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ARTICLE INFO ABSTRACT

Handled by A.E. Punt Incidental catch or bycatch of sea turtles by pelagic longline fisheries is a major concern worldwide. The

Northeast Atlantic hosts key foraging and developmental areas for oceanic juvenile loggerhead sea turtles

Keywords: (Caretta caretta) originating mainly from the Southeastern USA and Cape Verde. This region may be one of the
Surface longline most heavily fished areas by pelagic longline for which no recent assessments of fisheries interactions exist. We
fzcazcr];lead analysed fishery observer data collected between 2015 and 2020 to assess sea turtle bycatch by Portuguese
Leitgherback commercial longliners targeting swordfish (Xiphias gladius) and blue shark (Prionace glauca) in the Northeast
Swordfish Atlantic. A total of 177 sea turtles interacted with the gear during the 896 fishing sets (887,641 hooks) moni-
Blue shark tored. Loggerheads (n = 139) ranging between 32 and 78 cm curved carapace length (CCL) were caught at a rate

of 0.152 turtles per 1000 hooks, and leatherbacks (Dermochelys coriacea; n = 38) between 100 and 210 cm
estimated length at a rate of 0.043 turtles per 1000 hooks. Loggerhead and leatherback bycatch shows a clear
seasonal pattern in the region. At haul-back mortality rates of oceanic-stage juvenile loggerheads was estimated
at 26% whereas no at haul-back mortality was registered for leatherback turtles. Model estimates, based on AIS
derived fishing effort from Global Fishing Watch, indicate a total of 1439 interactions (552-3069 BCI) for log-
gerhead, and 604 interactions (262-1129 BCI) for leatherback turtles between 2016 and 2020. Information from
this study is essential to support effective management strategies for sea turtle conservation in the Northeast
Atlantic.

1. Introduction

Incidental capture or bycatch of sea turtles by pelagic longline fish-
eries is a well-known issue (Lewison et al., 2004a; Lewison and Crowder,
2007; Wallace et al., 2010a, 2013a). Pelagic longlines targeting
swordfish, sharks and tunas are commonly used throughout the world,
with fishing effort extending across the Pacific, Indian and Atlantic
oceans (Lewison et al., 2004a; Watson and Kerstetter, 2006). Because
their horizontal and vertical distributions overlap with those of pelagic
longline fishing gear, sea turtles are vulnerable to hooking or entan-
glement that may cause serious injuries and/or mortality. Bycatch in
pelagic longline fisheries is one of the greatest anthropogenic sources of
mortality for sea turtles in open waters of the Northeast Atlantic (Bolten
et al., 1994; Ferreira et al., 2001; Lewison et al., 2004a, TEWG 2009,
Bolten et al., 2010, Wallace et al., 2011, NMFS and USFWS 2020).

Six of the seven species of sea turtles interact with longline gear in
the International Commission for the Conservation of Atlantic Tunas-
ICCAT Convention area (i.e. Atlantic, Mediterranean Sea, Caribbean
Sea and Gulf of Mexico). The six species are loggerhead (Caretta caretta),
leatherback (Dermochelys coriacea), green (Chelonia mydas), hawksbill
(Eretmochelys imbricata), olive ridley (Lepidochelys olivacea) and Kemp’s
ridley (Lepidochelys kempii) sea turtles (Coelho et al., 2013; Gray and
Diaz, 2017). Loggerhead and leatherback turtles are the most frequently
captured species by longline gear in the North Atlantic (Gardner et al.,
2008; Mejuto et al., 2008; Angel et al., 2014; Gray and Diaz, 2017) and
worldwide (Lewison et al., 2004a, 2004b).

Loggerhead sea turtles found in pelagic habitats of the Northeast
Atlantic are mostly oceanic juveniles (Bolten, 2003a) undertaking
developmental migrations that span several years, followed by a neritic
stage during which they inhabit coastal areas for further maturation
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(Bjorndal et al., 2000; Bolten, 2003b). They originate from the North-
west and Northeast Atlantic Ocean subpopulations or Regional Man-
agement Units (RMU; Wallace et al., 2010b). Major breeding areas of
loggerheads in the Northwest Atlantic Ocean RMU are in the
south-eastern USA and Yucatan peninsula of Mexico (Bolten et al., 1998;
Ceriani and Meylan, 2017). Abundance assessments based on nests
counts on Florida core index beaches show a pronounced decline be-
tween 1998 and 2006 followed by an increasing trend in annual number
of nests over the past decade, likely as a result of increases in the number
of nesting females estimated from nests, and clutch frequency (Bolten
et al.,, 2019). A corresponding trend was observed in oceanic in-water
habitats in the Northeast Atlantic (Vandeperre et al., 2019). However,
the lack of significant changes in the overall trend of the number of
annual nests for 30 years (1989-2018) raises concern about the recovery
of the loggerhead Northwest Atlantic subpopulation (Bolten et al., 2019;
Ceriani et al., 2019) which is currently considered of “Least Concern”
under the IUCN Red List criteria (Ceriani and Meylan, 2017). In the
Northeast Atlantic Ocean RMU loggerheads breed mainly in Cape Verde
Archipelago and are currently considered “Endangered” under the IUCN
Red List criteria because of limited nesting habitat area and continued
anthropogenic pressure on nesting beaches (Casale and Marco, 2015).

The leatherback sea turtle is widely distributed in the Atlantic Ocean
and belongs to the Northwest Atlantic RMU (Wallace et al., 2010b).
Leatherbacks originate from tropical and subtropical beaches and un-
dertake long range migrations to foraging grounds in temperate and
sub-polar latitudes to live as oceanic foragers throughout their lives
(Eckert et al., 2012). This species is currently considered “Vulnerable”
under the IUCN Red List criteria (Wallace, 2013b), and most of the
global population occurs in the Atlantic Ocean after a severe decline of
these individuals in the Pacific in the past 30 years (Spotila et al., 2000;
Fossette et al., 2014). The Northwest Atlantic subpopulation exhibited a
decreasing nest trend between 2008 and 2017, and nesting female
abundance at several nesting sites with previously high density, have
declined drastically (NMFS and USFWS 2020).

The Portuguese pelagic longline fishery targeting swordfish (Xiphias
gladius) and blue shark (Prionace glauca) in the Northeast Atlantic shows
a pronounced and asynchronous seasonal pattern, where by swordfish
captures are higher during autumn and blue shark catches dominate
during spring (Aires, da, Silva and Pereira, 1999, Santos et al., 2002,
Aires-da-Silva et al., 2008, Vandeperre et al., 2014, Roxo et al., 2017,
Parra et al. under review). This fishery is managed by ICCAT providing
stock assessments, determining Total Allowable Catch (TAC) and
attributing fishing quotas to each contracting party (e.g. Portugal), as
well as making recommendations for management actions. The Portu-
guese pelagic longline fleet was composed of 39 vessels that were
identified as regularly fishing with drifting longline gear in the North
Atlantic during 2020 (Parra et al. under review). Vessel size ranged
between 15 and 46 m, with a gross tonnage capacity of > 50 t, and an
unknown portion of the fleet with frozen fish storage capacity (Parra
et al. under review). These vessels operate mostly within the 200 nm
EEZs of mainland Portugal, Azores, Madeira and Canary Islands, and in
international waters in the Northeast Atlantic.

Several studies have evaluated and quantified sea turtle bycatch by
pelagic longline in the Northeast Atlantic. Bolten et al. (1994), Martins
et al. (2001) and Ferreira et al. (2001) reported bycatch rates, size fre-
quency, physical condition and position of the hooks in turtles bycaught
by pelagic longline in the Azores. Huang et al. (2015) reported sea turtle
bycatch characteristics and distribution by the Taiwanese longline fleet
operating in the region. Other studies have reported sea turtle bycatch
while testing different hook types/sizes or hook-and-bait combinations
during experimental pelagic longline sets (Bolten and Bjorndal, 2005;
Mejuto et al., 2008; Santos et al., 2012; Coelho et al., 2015; Huang et al.,
2016). The Northeast Atlantic region hosts important foraging and
developmental grounds for juvenile loggerhead turtles (Bolten et al.,
1993; Bjorndal et al., 2000; Bolten, 2003a), and is a main fishing area for
the Portuguese and Spanish pelagic longline fleets (Queiroz et al., 2016;
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Anonymous, 2019, Parra et al. under review), yet little contemporary
information on sea turtle bycatch is available for this area. This study
provides an assessment of sea turtle bycatch in the Portuguese pelagic
longline fishery operating in the Northeast Atlantic between 2015 and
2020, in terms of species and size composition, spatial and temporal
variability of bycatch rates and the relationship with operational char-
acteristics of the fishery. We further report on the physical condition
after capture, direct or at-haul-back mortality, hook location, and pro-
vide model derived estimates of the total number of interactions with sea
turtles for the Portuguese fleet during the study period. Current policy
on sea turtle bycatch by pelagic longline, as well as mitigation oppor-
tunities, are also discussed.

2. Methods
2.1. Fisheries data

Data was collected under the Azores Fisheries Observer Program
(POPA - Programa de Observacao das Pescas dos Agores; www.popaobs
erver.org) and COSTA project (Consolidating Sea Turtle Conservation in
the Azores; www.costaproject.org) on-board Portuguese commercial
longline fishing vessels between September 2015 and December 2020.
The fleet was sampled based on an opportunistic sampling design in
which observers embarked on vessels that provided suitable accommo-
dation for the observer, and with the cooperation of vessels owners and
captains. A total of 896 sets was monitored by 6 different observers
during 72 fishing trips performed by 18 different longline vessels be-
tween 18 and 33 m in length, resulting in 887,641 hooks deployed in the
area between 10°- 42° W and 20-46° N (Fig. 1). The number of sets and
vessels observed per year are summarized in Table 1. The fishing gear
used was the “American style” longline which consisted of a mono-
filament nylon mainline approximately 100 Km in length and weighted
branchlines suspended by two types of buoys: large (LB) and small buoys
(SB). LB are used to locate the gear at the surface and, together with SB,
provide stability to the gear (Ferreira et al., 2011). The number of LB per
set varied between 7 and 29, resulting in sets with 6-28 sections,
respectively. Each section had 8-19 SB and between each SB, 3-5 hooks.
Hooks were separated by intervals of 60-120 m. Branchlines measured
from 12 to 18 m and had a wire or monofilament leader. Light-sticks
were used in all sets. Hook types used were the Ancora (16/0 and
17/0) offset J (75% of all sets), the straight J (22%) or a combination of
both (3%). Hooks were mainly baited with mackerel (Scomber spp.),
squid (Loligo spp.), and occasionally shark meat (Prionace glauca). The
number of hooks per section varied from 36 to 80, with a total number of
hooks per set ranging from 360 to 1792 (mean: 990 + 127 S.D.). The
gear was typically deployed between 17:30 and 23:00 h and retrieved
between 7:15 and 16:50 h. Set duration, estimated by the difference
between the beginning of gear deployment and the end of gear retrieval,
ranged between 12.7 and 42.8 h (mean: 23.8 + 2.5 S.D.). Soaking time,
calculated as the difference between the starting time of gear deploy-
ment and starting time of retrieval, ranged between 9.1 and 32.6 h
(mean: 13.9 + 1.8 S.D.).

2.2. Sea turtle bycatch

For each turtle interaction with the gear, observers identified the
species, recorded hook location or entanglement and physical condition
after capture. Turtles were brought on board using a dip-net whenever
possible, while larger turtles were immediately released using line cut-
ters to remove as much fishing line possible. Curved carapace length
(CCL) was measured to the nearest lower 0.1 cm when turtles were
hauled in. Hook location was divided into three categories: external
(entangled or foul-hooked on the body), mouth, and deep-hooking
(internally hooked in the throat, oesophagus, or deeper). Physical con-
dition was evaluated based on the procedures and resuscitation tech-
niques described in NMFS SEFSC (2019) and classified as follows: strong
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Fig. 1. Observed fishing effort (i.e. number of hooks) by Portuguese longliners operating in the Northeast Atlantic between 2015 and 2020. Data is presented over a
1-degree cell grid. Dashed lines represent the 200 nautical mile exclusive economic zone (EEZ).

Table 1

Observed number of fishing trips, vessels, sets, hooks, and captured sea turtles, and proportion of sets that captured sea turtles per year by Portuguese pelagic longline

vessels operating in the Northeast Atlantic.

Year N trips N vessels N sets N hooks N loggerheads N leatherbacks % sets
2015 7 4 78 79,266 4 10 16.7
2016 16 8 220 226,074 33 5 12.8
2017 12 9 145 143,984 17 4 12.4
2018 14 10 192 187,477 9 5 6.8
2019 12 7 129 119,426 48 4 14.7
2020 11 7 133 131,414 28 10 17.3

(active/with movement), weak (sluggish or inactive but react to eye and
cloaca touching) and dead (no movement or reaction to eye and cloaca
touching). Hooks were removed when possible and if not, the line was
removed as much as possible prior to release. Weak or inactive turtles
were kept on board for a few hours in the shade and when possible with
the posterior part of the body elevated. Turtles recorded as dead were
discarded at sea. The aforementioned procedure was performed in the
presence of the observer and served as a reference to disseminate best
handling practices among fishers.

2.3. Data analysis

All analyses were conducted within the R statistical environment
v4.2.2 (R Core Team, 2022). Generalized linear mixed models (GLMM)
were used to relate sea turtle catch per unit of effort (CPUE; in number of
individuals per 1000 hooks) with operational and spatio-temporal var-
iables in order to estimate the number of sea turtles caught by the
Portuguese pelagic longline fleet between 2016 and 2020. Such
approach is commonly used to derive standardized catch rates that ac-
count for differences in fishing operations and/or variability in temporal
and spatial distribution of the resources (Maunder and Punt, 2004).
Candidate predictor variables for inclusion in the model as fixed terms
were month, vessel length, leader type, hook type, soaking time, bait
type, and target species CPUE. Leader type was either wire, mono-
filament nylon or the use of both. Hook type was either straight J or

offset J. Because bait type was recorded as a proportion for each fishing
set, we considered two categories: more than or equal to 80% of
mackerel (m=>80), and less than 80% of mackerel (m<80), where a
mixture of squid (mean: 13.7 + 20% S.D.) and blue shark meat (mean:
4.4 £7.7% S.D.) were used. Target species consisted of swordfish and
blue shark nominal CPUE (Parra et al. under review). Although target
species captures are likely to have no influence on sea turtles bycatch,
they were included in the modelling process to investigate the level of
association between them. The size of the hook (16,/0 or 17/0) could not
be included in the analysis because only 22% of all sets had this
information.

Preliminary data exploration included boxplots, density plots and
histogram to visualize potential outliers and distribution frequencies
(Zuur et al., 2010). Spearman’s rank correlation and Variance Inflation
Factor (VIF) were used to test for collinearity between variables. Sea
turtle CPUE was investigated for spatial autocorrelation using the
Moran’s I (moran.test function from the “spdep” package v1.2-7;
Bivand, 2022). Because loggerhead and leatherback CPUE in our data
had a significant positive spatial correlation, indicating a clustered
pattern in space, geographic coordinates were included in the models to
account for spatial effects. Sea turtle counts were modelled assuming a
Poisson distribution and a log link function using the glmer function
from the “lme4” package v1.1-31 (Bates et al., 2015). The logarithm of
the number of hooks was included as an offset term and vessel ID as a
random effect to account for dependence among observations from the
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same vessel. Models were fitted to the data in a backward stepwise se-
lection process to select significant variables (p < 0.05) based on the
Akaike’s information criterion corrected for small sample sizes (AICc)
(Zuur et al., 2009). Model residuals and the dispersion parameter were
evaluated in each step. Because Pearson and deviance residuals do not
typically follow a normal distribution in Poisson models (Feng et al.,
2020 and references therein), residual analysis was performed using a
simulation-based approach to compute scaled (quantile) residuals for
investigating model misspecification, over/under-dispersion, outliers
and zero-inflation (“DHARMa” package; Hartig, 2022). Final model
coefficients were expressed in terms of incident rate ratios (IRR), and
significant variables were plotted against fitted values using the “sjPlot”
package v2.8.12 (Liidecke, 2022).

The next step involved the preparation of the Global Fishing Watch
data (GFW; available at https://globalfishingwatch.org) for model pre-
diction. GFW provides daily AIS-derived (automated identification sys-
tem) fishing effort data (measured in hours of fishing) gridded at 0.01
degrees, and grouped by flag state and gear type, and also by individual
vessels identified by the maritime mobile service identity number
(MMSI) (Kroodsma et al., 2018). Under the Portuguese jurisdiction, the
obligation of the carriage of AIS is restricted to fishing vessels with more
than 15 m in length (Decree-Law 52/2012 March 7th 2012). A total of
60 vessels carrying AIS were identified for the Portuguese drifting
longline fleet with sizes ranging between 15 and 46 m (mean 24 m), and
a total gross capacity of 7220 t (mean 164 t) (Parra et al. under review).
For the purpose of this study, GFW data was extracted for the Portuguese
fleet with drifting longline gear type and for the period between 2016
and 2020. Subsequently, it was spatially cropped by the extent of the
observer data, and aggregated by 0.1° cells and by month, resulting in a
dataset with 140,137 entries. For significant variables retained in the
final models, each entry of the GFW dataset was assigned to the median
value for numerical variables (i.e. vessel length and soak time) and to
the most frequent category for categorical variables (i.e. leader, hook
and bait types) of the observer data (Table S1). For target species we
used the monthly standardized CPUE estimated with the same observer
data used in this study, and presented in Parra et al. (under-review). To
convert GFW fishing effort expressed in fishing hours into number of
hooks, it was assumed that the mean duration of a fishing set of 23.8 h,
from the beginning of gear deployment until the end of gear retrieval,
corresponded to the mean of 990 hooks per set that was observed.

In order to investigate the level of representativeness of the observed
compared to the GFW estimated effort data, we used Pearsons correla-
tion coefficient to measure the degree of seasonal and spatial correlation
between both datasets over the studied period and within cells of a 1-de-
gree grid in which we had observed effort. Moreover, and in order to
obtain a measure of the accuracy of the GFW effort data, matching GFW
data were extracted for the observer dataset, and correspondence was
assessed in terms of daily effort and spatial coordinates of individual
vessels.

A parametric bootstrap method was used to derive estimates of the
number of sea turtles bycaught by the Portuguese pelagic longline fleet
based on the GLMM model (Knowles and Frederick 2020). The final
GLMM was refitted for each of 1000 new datasets which were resampled
from the GFW dataset with replacement, using the bootMer function
from the “Ime4” package v1.1-31 (Bates et al., 2015). Yearly estimates
of the number of sea turtles caught were calculated from the median of
the bootstrap sample (i.e. 0.5 quartile), while the 95% confidence in-
tervals (BCI) corresponded to the 0.025 and 0.975 quartiles, making no
assumptions about the underlying distribution. Seasonal maps of sea
turtles nominal and bootstrapped CPUE, and predicted number of in-
teractions were produced using the “ggplot2” package (v3.4.0, Wick-
ham, 2016). Seasonal quarters were considered as follows: spring
(March-May), summer (June-August), autumn (September-November)
and winter (December-February).
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3. Results
3.1. Fishing effort

From 2015-2020, a total of 887,641 hooks from 896 fishing sets
deployed by Portuguese longline vessels in the Northeast Atlantic was
observed. According to the GFW data, a total of 15,995 fishing days were
estimated for the fleet operating in the region and during the same
period, and the observer data covered 5.5% (884 fishing days) of this
total. Moreover, our data covered 46% of the fleet in number of vessels
(i.e. 39 vessels identified to have swordfish fishing quotas during 2020
and that regularly fish with pelagic longlines; Parra et al. under review).
A significant spatial correlation (p < 0.001) was found between the
observed and GFW estimated fishing effort for all seasons except during
summer months (p = 0.34; Supplementary Fig. S1), where the lowest
number of fishing sets were observed (Supplementary Fig. S2). Details of
the seasonal distribution of fishing effort, operational characteristics and
target species captures are presented in Parra et al. (under review). In
general, most of the fleet fishing effort occurred between Portugal
mainland and the Azores EEZs, between 10°- 24° W and 36-42° N,
congregated west off Portugal mainland during autumn when vessels
targeted mostly swordfish, and gradually moved away westwards to-
wards the Azores region during winter and spring, when vessels targeted
mainly blue shark. During summer, fishing effort appears dispersed over
the region, between 10°- 40° W and 25-50° N, with vessels targeting
both swordfish and blue shark. A total of 25,341 blue sharks and 15,560
swordfish were caught during the study period, both species repre-
senting 88.3% of the total catch in numbers.

3.2. Sea turtle bycatch

For the observed effort, a total of 177 sea turtles were incidentally
caught between 2015 and 2020 (Table 1). Loggerhead (n = 139) and
leatherback (n = 38) turtles were the only sea turtle species recorded to
interact with the longline gear and both species were recorded caught in
the same fishing set in two occasions. The density of bycaught sea turtles
according to sea surface temperature recorded on board vessels further
showed different patterns between species, with a higher proportion of
incidental captures recorded between 22 and 23 °C for loggerhead and
19-20 °C for leatherback turtles (Fig. 2). Sea turtles were recorded to
interact with the gear in 114 fishing sets, 12.7% of all sets. A single
loggerhead was caught on 52 sets, 2-4 were caught on 25 sets, and 8 or
14 were caught on 2 sets (Fig. 2). Ninety-one percent (91%) of all sets
showed zero loggerhead turtles recorded. A single leatherback was
caught on 36 sets, and 2 were caught on 1 set (Fig. 2). Ninety-six percent
(96%) of the sets showed zero leatherback turtles recorded. Loggerhead
nominal CPUE per fishing set ranged from 0 to 13.9 individuals per 1000
hooks, with an overall mean =4 S.D. of 0.152 &+ 0.712, whereas leath-
erback CPUE per set ranged from O to 2.08, with an overall mean of
0.043 £ 0.216.

3.2.1. Loggerhead

Of the 139 loggerhead turtles bycaught, 45% were hooked in the
mouth, 37% were deeply hooked (swallowed hook), 17% were recorded
hooked externally (entangled or foul-hooked) and one had no infor-
mation (Table 2). For the 133 turtles with known gear leader type, 61%
were caught on hooks with monofilament nylon and 39% with wire
leaders. Of the 135 turtles with hook type recorded, 73% were caught
with the offset J hook and 27% with the straight J hook. For the 135
turtles with known hook fate, the hook was removed from 105 (78%)
turtles before release, while 30 (22%) were released with the hook still
in place. For the 131 turtles with recorded physical condition after
capture, 62% were considered strong, 12% were weak, and 26% were
dead. Most of the turtles recorded dead were hooked in the mouth or
deeply hooked (Fig. 3). The size of the turtles ranged between 32 and
72 cm CCL (mean =+ S.D. = 52.1 + 8.7 cm; Fig. 4).
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Fig. 2. Distribution of the number of sets by the number of turtles (sets with zero turtles caught not included), and proportion of loggerhead and leatherback bycatch
in relation to the sea surface temperature recorded on-board Portuguese pelagic longline vessels between 2015 and 2020.

Table 2

Number of loggerhead and leatherback turtles bycaught by Portuguese longline
vessels between 2015 and 2020 in the Northeast Atlantic according to hook
location, gear leader and hook types, and physical condition after capture.

Sets Loggerhead Leatherback
N % N % N %
Leader type Wire 225 265 52 391 9 27.3
Nylon 624 735 81 609 24 727
Hook type Straight J 196 226 36 267 2 0.1
Offset J 670 77.4 99 733 29 999
Bait Mackerel (> 614 685 7 0.1 7 0.2
80%) 282 31.5 132 99.9 28 99.8
Mackerel (<
80%)
Physical Strong 81 61.8 35 100
condition Weak 16 122 0 0
Dead 34 26 0 0
Hook location External 24 17.4 25 80.6
Mouth 62 44.9 5 16.1
Deep-hooking 52 377 1 3.3

Loggerhead monthly CPUE showed higher rates in June (1.05 in-
dividuals/1000 hooks) followed by July (0.31 individuals/1000 hooks),
coinciding with the period when both swordfish and blue shark catch
rates were low (Fig. 5). Seasonal CPUE ranged from 0.03 during winter
and 0.59 during summer. Seasonal spatial distribution of loggerhead
CPUE was not uniform throughout the study area but rather clustered in
space (Fig. 6). Of the 139 recorded loggerhead turtles, 84 (60%) were
caught from spring to autumn, west of Canary Islands between 15°—
25° W and 20-30° N, where only approximately 10% of the observed
fishing effort was recorded. Twenty-one turtles (15%) were caught
during summer and autumn, mostly in international waters west of
mainland Portugal between 10°~ 20°W and 35-40°N, where the highest
observed fishing effort was recorded. A significant positive correlation
was found between loggerhead CPUE and the number of hooks deployed
over cells of a 1-degree grid (Spearman’s rank correlation R = 0.17,
n =188, p = 0.03).

3.2.2. Leatherback

Of the 38 leatherback turtles that were recorded to interact with the
gear, the type of interaction was recorded for 35 turtles. For the 31
turtles that had information on hook location, 25 (81%) were hooked
externally or foul-hooked mostly in the flippers, 5 (16%) were hooked in

the mouth and one was deeply hooked (Table 2). For the 33 captures
with known gear leader type, leader was monofilament nylon for 24
turtles (73%) and wire for 9 (27%). From 35 leatherback turtles recor-
ded to interact with the gear, hook type was the offset J for 32 (91%)
turtles and straight J for the remaining 3 (Table 2). Physical condition
after capture was inferred to be strong since all individuals were active
after capture and were immediately released due to their large size.
Leatherback CCL was visually estimated for 23 individuals and unde-
termined for the remaining 12, and ranged between 100 and 210 cm
(mean =+ S.D. = 167 £ 30 cm).

Leatherback monthly CPUE was highest during November (0.11 in-
dividuals/1000 hooks), followed by September (0.088 individuals/1000
hooks), coinciding with the period when swordfish captures were higher
(Fig. 5). Leatherback bycatch was not observed during January,
February and July. Seasonal CPUE varied between 0.015 during winter
and 0.089 during autumn. Seasonal spatial distribution of leatherback
nominal CPUE appears clustered in space during autumn within the EEZ
of mainland Portugal and adjacent international waters, between 10°—
22°W and 37-41°N, where higher observed fishing effort was recorded
(Fig. 6). Throughout the rest of the year, leatherback CPUE appears
scattered in the area. A significant positive correlation was found be-
tween leatherback CPUE and the number of hooks over cells of a 1-de-
gree grid (Spearman’s rank correlation R = 0.34, n = 188, p < 0.001).

3.3. Bycatch estimates

For loggerhead, significant variables retained in the final model were
month, soaking time, leader type, swordfish CPUE, bait type and the
interaction between longitude and latitude, while for leatherback only
longitude and season were retained (Table S2). Because month was
found to be not-significant for leatherback CPUE, we aggregated months
into seasons. The variance of the random effect vessel ID was zero in
both models. The final model for loggerheads explained 33.8% of the
variance and the dispersion parameter was 1.05, whereas for leather-
backs, the model explained only 7.6% of the variance and the dispersion
parameter was 0.97. For both species, residual analysis showed a linear
QQ plot and non-significant test results for the presence of dispersion
and/or outliers (Fig. S3 and S4). The distribution of the residuals against
predicted values and against all predictors showed a uniform pattern
with no significant quantile deviations, indicating that models were
correctly specified. Overall, both final models were considered adequate
in terms of their fit to the data, and model assumptions considered to be
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Fig. 4. Size frequency of loggerhead turtles bycaught by Portuguese longline
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met.

Predictor plots showed that loggerhead bycatch rates were relatively
higher between July and September, when swordfish catches were
higher in the region, and increased at lower longitudes and latitudes
(Fig. 7). Results further indicated that for each one percent increase in
soaking time, loggerhead CPUE is expected to increase by a factor of
1.16 (1.07-1.25 95% CI), given the other variables retained in the final
model held constant (Table S2). Furthermore, the use of nylon leaders
compared to wire leaders is expected to decrease loggerhead CPUE by a
factor of 0.46 (0.27-0.79 95% CI), yet these results are biased towards
fishing sets deployed south of 30° N latitude during summer that used
wire leaders and caught 3-14 turtles per set (Fig. 6). For leatherback
turtles, the model showed that catch rates were higher during autumn
and increase eastwards, in particular east of 20 ° W (Fig. 7).

Comparing the GFW and the observer datasets, between 2016 and
2020 the GFW data only identified 948 from a total of 952 days in which
fishing events occurred and that were recorded in our data. The total
number of fishing hours in the GFW data was higher by a factor of 1.12

compared to the observer data (13,925 vs 12,357 fishing hours), and
with a slightly higher average number of fishing hours per day (i.e. 14.7
+ 8.7 S.D. vs 13.3 & 3.4 S.D.) for the GWF and observer data, respec-
tively. The correlation between the daily effort, longitude and latitude
was significant (p < 0.001), yet was found weak for the daily effort (R =
0.24; Fig S5). The total number of sea turtle interactions for the Portu-
guese pelagic longline fleet operating in the Northeast Atlantic between
2016 and 2020 was estimated at 1439 (552-3069 BCI) for loggerhead,
and 604 (262-1129 BCI) for leatherback turtles. Yearly estimates for
loggerhead varied between 148 (53-313 BCI) and 496 (195-1049 BCI)
interactions during the years of 2017 and 2019, respectively, and for
leatherback turtles between 97 (39-194 BCI) and 139 (64-251 BCI)
interactions during the years of 2018 and 2019, respectively (Table 3).

Loggerhead and leatherback seasonal maps of the predicted number
of interactions with the Portuguese pelagic longline fleet between 2016
and 2020 are presented in Fig. 8. These maps were derived from the
bootstrapped median CPUEs (shown in Fig. S6 and Fig. S7, respectively)
and applied to the GFW fishing effort converted to number of hooks.
Overall, results show that the area within the EEZ mainland Portugal
and adjacent international waters during autumn has a relatively higher
susceptibility to sea turtle’s interactions with the fleet.

4. Discussion

The recorded bycatch rates of loggerhead and leatherback turtles by
Portuguese longline vessels in the Northeast Atlantic from 2015 to 2020
showed evidence of seasonal and spatial patterns. Temporal overlap of
higher loggerhead and leatherback bycatch rates only occurred during
autumn, when vessels targeted mostly swordfish in the region. This
pattern in sea turtle bycatch is consistent with what has been previously
reported for the U.S. pelagic longline fishery operating in the Northwest
Atlantic, with higher bycatch of loggerhead and leatherback turtles
occurring between July and December in sets dominated by swordfish
captures (Gardner et al., 2008; Kot et al., 2010; Swimmer et al., 2017).
The Portuguese pelagic longline fishery targeting swordfish and blue
shark in the Northeast Atlantic is markedly seasonal and likely reflecting
species abundances in the region. Swordfish, blue shark, and loggerhead
and leatherback turtles are highly migratory, widely distributed and
with different temporal and spatial niches that overlap differently
depending on habitat preferences and requirements of each species.
Spatial overlap of loggerhead and leatherback bycatch occurred
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marginally within Portugal mainland EEZ during autumn. Despite
bycatch of both species occurred in a similar range of surface water
temperatures (~16-23 °C), the interval in which higher bycatch was
recorded differed between species (loggerhead: 22-23 °C; leatherback:
19-20 °C; Fig. 2), reflecting differences in physiological constraints and
habitat preferences between the two species. Sea turtles are poikilo-
therms, and temperature is known to influence their distribution
(Kobayashi et al., 2008; Mansfield et al., 2009; Polovina et al., 2000;
Benson et al., 2011; Varo-Cruz et al., 2016; Chambault et al., 2019). As
shown in previous studies, temperature is also known to affect sea turtle
bycatch, and the ranges here presented lie within those previously re-
ported (Brazner and Mcmillan, 2008, Gardner et al., 2008, Howell et al.,
2008, 2015, Donoso and Dutton, 2010, Swimmer et al., 2017).

From the observed operational characteristics of the fishery here
considered, the GLMMs revealed that soaking time, leader and bait type
had a significant influence on loggerhead bycatch, whereas none of the
factors appeared to have influenced leatherback bycatch. Similar to
other studies (Echwikhi et al., 2011 and references therein) bait type
was demonstrated to have a strong influence on sea turtles bycatch, with
considerably higher rates of loggerhead bycatch recorded in hooks
baited with squid compared to hooks baited with mackerel. Our results
showed that fishing sets baited mostly with mackerel and without or
little use of squid or shark meat are expected to decrease loggerhead
CPUE by a factor of 0.57 (0.36-0.91 95% CI; Table S2). Hook type was
found not significant for sea turtles bycatch, which is in agreement with
Lima et al. (unpublished manuscript). That study, based on data
collected in an experiment to evaluate the influence of different hook
types on sea turtle bycatch in the Azores (Bolten and Bjorndal, 2005),
also found no significant differences in loggerhead CPUE between the
use of 9/0 straight J or 9/0 offset J hooks. Furthermore, our study found
that vessel size (based on vessels longer than 18 m) did not have a sig-
nificant effect on loggerhead and leatherback bycatch. Pons et al. (2010)
also found no significant effect of vessel size (ranging from about
14-48 m) on loggerhead bycatch rates for the Brazilian fleet operating in
the Southwest Atlantic.

4.1. Loggerhead

Loggerhead bycatch was clustered in space west off the Canary
Islands during summer and in international waters between mainland
Portugal and the Azores during autumn (Fig. 6). This clustered rather
than uniform distribution of loggerhead bycatch was previously re-
ported in the Atlantic (Bolten and Bjorndal, 2005; Gardner et al., 2008;
Lewison et al., 2009; Pons et al., 2010; Ferreira et al., 2011; Swimmer
et al., 2017) and elsewhere (Petersen et al., 2009; Donoso and Dutton,
2010). This indicates that other factors influence loggerhead distribu-
tion and bycatch in the region. Satellite telemetry studies have shown
that loggerhead distribution is associated with oceanic mesoscale fea-
tures such as eddies and frontal systems (e.g. Polovina et al., 2000, 2004,
2006, Kobayashi et al., 2008, Mansfield et al., 2009, Chambault et al.,
2019). The Canary Island region, where considerably higher bycatch
was recorded in this study, constitutes a major pathway for long-lived
island-induced eddies (life span > 3 months), located between 22° and
29°N, and with a clear dominance of anticyclone eddies over cyclonic
eddies propagating westward to at least 32°W (Sangra et al., 2009,
2015). This distinctive feature plays an important role in transporting
cold nutrient-rich upwelling waters from the eastern boundary towards
the interior ocean, with increased productivity through vertical mixing
processes. Several studies have demonstrated that satellite tracked ju-
venile loggerhead turtles associated more with the inner core of anti-
cyclonic eddies (Howell et al., 2010; Gaube et al., 2017), preferentially
with life spans > 2 months (Chambault et al., 2019). This could explain
the high bycatch rates recorded south of 30°N, west off Canary Islands,
especially during early summer.

In this study, the overall mean loggerhead CPUE by Portuguese
pelagic longline vessels was slightly higher than those reported for the
Spanish pelagic longline fishery operating in central North Atlantic
(Mejuto et al., 2008), and considerably higher compared to those re-
ported by Coelho et al. (2015) and Santos et al. (2012) for the Portu-
guese longline fleet operating in the tropical Northeast Atlantic and in
the Equatorial Atlantic, respectively (Table 3). Overall CPUE reported
by Mejuto et al. (2008) for the subtropical Northeast Atlantic is also
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notably higher compared to the overall estimate here presented, yet it is
less than half of the 1.03 here estimated for the subtropical subregion
(20-30°N) alone. While these differences in bycatch rates likely reflect
differences in abundance and distribution of loggerhead turtles between
areas of the North Atlantic, other reasons could be attributed to opera-
tional factors such as the period of the year when these rates were
recorded, which is not specified in Mejuto et al. (2008), and/or probably
because the areas between studies overlap slightly, with the rates pre-
sented by Mejuto et al. (2008) recorded southwest of Canary Island,
closer to the area where Coelho et al. (2015) reported relatively lower

loggerhead bycatch rates (Table 4).

In contrast, the overall rate here reported was considerably lower
than those previously reported for the Azores. The Azores archipelago is
an important foraging and developmental ground for oceanic-stage
loggerhead turtles originating mostly from the southeastern USA (Bol-
ten et al., 1998, 2003a, Bjorndal et al., 2003, Okuyama and Bolker,
2005). In this study, observer coverage within the Azores EEZ accounted
for 16% of the total observed effort and only 3 loggerheads were caught
during winter and spring. Fishing effort by the Portuguese pelagic
longline fleet in the Azores appears quite low during autumn, when
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Bootstrapped median estimates ( = 95% bootstrapped confidence interval; BCI) of the number of sea turtle interactions by the Portuguese pelagic longline fleet based

on the final GLMMs and the GFW effort data estimated in number of hooks.

Year GFW effort Loggerhead Leatherback
Median Lower BCI Upper BCI Median Lower BCI Upper BCI

2016 3141,521 208 80 429 125 55 229

2017 3469,774 148 53 313 120 49 231

2018 3193,942 331 123 743 97 39 194

2019 3263,806 496 195 1049 139 64 251

2020 2696,801 256 101 535 123 55 224

Total 15,765,844 1439 552 3069 604 262 1129

higher loggerhead catch rates would be expected (Ferreira et al., 2001),
yet considerably higher during spring when vessels target blue shark
(Parra et al. under review). Furthermore, the size distribution of log-
gerhead turtles incidentally caught by the Portuguese longline fishery in
the Northeast Atlantic here presented are in line with those reported for
pelagic longline fisheries in the Atlantic (35-77 CCL; Bolten et al., 1994,
Ferreira et al., 2001, Kotas et al., 2004, Bolten and Bjorndal, 2005,
Santos et al., 2012, Coelho et al., 2015).

At haul-back or direct mortality of loggerheads was estimated at
26%. Turtles that were found dead were mostly hooked in the digestive
tract (i.e. mouth and deep-hooking), similar to what has been reported
for pelagic longline swordfish fisheries in the Atlantic (Ferreira et al.,
2001; Watson et al., 2005; Santos et al., 2012; Coelho et al., 2015), and
in the Pacific Ocean (Gilman et al., 2007). The direct mortality rate here
reported likely represents a fraction of the total fishing induced mor-
tality because loggerhead turtles caught by the pelagic longline fishery
are also susceptible to hook injuries (Parga, 2012), and/or decompres-
sion sickness (Garcia-Parraga et al., 2014) which can result in delayed or
post-release mortality. Post-hooking sublethal effects include reduced
fitness, altered diving behaviour and orientation loss leading to negative
consequences for foraging and survival (Ryder et al, 2006).
Delayed-mortality of sea turtles captured and released from longline has
been estimated within the range of 5% and 85%, depending on whether
the gear is removed from the turtle, turtles have ingested hooks, or the
line is left trailing (Bolten et al., 1994; Chaloupka et al., 2004; Ryder
et al.,, 2006; Lewison and Crowder, 2007; Sasso and Epperly, 2007;
Swimmer and Gilman, Alvarez de Quevedo et al., 2012, 2013; Swimmer
et al., 2014).

4.2. Leatherback

Leatherback bycatch from Portuguese pelagic longline vessels oper-
ating in the Northeast Atlantic between 2015 and 2020 appeared clus-
tered in space during autumn, mostly within Portugal mainland 200 nm
EEZ (Fig. 6). The spatial clustering of leatherback bycatch in pelagic
longline fisheries has been previously reported in other studies (Gardner
etal., 2008; Lewison et al., 2009; Petersen et al., 2009). In this study, the
spatial clustering of leatherback bycatch occurred within the area and
period of higher observed fishing effort and when vessels targeted
mostly swordfish (Parra et al. under review). During the rest of the year,
bycatch is low and appeared scattered in the region, reflecting the
overall spatial patterns of fishing effort by the fleet. Donoso and Dutton
(2010) similarly concluded that leatherback bycatch in the southeast
Pacific longline fishery generally reflected patterns of fishing effort.
Although significant, the correlation between leatherback CPUE and the
observed fishing effort in number of hooks per 1-degree grid square was
weak (R = 0.34). This suggests that the relationship may not be linear
and likely influenced by other environmental, operational, and/or de-
mographic factors.

The overall mean leatherback bycatch rate here estimated is similar
to those reported for the Azores, yet it is considerably lower than those
reported for areas of the Northeast Atlantic (Table 4). This could be
attributed to the different periods when these bycatch rates were
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recorded, and likely reflect seasonal patterns of leatherback distribution
and abundance in the North Atlantic. Studies based on satellite telem-
etry data collected on leatherbacks of the Northwest Atlantic subpopu-
lation showed high-use areas in the waters offshore Western Europe,
namely within Portugal mainland EEZ, and in the subtropical East and
Central North Atlantic (Eckert, 2006; Fossette et al., 2014), specifically
around Cape Verde all year-round and in the Azores from October to
March, respectively (Fossette et al., 2014). Between October and March,
the observed fishing effort in this study was mostly concentrated in
mainland Portugal EEZ and adjacent international waters, and leather-
back bycatch was not recorded in the Azores during the entire study
period. The area where most of the bycatch was recorded off the Por-
tuguese west coast is characterized by the occurrence of coastal up-
welling that extends 100-300 km offshore, with more active and
persistent conditions from April to September, and consequent increase
in productivity (Santos et al., 2001; Lemos and Pires, 2004). This feature
likely provides favourable foraging conditions for leatherbacks in the
region. Furthermore, relatively high leatherback bycatch by pelagic
longline was also reported by Mejuto et al. (2008) for the subtropical
Northeast Atlantic, which was not observed in this study. Leatherback
bycatch south of 30°N was relatively low and occurred mostly during
spring (Fig. 6). Moreover, the low leatherback CPUE recorded during
winter may indicate that turtles are distributed probably to the south to
avoid colder waters (~17 °C). Leatherback turtles experience a wide
range of temperatures (9-33 °C) yet they do not spend time in surface
waters cooler than 20 °C, and only experience lower temperatures
briefly during deep dives (McMahon and Hays, 2006).

Leatherback turtles with < 145 cm CCL are generally considered
juveniles (Eckert, 2002), although reproductive females as small as
105-125 cm CCL have been reported (Stewart et al., 2007). The mean
size here reported of 167 cm CCL suggests that bycaught turtles were
mostly adults, yet caution should be taken when classifying animals as
adults or juveniles based on size alone (Stewart et al., 2007). Addi-
tionally, leatherbacks were generally recorded hooked in the flipper or
entangled in the gear, similar to what has been reported by other studies
(Bolten and Bjorndal, 2005; Watson et al., 2005; Santos et al., 2012;
Coelho et al., 2015). Despite the apparent absence of leatherback mor-
tality here observed, most of bycatch overlapped in space and time with
the highest fishing effort recorded, namely within mainland Portugal
EEZ and adjacent international waters during autumn, which is reason
for concern given the recent decrease in female nesting of the Northwest
Atlantic subpopulation (NMFS and USFWS 2020). Furthermore, most of
the leatherbacks recorded to interact with the gear were released with
some line trailing and their fate remains unknown. Research has shown
that, when released carefully and completely from fishing gear, many
leatherbacks survive entanglement without apparent long-term effects,
yet post-release mortality rates remain logistically challenging to
quantify (Bond and James, 2021). This underlines the need for further
monitoring of pelagic longline fisheries in the Northeast Atlantic to
ascertain the long-term magnitude of leatherback bycatch by this
fishery.



H. Parra et al. Fisheries Research 263 (2023) 106673

Spring Summer

40° N~

30° N~

20° N1 Loggerhead

Autumn Winter

40° N 1

30° N 1

20° N 1

40° W 30° W 20° W 10°W  40°W 30°W 20° W 100 W

Spring Summer

40° N 1

30° N 1

Leatherback

20° N 1

Autumn Winter

40° N~

30° N

20° N 1

40°W 30°W 20° W 10°W  40°W
Estimated number of interactions

S B
0 5 10

Fig. 8. Seasonal distribution of the predicted number of loggerhead and leatherback interactions with the Portuguese pelagic longline fishery between 2016 and
2020. Interaction estimates were produced based on the bootstrapped median CPUE and the spatial explicit GFW fishing effort, and summarized over a 1-degree
cell grid.

11



H. Parra et al.

Table 4

Fisheries Research 263 (2023) 106673

Summary of published studies of sea turtle bycatch (CPUE in number of individuals per 1000 hooks) by pelagic longline fisheries in the North Atlantic (NA), and

specifically for the Northeast Atlantic (NeA).

Area Extent N hooks Loggerhead CPUE Leatherback CPUE Source

Temperate and subtropical NeA 10-42°W, 20-46°N 887,641 0.152 0.043 This study

Azores Unclear Unclear 0.27 - Ferreira et al. (2001)

Azores 23-31°W, 36-36°N 416,199 0.23-1.68 0.011-0.043 Bolten and Bjorndal (2005)

Central NA 25-35°W, 30-45°N 38,385 0.104 0.391 Mejuto et al. (2008)

West NA 20-60°W, Unclear 0.39-0.88 0.16-0.44 Swimmer et al. (2017)
35-55°N

North Atlantic 0-65°W, 2215,150 0-0.0128 0-0.0104 Huang (2015)
15-50°N

Subtropical NeA 17-30°W, 15-30°N 38,028 0.421 0.631 Mejuto et al. (2008)

Tropical NeA 20-38°W, 11-22°N 254,520 0.086 0.337-0.990 Coelho et al. (2015)

Equatorial Atlantic 42°W-9°E, 7°S-7°N 305,352 0.033 0.189 Santos et al. (2012)

4.3. Bycatch estimates

The number of sea turtle interactions here estimated was based on
models that quantified sea turtle bycatch in terms of spatio-temporal
variability and in relation to operational factors, and therefore rely
heavily on the assumptions underlying the chosen approach. Logger-
head and leatherback models explained 33.8% and 7.6% of the variance,
respectively, pointing to a significant amount of unexplained variance
that could be attributed to unaccounted environmental and de-
mographic parameters that likely influence sea turtle presence and
density in the region, and the interaction with the fishing gear. The
relatively wide confidence interval estimated by the bootstrap proced-
ure further exacerbate the level of uncertainty associated with our es-
timates (Table 3). Additional error can also be expected from the effort
data, notwithstanding the overall results suggest that the GFW data is a
fairly accurate representation of the observer data. GFW data appears to
have overestimated the observer data in terms of the total amount of
fishing hours between 2016 and 2020 by a factor of 1.12, yet we
consider this to be acceptable for the purpose of this study. GFW daily
data gaps longer than 24 h (Fig. S5) can result when a vessel turns off its
AIS or travels in a region with exceptionally poor satellite coverage, such
as the area off the coast of Europe where most of the observed fishing
effort occurred in this study (Kroodsma et al., 2018). Despite the
aforementioned limitations, these estimates represent an improvement
of previously published preliminary sea turtle interaction estimates for
the Portuguese pelagic longline fleet operating in the Northeast Atlantic
(Gray and Diaz, 2017).

The sea turtle bycatch estimates here presented are exclusively
related to Portuguese drifting longline vessels with more than 15 m in
length and operating mostly offshore, and do not account for vessels of
coastal artisanal fisheries. These fisheries comprise a polyvalent multi-
gear fleet (demersal longlines, purse seines, trawls, and gill/trammel
nets) with over 3200 licenced boats with less than 12 m, that operate
within 2-10 nm off the coast (INE 2021). The actual impact of these
fisheries on loggerhead and leatherback sea turtles remains uncertain,
yet the main cause of stranding for both species along the Portuguese
coast was attributed to interaction with fisheries, namely set gill or
trammel nets followed by longlines (Nicolau et al., 2016).

Our results suggest that from a total of 1439 juvenile loggerheads
estimated to interact with the longline gear between 2016 and 2020,
374 have likely perished during fishing operations (i.e. 26% at haul-back
mortality rate here estimated), with an average of 75 deaths per year.
From the remaining 1065 interactions, it is likely that
53-905 loggerheads will have potentially succumbed to post-release
mortality (5-85%), depending on the type of interaction (i.e. external,
mouth or deeply hooked), release procedure and amount of gear
removed (Bolten et al., 1994; Chaloupka et al., 2004; Ryder et al., 2006;
Lewison and Crowder, 2007; Sasso and Epperly, 2007; Swimmer and
Gilman, Alvarez de Quevedo et al., 2012, 2013; Swimmer et al., 2014).
These estimates represent a fraction of the annual mean number of
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loggerhead interactions estimated for the US pelagic longline fishery in
the Northwest Atlantic (530-840 interactions and 2-62 estimated
mortalities; Finkbeiner et al., 2011), for the Canadian fleet operating in
Canadian waters (1199 interactions; Brazner and Mcmillan, 2008), and
for countries operating in the Mediterranean Sea (up to 20,200 in-
teractions; Casale, 2011). Regarding leatherback turtles, at haul-back
mortality was not observed in our study, however Finkbeiner et al.
(2011) reported an average leatherback mortality of 17-27 turtles from
707 to 901 estimated interactions per year in the Northwest Atlantic
pelagic longline fishery, resulting in a ca. 3% mortality rate. Under this
assumption, we could expect that from a total of 604 estimated in-
teractions between 2016 and 2020, 18 leatherbacks may have resulted
in bycatch deaths, with an average of less than 4 deaths per year.

Overall, these estimates provide a well-founded perspective on the
threat of the industrial Portuguese pelagic longline fleet for sea turtles
populations inhabiting the Northeast Atlantic, and contribute to the
estimation of the cumulative effects of all large and small-scale fleets
operating in North Atlantic (Lewison et al., 2004b; Wallace et al., 2010a;
Finkbeiner et al., 2011; Kroodsma et al., 2018), together with other
anthropogenic sources of mortality in the open ocean such as litter
ingestion and entanglement (Schuyler et al., 2014) that may be hin-
dering the recovery and conservation of these populations.

4.4. Mitigation opportunities

Reduction of sea turtle bycatch and mortality by pelagic longline
fisheries can be achieved by time-area closures to regulate fishing effort,
changes in fishing gear and operations (e.g. bait, hook shape and size,
depth of the gear, time of gear retrieval and deployment) and/or
handling and release practices to increase survival of captured turtles
(see Gilman et al., 2006a and Swimmer et al., 2020 for a review). A
combination of these regulatory measures has been implemented since
2004 in the U.S.-managed pelagic longline fisheries targeting swordfish
and tunas, and were demonstrated to be highly effective in reducing sea
turtle capture and mortality in the Pacific and Atlantic oceans (Gilman
et al., 2006b; Swimmer et al., 2017). In this study, we identified areas
and periods of clustered sea turtle bycatch in the Northeast Atlantic
where the implementation of mitigation measures, such as effort limi-
tations, the use of large circle hooks and/or the use of whole finfish bait
(Gilman et al., 2006a and Swimmer et al., 2020 for a review) could be
prioritized. In the Azores region, the mandatory use of circle hooks and a
prohibition to use wire leaders (Ordinance n° 116/2018 October 25th
2018) have recently been implemented, while the adoption of additional
sea turtle bycatch mitigation measures at the ICCAT level currently re-
mains under discussion (https://www.iccat.int/com2021/ENG/
PA4_811_ENG.pdf).

The application of appropriate safe handling techniques increases
sea turtle post-capture survival chances and alleviates the impacts of
longline fishing on these populations (Zollett and Swimmer, 2019).
Therefore, additional regulations in the U.S. swordfish longline fishery
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in the Northwest Atlantic include requirements for education and
outreach efforts focusing on sea turtles, and increased on-board scien-
tific observer coverage (Swimmer et al., 2017). While a broad imple-
mentation of existing guidelines (ICCAT Rec. 10-09 and 13-11, EC
Regulation 2017/2017) appears slow, the COSTA project has promoted
better practises and resuscitation techniques through workshops and its
on-board observers, and has provided adequate release equipment such
as long-handled line cutters and clippers to the participating Portuguese
fleet. Nevertheless, international cooperation is required to move for-
ward and significantly reduce sea turtle bycatch and mortality in the
Northeast Atlantic.

5. Conclusions

The present study provides information that is useful to support
management efforts for sea turtle conservation, namely for the Recovery
Actions (specifically, Actions 6245 and 6246) considered of highest
priority for implementation and/or continuing under the Recovery Plan
for the loggerhead Northwest Atlantic population (Bolten et al., 2019).
Furthermore, it provides data to respond to the criterion D1C1, as
defined in the Good Environment Status (GES) Descriptor 1 of the Eu-
ropean Marine Strategy Framework Directive (MSFD; 2008/56/EC),
referring to sea turtle mortality rates from bycatch for the Northeast
Atlantic region (Girard et al., 2022). Future work will focus on the
refinement of bycatch estimates with the inclusion of environmental
variables into the models to account for the variability in sea turtle
distribution and abundance, and test alternative modelling approaches.
The quantification of the impact of this fishery on sea turtle populations
should be further investigated using demographic models, as demon-
strated for sea turtle populations in the Mediterranean (Casale and
Heppel 2016), to determine populations abundance and the potential
biological removal by longline fisheries in the region.
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