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Estimating mortality of sea turtles incidentally captured in fishing gear is essential
to understanding fishery impacts on sea turtle populations. Loggerhead turtles
(Caretta caretta) are a component of bycatch in pelagic longline fisheries,
including those operating in Atlantic Canada. In this study, we used pop-up
satellite archival tags (PSATs) attached to 62 loggerhead turtles incidentally
hooked in Atlantic Canadian shallow-set pelagic longline gear (2012-2018) to
estimate associated post-release survival. Consistent with conventional fishing
practices, hooks were not removed from turtles prior to release. Analysis of diving
behaviour, ocean temperature, and ambient light level was used to assign fates to
turtles. Post-release survival was calculated using the Kaplan-Meier estimator
with right censoring. Based on this method, the annual survival probability of an
individual loggerhead post-release is 0.877 + SE 0.052. While it is commonly
assumed that hook location is an important variable in predicting fates of turtles
after release, there was no difference in survival of deep-hooked (swallowed
hook) versus shallow-hooked turtles. These results indicate higher survivorship
among hooked loggerheads captured in shallow-set pelagic longline gear than
prevailing wisdom and suggest that at least some of the population impacts on
loggerhead turtles conventionally attributed to pelagic longline interactions may
be linked to other threats.

KEYWORDS

bycatch, loggerhead sea turtle, fisheries mortality, Canada, longline, satellite telemetry,
archival tag, PSAT

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fmars.2024.1392582/full
https://www.frontiersin.org/articles/10.3389/fmars.2024.1392582/full
https://www.frontiersin.org/articles/10.3389/fmars.2024.1392582/full
https://www.frontiersin.org/articles/10.3389/fmars.2024.1392582/full
https://www.frontiersin.org/articles/10.3389/fmars.2024.1392582/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2024.1392582&domain=pdf&date_stamp=2024-09-19
mailto:Mike.James@dfo-mpo.gc.ca
https://doi.org/10.3389/fmars.2024.1392582
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/marine-science#editorial-board
https://www.frontiersin.org/marine-science#editorial-board
https://doi.org/10.3389/fmars.2024.1392582
https://www.frontiersin.org/journals/marine-science

James et al.

1 Introduction

The ranges of many marine mammals, sharks, seabirds and sea
turtles span broad oceanographic regions and overlap with areas of
intense fishing activity (Johnson et al., 2005; Wallace et al., 2010;
Bjorge et al., 2013; Sulikowski et al., 2020; Frankish et al., 2021). Asa
result, these species are vulnerable to incidental entanglement or
hooking (collectively known as bycatch) in recreational, artisanal
and commercial fishing gear. Such interactions represent a
widespread threat and leading cause of population decline
(Spotila et al., 2000; Lewison et al., 2004a, 2004b).

While much bycatch is discovered dead at the time of release, in
some fisheries various species are regularly released alive
(Carruthers et al, 2009; Gray and Kennelly, 2018). Given the
scale of global bycatch, and the logistical challenges and cost
associated with evaluating fates of incidentally caught and live
released animals, post-release survival studies have focused on a
relatively small number of species in only a fraction of fisheries.
Much related research attention has been directed towards sharks
(Eddy et al., 2016; Musyl and Gilman, 2018; Schaefer et al., 2019;
Sulikowski et al., 2020) and other large commercially-valuable fish
(Fenton et al., 2015; Tracey et al., 2016; Ferter et al., 2017; Jackson
et al., 2018; Nielsen et al., 2018; Orbesen et al., 2018; Strom et al.,
2019). Although estimating post-release survival is also essential to
understanding how bycatch may impact sea turtle populations,
markedly few corresponding studies exist (Sasso and Epperly, 2007;
Alvarez de Quevedo et al., 2013; Swimmer et al., 2014).

Fishing activities overlap with key habitats used by sea turtles,
including foraging areas, migration corridors and waters adjacent
nesting beaches (Lewison et al., 2013). Around 85 000 sea turtles are
reported as bycatch discard (live or dead at release) each year, but
the true total could be two orders of magnitude greater than this
(Wallace et al., 2010). For instance, it was estimated that in one year,
200 000 loggerhead turtles (Caretta caretta) were likely captured in
pelagic longline fisheries alone (Lewison et al., 2004b).

To help inform bycatch management, studies estimating sea
turtle bycatch rates have described the overlap between fishing areas
and turtle distributions to better understand how and when turtles
are most likely to interact with fisheries (Lewison et al., 2013).
Differences in bycatch rates can reflect environmental factors, gear
types, and fishing methods, including set depths, soak times, and
hook and bait types (Watson et al., 2005; Gilman et al., 2007; Howell
et al, 2008; Epperly et al., 2012). These same variables, which
cannot always be controlled in post-release mortality studies, may
affect survival outcomes of incidentally captured turtles. To assess
population-level impacts on bycatch species, population
demographics, as well as direct bycatch mortality and post-release
survival must be considered (Lewison et al., 2013). In the absence of
post-release survival data, true bycatch mortality may be greatly
underestimated (Molina and Cooke, 2012).

Complex and confounding variables such as physiological
stress, reduced feeding, or infections from retained gear (Innis
et al., 2010; Cassoff et al., 2011; Phillips et al., 2015) can result in
mortality events in the hours, days, or weeks following release.
When turtle mortality is delayed following fishery interaction, it
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becomes difficult to attribute death to injury versus natural causes,
and this uncertainty increases with time (Benoit et al., 2020).
Additionally, confirmation of sea turtle fates through direct
observation in the wild is not possible. Some studies have
collected sea turtles following incidental capture in fisheries and
have observed outcomes in aquaria (Rudloe and Rudloe, 2005;
Casale et al, 2008). Although handling and captive husbandry
introduce multiple confounding variables, Caracappa et al. (2018)
reported that 22% of a sample of stranded loggerhead turtles
presenting with ingested hooks in the mouth or proximal
esophagus were successfully rehabilitated.

Biotelemetry allows for remote observation of turtles following
fishery interactions. Satellite-linked platform transmitting terminals
(PTTs) have been used to track turtles following capture in fishing
gear (Bond and James, 2021), with mortality inferred from cessation of
instrument transmission (Hays et al, 2003; Chaloupka et al, 2004;
Snoddy and Williard, 2010; Mangel et al.,, 2011). However, transmission
failure may be attributed to multiple causes, including electronic
malfunction, battery depletion, biofouling and tag detachment (Hays
et al,, 2007, 2021), thus this approach is likely to overestimate absolute
levels of mortality (Hays et al., 2003). Pop-up satellite archival tags
(PSATs) archive depth, temperature and light-level data and then
transmit summaries of these data through the Argos satellite system
at the time of release from their hosts. PSATs were originally engineered
to support research on large pelagic fish (e.g, Block et al, 1998),
including assessment of movements, dive behaviour, and post-release
survival (Block et al., 2001; Boustany et al., 2002; Graves et al., 2002;
Domeier et al.,, 2003; Kerstetter et al., 2003; Horodysky and Graves,
2005; Tracey et al, 2016; Schaefer et al, 2019; Strom et al, 2019;
Schaefer et al,, 2021). They have also been used in sea turtle research
(Hall and James, 2021), including a small number of post-release
mortality studies (Sasso and Epperly, 2007; Alvarez de Quevedo
et al., 2013; Swimmer et al., 2014; Maxwell et al., 2018).

Loggerhead sea turtles are listed as endangered under Canada’s
Species at Risk Act (COSEWIC, 2014) and the Northwest Atlantic
Distinct Population Segment, which includes loggerheads that
forage in Atlantic Canada, is listed as threatened under the U.S.
Endangered Species Act (76 FR 58868; October 24, 2011). The
Northwest Atlantic Ocean supports high fishing effort (Lewison
et al, 2004a; Wallace et al, 2010), including pelagic longline
fisheries targeting swordfish, tuna and sharks (Stokes et al., 2012).
Bycatch in these fisheries is considered to be a large source of injury
and mortality for sea turtles (Stokes et al, 2012) and a primary
threat to the recovery of loggerhead sea turtle populations (Lewison
et al., 2013; Casale and Tucker, 2017; Ceriani and Meylan, 2017).

At high latitudes of the North Atlantic, large seasonal
concentrations of loggerhead turtles can be associated with
productive offshore waters, especially those subject to the warming
influence of the Gulf Stream current (Gardner et al., 2008; Parra et al.,
2023). In Atlantic Canada, loggerhead turtles have been documented
from late spring through fall as regular bycatch in shallow-set large
pelagic longline fisheries targeting yellowfin and bigeye tuna
(Thunnus albacores, Thunnus obesus) and swordfish (Xiphias
gladius) along the Scotian Shelf, Georges Bank and the Grand
Banks (Brazner and McMillan, 2008; Gardner et al., 2008). To
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better understand the impact of temperate North Atlantic pelagic
longline fisheries on loggerhead populations, accurate estimates of
associated bycatch-related mortality are required. Robust sample sizes
(tens of individuals) are conspicuously lacking in most wildlife
telemetry studies, limiting confidence in results (Sequeira et al,
2019). To date, empirically-derived estimates of post-release
mortality based on large sample sizes have not been available for
loggerhead turtles interacting with temperate North Atlantic pelagic
longline fisheries. To address this knowledge gap, we deployed PSAT's
on loggerhead turtles incidentally hooked in Atlantic Canadian
shallow-set pelagic longline gear.

2 Materials and methods
2.1 Tagging

Over the course of five tagging seasons (2012-2018), PSATs
(PAT-MKI0 (n = 38), Mini-PAT (n = 13), or SPLASH323-B (n = 11);
Wildlife Computers, Redmond, WA) were deployed on 62
loggerhead turtles incidentally hooked in Atlantic Canadian

FIGURE 1

10.3389/fmars.2024.1392582

shallow-set pelagic longline gear targeting tuna species and
swordfish in the Canadian Exclusive Economic Zone. In contrast to
deep-set fishing practices in other areas, when targeting swordfish,
the Atlantic Canadian pelagic longline fishery typically sets gear in the
upper 20 m with 4.5 m drop lines and 8 m gangions (Carruthers
et al, 2011).

In the present study, hooked loggerheads were boarded with a
dip net and hook location was photographed. PSATs were attached
by fishers, fisheries observers or biologists using a ~20 cm tether
anchored to the posterior margin of the carapace, as per Epperly
et al. (2007). Curved carapace length (CCL) and curved carapace
width (CCW) were measured using a flexible tape measure. Turtles
hooked in the mouth or the jaw were classified as “shallow hooked”
(Figures 1A-C), and turtles that were hooked in the glottis region or
deeper (i.e., hook swallowed) were classified as “deep hooked”
(Figure 1D). To best approximate conventional release practices,
hooks (normally size 16 and mandated to be circle type and
corrodible) were not removed. The length of monofilament left
attached to the hook (if any) was inconsistently recorded, and could
not be reliably discerned from photographs; therefore, this variable

was not considered in the analysis.

e
=
D

Common hooking locations for loggerhead sea turtles incidentally hooked in Atlantic Canadian pelagic longline gear. "Shallow hooked" includes (A)

mouth, (B) jaw, and (C) beak; and "deep hooked" includes (D) swallowed.
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2.2 Tag programming

PSATs were programmed to release after a set interval (120-365
days after deployment; “scheduled” release type), or after a prolonged
period (4 or 8 days) at a constant depth (+ 1 m) (“premature” release
type). PSATs were also programmed to release if the maximum depth
threshold (1800 m) was reached (“too deep” release type). If the tag’s
pressure sensor failed to initiate release at maximum depth, a
mechanical release was triggered (“too deep” release type). Following
release, PSATs are designed to float to the surface and transmit
archived data until their batteries are fully depleted.

PSATSs are geolocated by, and transmit data to, the Argos satellite
network (http://www.argos-system.org/) and archive environmental
data such as depth (m), temperature (°C), and light intensity. Depth
and temperature data were collected and compiled by PSATs as six-
hour histograms (time at depth and time at temperature) separated
into either 12 or 14 bins ranging from 0 to >200 m and 8 to >32°C.
The tags also recorded depth-temperature profiles from which daily
minimum and maximum dive depths were extracted. Forty-nine
tags (excluding Mini-PATs) were programmed to transmit
opportunistically on the first of each month, which enabled
confirmation that the tag remained attached and was operating as
expected. Otherwise, data were archived and batch transmitted
upon release. Argos data were decoded and exported using the
Wildlife Computers Data Analysis Program (DAP; https://

wildlifecomputers.com/).

2.3 Tag data

Dive and temperature data were truncated to include only
observations when the tags were assumed to be attached to the

10.3389/fmars.2024.1392582

animal (i.e., removing surface observations that occurred after
premature tag detachments or observations associated with the
prolonged depth threshold criteria). Average time spent at surface
was calculated as the average daily percentage of time spent at 0-1 m,
and the maximum dive depth corresponded to the deepest daily dive.
These parameters have been widely used to characterize turtle diving
behavior (e.g., Polovina et al. (2003); Swimmer et al. (2006), and
Alvarez de Quevedo et al. (2013)) and were examined throughout the
tracking period to identify potential changes in dive patterns indicative
of mortality events, such as a marked increase in time spent at surface
and/or tags reaching depths beyond what is biologically probable for a
living turtle (e.g., Figure 2). Recognizing that marked changes in dive
patterns do not always reflect compromised health in turtles, but can
also be associated with different habitats and changing environmental
conditions (i.e., water temperature, bathymetry), we examined depth-
temperature profiles and used Argos locations to determine whether
turtles exploited neritic or oceanic habitat. Argos locations were also
used to identify where tags released. For PSATs that did not transmit
upon release, the last monthly Argos location was considered to be the
end of the deployment.

2.4 Turtle fate

As programmed, PSATs in this study allow turtle fate
categorization as follows: (1) “survival assumed” (full programmed
deployment was achieved and turtle appeared to be diving normally
prior to tag release); (2) “survival suspected” (turtle appeared to be
regularly diving, but tag detached for an unknown reason; tag remained
at the surface for 4 or 8 days and released prematurely; tag did not
report release type, but turtle appeared to be diving until last data
transmission; or tag did not transmit upon release or insufficient dive
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Behaviour of a “mortality assumed” turtle throughout PSAT deployment. X-axis indicates number of days tag was deployed; y-axis indicates depth
(m), with black dots corresponding to temperature (secondary y-axis; °C). Colours indicate daily percentage of time at depth as indicated in legend.
Tag 109809 was deployed on May 2, 2012, and released prematurely on August 18, 2012. On August 8, 2012, the turtle died and sank to the sea
bottom, where the tag remained for 8 days before release (constant depth threshold was reached).

. [0,20] E (20,40]

FIGURE 2

Frontiers in Marine Science

04

frontiersin.org


http://www.argos-system.org/
https://wildlifecomputers.com/
https://wildlifecomputers.com/
https://doi.org/10.3389/fmars.2024.1392582
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

James et al.

data were transmitted, but monthly opportunistic transmissions were
received); (3) “mortality assumed” (turtle exhibited a marked change in
diving behavior until it sank and tag remained at constant depth for 4
or 8 days; or tag sank below 1800 m followed by tag releasing and
remaining at the surface for 4 or 8 days).

2.5 Survival estimation

Based on the three possible fate assignments, annual survival
probability of tagged turtles was estimated. Turtles with tags that
did not transmit upon release were included as censored results (i.e.,
alive until last observation). Sixty-two individual turtle fates were
used to calculate post-release survival.

All statistical analyses were conducted using R 3.6.1 (R Core
Team, 2021). Survival was estimated using the Kaplan-Meier
estimator with right censoring using the survival package in R
(Kaplan and Meier, 1958; R Core Team, 2021; Therneau et al.,
2021). This method makes no assumptions about the fate of turtles
without inferred mortalities, which allows for estimation of survival
even if an individual’s tracking duration is shorter than the PSAT's
programmed deployment length and no time of mortality is
determined. Turtles are considered alive at last observation when
no further data are available and are subsequently censored. For
example, “survival suspected” turtles that do not achieve full
programmed deployments are censored at their last known
observation. A Kaplan-Meier survival model was run and survival
curves were tested using a log-rank test (Therneau et al., 2021) to
determine if annual survival varied according to hooking location
(i.e., hooking location was included in the model as an explicative
variable). The model uses a status indicator of zero for survival
(right censored) and one for mortality to estimate the survival
probability. The resulting survival curve indicates the probability of

10.3389/fmars.2024.1392582

survival over time, with each step in the curve indicating
a mortality.

3 Results

Mean curved carapace length (CCL) across all tagged turtles
(n = 62) was 65.45 + SD 5.62 cm (range: 54.50-75.0 cm) and mean
curved carapace width (CCW) was 63.67 = SD 6.57 cm (range:
42.0-76.50 cm) (Supplementary Table 1). A total of 23 turtles were
hooked in the mouth or the jaw and were classified as shallow
hooked, and 39 turtles swallowed the hook and were classified as
deep hooked (Supplementary Table 1).

3.1 Tag release and data transmission

Of the 62 tags deployed, 22 released as programmed (at
scheduled time), 27 released prematurely, and 13 did not report
release, but opportunistically transmitted on the first of the month
(Supplementary Table 1). Hardware malfunction was attributed to
two tags that released prematurely and for which the turtle was
suspected to be alive at the end of tracking (Supplementary Table 1).

3.2 Turtle fates

Data from all 62 PSAT deployments were used to determine
turtle fates. Twenty-two turtles were classified as “survival
assumed”, 35 as “survival suspected”, and 5 as “mortality
assumed” (Supplementary Table 1). Locations of turtles at the
time of assumed fate were widely dispersed (Figure 3).

0° Canada A
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¢ 0 250500  1000km
2594
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FIGURE 3

Post-release locations of 49 loggerhead turtles incidentally hooked in Atlantic Canadian pelagic longline gear, colored by fate: red triangles =
"mortality assumed”, black circles = "survival suspected” and "survival assumed”. Dotted line indicates 1000 m isobath and the solid line is the
Canadian Economic Exclusive Zone. Plot does not include tags that did not report a release location (n = 13).
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Depth (black points; primary y-axis) and temperature (red line; secondary y-axis) of a “survival assumed” turtle throughout PSAT deployment. Tag
121238 was deployed on October 6, 2012, and released as programmed after 365 days.

For the “survival assumed” turtles (e.g., Figure 4), no marked
change in daily proportion of time spent at surface was
observed. Turtles spent 34.48 +
day (range: 14.49-45.63%; Supplementary Table 1). Mean deepest
daily dive depth was 49.31 + SD 4.16 m (range: 28.0-77.20 my
Supplementary Table 1).

SD 1.75% of time at surface per

Among the “survival suspected” turtles, 22 PSATs prematurely
released and 13 ceased transmissions without reporting release. Dive
patterns did not change markedly throughout the tracking period for
most PSATs that had released prematurely even though turtles
occasionally exploited deeper depths (e.g., Figure 5). Overall, turtles
spent 37.75 + SD 2.52% of the day at the surface (range: 16.12-60.71%;
Supplementary Table 1). The mean deepest daily dive was 55.24 + SD
5.36 m (range: 22.22-97.82 m; Supplementary Table 1).

For the “mortality assumed” turtles (n = 4 deep hooked; n =1
shallow hooked), one turtle died inshore and sank to the bottom (at
48 m) after 98.65 days of tracking (tag 109809; Figure 2) and two
turtles died and sank offshore after 105.39 days and 21.30 days of
tracking (at 1832 m and 1952 m; tags 117632 and 120016,
respectively). Two turtles sank below the 1800 m tag release
threshold depth (tag 148988 at 78.91 d and tag 148980 at
106.64 d). These depth patterns are clear indications of mortality.

3.3 Survival estimation

The annual probability of survival for an individual turtle post-
release using the Kaplan-Meier estimator was 0.877 + SE 0.052 (Figure 6;
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deployment). Turtle was assumed to be alive until September 8, 2012.
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FIGURE 6
Kaplan-Meier estimates of overall annual survival of loggerhead
turtles incidentally hooked in Atlantic Canadian pelagic longline
gear. Solid line is the survivorship curve, with shaded 95%
confidence intervals. Hashed lines are censored results. Each step is
a mortality.

Table 1). A log-rank test indicated that there was no significant difference
in survival between shallow-hooked and deep-hooked turtles (p = 0.20).

4 Discussion

4.1 Survival estimation

Estimating post-release survival using PSATs relies on a suite of
assumptions to assign an animal’s fate. First, normally only animals
with tags that report release can be included in such analyses. However,
unlike previous sea turtle post-release survival studies, we were able to
include turtles with tags that did not report release as censored results
because by enabling monthly opportunistic transmissions, we were able
to identify dates when turtles were last known to be alive.

Second, prematurely-detached tags may not reflect mortality
(Sasso et al., 2011). PSATs are programmed to release prematurely
under conditions indicative of sea turtle mortality, including a
prolonged period of submergence (4 or 8 days) at a constant depth
(indicating the animal failed to surface to breathe) or descent to a
depth > 1800 m (exceeding the expected depth maximum of

10.3389/fmars.2024.1392582

loggerhead sea turtles). Premature release triggered by 4 or 8 days
spent at a constant depth of 0 m (i.e,, at the surface) may be indicative
of hardware malfunction or tag attachment failure. For prematurely-
released tags that were not definitive cases of mortality, if tag data
indicated that turtles were diving normally up until tag release, we
assumed they were alive at tag release.

Studies on other species, such as sharks, have assigned mortality
on the basis of tags registering constant depth for 2 days (Sulikowski
et al., 2020), but have also identified tags with attachment failures
and deemed them survivors (Schaefer et al., 2019). In studies where
tags released at the maximum threshold depth, sinking rate has
been used to decipher whether the animal was sinking with the tag
still attached or if the tag had released from the animal and was
sinking on its own (Musyl and Gilman, 2018; Orbesen et al., 2018).
In the present study, only positively buoyant tags were used, so
instances of tags sinking to release threshold depth clearly indicated
turtle mortalities as dead turtles initially sink (Schultz et al., 2022).
Consistent with the approach of multiple fishery post-release
studies on other species, such as sharks and tuna (Tracey et al,
2016; Musyl and Gilman, 2018; Schaefer et al., 2019, 2021), we used
a Kaplan-Meier survival model with right censoring. With this
method, the annual probability of survival for an individual
loggerhead turtle post-release was 0.877 + SE 0.052.

The only published estimate of post-release survival for sea
turtles incidentally hooked in pelagic longline fisheries
approximating our result is that of Sasso and Epperly (2007), who
reported a survival rate of 0.81 (CI 95%: 0.55-0.94) from a known-
fate model for juvenile loggerhead turtles captured by the US
Atlantic fleet. Although we used instrumentation and attachment
methods consistent with Sasso and Epperly (2007), their sample was
smaller (n = 10 turtles corresponding to the hooking classifications
used here versus n = 62); only lightly hooked turtles were tagged
(including 4 hooked externally or in the beak versus all mouth
hooked or deeper in the present study); and all fishing gear was
removed from turtles before release (we left hooks in place).

Apart from Sasso and Epperly (2007), previously published
studies of post-release fates of cheloniid sea turtles hooked in
pelagic longline fisheries have occurred outside of the North
Atlantic. All earlier studies have reported survival estimates lower
than that of the present study: 0.81 (Sasso and Epperly, 2007),
0.635-0.692 (Alvarez de Quevedo et al., 2013), and 0.72 (Swimmer
et al, 2014). The disparity in results may be the result of smaller
sample sizes; differences in environmental (oceanic) conditions;

TABLE 1 Post-release survival of loggerhead turtles incidentally hooked in Atlantic Canadian pelagic longline gear: Kaplan-Meier estimator results.

Time (days) Number of Number of Survival Lower 95% Upper 95%
turtles at risk mortality events Probability + Confidence Confidence
at time occurring at time  Standard Error Interval Interval
213 42 1 0.982 + 0.018 0.947 1.000
78.9 32 1 0.957 + 0.030 0.900 1.000
98.6 29 1 0.931 + 0.039 0.857 1.000
105.4 28 1 0.904 + 0.046 0.818 0.999
106.6 27 1 0.877 + 0.052 0.781 0.985
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durations of hypoxia; fishing gear (e.g., hook size, gangion length);
fishing practices (e.g., soak time and depth); and both reported and
unreported turtle handling practices (e.g., time aboard, steps taken
to prevent overheating). For example, we might expect higher
mortality for hooked turtles subjected to longer periods of forced
submergence prior to boarding (Snoddy et al., 2009; Franchini et al.,
2021). Turtles may also be more likely to drown when hooked in
deep-set gear; Fahlman et al. (2017) reported, for example, that the
severity and fatality of gas embolism increases with depth. Further,
it is possible that measures to remove hooks (as was standard
practice in some previous studies) may inadvertently complicate
post-release recovery. As concluded by both PSAT (Sasso and
Epperly, 2007; Alvarez de Quevedo et al., 2013; Swimmer et al.,
2014) and rehabilitation studies of sea turtles (Casale et al., 2008),
delayed mortality (i.e., weeks to months) is typical following
incidental hooking. However, as the interval between initial
interaction and mortality event increases, so does the uncertainty
surrounding etiology.

Beyond these factors, methodological differences in tag
attachment (e.g., tethered in this study and Sasso and Epperly
(2007) versus epoxied as per Alvarez de Quevedo et al. (2013) and
Swimmer et al. (2014)); type of instrumentation used (make and
models of tag and data streams collected); tag parameter settings
(e.g., time to scheduled tag release); and, perhaps most importantly,
how tagging data are interpreted, are expected to impact results. We
suggest the higher survivorship result we found at least partially
reflects our decision to take the precautionary step of enabling
interim (one day per month) Argos transmissions by tags. This
allowed us to determine when turtles were last alive, and thereby
count them as “survival suspected” (again, turtles with tags that
didn’t ultimately report at programmed release might otherwise be
mistakenly classified as dead). We urge that this measure and others
be taken in the future to help reduce potential bias towards
diagnosing mortality in electronic tagging studies.

Swimmer et al. (2014) and Alvarez de Quevedo et al. (2013)
inferred post-release mortalities of loggerhead turtles hooked in pelagic
longline fisheries occurring within 90 days of tagging. In the present
study, among the five turtles that died, mortality occurred at 21.3 days
(n=1),78.9 days (n = 1), and > 90 days (n = 3) after tagging. Sasso and
Epperly (2007) reported a loggerhead mortality 177 days post-release.
While post-release mortality can occur beyond the time frame for tag
deployments investigated here (through infection, decreased mobility
or feeding efficiency, chronic debilitation, etc.), with increased time
post-release, individuals may experience additional threats (natural or
anthropogenic), making it more difficult to attribute the cause of
mortality to the initial fishery interaction. Fortunately, behavioural
metrics such as dive patterns, both within and between individuals in a
sample, can help clarify the condition of tagged animals throughout tag
deployments and, as shown here, may be especially useful to consider
in the time frame immediately before tags are prematurely released.

4.2 Hook removal

Many countries encourage or mandate their domestic pelagic
longline fleets to adopt hard shell sea turtle de-hooking protocols
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developed with the intent of increasing post-release survival. Previous
studies have indicated that hook removal from shallow-hooked
turtles results in a low probability of mortality after release
(Swimmer et al., 2006; Sasso and Epperly, 2007) provided that such
removals are carefully executed (Parga, 2012). A higher probability of
mortality has been attributed to leaving the hook in place in deep-
hooked turtles equipped with PSATs (Alvarez de Quevedo et al,
2013). However, it has been suggested by others that attempts to
remove hooks that are lodged in the gastrointestinal tract beyond the
proximal esophagus or that have perforated large vessels or organs
may complicate injuries and potentially cause lethal damage (Parga,
2012), and as long as the associated monofilament is not pulled,
turtles that swallow a hook often survive (Alegre et al., 2006; Valente
et al., 2007).

In the present study, to emulate conventional fishing practices
in Atlantic Canada and minimize potentially confounding variables,
all turtles were released with hooks embedded. Nonetheless, the
probability of survivorship was found to be higher than that
reported in all previous studies, including those where hooks were
removed. Moreover, we found that survival did not statistically vary
between deep-hooked and shallow-hooked turtles, possibly in part
due to the sample size of observed mortalities (n = 5). There was
limited evidence that deep-hooked turtles experience higher
mortality than shallow-hooked turtles based on the proportion
estimated dead in each group: 10.3% (n = 39) versus 4.3% (n =
23), respectively. This result suggests that even if fishers carefully
assess hooked turtles against eligibility criteria for de-hooking
(which may be impractical), proceeding with hook removal may
offer limited conservation benefit. This possibility is something that
should be explored through further research.

It is important to note that while hooks were left embedded in the
present study, by removing most or all of the attached monofilament
more serious or lethal injuries caused by strangulation, tractions,
lesions, or perforations in the gastrointestinal tract or adjacent organs
(Work and Balazs, 2010) may have been prevented (Parga, 2012).
Therefore, even when hooks are not removed, encouraging fishers to
follow other recommendations for handling hooked turtles is
important, as such practices may play a critical role in enhancing
their post-release survival (Parga et al., 2015).

Apart from a potential effect of hook location, there are other
variables associated with fishery interactions that may influence sea
turtle post-release survival. In most cases these are difficult, if not
impossible, to quantify. For example, hooked turtles may remain
forcibly submerged for extended periods, experiencing a lack of
oxygen that can result in a disruption of physiological parameters
(Snoddy and Williard, 2010; Work and Balazs, 2010; Williard et al.,
2015). To separate variables contributing to mortality associated
with the fishery interaction from individual health status, improved
indexes of body condition readily applied in the field at the time of
turtle release are urgently required.

4.3 PSATs

In the present study, 21 tags (37%; excluding “mortality
assumed” tags) released prematurely even though turtles appeared
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to be diving normally prior to release, and 13 tags (21%) did not
report release (Supplementary Table 1). Sasso and Epperly (2007)
used the same tag attachment protocol we followed and reported
that 16% of PSATs released prematurely. Baseplates have been
epoxied to the carapace as an anchor point for tethered PSATs in
other sea turtle studies (e.g., Alvarez de Quevedo et al., 2013).
However, epoxy can detach from growing scutes after a short period
of time (Mansfield et al., 2012), sink the towed tag, and potentially
lead to a false diagnosis of turtle mortality. We suggest that direct
attachment methods like the one we employed enhance PSAT
retention and may be less likely to confound interpretation of
results in sea turtle survival studies.

Incomplete receipt of archival datasets from PSATs by Argos
following tag release was apparent in the current study; data gaps
were associated with many tags. This phenomenon has been reported
previously. Musyl et al. (2011) reviewed potential PSAT performance
issues over 731 PSAT deployments on 19 marine species. Overall, the
authors estimated that 21% of PSATs failed to transmit any data. Sasso
and Epperly (2007) reported that 16% of PSATs attached to juvenile
loggerheads turtles failed to transmit data. In the present study, the
amount of recovered dive data varied widely among individuals. PSATs
transmitted an average of 58.07 + SD 4.95% deployment days; the
maximum number of reporting days was 165.

5 Conclusions

Given the Northwest Atlantic loggerhead turtle population’s
precarious conservation status and the regularity with which
loggerhead turtles interact with pelagic longline fisheries in Atlantic
Canadian waters (Brazner and McMillan, 2008) and elsewhere
(Lewison et al., 2004b; Wallace et al, 2013), it is important to
estimate the degree to which such interactions result in mortality
using the best empirical methods available. We suggest that data
collection and transmission by PSATs both during tag deployment
and at pop-off provides the most complete record of turtle behaviour
to support assessment of fates and survival modelling.

This study’s findings contribute to a better understanding of the
impact of shallow-set pelagic longline fisheries on the recovery of
the endangered Northwest Atlantic loggerhead turtle population
and can help inform management measures. While pelagic longline
fisheries have long been posited as a key anthropogenic threat to
this species, our results suggest that, at least in the context of where
and how the Atlantic Canadian fleet operates, post-release survival
of incidentally hooked loggerheads is higher than what has been
reported from previous research.

While we caution against extrapolating survival estimates
derived from the present study to deep-set pelagic longline
fisheries, our empirical findings stand in contrast to prevailing
wisdom regarding loggerhead turtle mortality in pelagic longline
gear. This is significant as fishery impacts on the loggerhead
epipelagic life history stage in oceanic areas (again principally via
interactions with pelagic longline gear) have traditionally been seen
as especially limiting to population recovery (Lewison et al., 2004b).
If, as we suggest, loggerhead mortality in the Northwest Atlantic
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shallow-set pelagic longline fishery is much lower than previously
assumed, then population impacts in neritic areas may actually be
an underestimated conservation concern and deserving of
enhanced science and management attention.
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