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A B S T R A C T   

The multispecific and highly dynamic nature of pelagic longline fisheries demands a holistic view that will likely 
benefit the development of effective management strategies. This study aims to provide an integrated perspective 
of the Portuguese longline fishery targeting swordfish Xiphias gladius and blue shark Prionace glauca in the 
Northeast Atlantic, regarding fishing dynamics, target species catches and associated bycatch. Data from 896 
observed fishing sets (887,641 hooks) collected between 2015 and 2020 were used in a cluster analysis to group 
sets according to the target species. These sets were investigated for spatio-temporal patterns, and the rela-
tionship between target species catches and environmental and operational characteristics were examined using 
generalized additive mixed models (GAMM). A total of 46,306 individuals from 54 species (30 fish, 11 sharks, 2 
manta rays, 6 cetaceans, 2 sea turtles and 2 seabirds) were recorded. Swordfish and blue shark comprised over 
88.3% of the total catch in numbers (33.6% and 54.7%, respectively). Overall, most of the fishing effort occurred 
west off mainland Portugal, congregated during autumn when vessels targeted mostly swordfish, and dispersed 
over the region during spring and summer, when vessels targeted mostly blue shark. The bycatch of sea turtles 
and a relatively higher diversity of bony fish species, yet low catch in terms of abundance, appeared more 
associated with sets identified as targeting swordfish. Recorded catch of tunas Thunnus spp. and pelagic sharks, 
such as the shortfin mako Isurus oxyrinchus and the porbeagle Lamna nasus, were more associated with blue shark 
sets. Bigeye thresher Alopias superciliosus, thresher Alopias vulpinus, pelagic stingray Pteroplatytrygon violacea and 
lancetfish Alepisauros ferox were found equally associated with both targeted species. Management strategies for 
the region are discussed in light of these new findings.   

1. Introduction 

Industrial pelagic fishing uses a range of methods that involve the use 
of nets (e.g., purse seines, drift nets), and hooks and line (e.g., drifting 
longline, pole and line) to catch highly migratory tunas, billfishes and 
sharks (Crespo and Dunn, 2017). These species are important contrib-
utors to food security and income in many countries (Pons et al., 2018), 
and represented 10% (9.1 million t) of the global marine capture fish-
eries production in 2019 (FAO, 2021). The multispecific nature of these 
fisheries results in the incidental take, or bycatch, of non-targeted 

species, as well as of undesirable sizes or age classes of targeted species, 
also termed as discards (Hall et al., 2000; Lewison et al., 2004; Pérez 
Roda, 2019). Technological advancements over the past decades in 
fishing gears, practices, vessels autonomy and refrigeration, resulted in 
increased fishing capacity (Ward and Hindmarsh, 2007), and enabled 
the expansion of operations beyond national jurisdictions into the high 
seas (Swartz et al., 2010; Tickler et al., 2018). Currently, commercial 
drifting longline fisheries occur in a third of the global ocean, encom-
passing areas with limited monitoring and regulations (Kroodsma et al., 
2018; Queiroz et al., 2019). The persistence of these trends will likely 
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result in the collapse of pelagic fish stocks, currently considered over-
exploited (Ward and Myers, 2005; Collete et al., 2011; Hillary et al., 
2016), while posing a serious threat for internationally protected spe-
cies, especially for those considered “endangered” or “critically endan-
gered” under the International Union for the Conservation of Nature 
(IUCN) Red List criteria for populations conservation status (Mace et al., 
2008). 

The Portuguese pelagic longline fishery developed after 1986 (Santos 
et al., 2002), following an increasing trend of swordfish Xiphias gladius 
catch in the Atlantic Ocean and Mediterranean Sea that started in the 
1950s (Neilson et al., 2013). The International Commission for the 
Conservation of Atlantic Tunas (ICCAT) studies and manages fisheries 
for swordfish and other large pelagic species in the ICCAT Convention 
Area, which includes the North Atlantic. Stock assessments, total 
allowable catch (TAC) and quotas are determined periodically and 
attributed to each contracting party (e.g., Portugal). According to 
ICCAT’s Standing Committee on Research and Statistics (SCRS), 
swordfish nominal catch in the North Atlantic peaked in 1987 (20,238 t) 
and then declined until the late 1990s (Anonymous, 2019). This trend 
was attributed to a decreased abundance of swordfish in the region, fleet 
relocation to other areas (e.g., South Atlantic), and the introduction of 
quotas and size limits (Ward et al., 2000; Neilson et al., 2013). Since the 
early 2000s, the stock has shown signs of improvement, and catches 
(landings plus dead discards) remained stable over the past decade 
(annual average of 11,245 t; Anonymous, 2019). In 2018, the catch 
(8858 t) decreased by 56.2% since the 1987 peak, attributed to several 
reasons including ICCAT regulatory recommendations, shifts in fleets 
distribution, changes to target species with relatively higher catch rates 
and increased market conditions (e.g., sharks and/or tuna), and/or due 
to socio-economic factors (Neilson et al., 2013; Anonymous, 2019). 
Swordfish catches by the Portuguese fleet reached 2414 t in 2019 (INE, 
2020), representing approximately 21% of the annual averaged North 
Atlantic swordfish catch over the past decade (11,245 t; Anonymous, 
2019). 

Pelagic sharks, namely blue shark Prionace glauca and shortfin mako 
Isurus oxyrinchus, are also frequently caught by the Portuguese swordfish 
fishery (Aires-da-Silva and Pereira, 1999; Santos et al., 2002; 
Aires-da-Silva et al., 2008; Santos et al., 2014; Vandeperre et al., 2014a; 
Coelho et al., 2016). Blue shark is the most commonly caught shark 
species by drifting longline in the North Atlantic (Buencuerpo et al., 
1998; Aires-da-Silva and Pereira, 1999; Simpfendorfer et al., 2002; 
Mejuto et al., 2009; Vandeperre et al., 2014a). Over the past decade, this 
species has been increasingly targeted by the fleet in response to a 
reduced swordfish quota, low swordfish abundance during part of the 
year, and an increased commercial interest for shark fins and meat in 
international markets (Vandeperre et al., 2014a; Dent and Clarke, 
2015). A similar increasing trend was reported for blue shark landings in 
Portuguese fishing ports (Roxo et al., 2017), and in ICCAT’s North 
Atlantic blue shark stock assessments, showing a steady increase in 
catches over the past two decades, reaching a peak in 2016 (44,096 t; 
Anonymous, 2019). In 2018, blue shark catches in the North Atlantic 
showed a considerable decrease (33,853 t; Anonymous, 2019). Despite 
this overall stability in North Atlantic blue shark catches since early 
2000s, stock assessment results have been considered uncertain, and do 
not exclude the possibility of the stock being overfished (Anonymous, 
2019). In 2020, ICCAT adopted Recommendation 19–07 which estab-
lishes an annual TAC for blue shark in the North Atlantic of 39,102 t, and 
a quota allocation recommendation was also considered (Anonymous, 
2022). The Portuguese pelagic longline fleet was estimated to catch 
5195 t of blue shark in the North Atlantic during 2018, representing 
approximately 13% of the established TAC (Anonymous, 2019). 

Marine megafauna bycatch by pelagic longline fisheries mainly in-
cludes pelagic fish and elasmobranchs, seabirds, sea turtles and marine 
mammals (Lewison et al., 2004a; Lewison et al., 2009; Lewison et al., 
2014; Anderson et al., 2011; Wallace et al., 2013; Werner et al., 2015; 
ICES, 2022). These species are highly migratory with extremely 

wide-range distributions that overlap considerably with areas of intense 
fishing effort. Data limitations remain a key point when determining the 
effect of fisheries bycatch on those species and populations (Lewison 
et al., 2004b, Soykan et al., 2008, ICCAT Recommendation 11–10, ICES, 
2022). Research on bycatch by pelagic longline for the Northeast 
Atlantic has mostly focused on a particular species group (e.g., pelagic 
sharks: Coelho et al., 2012, Santos et al., 2014; sea turtles: Ferreira et al., 
2001) and, to the best of our knowledge, only few studies have reported 
the diversity of species affected by this fishery in the region (Buencuerpo 
et al., 1998; Mejuto et al., 2009; Fernandez-Carvalho et al., 2015). 

The paucity of high-quality data regarding total catches, catch 
composition, and spatio-temporal patterns in fishing effort has been a 
long recognized issue for fisheries management (Lewison et al., 2004, 
2009; Lewison and Crowder, 2007; Worm et al., 2013; Gilman et al., 
2014; Queiroz et al., 2016). Such data are collected by trained observers 
onboard vessels, yet it́s highly costly and practically unfeasible to ach-
ieve complete coverage of fleet operations (Lewison et al., 2004). In a 
comparative assessment of regional fisheries management organizations 
(RFMO) governance of bycatch and discards, Gilman et al. (2014) esti-
mated a relative low score (36%) for ICCAT fisheries in terms of observer 
coverage and data quality. These data limitations can deter the progress 
in conservation efforts because the implementation of management ac-
tions to protect a species can be delayed until conclusive evidence is 
available (Lewison et al., 2004). 

Furthermore, most studies focus on particular species or species- 
groups, which masks the larger picture of the impact of these fisheries 
on the ecosystems. Studies on Portuguese pelagic longline fisheries in 
the North Atlantic have addressed a multitude of aspects regarding 
swordfish and blue shark catches (e.g., Aires-da-Silva and Pereira, 1999, 
Santos et al., 2002, Aires-da-Silva et al., 2008, Vandeperre et al., 2014a), 
sea turtles (e.g., Parra et al. 2023; Bolten et al., 1994; Martins et al., 
2001; Ferreira et al., 2001; 2011; Santos et al., 2012; Coelho et al., 
2015), and pelagic sharks bycatch (e.g., Correia et al., 2003; Maia et al., 
2007; Queiroz et al., 2016; Roxo et al., 2017). These studies have greatly 
improved the knowledge of life-history characteristics and impacts of 
this fishery on these species. 

Nevertheless, improved knowledge of these fisheries likely requires 
an integrated perspective of fishing dynamics, target species catches and 
the amount and diversity of bycatch associated with each of the targeted 
species. This will likely and ultimately enable the scientific community 
to provide sound answers to policy makers and the public, in general, on 
the “when, where, how and what” pelagic longline fleets are fishing. 
Using observer data collected onboard Portuguese longline vessels 
operating in the Northeast Atlantic, we investigate spatio-temporal 
patterns in fishing effort and catch composition. In addition, we 
explore the relationship between catch of the two target species 
(swordfish and blue shark) with environmental and operational factors, 
along with their level of association with bycatch species. 

2. Methods 

2.1. Fisheries observer data 

Data were collected under the Azores Fisheries Observer Program 
(POPA – Programa de Observação das Pescas dos Açores; www. 
popaobserver.org) and COSTA project (COnsolidating Sea Turtle Con-
servation in the Azores; www.costaproject.org) on-board Portuguese 
commercial longline fishing vessels between September 2015 and 
December 2020. Observers embarked on longliners departing from the 
ports of Ponta Delgada (Azores, Portugal), Peniche (mainland Portugal) 
and Vigo (Spain). Data on fish catch (in number of individuals), oper-
ational characteristics (e.g., set locations, number of hooks, start and 
end time of gear deployment and retrieval, leader type, hook type) and 
environmental conditions (recorded sea surface temperature, rSST; 
Beaufort sea state; location depth) were recorded by trained observers 
for each set. A total of 896 sets was monitored by 6 different observers 
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during 72 fishing trips performed by 18 different longline vessels 
measuring between 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;  
Table 1). A fishing trip including travel and fishing lasted 18.4 days on 
average ± 10.2 standard deviation [S.D.]. The fishing gear used was the 
“American style” longline which consisted of a monofilament nylon 
mainline with approximately 100 km in length and weighted branch-
lines 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 were composed with a wire and/or monofilament 
nylon 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 with shark meat 
(Prionace glauca), and long snouted lancetfish (Alepisaurus ferox). 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 5:00 and 8:00 pm and retrieved at 
dawn. 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 deployment and starting 
time of retrieval, ranged between 9.1 and 32.6 h (mean: 13.9 ± 1.8 S. 
D.). 

2.2. Fleet composition and effort 

The Portuguese pelagic longline fleet was sampled based on an 
opportunistic sampling design, in which observers embarked on vessels 
that provided suitable accommodation for the observer and with the 
collaboration of vessels owners and captains. According to the EU Fleet 
Register database (https://webgate.ec.europa.eu/fleet-europa/ 
index_en), a total of 63 vessels were registered in 2020 with Portuguese 
flag and drifting longline as main fishing gear, and with sizes ranging 
between 5 and 46 m. Some of the vessels are polyvalent, and an un-
known part of the fleet shifts to other fishing techniques (e.g., bottom 
longline) for unknown reasons. The Portuguese swordfish fishing quota 
is attributed to licensed vessels according to the region of registration 
(quota percentage of the total weight: 66% Portugal mainland, 31% 
Azores, 3% Madeira; Ordinance nº 237/2022, September 14th 2022). In 
2020, 39 mainland vessels were attributed a swordfish quota for the 
North Atlantic (https://www.dgrm.mm.gov.pt/), while the fleet of the 
Azores consisted of 6 vessels. Sizes ranged between 15 and 46 m (mean 
24 m), with a mean total gross capacity of 179 t per vessel, and an un-
known portion of the fleet with freezing capacity. These 45 vessels were 
used in this study as representative of the Portuguese industrial pelagic 

\

Fig. 1. Distribution of the observed fishing effort (i.e., number of hooks) by Portuguese pelagic longliners operating in the Northeast Atlantic between 2015 and 
2020. Data are summarized within a 1-degree cell grid. Red dots indicate the ports where observers embarked. Dashed line represent the 200 nautical mile economic 
exclusive zone (EEZ). 
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longline fleet that regularly fish with drifting longline gear in the North 
Atlantic. 

Fishing effort (hours of fishing) data for the fleet and individual 
vessels, was obtained from Global Fishing Watch (GFW) (available at 
https://globalfishingwatch.org/datasets-and-code/). GFW used raw 
automated identification system (AIS) vessel tracking data to estimate 
fishing effort and derive 0.01-degree gridded data, described in detail in 
Kroodsma et al. (2018). AIS was developed for vessel safety and 
anti-collision purposes, yet its global spatio-temporal coverage of 
thousands of vessels enables effort distribution to be analyzed (Mac-
Cauley et al., 2016; Kroodsma et al., 2018; Shepperson et al., 2018; Sala 
et al., 2018; Queiroz et al., 2019). 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 (https://webgate.ec.europa.eu/fleet-europa/index_en). 
GFW data gaps 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 (Kroodsma et al., 2018), where most of the observed 
fishing effort occurred in this study. The amount of effort that may be 
unaccounted for due to these data gaps is unknown. Therefore, and to 
address these issues, matching GFW data were extracted for individual 
vessels recorded in the observer dataset for the period between 
September 2015 and December 2020, and correspondence was assessed 
in terms of daily effort and spatial coordinates using Pearsońs correla-
tion coefficient (Becker et al., 1988). In order to have a comparable unit 
of effort between the observer and GFW data, we converted the observer 
data by calculating the fishing time as the difference between the 
starting time of gear deployment to the end of gear retrieval (expressed 
in hours of fishing). ICCAT also provides fishing effort data for pelagic 
longline fisheries (https://www.iccat.int/en/accesingdb.HTML), how-
ever, it was under revision by the SCRS, hence unavailable. Other 
possible sources of fishing activity would be vessel monitoring system 
(VMS) and/or electronic fishing logbooks, but access is not public. 

Furthermore, and in order to evaluate the spatial representativeness 
of the observed versus the GFW data, we extracted GFW data for the 
Portuguese fleet with drifting longline gear type, and cropped within the 
period and geographical extent of interest (10◦− 42◦ W; 20◦− 46◦ N). 
Subsequently, we summed the number of hours fished (expressed as 
days, where 24 h of fishing hours = 1 day) within each 1-degree cell for 
which we had observed effort. Overall and seasonal correspondence 
between the observer and GFW data was assessed using Pearsońs cor-
relation coefficient (Becker et al., 1988). Seasonal maps of the kernel 
home range density estimates (Benhamou and Cornélis, 2010) of fishing 
sets using the observed locations and GFW effort data were produced 
using the kernelUD function from the “adehabitatHR” package v0.4.16 
(Calenge, 2006) with the reference bandwidth selection. For season, we 
considered the following quarters: autumn (September− November), 

winter (December− February), spring (March− May), and summer 
(June− August). 

2.3. Cluster analysis 

All analyses were conducted within the R statistical environment 
v3.5.3 (R Core Team, 2018). In order to characterise the fishery, a 
non-hierarchical cluster analysis (k-means method; Legendre and Leg-
endre, 2012) was used to group fishing sets according to the catch 
composition using nominal catch-per-unit-effort (CPUEn; in number of 
individuals per 1000 hooks). The catch composition is largely the result 
of the fishing tactics employed, i.e., the fishing intentions with respect to 
species targeted, fishing area and fishing gear (He et al., 1997; Pelletier 
and Ferraris, 2000; Ziegler, 2012). For the cluster analysis, the data 
matrix consisted of the observed CPUEn for each species and for each 
fishing set (896 ×39). Considering that the two target species made up 
almost 90% of the total catch in numbers, CPUEn was standardized 
using the “Hellinger” distance (Legendre and Gallagher, 2001) in which 
square roots of matrix values are used to reduce highest abundance 
values (Borcard et al., 2011). The optimal number of clusters within the 
data was determined using the “Calinski-Harabasz” index criterion of 
the cascadeKM function from the “vegan” package v2.5.5 (Oksanen 
et al., 2019), as the lowest number of clusters with the highest index 
value. After clusters were identified, they were named after the species 
that was most abundant within or characteristic of a particular cluster. 
Clusters were then considered as a categorical variable and each fishing 
set was assigned accordingly, and compared statistically in terms of 
species proportions, and environmental and operational characteristics, 
with a significance level of p = 0.05. Differences in species proportions 
and leader type between clusters were tested with the Pearson 
chi-square statistic (Agresti, 2007), while differences in environmental 
characteristics (i.e., location depth, sea surface temperature recorded 
on-board vessels) and in operational factors (i.e., soaking time, number 
of hooks, distance between LB) were assessed by the 
Mann-Whitney-Wilcoxon unpaired two-sample tests (Hollander and 
Wolfe, 1973). Bonferroni post-hoc test was performed when significant 
differences were observed between clusters for each individual species 
and for each type of leader (Zar, 2010). 

2.4. GAMM analysis 

To investigate spatio-temporal trends, and significant environmental 
and operational influences in swordfish and blue shark catches, we used 
generalized additive mixed models (GAMM). Such approach is 
commonly used to derive “standardized” catch rates that account for 
differences in fishing operations and/or variability in temporal and 
spatial distribution of the resources (Maunder and Punt, 2004). GAMMs 
were developed with a negative binomial family and a log link function 

\ Table 1 
Observed numbers of sets and vessels (in parentheses) per month and year collected by observers of the Azores Fisheries Observer Program on Portuguese pelagic 
longliners operating in the Northeast Atlantic. Dash indicate that no data were collected.  

Month Year  

2015 2016 2017 2018 2019 2020 Total 

1 − − 19 (2) 23 (2) 34 (2) 11 (1)  2 (1)  89 
2 − − 21 (2) 6 (1) 29 (4) 24 (2)  30 (2)  110 
3 − − 31 (2) 24 (2) 22 (3) − − 26 (1)  103 
4 − − 23 (2) 8 (1) 4 (2) 4 (1)  7 (1)  46 
5 − − − − 20 (2) 18 (2) 3 (1)  2 (1)  43 
6 − − 22 (2) − − 9 (2) 19 (1)  13 (1)  63 
7 − − 14 (1) − − − − − − 5 (1)  19 
8 − − 17 (2) − − 14 (2) 4 (1)  16 (2)  51 
9 13 (2) − − 20 (2) 16 (1) 11 (1)  10 (2)  70 
10 18 (2) 23 (3) 12 (2) − − 26 (2)  9 (1)  88 
11 20 (2) 41 (2) 24 (2) 32 (2) 6 (1)  11 (1)  134 
12 27 (2) 9 (1) 8 (2) 14 (2) 20 (2)  2 (1)  80 
Total 78  220  145  192  128   133   896  
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using the number of individuals per set as response variable. Effort (log 
of number of hooks) was used as an offset variable, and “fishing trip” 
was added as a random effect to account for possible effects derived from 
captain’s experience, vessel characteristics and/or target species market 
trends. 

The operational and environmental variables considered as explan-
atory variables in this study that were suggested in previous studies to 
influence the distribution and catchability of blue shark (e.g., Bigelow 
et al., 1999, Vandeperre et al., 2014a), and swordfish (e.g., Damalas 
et al., 2007, Chang et al., 2013), included leader type, soaking time, 
latitude, longitude, month, sea surface temperature (SST), standard 
deviation of the mean SST (SSTsd), sea level anomaly (SLA), mixed layer 
depth (MLD), sea surface chlorophyll concentration, finite-size Lyapu-
nov exponents (FSLE), bathymetry and lunar phase. Operational factors 
used to compare clusters (number of hooks and distance between LB) 
were not included in this analysis due to data gaps that resulted in the 
exclusion of 10% (~90 sets) of the dataset and decreased model per-
formance, and therefore we opted not to include them. Daily mean SST 
(◦C) was obtained from Copernicus Marine Environmental Monitoring 
Service (CMEMS; https://resources.marine.copernicus.eu/products) 
Global Ocean Operational Sea Surface Temperature and Ice Analysis 
(OSTIA; Good et al., 2020), a reprocessed product available at 0.05-de-
gree grid resolution and based on in-situ and satellite data providing 
foundation SST (the temperature free of diurnal variability). SLA is the 
sea surface height above mean sea surface computed with respect to a 
twenty-year period (1993 − 2012) and was included as it is indicative of 
mesoscale processes such as eddies. Daily SLA (m) was obtained from 
CMEMS and is a global delayed-time SSALTO/DUACS multi-mission 
(Topex/Poseidon, Jason-1, OSTM/Jason-2, Jason-3) altimeter data 
merged product available at a 0.25-degree grid resolution. Daily mean 
MLD (m) was obtained from CMEMS at a 0.25-degree grid resolution 
and indicates the depth of the thermocline (Lea et al., 2015). Daily mean 
sea surface chlorophyll-a concentration (mg/m3) was obtained from 
CMEMS and is a product based on the merging of data collected from 
multiple satellite sensors (SeaWiFS, MODIS, MERIS, VIIRS-SNPP&JPSS1 
and OLCI-S3A&S3B) available at a 4 km grid cell resolution. FSLE is 
associated with front intensity, with higher values indicating frontal 
regions with strong ocean dynamic. Daily mean FSLE were obtained 
from Archiving Validation and Interpretation of Satellite Oceanographic 
(AVISO; https://www.aviso.altimetry.fr) and available on a 0.25-degree 
grid resolution. Bathymetry (m) was obtained from ETOPO1 global re-
lief model of earth’s surface available at a 0.017-degree resolution and 
provided by NOAA’s National Geophysical Data Center (NOAA National 
Geophysical Data Center, 2009). Lunar phases were extracted from the 
“lunar” package v.0.1–04 (Lazaridis, 2014) with values varying between 
0 and 6, both representing new moon and with 3 representing full moon. 
Month was used as a categorical variable. For data extraction, deploy-
ment and retrieval locations were averaged to get one geographical 
position per fishing set. A radius of uncertainty of around 50 km (i.e., 
half of a typical length of longlines) exists for the location of catches, 
which, and to a certain degree, dictates the appropriate scale for inte-
gration of environmental data (Bigelow et al., 1999). Environmental 
gridded data was averaged over a 0.25-degree cell resolution (∼25 km), 
which was the coarsest scale of the candidate variables, and the average 
value within a 0.5-degree radius (∼50 km) for each variable was 
extracted. 

Spearman’s rank correlation and Variance Inflation Factor (VIF) 
were used to test for collinearity between variables (Zuur et al., 2010). 
SST was found highly and significantly correlated with month, latitude, 
MLD and Chlorophyll. Notwithstanding the well-established importance 
of SST for predicting swordfish and blue shark distribution and abun-
dance (e.g., Bigelow et al., 1999, Walsh and Kleiber, 2001, Damalas 
et al., 2007, Vega and Licandeo, 2009, Dewar et al., 2011, Chang et al., 
2012, 2013, Vandeperre et al., 2014a, 2016, Braun et al., 2019, Su et al., 
2020, Druon et al., 2022), we opted to exclude SST from the GAMM 
analysis since we were more interested in investigating spatial and 

temporal patterns in catch rates. 
Models were fitted to the data in both backward and forward step-

wise selection processes to select significant variables. Variables were 
removed or added, respectively, according to the level of significance (i. 
e., highest P-value based on Chi-squared or Z-test statistic) and based on 
the Akaike’s information criterion (AIC; Sakamoto et al., 1986). AIC was 
computed as a measure of the “goodness-of-fit” and models with the 
lowest AIC value were selected as the most parsimonious model. In each 
step, models were examined for over-dispersion and evaluated by visual 
inspection of standard QQ-plot and a histogram of the residuals to check 
for the normality of the residuals assumption in which a good model fit is 
expected to show a linear relationship between the deviance residuals 
and the normal theoretical quantiles, and a normal distribution of the 
residuals. Pearson residuals were plotted against fitted values and 
explanatory variables for visual inspection of homogeneity of variance 
(Zuur et al., 2009). Deviance explained and the adjusted R-squared 
(R2adj) were calculated to evaluate the adequacy of the model fit. 
GAMM analysis were performed using the “mgcv” package v.1.8.24 
(Wood, 2011). 

3. Results 

3.1. Fishing effort distribution patterns 

The spatial distribution of the observed fishing effort by Portuguese 
longline vessels showed a marked seasonal pattern between 2015 and 
2020 (Fig. 2). During autumn (September to November), the observed 
fishing effort was mainly concentrated within the 200 nm EEZ of 
mainland Portugal and in adjacent international waters, between 
10◦− 24◦ W and 36◦− 42◦ N. From winter to spring (December to May), 
observed effort gradually moved away westwards towards the Azores, 
whereas during summer (June to August), was dispersed over the study 
area between 10◦− 40◦ W and 35◦− 50◦ N (Fig. 2). Visual inspection of 
the GFW effort seasonal kernel density maps for the fleet showed a 
similar distribution pattern (Fig. 2). This correspondence was further 
corroborated with a significant correlation between the observed and 
GFW data in terms of daily effort (R = 0.23, p < 0.001, n = 1046) and 
spatial coordinates (R = 1, p < 0.001, n = 988) for individual vessels, 
and also for the fleet effort (R = 0.65, p < 0.001, n = 182) within 1-de-
gree cells where observed effort was recorded (Supplementary Fig. S1). 
Seasonal effort correlation was significant (p < 0.001) for all seasons 
except during summer (p = 0.34; Supplementary Fig. S2), where the 
lowest number of fishing sets were observed (months 6–8; Table 1). 
According to the GFW effort data, the Portuguese pelagic longline fleet 
fished a total of 15,995 days between September 2015 and December 
2020, and the observed effort, estimated as the difference between the 
starting time of gear deployment to the end of gear retrieval, covered 
5.5% (884 fishing days) of this total. 

3.2. Fishery characterization 

The k-means method identified two distinct clusters within the data 
and, according to species proportions, clusters were named as: BSH 
= blue shark (71.2%) and SWO = swordfish (60.7%; Table 2). Differ-
ences in species proportions were significant between the two clusters 
(Pearson Chi-square test followed by Bonferroni, p < 0.001) for all 
species, except for lancetfish Alepisauros ferox, pelagic stingray Pter-
oplatytrygon violacea, bigeye thresher Alopias superciliosus, oilfish 
Ruvettus pretiosus, and unidentified dolphinfish of the Coryphaena 
genera. Fishery operational and environmental characteristics between 
the two clusters were also significantly different (Mann-Whitney test, 
p < 0.05) in terms of mean number of hooks and distance between LB, 
sea surface temperature and bathymetry at set locations (Table 2). Soak 
time was not significantly different between clusters (Mann-Whitney 
test, p = 0.48), with a similar average soaking time of approximately 
14 h. The mean number of hooks between LB was slightly greater in the 
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BSH sets compared to the SWO sets (60.9 and 60 hooks, respectively), 
and the distance between LB was greater in SWO compared to BSH sets 
(7.9 and 7.5 Km, respectively). Environmental characteristics at set lo-
cations showed that the BSH sets were in significantly deeper (3300 and 
2930 m, respectively) and colder waters (18 and 19.4 ◦C, respectively) 
compared to SWO sets (Mann-Whitney test, p < 0.001; Table 2). 

Considering the proportion of leader type, monofilament nylon was 
preferably used (60–75%) in all seasons, while sets using wire leader 
showed highest frequency (40%) during summer (Fig. 3). Leader type 
differences between the two clusters were significant for wire and 
monofilament nylon (Pearson Chi-square test followed by Bonferroni, 
p < 0.001) yet non-significant for the use of both leader types in the 

\

Fig. 2. Seasonal kernel density estimation maps of the observed (left column) and GFW (right column) Portuguese longline fishing effort in the Northeast Atlantic 
between September 2015 and December 2020. (A, B) autumn: September− November, (C, D) winter: December− February, (E, F) spring: March− May, and (G, H) 
summer: June− August. Dashed lines represent the 200 nautical mile economic exclusive zone (EEZ). 
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same set (Table 2). Both clusters used a large percentage of mono-
filament nylon leader (SWO = 90%, BSH = 65%;), whereas wire and a 
combination of both monofilament and wire leaders were more frequent 
in blue shark sets (24% and 11%, respectively; Table 2). Furthermore, 
seasonal distribution of sets location according to the identified clusters 
further highlighted the pattern of aggregation of vessels while targeting 
swordfish during autumn and winter, and a more dispersed pattern all 
year around for blue shark sets (Fig. 4). 

3.3. Catch composition 

A total of 46,306 individuals from 54 species was recorded as caught 
during the studied period, of which 11 were sharks, 3 rays, 30 bony 
fishes, 2 sea turtles, 2 seabirds and 6 cetacean species (Table 3). Target 
species catches accounted for 88.3% of the total catch in numbers, with a 
total of 15,537 (33.6%) swordfish and 25,327 (54.7%) blue sharks 
caught. Other species with considerable representation (> 2% of the 
total catch in numbers) were the long snouted lancetfish Alepisaurus 
ferox (3.69%), escolar Lepidocybium flavobrunneum (3.06%) and shortfin 
mako Isurus oxyrinchus (2.05%). Bycatch of threatened species included 
the sea turtles Caretta caretta (0.3%) and Dermochelys coriacea (0.08%), 
shark species of the genera Alopias (0.5%) and the smooth hammerhead 
Sphyrna zygaena (0.02%), and the cetaceans Balaenoptera acutorostrata, 
Grampus griseus, Stenella coeruleoalba, Tursiops truncatus, Globicephala 

spp. and Hyperoodon ampullatus, with each species representing less than 
0.004% of the total catch in numbers. Furthermore, results showed 
different levels of association of bycaught species (in terms of the pro-
portion of the total number of individuals caught per species), with the 
target species identified in the cluster analysis (Table 3). Swordfish sets 
showed a higher proportion of bycatch of the 2 sea turtles species, and 6 
species of bony fishes and unidentified Alopias spp., whereas blue shark 
sets showed higher bycatch of pelagic sharks of the Lamnidae family 
(mako sharks Isurus spp. and porbeagle Lamna nasus), tuna (Thunnus 
spp.), and 4 bony fish species. Lancetfish, pelagic stingray, thresher and 
bigeye thresher sharks, crocodile shark and smooth hammerhead were 
found equally associated with both targeted species. 

3.4. GAMM analysis 

For swordfish, significant variables retained in the final model were 
month, leader type, SLA, the interaction between latitude and longitude 
and moon phase, while the significant variables for the blue shark were 
month, leader type, the interaction between latitude and longitude, soak 
time, moon phase, chlorophyll, SLA, and bathymetry (Table 4). SST was 
not included in the final models since it was correlated with month and 
latitude. MLD, FSLE and SSTsd were found to be not significant for any 
of the target species. In the swordfish final model, the explained devi-
ance was 67.3% and the dispersion parameter was 1.01, whereas in the 
blue shark final model, the explained deviance was 79.5% and the 
dispersion parameter was 1.02. Model assumptions were considered to 
be met in both cases. The histogram of deviance residuals was close to a 
normal distribution and the normal QQ-plot of deviance residuals 
against theoretical quantiles showed no considerable deviation from the 
constant variation assumption. The plot of Pearson residuals against 
fitted values showed that, in general, points were distributed randomly 
between − 2.1 and 3.8 for the swordfish model and between − 1.8 and 
4.3 for the blue shark model (Supplementary Fig. S3). 

Swordfish catches were positively affected by the full moon, with 
leader type (monofilament nylon and both wire and monofilament nylon 
leaders), and SLA values above 0 m, corresponded to areas of anti- 
cyclonic eddies (Fig. 5). The number of blue shark catches were posi-
tively influenced during intermediate moon phases and during the new 

\ Table 2 
Species proportions (in relation to the total number of individuals caught for 
each cluster), and operational and environmental characteristics for each cluster 
identified by the k-means partitioning analysis on the catch composition data. 
Mann-Whitney, and Pearson Chi-square followed by Bonferroni post-hoc tests, 
significance levels (p value) are also shown. Only species with > 0.1% of the 
total catch in numbers are shown (see Table 3). Standard deviation of the mean 
( ± S.D.) in parentheses. BSH = blue shark; SWO = swordfish. LB = large buoys; 
df = degrees of freedom.   

BSH SWO Total N 
sets 

df p value 

% Species     896  13 <0.001 
Prionace glauca 71.22 21.78   883   <0.001 
Xiphias gladius 20.23 60.72   892   <0.001 
Alepisaurus ferox 2.61 5.87   484   0.054 
Lepidocybium 

flavobrunneum 
1.54 6.14   521   <0.001 

Isurus oxyrinchus 1.92 2.11   394   0.001 
Pteroplatytrygon 

violacea 
0.27 0.61   117   0.23 

Thunnus thynnus 0.46 0.23   96   <0.001 
Alopias superciliosus 0.24 0.61   108   0.067 
Caretta caretta 0.13 0.65   80   <0.001 
Ruvettus pretiosus 0.25 0.40   95   0.9 
Coryphaena spp. 0.16 0.11   34   0.06 
Thunnus alalunga 0.14 0.08   43   0.006 
Lepidopus caudatus 0.17 0.00   17   0.002 
Lamna nasus 0.15 0.03   32   0.003 
Operational 

characteristics         
Number of sets 490 406 896      
Mean soaking time 

(h) 
14.01 
(1.96) 

13.86 
(1.59) 

13.9 
(1.8)  

896   0.477 

Mean number of 
hooks between LB 

60.9 
(7.4) 

60.0 
(7.0) 

60.3 
(7.2)  

788   < 0.05 

Mean distance 
between LB (Km) 

7.5 
(1.0) 

7.9 
(0.9) 

7.7 
(1.01)  

755   < 0.001 

Leader type (%)     896  2 <0.001 
Nylon 65 90 69.6     <0.001 
Wire 24 3 25.1     <0.001 
Both 11 6 5.3     1 

Environmental 
characteristics         

Mean temperature 
rSST (◦C) 

18.01 
(2.74) 

19.42 
(2.31) 

18.64 
(2.65)  

818   < 0.001 

Mean location depth 
(m) 

3300 
(1271) 

2970 
(854) 

4158 
(1039)  

896   < 0.001  

\

Fig. 3. Seasonal frequency of leader type observed in Portuguese longline 
vessels between 2015 and 2020 in the Northeast Atlantic. M. nylon 
= monofilament nylon. 
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\
Fig. 4. Seasonal map locations of observed 
fishing sets (n = 896) identified as targeting 
swordfish (light yellow dots; left column) and 
blue shark (blue dots; right column), based on a 
cluster analysis of the catch composition data 
collected onboard Portuguese longline vessels 
between 2015 and 2020. (A, B) autumn: Sep-
tember− November, (C, D) winter: Decem-
ber− February, (E, F) spring: March− May, and 
(G, H) summer: June− August. Dashed lines 
represent the 200 nautical mile economic 
exclusive zone (EEZ).   
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\ Table 3 
Catch composition (in number of individuals and % of the total catch in numbers), species proportions (in 
relation to the total number of individuals caught per species) associated with each of the targeted species 
(SWO=swordfish; BSH=blue shark) identified by the cluster analysis. Cells highlighted in red represent 
proportions with more than 60% of the total number of individuals recorded for that species, and in yellow 
between 40% and 60%. Species with less than 5 individuals were considered rare occurrences and were not 
highlighted.  

H. Parra et al.                                                                                                                                                                                                                                   



Fisheries Research 264 (2023) 106730

10

moon, by soak times ranging between 15 and 22 h, and by wire and both 
wire and monofilament nylon leader types (Fig. 6). Blue shark catches 
were positively influenced by SLA values above 0.1 m indicating higher 
catch rates in areas of anti-cyclonic eddies, and by chlorophyll-a values 
between 0.15 mg/m3 with a marked peak at 0.25 mg/m3. Blue shark 
catches were positively influenced above 4000 m depth and with an 
increasing trend towards the minimum recorded depth of approximately 
450 m (Fig. 6). 

CPUEn values per set ranged from 0.0 to 57.5 ind./1000 hooks for 
swordfish, and 0.0 and 275 ind./1000 hooks for blue shark. The seasonal 
dynamics of the fishing effort is further reflected in the catch rates of the 
target species (Fig. 7). Nominal and standardized swordfish CPUEs fol-
lowed similar patterns, with highest monthly mean catch rates recorded 
in autumn, with a peak in September (22.5 ± 2.4 S.D.) followed by a 
gradual decrease during winter and spring, reaching minimal values 
during summer (July, 9.1 ± 5.9). Blue shark monthly mean CPUEn 
showed maximum values during spring (April, 58.7 ± 54.2), decreased 
during summer, reaching a minimum value during October (6.0 ± 7.2), 
after which it gradually increased again during winter. Standardized 
CPUE of blue shark followed a similar evolution of the CPUEn, yet 
monthly mean values differed considerably during April and May, when 
the CPUEn standard deviation was higher, likely reflecting the lower 
observed fishing effort. Monthly mean observed sea surface temperature 
(rSST) recorded onboard vessels at set locations ranged from 21.7 ◦C in 
August and 15.8 ◦C in February (Fig. 7). 

4. Discussion 

The present study used detailed observer data and currently avail-
able tools to provide a contemporary assessment of the Portuguese 
pelagic longline fishery in the Northeast Atlantic in terms of fishing 
operations, catch composition and spatio-temporal dynamics. Although 
observer data only covered 5.5% of the total effort estimated by GFW 
between 2015 and 2020, overall results showed a fairly good corre-
spondence between both datasets, determined visually by season and 
spatially (Fig. 2) and by significant correlations in terms of daily effort 
and sets locations of individual vessels (Fig. S1). According to Gilman 
et al. (2014), at a 5% observer coverage, bycatch estimates will likely 
have large uncertainties for species with low catch rates, but likely 
would be sufficient to enable determining the spatio-temporal 

distribution of bycatch. Nevertheless, error can be expected from the 
GFW effort data and results should be interpreted cautiously. Moreover, 
the opportunistic sampling of the fleet is subject to some caveats, namely 
the observer data is biased towards vessels larger than 18 m of length. 
Hence, our results do not capture the operational characteristics and 
dynamics of smaller vessels (15 − 18 m), which compose approximately 
13% (n = 6) of the industrial Portuguese pelagic longline fleet here 
considered. Other source of uncertainty is the actual number of vessels 
that regularly fish with drifting longline in the North Atlantic, which is 
highly dynamic due to the polyvalence of an unknown part of the fleet, 
likely influenced by the vessel’s quotum availability, target species 
market trends, and operational costs related to fuel prices, bait and gear. 

The pronounced and asynchronous seasonal pattern between 
swordfish and blue shark catches is consistent with the pattern derived 
from vessel logbook data previously reported in the North Atlantic 
(Santos et al., 2002), specifically in the Azores (Aires-da-Silva and Per-
eira, 1999; Aires-da-Silva et al., 2008) and also from commercial land-
ings at Portuguese ports (Roxo et al., 2017). This is substantiated by the 
cluster analysis on the catch composition data that showed two fishing 
tactics according to the target species (swordfish and blue shark). The 
distribution of fishing effort by the Portuguese fleet further showed a 
well-defined seasonal pattern during the studied period, clearly clus-
tered in space inside the EEZ of mainland Portugal and adjacent inter-
national waters during autumn, when vessels target swordfish. 
Environmental differences in SST and bottom depth between swordfish 
and blue shark sets further reflect this spatio-temporal dynamics of 
fishing effort. Fisheries that target swordfish adapt their fishing strate-
gies and tactics according to the species migration patterns, applying 
effort in regions with high concentrations of fish (Nielsen et al., 2013). 
Swordfish display a consistent latitudinal pattern of movement in the 
North Atlantic, with residence in foraging grounds in temperate waters 
from June to October (north of 40◦ N), followed by a southwards 
migration in winter and spring (Abascal et al., 2015). 

Results suggest that swordfish explore Portuguese coastal waters 
during autumn likely to forage on small schooling fish associated with 
the northerly wind-induced upwelling regime off west Portugal (Lemos 
and Pires, 2004). Upwelling conditions are more strong from April to 
September, with consequent higher levels of phytoplankton and 
zooplankton, inducing favourable feeding conditions to sardine Sardina 
pilchardus and horse mackerel Trachurus trachurus (Santos et al., 2001). 
Fish is an important part of swordfish diet in the Northeast Atlantic 
(40 − 50% by mass; Clarke et al., 1995, Chancollon et al., 2006), and 
sardine was found as having the highest percentage by weight in the diet 
of juvenile swordfishes in the Aegean Sea (Ceyhan and Akyol, 2017). 
The displacement of the fleet westwards in an aggregated pattern during 
winter, likely following swordfish movements searching for other 
feeding opportunities further west, coincides with the period that the 
upwelling regime off west Portugal weakens (Lemos and Pires, 2004), 
and the period when the southward wind-driven Ekman transport near 
the Azores Archipelago is stronger (Caldeira and Reis, 2017). From an 
economic perspective, the presence of swordfish relatively close to 
mainland Portugal during autumn enable vessels to land a more valu-
able fresh product with shorter trips and reduced fuel costs. For 
example, the average price for fresh swordfish in a Spanish market 
nearly tripled ($31/kg) that compared to frozen swordfish ($11/kg) 
from March 2017–2018 (Schiller et al., 2018). 

The seasonal distribution pattern of fishing sets identified as tar-
geting blue shark appeared dispersed in the region throughout the year, 
reflecting a wider habitat range given the spatial structuring and 
segregation by sex and size of this population, shaped by different ranges 
of SST preferences for small juveniles (15 − 25 ◦C), large juvenile fe-
males (10 − 20 ◦C) and large juvenile males (15 − 28 ◦C; Vandeperre 
et al., 2016). In addition, this study found higher catch rates during 
spring, namely in April-May, which is in agreement with previous 
studies on blue shark longline fishery assessments for the Northeast 
Atlantic that also reported April-May monthly averages up to 300 

\ Table 4 
Results from the final GAMMs of swordfish and blue shark catches in numbers by 
Portuguese longline vessels between 2015 and 2020 in the Northeast Atlantic. 
“re” = random effect.  

Swordfish (Deviance explained = 67.3%; R2
adj = 0.59)   

Estimate Std. Error z value p-value 

(Intercept) -4.47 0.12 -35.3 < 2.00E-16  
df / edf Ref.df Chi.sq p-value 

Month 11  45.24 4.41E-06 
Leader 2  31.1 1.77E-07 
SLA 1  8.87 2.90E-03 
s(lon,lat) 21.39 25.32 84.4 1.52E-08 
s(Moon) 5.44 8 769.78 < 2.00E-16 
s(Trip, bs="re") 55.33 70 349.84 < 2.00E-16 
Blue shark (Deviance explained ¼ 79.5%; R2

adj ¼ 0.62)   
Estimate Std. Error z value p-value 

(Intercept) -3.45 0.22 -16.01 < 2.00E-16  
df / edf Ref.df Chi.sq p-value 

Month 11  99.2 2.57E-16 
Leader 2  31.2 1.68E-07 
SLA 1  19.01 1.30E-05 
s(lon,lat) 21.5 25.35 123.92 7.27E-15 
s(Soak time) 4.41 5.38 57.59 1.45E-10 
s(Moon) 4.65 8 87.05 3.74E-06 
s(Chlorophyll-a) 6.46 7.58 32.91 6.35E-05 
s(Bathymetry) 2.92 3.67 30.33 3.39E-06 
s(Trip,bs="re") 56.82 70 438.11 < 2.00E-16  
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individuals per 1000 hooks (Buencuerpo et al., 1998; Aires-da-Silva and 
Pereira, 1999; Santos et al., 2002; Aires-da-Silva et al., 2008; Vande-
perre et al., 2014a). Our results demonstrated that blue shark catch rates 
were higher with wire leaders, which is in agreement with previous 
studies that also found shark catchability and catch rates lower on nylon 
compared to wire leaders because sharks can sever the nylon and escape 
(Ward et al., 2008; Vega and Licandeo, 2009; Santos et al., 2017). Since 
2021, the Azorean fisheries authorities implemented a prohibition on 
the use of wire leaders in pelagic longline fishing within 100 nm off the 
islands, together with the mandatory use of circle hooks since 2020. The 
Azores is considered a nursery area for blue shark in the central North 

Atlantic, with high abundance and residency of immature individuals 
(Aires-da-Silva et al., 2008; Vandeperre et al., 2014a; b). Yet, in spring, 
when fishing effort in the Azores is highest, catches also consisted of 
mature females in advanced stages of pregnancy, besides larger juvenile 
and small adult males (3–5 years; Vandeperre et al., 2014a). Ultimately, 
there is concern that the area around the Azores is not sufficient to 
protect such a highly migratory species (Vandeperre et al., 2014b, 2016; 
Coelho et al., 2018; Druon et al., 2022). 

Operational characteristics between fishing tactics were found to be 
similar for both target species, except for the distance between large 
buoys, that was on average 400 m longer in swordfish compared to blue 

\

Fig. 5. Smooth term plots of significant variables included in the final GAMM for the swordfish catches in numbers. Top left panel: smoothed surfaces of the smooth 
term plotted at the scale of the response. Top right panel: Gaussian quantiles for the residuals of the random effect fishing trip. Shaded areas indicate 95% confidence 
intervals. Thick marks on the x-axis represents the distribution of the observations. Value in parentheses in the y-axis label represents the estimated degrees 
of freedom. 
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\

Fig. 6. Smooth term plots generated from the final GAMM for the blue shark catches in numbers. Top left panel: smoothed surfaces of the smooth term plotted at the 
scale of the response. Top right panel: Gaussian quantiles for the residuals of the random effect fishing trip. Shaded areas indicate 95% confidence intervals. Tick 
marks on the x-axis represents the distribution of the observations. Values in parentheses in the y-axis labels represent the estimated degrees of freedom. 
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shark sets. This suggests that the gear is set relatively deeper when 
targeting swordfish. Tagging studies in the Atlantic and Pacific Oceans 
showed swordfish nighttime depth increased around full moon (Dewar 
et al., 2011; Abascal et al., 2015). In this study, the highest swordfish 
catch rates occurred during full moon, which is consistent with what was 
previously reported for longline fisheries in the North Atlantic (Santos 
and Garcia, 2005; Kot et al., 2010), and elsewhere (Bigelow et al., 1999; 
Damalas et al., 2007; Su et al., 2020). Mesopelagic and diurnally 
migrating fauna constitute an important part of swordfish diet (Clarke 
et al., 1995; Chancollon et al., 2006), and its vertical distribution is 
influenced by lunar phase, shown to stay in deeper waters during full 
moon nights to avoid predation from epipelagic predators 
(Hernández-León et al., 2010; Prihartato et al., 2016). Swordfish is likely 
to concentrate at greater depths to forage during the full moon. Despite 
the fact that lunar phase most likely plays a major role in the captains’ 
decisions for fishing depth, other operational and environmental factors, 
such as vessel bearing and speed during gear deployment and sur-
rounding oceanographic conditions (e.g., current direction and 
strength), are also likely to have influenced fishing depth, since they can 
deform the shape of longlines and/or longline shoaling (Bigelow et al., 
2006). On the other hand, blue shark sets were deployed shallower and 
catch rates were higher during intermediate and new moon phases. This 
is likely attributed to the vertical distribution of diel migrating fauna, 
which also constitutes an important fraction of the diet of blue shark 
(Clarke et al., 1996; Biton-Porsmoguer et al., 2017) in the Northeast 
Atlantic. These results are in agreement with Vandeperre et al. (2014a), 
a study that found blue shark catch rates higher during intermediate 
moons in the North Atlantic. 

The strong association between blue shark catches and other pelagic 
shark species that was revealed by our analysis, namely for the “en-
dangered” shortfin mako Isurus oxyrinchus (IUCN; Rigby et al., 2019a), 
the “vulnerable” porbeagle Lamna nasus (IUCN; Rigby et al., 2019b), the 
“endangered” longfin mako Isurus paucus (IUCN; Rigby et al., 2019c), 
and also tunas Thunnus spp. bycatch, suggests that stricter measures to 

manage the blue shark fishery likely have a positive effect on mitigating 
bycatch for these species. Notwithstanding, these associations should be 
further investigated in detail for potential spatial and temporal patterns 
that would provide more insights as to where and when bycatch is more 
likely to take place. While the blue shark has a relatively fast growth and 
produce a high number of offspring, making this a resilient species 
(Aires-da-Silva and Gallucci, 2007), most pelagic sharks are highly 
vulnerable to overexploitation due to their slow growth, late matura-
tion, and production of few offspring (Dulvy et al., 2008). The limited 
spatial refuge resulting from the high degree of spatial overlap between 
these protected pelagic shark species and longline fisheries at a regional 
(Queiroz et al., 2016) and global scale (Queiroz et al., 2019) is a serious 
conservation concern. This further exacerbates the need for better 
management strategies focused on these species. The “vulnerable” big-
eye thresher Alopias superciliosus (IUCN; Rigby et al., 2019d) was the 
most captured pelagic shark of the Alopias genera recorded in the 
observation data, and showed no significant association between 
swordfish and blue shark sets. This suggests that management strategies 
such as time/area closures designed for blue sharks, may not have an 
effect on A. superciliosus populations and that specific measures are 
needed for the protection of this species. 

Of all the megafauna recorded in this study to interact with the 
longline gear, bony fishes with low commercial value are the least 
known and reported. Long snouted lancetfish Alepisaurus ferox was the 
most caught of these species (3.7% of the total catch in numbers), fol-
lowed by escolar Lepidocybium flavobrunneum (3.1%; Table 3). Lancet-
fishes are circumglobal species that mainly inhabit tropical and 
subtropical waters, and are preyed upon by tunas and sharks (Post, 
1984). They feed primarily on small pelagic fish such as chub mackerel 
Scomber japonicas, but also on small tunas and swordfishes (Romanov 
and Zamorov, 2002). Long snouted lancetfish catch in longline fisheries 
in the Northeast Atlantic was not previously reported (Buencuerpo et al., 
1998), but catch rates of this species reached up to 1 individual per 1000 
hooks in 202 monitored experimental pelagic longline sets to test for 

\
Fig. 7. Monthly mean nominal (CPUEn; solid line) and 
standardized (dashed line) catch rates (ind./1000 hooks) 
for swordfish (green) and blue shark (blue), observed effort 
(number of hooks; solid line, lower panel) and sea surface 
temperature (SST; dashed line; lower panel) recorded on 
board Portuguese longliners operating in the Northeast 
Atlantic from 2015 to 2020. Bars (upper panel) are stan-
dard deviation of the mean [S.D.] of CPUEn, and shaded 
areas represent the 95% confidence intervals of standard-
ized CPUE. Shaded grey area (lower panel) represents SST 
maximum and minimum values.   
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hook and bait effects in the tropical Northeast Atlantic (Fernandez--
Carvalho et al., 2015). Escolar was previously reported as being occa-
sionally caught in the Northeast Atlantic (Buencuerpo et al., 1998), and 
a total of approximately 742.5 t of escolar landed by the Northeast 
Atlantic Spanish surface longline fishery was estimated between 1997 
and 2006 (Mejuto et al., 2009). More data are required for improved 
knowledge on these species and the impact of longline fishing on these 
populations. 

Loggerhead and leatherback are the most frequently sea turtle spe-
cies bycaught in longline gear in the North Atlantic (Gardner et al., 
2008). The Northeast Atlantic hosts key foraging and developmental 
grounds for juvenile loggerhead turtles originated mainly from the 
Southeastern USA and Cape Verde Islands (Bolten et al., 1993; Bjorndal 
et al., 2000; Bolten, 2003). In the Portuguese pelagic longline fishery, a 
total of 1439 loggerhead and 604 leatherback interactions were esti-
mated between 2016 and 2020, with an average of 75 and 4 deaths per 
year, respectively (Parra et al., 2023). This impact contributes to the 
cumulative effects of all large and small-scale fleets operating in North 
Atlantic (Brazner and Mcmillan, 2008; Finkbeiner et al., 2011; 
Kroodsma et al., 2018) and, together with other anthropogenic sources 
of mortality in the open ocean such as litter ingestion and entanglement 
(Schuyler et al., 2014; Pham et al., 2017), hampers the recovery and 
conservation of these populations. Effective sea turtle bycatch mitiga-
tion measures for longline fishing include the use of large circle hooks, 
finfish bait, deep gear setting and reduced soaking time (see Swimmer 
et al., 2020 for a review). Since 2021, the mandatory use of circle hooks 
was implemented in the Azores, while the adoption of additional sea 
turtle bycatch mitigation measures appears slow (ICCAT Rec. 10–09 and 
13–11, EC Regulation 2017/2017). 

Seabird bycatch in the Northeast Atlantic is of particular concern in 
the Spanish demersal longline fishery operating on Gran Sol (west off 
United Kingdom), with over ca. 56,000 bird interactions per year during 
2006–2007, mostly greater shearwaters Puffinus gravis (Anderson et al., 
2011). Seabird bycatch by pelagic fleets is particularly significant due to 
the proportion of threatened albatrosses and Procellaria petrels being 
caught, though data gaps remain for a number of fleets operating in the 
North Atlantic (Anderson et al., 2011). In Portugal, seabird entangle-
ment/bycatch represented 42.5% of all seabirds admitted to a rehabil-
itation centre (n = 2042) from 2010 to 2016, including large gulls, auks, 
gannets, shearwaters and petrels (Costa et al., 2021). Seabird species use 
the Portuguese mainland coast during their migratory routes as feeding 
grounds, resting and wintering areas (Ramírez et al., 2008). From the 
two seabird species here reported as interacting with the longline gear, 
the northern gannet Morus bassanus is one of the most common of all 
seabird species known to occur in the continental Portugal, while the 
greater shearwater Puffinus gravis occurs regularly in low numbers 
(Ramírez et al., 2008). In a study quantifying seabird bycatch by small- 
and medium-sized fishing fleets operating in the Portuguese mainland 
coast during 2010 − 2012, Oliveira et al. (2015) reported that higher 
bycatch rates occurred mainly in demersal longlines (0.86 seabirds per 
fishing event), followed by purse seines, and bottom gillnets, and that 
the northern gannet was the most common bycaught species. Our results 
show that seabird bycatch by the Portuguese pelagic longline fishery 
was very low, and may not pose a serious threat to these populations. 
Although the Portuguese pelagic fleet operates mostly offshore in the 
region, the greater shearwater is quite abundant at autumn season 
during the pre-breeding migration, coinciding with the period when the 
fleet fishes closer to Portuguese coastal waters while targeting sword-
fish. This highlights the importance of continuing to monitor this fishery 
to ascertain the level of impact on seabird species. 

Although cetacean bycatch is higher for some purse-seine and gillnet 
fisheries, bycatch by longline is a threat to several populations including 
Risso’s dolphins Grampus griseus and pilot whales Globicephala spp. in 
the northwest Atlantic (Werner et al., 2015). These interactions often 
result in serious injury and mortality of the individuals involved 
(Garrison, 2007). Dolphins Delphinus spp. were the most reported 

species to interact with hook and line gear from commercial and rec-
reational fisheries in Portugal (Werner et al., 2015). The common dol-
phin Delphinus delphis was the most bycaught species in the Portuguese 
sardine purse-seine fishery off the continental coast, with more than 100 
deaths estimated per year (Marçalo et al., 2015). In the Azores region, 
cetacean bycatch in longline fisheries was not recorded, and < 1% of the 
384 sets monitored showed evidence of cetacean depredation, namely 
by killer whales (Silva et al., 2011). Moreover, data collected onboard 
Spanish longliners fishing in the Azores reported two false killer whales 
Pseudorca crassidens interactions in 56 observed sets, and also found low 
cetacean depredation, with < 1% of fish loss per trip (Hernandez-Milian 
et al., 2008). Depredation observations in the observation data were 
anecdotal and further conclusions could not be drawn. Overall, cetacean 
bycatch in this study was very small, suggesting that levels of interaction 
between cetaceans and the Portuguese pelagic longline fishery in the 
Northeast Atlantic may be generally low. However, the low level of 
observer coverage for the fleet in this study (5.5% of the total GFW 
estimated effort from Sep. 2015 to Dec. 2020), combined with high 
levels of fishing effort in the region by the Portuguese and Spanish fleets 
(Queiroz et al., 2016), may underestimate the levels of cetacean in-
teractions with these fisheries (Silva et al., 2011). 

Portugal’s location at the westernmost part of the European conti-
nent, along with its peripheral insular regions, has granted the Portu-
guese nation a privileged access to the Northeast Atlantic Ocean. With 
this privilege comes a greater sense of responsibility for preserving its 
marine resources. This study represents a contribution for a better un-
derstanding and transparency of the activity of the Portuguese pelagic 
longline fleet in the region, and provides insights for the development of 
effective management strategies. The highly migratory behaviour of 
these species, with movements across multiple national borders and into 
the high seas, makes them vulnerable to numerous fleets operating in the 
North Atlantic (Fossette et al., 2014; Queiroz et al., 2019; Afonso et al., 
2020; Davies et al., 2021). More importantly, it makes management a 
very challenging task. National efforts to preserve these species will 
likely be unsuccessful without a broader management perspective. After 
years of debate, United Nations member states recently agreed on the 
Biodiversity Beyond National Jurisdiction (https://www.un.org/bbnj/) 
treaty, which will provide the legal framework to limit environmental 
impacts and establish marine protected areas (MPA) on the high seas. 
This is encouraging yet raises the question of how these high seas MPAs 
will be monitored. While the development of the tools to improve the 
monitoring of fishing activities is ongoing (e.g., Kroodsma et al., 2018, 
2022, Welsh et al., 2022), there is a dire need for an investment in 
human and technological resources for improved surveillance and 
enforcement activities, to ensure a long-term sustainable use of these 
marine resources and ecosystems conservation. 
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Márcio Duarte, Rodolfo Curralo, Filipe Tártaro, Paulo Ávila and Miguel 
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