spatial kernel density maps were created for the locations of
fishing effort and sets with turtle bycatch (>0) using the “kde2d”
function in the “MASS” package in R (v.3.3.1).

Generalized Additive Mixed Models to
Determine Probability of Turtle Bycatch
Longline observer data were analyzed to determine the
probability of catching leatherback and loggerhead sea turtles
using binomial GAMMs. We modeled the presence or absence
of either sea turtle species within a single longline set. GAMMs
are a non-linear regression technique in which the relationships
between the dependent and the independent variables are
modeled with non-parametric smooth functions and make
allowances for complex relationships (Hastie and Tibshirani,
1990; Wood, 2006). A random intercept mixed models was used
with individual vessel ID to account for repeated longline trips by
individual vessels.

Species (leatherback, loggerhead) and region-specific
(Atlantic, Pacific) full models were constructed that had the
following generalized relationship (Equation 1). Specifically,
given a dependent variable y and a set of x independent
covariates, the relationship between them is established by:

ys,r = α + αi+
∑m

j=1
gi

(

xij
)

+ εi (1)

The dependent term (y) in our models was binomial set data
(0 = no turtle caught on a set; 1 = one or more turtles caught
per set) and was modeled with a logit link function (Wood,
2006). αi is the variance component around α associated with
the vessel effect, gi are one-dimensional cubic spline smoothing
functions for each independent continuous covariates, xij
were independent covariates that included distinct variable
combinations dependent on region. Full species-specific models
in both regions included independent covariates described in
Table 2 and Table A1. All models met the assumptions of
constant variance and normal residuals.

Year as a variable was confounded with gear changes and
thus omitted from the models. Maximum hook depth [sum
of gangions (branchlines), droplines, and leaders] was only
recorded by observers in the Atlantic and thus was not included
in Pacific models. Additional predictor variables used in all
full models included month, SST, bait type (categories: squid,
fish, other), hook type (circle, J, other), light stick to hook
ratio, soak duration of gear, and number of hooks between
floats. Hook size, bait size, or hook offset were not analyzed

due to limited sample sizes before and after regulations. A
backward selection approach was used to identify the best model.
We determined the best-fit models by minimizing the Akaike
Information Criterion (AIC). Model selection Appendix and
terms specific to turtle species and region are outlined in Table 2.
All GAMM analyses were carried out using the “mgcv” package
in R (v. 3.3.1).

RESULTS

Descriptive Summary of Atlantic Sea Turtle
Bycatch Data
In total, Atlantic data in our analyses included 11,982 unique sets
conducted on 1,762 trips from an approximately equal number
of swordfish and mixed target trips. Throughout the 1992–
2015 period, 844 leatherback and 902 loggerhead turtles were
captured. Turtle bycatch per unit effort (BPUE; # individuals
caught per 1,000 hooks, ±SD) rates in each of the statistical
reporting areas within the Atlantic PLL fishery for all the years
are reported (Figure 2), with clear distinction of the NED region,
which had the highest turtle BPUE of any statistical reporting
area within the Atlantic PLL fishery. BPUE tended to be higher
for years prior to 2001. Bycatch rates are reported by year for all
areas combined in Figure 3.

Ninety-four percent (94%) of all Atlantic sets showed zero
leatherback turtles recorded. A single leatherback was caught on
611 sets, 2 or 3 were caught on 92 sets, and between 4 and 7
were caught on 6 sets. Ninety-five percent (95%) of sets showed
zero loggerhead turtles recorded. A single loggerhead turtle was
captured on 482 different sets, between 2 to 4 were caught on 87
sets, between 5 to 7 were caught on 12 sets, and between 9 to 12
were caught on 5 sets. Mean curved carapace length (CCL, cm)
for loggerhead turtles brought on board was 73.3 cm (SD= 27.6).

Descriptive Summary of Pacific Sea Turtle
Bycatch Data
Pacific observer records were from 15,472 sets from 460 unique
trips during 1994–2014, which included observed capture of 105
leatherback and 222 loggerhead turtles (Figure 4). Ninety-nine
percent (99%) of sets had zero leatherback turtles recorded. A
single leatherback was caught on 103 sets and 2 were caught on
2 sets. Ninety-nine percent (99%) of sets had zero loggerhead
turtles recorded. A single loggerhead was caught on 197 sets
and 2 or 3 were caught on 25 sets. Mean CCL for all turtles
brought on board was 62.8 cm (SD = 11.6), which is smaller
than loggerheads measured in the Atlantic (CCL; mean= 73 cm,
SD ± 27.8, Figure 5). Overall, the range of sizes for loggerhead
turtles in the Atlantic was considerably broader than in the
Pacific.

Frequency of Capture as a Function of
Turtle Size and Sea Surface Temperature
In the Atlantic, the frequency of sets with bycatch in our study
was highest within an approximate SST range between 22 to 26◦C
and 23 to 27◦C for loggerheads and leatherbacks, respectively.
In the Pacific, the peak range of SST with positive sea turtle
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FIGURE 2 | Atlantic data. Mean turtle BPUE (# individuals caugh per 1,000 hooks ±SD) by statistical reporting area. CAR, Caribbean; GOM , Gulf of Mexico; FEC,

Florida East Coast; MAB, Mid-Atlantic Bright; NCA , North Central Atlantic; NEC, Northeast Coastal; NED, Northeast Distant; SAB, South Atlantic Bight; SAR

Sargasso; TUN, Tuna North and TUS, Tuna South.

FIGURE 3 | Atlantic data Sea turtle bycatch per unit effort (BPUE, #individuals caught per 1,000 hooks, ±SD) by year.

captures occurred between 17 and 19◦C for both loggerheads and
leatherbacks (Figure 5).

Comparison of Bycatch before and after
the Regulations
For Atlantic observer data inclusive of all reporting areas, bycatch
rates of leatherback and loggerhead turtles were significantly
lower during the post-regulation period, a reduction of 40
and 61%, respectively. Within the NED area alone, which had
greater mitigation requirements than the rest of the Atlantic
areas, turtle bycatch rates were further reduced during the post-
regulation period, by 64 and 55% for leatherback and loggerhead
turtles, respectively. For Pacific data, turtle bycatch rates were
significantly lower during the post-regulation period, a reduction
of 84 and 95% for leatherback and loggerhead turtles, respectively
(Table 3).

Spatio-Temporal Sea Turtle Bycatch
Patterns
Kernel density plots illustrate the distribution of observed
longline sets with bycatch of at least one sea turtle by quarter
for both the Atlantic and Pacific (Figure 6). Spatial and
temporal patterns are fishery-dependent and largely driven by
the distribution of fishing effort. In the Atlantic, longline sets
that captured one or more turtles were most dense in southern
latitudes during quarters 1 and 2 and shift northeast to the NED
area in quarters 3 and 4. Sets with loggerhead turtle captures in
the Gulf of Mexico (GOM) were most prevalent during quarter
2, whereas sets with leatherback turtles were most frequent in
the GOM during quarters 1 and 2. Longline sets with leatherback
turtles were most dense in the NED and coastal northern U.S.
waters during quarters 3 and 4. Sets with loggerhead turtles in the
Pacific observer data had less clear patterns, with the exception
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FIGURE 4 | Leatherback and loggerhead BPUE (# individuals caught per 1,000 hooks, ±SD) for Hawaii-permitted shallow set longline fishery by year.

of a high density of sets with loggerhead turtles in quarter 1
northeast of the main Hawaiian Islands. Similarly, sets with
leatherback turtle interactions were most dense north of the main
Hawaiian Islands during quarters 1 and 2, with density shifted
further west during quarter 3.

Model Outputs and Relative Probabilities
of Capture
The best-fit models with the final terms for each species
and region are summarized in Appendix. Turtle bycatch
probabilities as a function of significant terms in the model
are shown in Figure 7. Model estimates of the individual
variable effects on bycatch probability for all years of data
collections are in Table 4. Both absolute and relative probabilities
of bycatch for both leatherback and loggerhead turtles in the
Atlantic and Pacific were determined using the rescaled GAMM
model (Table 5). Since probabilities differed among the various
statistical reporting areas of the Atlantic, we report on gear
comparisons for the area of the NED given the enhanced
regulatory requirements in this region and allowing for more
valuable comparisons relative to sea turtle bycatch probability as
a function of hooks and bait combinations. Bycatch probabilities
are also reported for other statistical reporting areas in the rest of
the Atlantic for circle hooks with fish bait (Table 5).

Probabilities of Turtle Capture
Loggerhead Bycatch in the Atlantic Ocean
The factors found to influence the capture of loggerhead turtles
in the Atlantic are number of hooks between floats, ratio of
light sticks to hooks, SST, bait type, hook type, and fishing area
(Figures 7A–G; Table 1A). Probability of loggerhead bycatch is
expected when the number of hooks between floats is 4 or 5,
with light sticks attached at each hook, and when maximum
estimated hook depth is ∼22m or less. The GAMM identified
an increased loggerhead catch probability with SST between∼18
and 24◦C. Plots of factors such as bait and hook type indicate

loggerhead turtle bycatch probability is lowest when using only
fish bait, and significantly increased when using squid bait. The
use of J hooks results in significantly elevated bycatch probability
as compared to circle hooks for the combined Atlantic statistical
areas.

In regards to fishing location in the Atlantic, GAMMs
identified the expected probability of catching a loggerhead is
highest in the NED and NEC when using circle hooks and fish
bait (Table 5). The expected probability of catching a loggerhead
turtle on a set in the NED area using circle hooks and fish bait
is 0.054 as compared to 0.111 if using circle hooks and squid
bait, indicating a two-times (2.045) greater catch probability
of a loggerhead using squid bait compared to fish bait. There
is a reported 1.690 times greater catch probability of catching
loggerhead turtles in the NED using J hooks with fish bait
compared to using circle hooks with fish bait. In combination,
there is a predicted 3.318 times greater catch probability of
loggerhead turtles in the NED using the J hooks with squid bait
as compared to circle hooks with fish bait (Table 5).

Leatherback Bycatch in the Atlantic
Based on the GAMM models, the expected probability of
catching a leatherback turtle in the Atlantic Ocean is most
influenced by month, number of hooks between floats, SST, bait
type, hook type, and statistical reporting area (Figures 7H–M,
Table 5). Bycatch probability is elevated during the months of
October through December and within SST in the range of 18–
24◦C. Leatherback turtle bycatch probability is expected to be
lowest when using only fish bait and circle hooks (measured
separately) and significantly increases when using squid and
J hooks (Table 1A). There is a significant elevated bycatch
probability of leatherback turtles in the GOM, NEC, and NED
regions of the Atlantic statistical reporting area. The probability
of catching a leatherback turtle per set in the NED area of
the Atlantic while using circle hooks and fish bait is 0.056 as
compared to 0.089 if using circle hooks and squid bait, indicating
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FIGURE 5 | Frequency of sets that caught loggerhead and leatherback turtles by set sea surface temperatures (SST) in the Atlantic (A) and Pacific (B). Size frequency

of loggerhead turtles captured in longline sets in the Atlantic (C) and Pacific (D). Dots in paragraphs indicate mean and lines indicate median. Loggerhead turtle

measurements in curved carapace length(CCL, cm).

a 1.589 times greater catch probability of leatherback turtles by
using squid (vs. fish) bait. When bait is held constant, there is
a 2.284 times greater catch probability of leatherback turtles in
the NED using fish bait using J hooks as compared to using
circle hooks. There is a 3.475 times greater catch probability of
leatherback in the NED using the combination of J hooks with
squid bait vs. circle hooks with fish bait (Table 5).

Loggerhead Bycatch in the Pacific (Hawaii Shallow

Set Fishery)
The key variables influencing the probability of loggerhead
bycatch in the Pacific include month, bait type, hook type

and location (Figures 8A–D, Table 4). Loggerhead bycatch is
expected to be highest during January and February and in
two geographic locations (Figure 8D). Loggerhead turtle bycatch
probability is lowest with use of fish bait (vs. squid or other)
and circle hook (vs. J or other). GAMM results indicate the
probability of loggerhead turtle catch in the Pacific is a predicted
2.890 times higher when using circle hooks with squid bait
as compared to when using circle hooks with fish bait (0.018
vs. 0.006). There was a predicted 7.313 times greater catch
probability of loggerheads using J hooks and fish bait as
compared to circle hooks and fish bait. In combination, there is
an expected 19.632 times greater catch probability when using
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the combination of J hooks with squid bait as compared to circle
hooks with fish bait (Table 5).

Leatherback Bycatch in the Pacific (Hawaii Shallow

Set Fishery)
Variables there were expected to influence the probability of
leatherback turtle capture in the Pacific include month and
hook type (Figures 8E, F, Table 4). GAMM results indicate a

TABLE 3 | Observer sampled nominal mean bycatch per unit effort (BPUE, per

thousand hooks) before and after regulations by species by region.

Species Pre-

regulations

BPUE (SD)

Post-

regulations

BPUE (SD)

% Change Test statistic

(Mann Whitney U)

ATLANTIC

Loggerhead 0.17 (0.812) 0.07 (0.444) −61 P < 0.001 (−6.565)

Leatherback 0.13 (0.569) 0.078 (0.378) −40 P = 0.002 (−3.060)

NED

Loggerhead 0.88 (1.905) 0.39 (1.569) −55 P < 0.001 (−4.516)

Leatherback 0.44 (1.070) 0.16 (0.455) −64 P < 0.001 (−3.866)

HAWAII

Loggerhead 0.13 (0.468) 0.01 (0.088) −95 P < 0.001 (−25.636)

Leatherback 0.03 (0.209) 0.01 (0.079) −84 P < 0.001 (−8.120)

NED identified in Figure 1.

3.72 times greater catch probability of leatherback turtles on J
hooks vs. circle hooks (0.013 vs. 0.004; Table 5). Simultaneous
gear changes due to regulatory measures limited additional
comparisons.

DISCUSSION

Value of Statistical Models for Bycatch
Prediction
In this study, we used statistical models that allow for non-linear
relationships (Hastie and Tibshirani, 1990; Guisan et al., 2002)
and are thus highly suitable for modeling rare bycatch events,
such as sea turtle bycatch in longline fisheries (McCracken,
2004; Coelho et al., 2013). Statistical models, such as GAMs
and their extension the GAMMs, have been used extensively in
marine fisheries research and management to forecast outcomes
such as target species abundance, catch levels, etc. (Walsh and
Kleiber, 2001). GAMs can also be used to identify species’
associations with environmental variables, such as SST and
depth, and therefore be valuable to predict the likelihood that
a given species would inhabit or be captured in a particular
environment (Forney et al., 2015). Using models to predict the
probability of a relatively rare event, such as fisheries bycatch
or ship strikes, is challenging due to a high proportion of zero
captures resulting in a skewed distribution (Martin et al., 2015).

FIGURE 6 | Spatial kernel density plots of loggerhead (top, upper figure) and leatherback (bottom, upper figure) turtle captures by area and quarter from Atlantic

observer data. Spatial kernel density plots of loggerhead (top, lower figure) and leatherback (bottom, lower figure) turtle captures by quarter from Hawaii observer

data. Loggerhead turtle plots (A–D) are 1st through 4th quarter in Pacific and (E–H) are 1st through 4th quarter in the Atlantic. Leatherback turtle plots (I–L) are 1st

through 4th quarter in in the Pacific and (M–P) are 1st through 4th quarter in the Atlantic.
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FIGURE 7 | Effect of gear characteristics and weekly averaged satellite derived sea surface temperature (wSST) on catch probability of loggerhead (A–G) and

leatherbacks in the Atlantic Ocean (H–M). The y-axis is in logit units and represents deviation from the logit mean. The smoothed probability of catch is scaled by its

coefficient from the Generalized Additive Mixed Model (GAMM) model. The shaded area represents the upper and lower twice-standard-error curves. For factors

(categorical variables), solid lines are the mean and the first factor is the reference group centered at zero, dashed lines represent upper and lower twice-standard

errors. Positive (negative) values represent higher (lower) probability of catch from the mean capture probability. Vertical ticks on the x-axis indicate data distribution.

For the Atlantic, the probability of loggerhead turtle capture is a function of (A) number of hooks between floats,(B) ratio of light sticks to hooks (log scale due to

improve model fit), (C) maximum reported hook depth, (D) SST, (E) Bait type, (F) Hook Type, (G) Statistical Reporting, area. For the Atlantic, the probability of

leatherback turtle capture is functional of (H) Month, (I) Number of hooks between floats, (J), SST, (K) Bait Type, (L) Hook Type, (M) Statistical Reporting area.

In spite of the many challenges, recent modeling efforts have
provided critical information with direct value to protected
species management. Examples are numerous and across taxa,
including seabirds (Majluf et al., 2002;Winter et al., 2011; Gilman
et al., 2016a), marine mammals (Majluf et al., 2002; Orphanides,
2009; Redfern et al., 2013; Martin et al., 2015), sharks (Walsh and
Kleiber, 2001; Minami et al., 2007), and sea turtles (Murray, 2009,
2011).

GAMMs in this study resulted in the highest explanatory
power for the probability of bycatch of loggerhead turtles in
the Pacific, with the least explanatory ability for leatherback
bycatch in the Atlantic. In general, much of the expected bycatch
probability for both turtle species was explained in time and

space, which is largely a function of the fishery effort and the
overlap between target species and sea turtle foraging habitats.
Given the fishery-dependent nature of these data, there is no way
to isolate the bycatch probability independent from the fishing
effort, especially as it relates to space and time. However, these
analysis incorporates additional characteristics of the operational
components of the fishery including gear specifications such as
hook and bait type and approximate hook depth that can provide
insights on ways to decrease sea turtle bycatch probability within
a specific region during normal fishing operations. As our
primary goal was to understand the effects gear differences and
spatio-temporal terms have on bycatch probability, we focused
on these covariates in the models and their resultant statistical
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TABLE 4 | GAMM selection parameters and outputs.

Models (Species and region)

Loggerhead atlantic Leatherback atlantic Loggerhead pacific Leatherback pacific

Parametric terms Estimate (sig.)

Intercept Category −3.6308 (***) −4.47(***) −5.39 (***) −5.423 (***)

BAIT (reference: FISH) SQUID 0.7773 (***) 0.508 (*) 1.074 (*) (ns)

OTHER 0.5277 (*) 0.522 (**) 1.01 (*) (ns)

HOOK (reference: C-HOOK) J-HOOK 0.5656 (***) 0.906 (***) 2.03 (***) 1.32 (***)

OTHER 0.009 0.3088 1.21 (***) 0.8313

AREA (reference: CAR) FEC −0.5636 (*) 0.1348 – –

GOM −1.6917 (***) 0.754 (*) – –

MAB −0.5037 0.692 (.) – –

NCA −0.3759 −0.952 (.) – –

NEC 0.5045 1.045 (**) – –

NED 0.6031 1.481 (***) – –

SAB −1.1756 (***) 0.1221 – –

SAR −0.2415 −0.2018 – –

TUN −13.5392 −0.0907 — –

TUS −12.7777 −13.0401 – –

UNK −13.7820 −12.1695 – –

Smooth terms EDF (sig.)

LAT, LON – – 2.91 (***) (ns)

MONTH (ns) 1 (.) 1 (***) 1 (***)

SST 2.53 (***) 2.017 (*) (ns) (ns)

LIGHTSTICK TO HOOK RATIO 1 (***) (ns) (ns) (ns)

HOOK DEPTH MAX 2.01 (**) (ns) – –

HOOKS PER FLOAT 2.36 (.) 2.334 (*) (ns) (ns)

SOAK DURATION (ns) (ns) (ns) (ns)

Adj. R-sq 5.92% 1.97% 6.15% 0.81%

Statistical significance (p-values): 0 “***” 0.001 “**” 0.01 “*” 0.05 “.” 0.1 “” 1; EDF, Estimated degrees of freedom.

estimates and significance. Despite the potential importance
to turtles’ presence in a given location, habitat variables,
such as fronts, eddies, and primary productivity, were not
included in modeling efforts. We acknowledge, that inclusion
of these variables might have improved model fit (adjusted
R2) by explaining the oceanographic context surrounding each
longline set.

Interpretation of Findings
Spatial Distribution and SST
Using all Atlantic data, we modeled the probability of turtle
bycatch as a function of location (statistical reporting areas) and
identified an elevated bycatch risk in the NED and NEC for
loggerhead turtles and in the NED for leatherbacks. This finding
was expected as the NED is primarily a swordfish-targeting
region where hooks are set shallow at night with a high light stick-
to-hook ratio that results in a combination of variables associated
with an increased probability of catching primarily loggerhead
turtles according to our models.

Similar to previous studies, our results identified the
influential role of SST regarding the probability of catching
loggerhead and leatherback turtles in both the Atlantic and
Pacific oceans. In general, there is a broader range of
temperatures recorded in the Atlantic (∼10–30◦C) vs. Pacific
data (∼16–26◦C), due to the fact that US fleets operate over
a wider latitudinal range in the Atlantic than the Pacific. The
frequency of sets with sea turtle bycatch in the Atlantic was
highest within approximate SST ranges between 22◦C to 26◦C
and 23◦C to 27◦C for loggerheads and leatherbacks, respectively.
These ranges are nearly identical to those previously reported
(Watson et al., 2005; Brazner and McMillan, 2008; Foster
et al., 2012; Huang, 2015). The range of SST with positive
sea turtle captures was more protracted in the Pacific, with
the frequency of sets with sea turtle bycatch highest when
SST ranged between ∼17 and 19◦C for both loggerheads and
leatherbacks. These ranges overlap entirely with the species’ at-
capture peak SST ranges previously reported in the North Pacific
(Howell et al., 2008, 2015; Kobayashi et al., 2008; Abecassis et al.,
2013).
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TABLE 5 | Capture probabilities of leatherback and loggerhead sea turtles from GAMM models and associated absolute and relative increases in the Atlantic or Pacific

Oceans by longline sets for combinations of hook type, bait, and area.

Ocean basin Area (Atlantic only) Turtle species Hook type Bait type Capture interaction

probability per set

Within hook type

comparison (x increase

in relative terms)

Between hook type

comparison (x increase

in relative terms)

Atlantic FEC Loggerhead Circle Fish 0.018

Atlantic FEC Leatherback Circle Fish 0.015

Atlantic GOM Loggerhead Circle Fish 0.006

Atlantic GOM Leatherback Circle Fish 0.029

Atlantic MAB Loggerhead Circle Fish 0.019

Atlantic MAB Leatherback Circle Fish 0.026

Atlantic NCA Loggerhead Circle Fish 0.021

Atlantic NCA Leatherback Circle Fish 0.005

Atlantic NEC Loggerhead Circle Fish 0.050

Atlantic NEC Leatherback Circle Fish 0.037

Atlantic NED Loggerhead Circle Fish 0.054 0.000 0.000

Atlantic NED Loggerhead Circle Squid 0.111 2.045 2.045

Atlantic NED Loggerhead J Fish 0.092 0.000 1.690

Atlantic NED Loggerhead J Squid 0.181 1.963 3.318

Atlantic NED Leatherback Circle Fish 0.056 0.000 0.000

Atlantic NED Leatherback Circle Squid 0.089 1.589 1.589

Atlantic NED Leatherback J Fish 0.128 0.000 2.284

Atlantic NED Leatherback J Squid 0.195 1.521 3.475

Atlantic NED Leatherback Circle Fish 0.010

Atlantic SAB Loggerhead Circle Fish 0.009

Atlantic SAB Leatherback Circle Fish 0.015

Atlantic SAR Loggerhead Circle Fish 0.024

Atlantic SAR Leatherback Circle Fish 0.011

Atlantic TUN Loggerhead Circle Fish 0.000

Atlantic TUN Leatherback Circle Fish 0.012

Atlantic TUS Loggerhead Circle Fish 0.000

Atlantic TUS Leatherback Circle Fish 0.000

Pacific Loggerhead Circle Fish 0.006 0.000 0.000

Pacific Loggerhead Circle Squid 0.018 2.890 2.890

Pacific Loggerhead J Fish 0.047 0.000 7.313

Pacific Loggerhead J Squid 0.125 2.685 19.632

Pacific Leatherback Circle 0.004 0.000

Pacific Leatherback J 0.013 3.720

“Within hook type comparison” results represent the percent increase for squid or “other” category baits relative to fish bait within each hook type category (Circle, J, or Other). “Between

hook type comparison” results represent the percent increase for sets using J hooks or “other” category hooks with squid or “other” category baits relative to capture probabilities on

circle hooks used with fish bait only.

SST has been previously identified as a strong predictor of
sea turtle movements (Kobayashi et al., 2008; Mansfield et al.,
2009), and thus SST can serve a valuable role as a means to
reduce sea turtle bycatch. For pelagic longline fisheries operating
in the north Atlantic, Brazner and McMillan (2008) investigated
the frequency of loggerhead turtle capture as a function of
SST and suggested limiting fishing activity in SST >20◦C to
minimize loggerhead bycatch. In the North Pacific, Howell et al.
(2008, 2015) used extensive satellite tracking data to identify
oceanographic features such as SST that could be used to predict
the presence of loggerhead and leatherback turtles with the
ultimate goal to develop a means to reduce sea turtle captures
in longline fisheries. The result is an internet-based product,

NOAA TurtleWatch (www.pifsc.noaa.gov/eod/turtlewatch.php),
that serves to provide information on preferred sea turtle
habitat, specifically SST, that can be used by managers and
fishers to make dynamic decisions to reduce the incidental
capture of loggerhead and leatherback turtles during longline
fishing operations (Howell et al., 2008, 2015). This is particularly
valuable in the shallow-set sector of the Hawaii fishery that
operates under sea turtle bycatch limits, whereby the fishery
is mandated to immediately cease fishing operations until the
remainder of the calendar year once a certain number of turtle
interactions by species occurs. Howell et al. (2015) proposed
a dynamic management concept based upon a SST habitat
boundary, whereby fishing effort should be avoided in the
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FIGURE 8 | Effect of gear characteristicsand location on the probability of catch of loggerheads (A–D) and leatherbacks (E,F) in the Pacific. The y-axis is in logit units

and represents deviation from the logit mean. The smoothed probability of capture is scaled by its coefficient from the Generalized Additive Mixed Model (GAMM)

model. The shaded area represents the upper and lower twice-standard-error curves. For factors, solid lines are the mean and the first factor is the reference group

centered at zero, dashed lines represent upper and lower twice-standard errors. Positive (negative) values represent higher (lower) probability of catch from the mean

capture probability. Vertical ticks on the x-axis indicate data distribution. For the Pacific, the probability of loggerhead turtle capture is a function of (A) Month,

(B) Hook Type, (C) Bait Type, (D) Location (scaled between 0 and 1 catch probability). For the Pacific, the probability of leatherback turtle capture is a function of

(E) Month, and (F) Hook Type.

SST range of 17.0–18.5◦C to minimize interactions with both
loggerheads and leatherbacks. In calculating the potential impact
of this restriction on the Pacific observer data presented herein,
the observed number of turtles captured would have been
reduced by 94 (42%) loggerhead turtles and 46 (44%) leatherback
turtles.

The Role of Bait in Bycatch
Our findings on the significance of bait type influencing
the probability of capturing sea turtles are consistent with
other experiments conducted in the Atlantic, whereby it was
determined that the largest reduction in (primarily leatherback)
turtle bycatch was achieved with use of fish bait, specifically
mackerel (Watson et al., 2005; Santos et al., 2012). Based on
results of numerous investigations, there is general consensus
that replacing squid bait with fish bait will reduce sea turtle
bycatch. However, regulations requiring use of fish bait to reduce
sea turtle bycatch must be balanced against the potential target
species catch loss, a concern that has been previously evaluated
(Watson et al., 2005; Yokota et al., 2009; Curran and Bigelow,
2011; Coelho et al., 2012). Further, bait choice can also potentially
increase bycatch of certain sharks or other vulnerable species
(Foster et al., 2012; Santos et al., 2012; Gilman et al., 2016b).
As with other bycatch reduction techniques, success in adopting
these measures may be fishery dependent. Among the factors that
need to be evaluated include the target species, bait, hook type,
and intended hook depth, the species and life-stage of bycaught
turtles, fishing area (which is co-related with SST) and season,
and other bycatch species potentially affected. In the U.S. Atlantic

longline fishery, NED fishers have the choice to use fish or squid
bait, yet if they use squid it must be accompanied by a circle hook
(18/0) with no offset. It is clear that mandated use of fish bait in
all areas would lead to further reductions in sea turtle bycatch.

Ratio of Light-Sticks to Hooks
Unlike leatherback turtles that are primarily externally hooked in
the armpit, shoulder or flipper, loggerhead turtles are primarily
captured as a result of actively biting and/or swallowing a baited
hook (Watson et al., 2005). Based on these observations, Watson
et al. (2005) proposed the potential attraction to light sticks, or
phototaxis, as an explanation of loggerhead turtle bycatch rates
in longline gear. Despite the interest to investigate the role of
lights in sea turtle bycatch, such analysis was not possible in
the previous NED experiments given that this variable remained
constant throughout the time-series. In this study, with data from
both swordfish-target and mixed-target sets, variation existed in
operational factors such as ratio of lightsticks deployed per hook,
whereby lights are generally placed near each hook on swordfish-
style sets and likely every other hook in a mixed target set. This
overlap allowed for further exploration on the role of lightstick
use on the probability of turtle capture. This study identified a
positive linear relationship regarding loggerhead turtle bycatch
probability and lightstick use. Based on earlier speculations of
the role of lightsticks in attracting sea turtles to longline fishing
gear, Wang et al. (2007) conducted behavioral experiments
with captive loggerhead turtles using an orientation arena to
conclude that lightsticks of varying wavelengths significantly
attract turtles. These results from the GAMMs, in combination
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with the laboratory studies (Wang et al., 2007), provide evidence
that loggerhead turtles are drawn to the vicinity of longline gear
(baited hooks) with increased illumination. Additional bycatch
reduction may be gained for loggerhead turtles by reducing or
eliminating the use of lightsticks in longline gear.

Hook Type
In all models there was a significant lower probability of bycatch
with circle hooks compared to J hooks. The finding of reduced
probability of sea turtle bycatch on circle hooks is consistent with
a number of different studies and has been thoroughly discussed
(Watson et al., 2005; Yokota et al., 2009; Curran and Bigelow,
2011; Santos et al., 2012; Serafy et al., 2012).

Hook Depth
Estimates of theoretical hook depths can be inferred using
information on gear characteristics, such as the length of the
longline, number of hooks between floats and catenary geometry;
however the actual hook depths may be shallower due to shoaling
by environmental factors (Bigelow et al., 2006). In this study,
two variables serve as a proxy for hook depth: maximum hook
depth (sum of the lengths of the gangion, float line, and leader),
and number of hooks between floats. The maximum hook depth
was reported only in the Atlantic data and does not account
for any shoaling, hence the actual hook depth is likely to differ.
However, the term was significantly linked to the probability of
capturing loggerhead turtles, which is greatly increased when
the hook depth is within the top ∼25m of the sea surface.
Additionally, the GAMM indicated an increased probability of
capturing a loggerhead when there were 3–5 hooks between floats
(Figure 7A), indicating a relatively shallow-set longline. These
data also indicate a reduced capture risk in sets with fewer than 3
hooks between floats, yet this is likely biased by the relatively few
sets in this category (<3% of all sets). The result of an increased
bycatch probability for leatherback turtles at greater depth than
loggerheads has been previously reported (Watson et al., 2005;
Gilman et al., 2006).

The captures of loggerhead turtles in shallow-set gear is
consistent with previous studies in the same region (Watson
et al., 2005; Brazner and McMillan, 2008; Foster et al., 2012)
and can partially explain why rates of turtle bycatch in deep-
set longline fishing are an order of magnitude lower than on
shallow-set gear (Gilman et al., 2006; Beverly et al., 2009).
Elimination of shallow hooks as a means to reduce sea turtle
bycatch has been proposed (Polovina et al., 2003; Beverly and
Robinson, 2004) and tested. Initial experiments in a deep-set
fishery indicated that the method may not be cost-effective
due to the reduced catches of economically important epi-
pelagic species, such as wahoo (Acanthocybium solandri) and
the decreased fishing efficiency (Beverly et al., 2009). However,
there are ways to set additional weighted lines and to modify
fishing vessel speed that can effectively reduce shallow hooks in
a deep-set fishery (see Beverly and Robinson, 2004; Gilman et al.,
2006). Additional experimentation with modified fishing gear
techniques could aid in the identification of fishing methods that
optimize the catch of target species while minimizing bycatch.
In addition to the effects of other potential gear changes, such

as expanded use of circle hooks, more information is required
about potential impacts on other species, including other listed
species (e.g., sharks, rays) as well as target species (e.g., tuna,
swordfish, secondary retained species). The potential economic
loss balanced against conservation gains of eliminating shallow
hooks is fishery-specific and must be evaluated as such (Beverly
et al., 2009; Watson and Bigelow, 2014).

Four Limitations to Analysis
Limitations to Observer Data
The value of observer data is greatly enhanced when efforts
are taken to ensure that observations are drawn from a truly
representative sample of the fishery at large, both in time and
space. In the Atlantic, where observer coverage ranged from
3% to a maximum of 8% of the total fleet effort, the ability to
accurately assess the probability of a rare event is limited. This is
further hindered by the fact that the 11 statistical reporting areas
within the Atlantic are highly heterogeneous, with geographic
ranges from the relatively warm waters of the Gulf of Mexico to
near frigid waters of the Georges Banks in the North Atlantic. For
this and other reasons, annual estimates of both marine mammal
and sea turtle bycatch in the U.S. Atlantic pelagic longline fleet
are determined specific to each reporting area (Garrison and
Stokes, 2014). Additionally, disproportionate sampling in time
and space further limits the utility of these data. As a specific
example, the potential “hotspot” observed for leatherback turtles
captured in the Gulf of Mexico may simply be an artifact of
the shift of fisheries observers placed on vessels in this area to
ensure adequate coverage after regulations concerning bluefin
tuna (Thunnus thynnus) quotas. In the near future, we aim to
conduct additional analyses specific to individual regions in order
to better interpret the bycatch “hotspot” maps given the biases of
disproportionate sampling efforts.

Assumptions of Independence of Fishing Sets
Our analyses relies upon an assumption that sets are independent
despite the concern that they may not be due to their temporal-
spatial similarity to other sets within a single trip (seeMcCracken,
2004). However, numerous investigations, including Murray
(2011) posed that factors affecting estimated bycatch rates were
similar between set (haul) and trip and have thus justified its use
as the sampling unit.

Changes in Sea Turtle Populations
Our analyses presume that population trends of the bycaught
turtles are essentially stable. There are numerous reasons for this
decision, including the lack of accurate information regarding
the nesting beach origin of the bycaught turtles, which may
vary by season of capture; the population trends of each of
these nesting populations, as well as the lag time to account for
the time between nesting and when they are caught. Therefore,
given an inability to calculate population-specific annual trends
during this 20+ year period with a high degree of certainty, each
model assumes stable trends. A consequence of this limitation
is a potential misinterpretation of findings whereby reduced
BPUE of turtles post-regulations are erroneously attributed to the
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effectiveness of mitigation measures when in reality the change is
due to a decline in population trends.

An alternative explanation of our findings is that turtle
populations are declining, which is certainly the case for
leatherback turtles in the Pacific (Tapilatu et al., 2013). The
reduced leatherback bycatch rate in the Pacific may reflect
population declines. In the Atlantic, however, it has been
proposed that adult female (nesting) populations of loggerhead
and leatherback turtles are increasing (Ehrhart et al., 2014;
Stewart et al., 2016), in which case one might conclude that the
fishing restrictions were even more effective than expected. A
challenge for future studies will be to incorporate population
assessments and life history parameters into ecological models
to isolate potential effects of population changes with respect to
fisheries effort and sea turtle bycatch rates.

Other Regulatory Changes
Pacific data have unique challenges given the simultaneous
nature of regulatory requirements and gear changes in the
Hawaii shallow-set fishery that confound data and limit some
analysis. The 2004 regulations created an immediate change in
use of both bait and hook type, making no allowances for an
overlap of different combinations (such as circle hooks with
squid bait), rendering it difficult to separate the explanatory
effects of bait and hook type. Differences between hook and
bait types could only be observed prior to the regulation, yet
during this time circle hooks were never used. In this type of
scenario, the degree of interrelatedness among hook type, bait
type, and year is sufficiently high as to essentially be represented
by a single variable. Similarly, location is confounded with SST
and thus only location was selected for modeling purposes. Our
modeling confirmed these correlations, as regulation, bait, and
hook variables all performed similarly as predictors of sea turtle
bycatch.

In the Atlantic, the U.S. has multiple regulatory regimes
regarding the management of highly migratory fish stocks
of tunas, swordfish, billfish, and sharks that may have also
influenced fishing effort and observer coverage reported herein.
Specifically, year-round closures in the De Soto Canyon of the
Gulf of Mexico and the Florida East Coast, as well as seasonal
closures in the Charleston Bump and in the Mid-Atlantic (Figure
4.4, NMFS, 2015). Additional regulations involving individual
fishing quotas for bluefin tuna and the requirement of weak
hooks in the Gulf of Mexico for bluefin tuna bycatch reduction
have also been modified during the time period of this analysis
(Jan 13, 2011, FR 76, 9).While not intended specifically to protect
sea turtles in this region, these closures, as well as changes in gear
regulations, may also have affected rates of sea turtle bycatch in
Atlantic longline fisheries.

Ecosystem Level Impacts of Findings
This analysis focused on sea turtle bycatch before and after circle
hook requirements in the United States. However, there are many
other non-target species, such as seabirds, marine mammals,
and sharks bycaught in pelagic longline fisheries. Several studies
and symposiums have evaluated the effectiveness of circle hooks
across and found that reductions are not necessarily achieved for
all non-target bycatch species taxa (Kerstetter and Graves, 2006;

Serafy et al., 2012; Huang, 2015). In some cases, circle hooks
may increase bycatch of sharks (see Gilman et al., 2016b). There
is a clear need for further investigation of cross-taxa bycatch
solutions in pelagic longline fisheries. Additional research should
include evaluating the use of multiple mitigation techniques to
reduce the bycatch of several non-target species. For example,
testing deep-setting “hook pods” with circle hooks to reduce both
seabird and sea turtle bycatchmay benefit both taxa. Asmanagers
strive to use an ecosystem based fisheries management approach,
cross-taxa bycatch reduction studies will become increasingly
important. Studies like this will serve as the building blocks for
cross-taxa bycatch reduction strategies.

CONCLUSIONS

This study highlights the key variables influencing the probability
of sea turtle capture in pelagic U.S. longline fisheries in
the Atlantic and Pacific Oceans, as well as how these risks
have changed after new regulations. The various analyses
have confirmed that in two U.S.-managed longline fisheries,
both nominal bycatch and probabilities of bycatch significantly
declined, which we attribute to fisheries regulations that
mandated changes to traditional longline fishing gear. For
combined Atlantic observer data, mean bycatch rates declined by
40 and 61% for leatherback and loggerhead turtles, respectively,
for the post-regulation period. Within the NED area alone,
where additional restrictions include a relatively larger circle
hook (18/0) plus limitations on use of squid bait, sea turtle
bycatch rates declined by 64 and 55% for leatherback and
loggerhead turtles, respectively, for the post-regulation period.
These reductions represent large reductions in sea turtle bycatch
despite earlier predictions of even greater conservation gains
(Watson et al., 2005). Sea turtle population benefits were even
more pronounced for the Hawaii shallow set fishery, where
mean bycatch rates declined by 84 and 95% for leatherback and
loggerhead turtles, respectively, for the post-regulation period.
We consider the existence of numerous confounding factors,
as discussed above, in this assessment of the efficacy of the
regulation. However, the consistency in observations with results
from relevant controlled and comparative experiments (Watson
et al., 2005; Gilman et al., 2006) strongly support the inference
that the mandated changes in hook and bait were the dominant
factors in reducing loggerhead and leatherback bycatch in U.S.
commercial longline fisheries during this 20+ year investigation
period.

In addition to assessing the conservation value of regulatory
measures, our work also highlights the value of maintaining
a long term (∼22 year) data set of observed target and non-
target species caught in U.S. longline fisheries. This information
is critical for fisheries managers both in the development of
regulatory measures, as well as monitoring and evaluation of
their effectiveness. While this research largely relied on data
from human observers, in the future, electronic monitoring of
vessels when human observation is limited can further assist
in assessment of sea turtle (and likely other non-target species)
bycatch issues.

The use of statistical models, such as GAMMs, can assist
managers in identifying explanatory variables that influence
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the probability of rare bycatch events, such as sea turtles in
longline fishing gear. Information gleaned from these analyses
can be applied to management measures that aim to reduce
or minimize sea turtle bycatch in longline fisheries. In this
analysis, we identified that extending a prohibition of squid bait,
eliminating baited hooks at relatively shallow depths (<∼30m)
and implementing temporary closures specific to SST boundaries
could be used in addition to changes in hook requirements to
further extend sea turtle protection measures.

Our analyses leads us to conclude that the regulations
implemented significantly reduced sea turtle bycatch in
U.S. longline fisheries and were effective in achieving
management goals. Similar exercises evaluating additional
fisheries management actions would be highly valuable, not only
for sea turtles but also for additional protected species, such as
relative new requirements aimed to minimize bycatch with false
killer whales (Pseudorca crassidens). Regulatory actions taken by
the U.S. can serve as a model for other countries that deploy and
manage pelagic longline fishing fleets and organizations, such
as regional fisheries management organizations (RFMOs) that
manage pelagic longline fisheries. Other nations and RFMOs
should evaluate these measures for adoption to significantly
reduce sea turtle bycatch in pelagic longline fisheries across the
globe.
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APPENDIX

TABLE A1 | GAMM best-fit model selection.

Model Terms (Parametric and Smoothed) ADJ. R2 AIC 1 AIC

ATLANTIC LOGGERHEAD

MONTH + SST + MAXIMUM HOOK DEPTH + SOAK DURATION + HOOKS BTW FLOATS + LIGHTSTICK

RATIO + AREA + BAIT TYPE + HOOK TYPE

0.0603 3, 307.168 –

MONTH + SST + MAXIMUM HOOK DEPTH + HOOKS BTW FLOATS + LIGHTSTICK RATIO + AREA + BAIT

TYPE + HOOK TYPE

0.0593 3, 304.347 −2.821

SST + MAXIMUM HOOK DEPTH + HOOKS BTW FLOATS + LIGHTSTICK RATIO + AREA + BAIT TYPE

+ HOOK TYPE

0.0592 3,300.428 −6.74

ATLANTIC LEATHERBACK

MONTH + SST + MAXIMUM HOOK DEPTH + SOAK DURATION + HOOKS BTW FLOATS + LIGHTSTICK

RATIO + AREA + BAIT TYPE + HOOK TYPE

0.0211 −955.7212 –

MONTH + SST + HOOKS BTW FLOATS + SOAK DURATION + LIGHTSTICK RATIO + AREA + BAIT TYPE +

HOOK TYPE

0.0198 −1258.2395 −302.5183

MONTH + SST + HOOKS BTW FLOATS + LIGHTSTICK RATIO + AREA + BAIT TYPE + HOOK TYPE 0.0197 −1270.2896 −314.5684

MONTH + SST + HOOKS BTW FLOATS + AREA + BAIT TYPE + HOOK TYPE 0.0197 −1,278.0982 −322.377

PACIFIC LOGGERHEAD

LAT,LON + MONTH + SST + SOAK DURATION + HOOKS BTW FLOATS + LIGHTSTICK RATIO + BAIT TYPE +

HOOK TYPE

0.0712 1, 569.829 –

LAT,LON + MONTH + SST + SOAK DURATION + HOOKS BTW FLOATS + BAIT TYPE + HOOK TYPE 0.0712 1, 568.971 −0.858

LAT,LON + MONTH + SST + SOAK DURATION + BAIT TYPE + HOOK TYPE 0.0692 1, 567.155 −2.674

LAT,LON + MONTH + SST + BAIT TYPE + HOOK TYPE 0.0615 1, 550.83 −18.999

LAT,LON + MONTH + BAIT TYPE + HOOK TYPE 0.0615 1,541.656 −28.173

PACIFIC LEATHERBACK

LAT,LON + MONTH + SST + SOAK DURATION + HOOKS BTW FLOATS + LIGHTSTICK RATIO + BAIT TYPE +

HOOK TYPE

0.01 1, 052.135 –

MONTH + SST + SOAK DURATION + HOOKS BTW FLOATS + LIGHTSTICK RATIO + BAIT TYPE + HOOK

TYPE

0.00888 1, 049.232 −2.90

MONTH + SST + SOAK DURATION + LIGHTSTICK RATIO + BAIT TYPE + HOOK TYPE 0.00855 1, 048.598 −3.54

MONTH + SST + SOAK DURATION + BAIT TYPE + HOOK TYPE 0.0087 1, 048.598 −3.54

MONTH + SST + BAIT TYPE + HOOK TYPE 0.00827 1, 044.384 −7.75

MONTH + SST + HOOK TYPE 0.0081 1, 040.879 −11.26

MONTH + HOOK TYPE 0.0081 1,036.879 −15.26

GAMMs model catch probability of loggerhead and leatherback turtles on USA pelagic longline fisheries in the Atlantic and Pacific Oceans as a function of gear characteristics, sea

surface temperature, and spatio-temporal terms [month, area, latitude (LAT), and longitude (LON)]. Best-fit model indicated by bold text. AIC, Akaike information criteria; DF, Degrees

of freedom; ∆AIC, Difference in AIC relative to full model.
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