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ABSTRACT

Studies relating the populational structure of target species to operational and environmental variables contribute
directly to the management of the fisheries in these resources. Therefore, this study aimed to provide data
on fishing and ecology of the swordfish (Xiphias gladius) caught by the Brazilian longline fleet operating in
the western Atlantic between 2010 and 2016. Generalized additive mixed models were used to evaluate the
relationship between explanatory variables and responses based on Catch Per Unit of Effort (CPUE) data.
Results show that the Brazilian longline fleet catches the swordfish mostly between latitudes of 5°N to 30°S and
longitudes of 20° to 50°W and that the swordfish prefers temperatures under 25°C at depths below 60 meters.
The species showed a tendency toward intermediate light intensity, predominating in the crescent moon phase,
and a preference for areas with low chlorophyll concentrations. Our findings on operational and environmental
interactions with swordfish CPUE suggest areas and times that can be used by fishing fleets and government
institutions as a starting point for swordfish management strategies.

Descriptors: Industrial fishing, Generalized additive mixed models, Migration pattern, Pelagic fisheries,
South atlantic.

INTRODUCTION Researchers such as Bigelow et al. (1999),
Maury et al. (2001), and Zagaglia et al. (2004a)

conducted studies relating the distribution of
pelagic fish species to environmental variables.
Bach et al. (2003) investigated Thunnus
obesus, analyzing depth distribution using two
different observation techniques and different
environmental variables. The swordfish is one
of the most studied pelagic species, which lives
as solitary specimens that rarely form schools
(Guitart-Manday, 1964) and migrate long distances.
Swordfish distribution and abundance have been
© 2025 The authors, This s an apen access aricle disibuted under studied in the Atlantic, Pacific, and Indian Oceans

T the terms of the Creative Commons license. (Hazin, 2006). The management regulations for

Climatic conditions and environmental factors of
habitats determine the distribution and diversity of
species. Thus, knowledge on distribution patterns
and diversity measures help establish goals for
the management of natural resources, which
are directly associated with the health and good
functioning of the ecosystem (Ricklefs, 2011).
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swordfish were established in the Atlantic Ocean
since 1991 by the International Commission for the
Conservation of Atlantic Tunas (ICCAT) (Coelho
and Mufoz-Lechuga, 2019).

New technologies have been used to improve
studies on pelagic fish species (Molina et al., 2004;
Cosgrove et al., 2006), producing more detailed
information on diversity, horizontal and vertical
movements,occupationofthepelagicoceanichabitat,
as well as physiological and behavioral aspects
of thermoregulation (Dagorn et al., 2000, 2006;
Itoh and Tsuji, 2003). Following this line of
research, studies have been performed recently to
determine the relationship between environmental
variables and the distribution of large pelagic
fish (Bigelow et al., 1999; Maury et al., 2001;
Zagaglia et al., 2004a). Non-linear models including
generalized additive models (GAMs) and general
linear models (GLMs) combined with geographic
information systems (GIS) can help establishing the
influence of environmental variables on catch data.
These methods have significant potential for use
in the conservation of species affected by fishing,
such as spatial conservation strategies (e.g.,
temporary closure of fishing areas) (Zheng, 2002;
Hazin, 2006; Hazin and Erzini, 2008).

Although several studies have demonstrated
the benefits of spatial management for the
conservation of coastal fish stocks (Prates
et al,, 2012; Castrején and Charles, 2013), studies
using this approach on oceanic ecosystems are
scarce, probably due to the greater distance from
the coast and the spatial and temporal complexity
of this ecosystem (Hyrenbach et al., 2000).
Therefore, this study aimed to identify the
environmental variables related to spatial and
temporal distribution of X. gladius targeted by the
Brazilian longline fleet operating in the western
Atlantic Ocean.

METHODS

Data on launch site, fishing area, effort, and
catch were obtained from the logbooks of the
Brazilian longline fleet operating in the western
Atlantic at latitudes of 05°N to 30°S and longitudes
of 20° to 50° W, from 2010 to 2016, targeting the
swordfish, yellowfin tuna (Thunnus albacares),
and bigeye tuna (Thunnus obesus). Catch per
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unit of effort (CPUE) was established as a relative
abundance index in number of individuals caught
per 1,000 hooks.

The following data on oceanographic variables
were obtained by satellite sensors from time
series stored in databases available online:
(i) Sea surface temperature (SST) and depth of
the mixing layer (DML) were obtained from the
Physical Oceanography Distributed Active Archive
Center of the Jet Propulsion Laboratory of the U.S.
National Aeronautics and Space Administration
(NASA), the Geophysical Fluid Dynamics
Laboratory (ocean data from the IRI/ARCS/Ocean
assimilation), and Centre ERS d'Archivage et
de Traitement (CERSAT/IFREMER); (ii) images
from the Sea-Viewing Wide Field-of-View Sensor
(SeaWiFS) of the NASA's Goddard Space Flight
Center provided information on chlorophyll
concentration (CHO), which was converted into
numerical data that were aggregated from an
original resolution of 0.5° x 0.5° to a resolution
of 1° x 1° to form an oceanographic database
(full data) per day, year, month, latitude (5°N-30°S),
and longitude (20°-50°W) and then incorporated
into the fishing database; (iii) the lunar illumination
index (LI) was extracted from the R LUNAR
package (Lazaridis, 2022).

Since commercial fishing activities occur in a
pre-defined space and time based on the target
species, which eliminates the data independence
(randomly collected) (Augustin et al., 2013),
generalized additive mixed models (GAMMs)
were used to analyze associations between
environmental factors related to catches and the
abundance (CPUE) of swordfish. Two types of
variables can be considered in GAMMs: random
effects and fixed effects. Random effects usually
include observational blocks or studies that are
replicated in space or time; however, they can
also encompass variations among individuals,
species, and regions. Defining a fixed or
random effect can be conceptual. In this study,
vessels were used as random variables, since
the conceptual variability in swordfish catch
rates among vessels depends on the intrinsic
characteristics of each fishing fleet, skipper, and
crew, whereas other explanatory variables were
considered fixed effects.
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To choose the covariates used in the final
model, the double penalty approach proposed by
Marra and Wood (2011) was applied. According
to this approach, all covariates with a tendency
towards zero, that is, their final smoothing function
is a line of zero value, must be removed from the
final model. In a double penalty approach, Marra
and Wood (2011) decompose the quadratic
smoothing spline penalty for GAMs into two
terms: the null space, e.g. linear functions,
and the penalty range space, e.g. cubic spline
deviations from linear functions; shrinking both
of them to zero (i.e., if the smoother does not
improve the model fit). The restricted maximum
likelihood (ReML) method was used to estimate
the smoothing functions. Three models were
developed, in which different configurations were
tested with and without a space-time structure.
The final Equation of the GAMM used was
expressed as follows:

Models with space-time structure:

uicatch = f1(Latitude, Longitude,Year) +

f1(Latitude, Longitude, Month) + f2(SST) +

f3(CHO)+ f4(IL) + f5(DML) + vk(i) +
of fset(log(effort)),

Models with space structure:

uicatch = f3(Latitude, Longitude) + f6(SST) +
f7(Month) + f8(CHO) + f9(IL) + f9(DML) +
Year (i) + vk(i) + of fset(log(ef fort)),

Models without space-time structure:

picatch = f10(Latitude) + f11(Longitude) +

f12(SST) + f13(Month) + f14(CHO) + f15(IL)+
f16(DML) + Year(i) + vk(i) + of fset(log(ef fort))

where pi = E (yi) and yi is part of a Tweedie
distribution (Tweedie, 1984; Dunn and Smyth,
2005) with gy variance. The Tweedie distribution
was chosen due to its ability to handle continuous
data with many zeros (45.5%) (Tweedie, 1984).
The year variable in both models represents the
year factor ini*", {2 to f16 smoothing functions of the
covariates latitude, longitude, month, sea surface
temperature (SST), depth of the mixing layer
(DLM), chlorophyll (CHO), and lunar illumination
index (LI). uk(i) is the effect of the random fleet
variable. The 3D smoothing tensor is expressed
by f1, in which space (latitude and longitude) was
modeled with an isotropic smoother (soap films and
thin plate regression splines) and time (month and
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year) was modeled with a cubic regression spline
smoother (Wood, 2008). The power parameter
analyzed in this distribution, which displays the
maximization of likelihood, was estimated at 1.34,
indicating a composition between Poisson and
Gamma distributions.

The accuracy of the model was assessed
using n-fold cross-validation, in which (1)
all data were randomly divided into subsets
and (2) the predicted values were estimated
while concealing observed values for each
subset. The correlation coefficient between the
observed values and corresponding predicted
values was then used for the cross-validation
of the candidate model. For the selection of the
final model, it was adjusted to a basis different
from the mean forecast error (SRAFE), which
is essential to select the best performing model
among the forecast models in each data. SRAFE
was estimated as follows:

SRAFE = V=X, (f; — 0,)?

where f; is the predicted value; o;_is the observed
or actual value; and n is the total sample size.
The smallest SRAFE value indicates the smallest
prediction error and thus the best model.

RESULTS

EFFORTDISTRIBUTION AND MODEL SELECTION

According to the effort data, the swordfish
fishery is distributed throughout the western
Atlantic between latitudes of 10°N and 40°S, in two
main areas: (i) one in tropical waters, close to the
Northeast region of Brazil and (ii) the other in
temperate waters near the South and Southeast
regions of Brazil (Figure 1).

The lowest square root of the average
forecast error (SRAFE = 1.69) was found using
the model with space-time structuring (Table 1),
explaining 49% of the final variation in the
model. All variables in the model were significant
(F test, p<0.05). In order of importance and
explanation in the variation of CPUE, “longitude,
latitude, year” interaction explained 50% of the
total variation in the final model, sea surface
temperature explained 38%, and the other
variables together added 12%.
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Figure 1. Spatial distribution of the fishing effort carried out by the Brazilian longline fleet from 2010 to 2016.

Table 1. Results of models used to analyze relationship between environmental factors and swordfish catches (CPUE) in the
western Atlantic from the period of 2010 to 2016. DE = deviance explained; SRAFE = square root of average forecast error;

Border = soap film smoothers.

Structure Model DE (%) SRAFE Border
f,(Latitude,Longitude, Year)+f,(Latitude,Longitude,Mouth)+f,(SST)+ 49 1.69 os
f(CHO)+ f,(IL)+ f(DML)+u, , +offset(log(effort)) ' Y
Space-time
f (Latitude,Longitude, Year)+f,(Latitude,Longitude,Mouth)+f,(SST)+ 43 187 no
f(CHO)+ f,(IL)+ f,(DML)+u, , +offset(log(effort)) '
f(Latitude, Longitude)+f,(SST)+f,(Mouth)+f,(CHO)+f,(IL)+f (DML)+ 33 35 Jes
Year +v, , +offset(log(effort))
Space 0770
f (Latitude, Longitude)+f,(SST)+f,(Mouth)+f,(CHO)+f.(IL)+f.(DML)+
3 6 7 8 9 9 27 3.78 no
Year,,+u,, +offset(log(effort))
f (Latitude)+f, (Longitude)+f, (SST)+f, (Mouths)+f, (CHO)+f, (IL)+
. 10 1 12 13 14 15
Without f,o(DML)+ Year, +u, , +offset(log(effort)) 32 3.89 yes
space time
structuring f.,(Latitude)+f, (Longitude)+f ,(SST)+f, (Mouth)+f, ,(CHO)+f, (IL)+ o4 44 no

f,(DML)+ Year(i)+uk( ) +offset(log(effort))

The analysis of the residuals of the Tweedie
model revealed that the values were distributed
evenly and mainly around zero, indicating no
bias in the adjusted model. However, we found
small differences between residual quantiles and

normalized residual quantiles, with extreme values
appearing only at the positive end (Figure 2),
indicating that the assumptions made for the
distribution of the response variable (error) and
link function were acceptable.
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Figure 2. Distribution of residues and QQ plot of final model adjusted to CPUE data of swordfish caught by Brazilian longline

fleet in the western Atlantic Ocean using Tweedie distribution.

EFFECTS OF OPERATIONAL AND
ENVIRONMENTAL VARIABLES oN CPUE

The analysis of the effect of the sea surface
temperature on the swordfish CPUE revealed a
significantly negative trend at highertemperatures,
with the highest CPUE values between 17° and
22°C, which later decreased (Figure 3-A). Higher
CPUE occurred at low chlorophyll concentrations
(between 0.1 and 0.5 mg m) (Figure 3-B).

The analysis of LI effect on the swordfish CPUE
revealed an increasing trend up to approximately
0.8 (80%), decreasing gradually with the approach
of the full moon (1.0 or 100%) (Figure 4-A).
The depth of the mixing layer (DML) affected the
swordfish CPUE, which showed better responses at
depths below 60 m, revealing an effect with positive
oscillations down to approximately 40 m, where
the effect tended to become positive, followed by a
negative effect around 60 m (Figure 4-B).

Figure 3. Effects of sea surface temperature (SST) (a) and chlorophyll (CHO) (b) on CPUE of swordfish caught by Brazilian

longline fleet in the western Atlantic from 2010 to 2016.
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Figure 4. Effects of lunar illumination index (IL) (a) and depth of mixing layer (DML) (b) on CPUE of swordfish caught by Bra-

zilian longline fleet in the western Atlantic from 2010 to 2016.

EFFECTS OF TEMPORAL AND SPATIAL
VARIABLES ON swWORDFISH CPUE

Regarding general distribution, the swordfish
had four areas of greater longline CPUE:
(1) in the equatorial region at 5°N-ON/30°W-40°W;
(2) at 5°N-ON/20°W-25°W; (3) in the Southeast
farthest from the coast at 10°S-20°S/25°W-20°W,;
(4) in the South close to the Brazilian coast at
20°S-30°S/45°W-55°W.  However, space-time
persistence was observed only in the Areas 1, 2,
and 3, except for 2014, 2015, and 2016 (Figure 5).

The effect of the interaction between latitude
and longitude on the swordfish CPUE analyzed by
month was greater in Areas 2, 3, and 4 in the first
months of the year. From the third month onwards,
the effect was weak in Areas 3 and 4. The effect
gradually increased over months 3to 12 in Areas 1
and 2. The effect gradually increased in Areas 3
and 4 between months 8 and 9. From the 10th
month onwards, the effect decreased in Area 4
and increased in Areas 3, 2, and 1, mainly in the
former two (Figure 6).

Figure 5. Spatial prediction of the annual CPUE of swordfish caught by Brazilian longline fleet in the western Atlantic from

2010 to 2016.
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Figure 6. Spatial prediction of the monthly CPUE of swordfish caught by Brazilian longline fleet in the western Atlantic from

2010 to 2016.

DISCUSSION

Identifying significant associations between
catches of pelagic species and environmental
conditions is essential to interpret the CPUE of
highly migratory species (Schick et al., 1994), as the
fishing strategies and performance of longline
fleets are influenced by the availability and gear
vulnerability of fishing resources, which are related
to the environment where the target species occur
(Ricker, 1975). The CPUE undergoes variations due
mainly to the selectivity of the fishing gear, as well
as the availability and accessibility of the target
species (Swain and Sinclair, 1994; Vignaux, 1996).
Such factors vary according to technical/
operational characteristics and environmental
variables (Brill et al., 1998; Hazin, 2006). Therefore,
in models with space-time structuring, it is essential
not to assume that catches in geographically
neighboring areas are similar due to the intrinsic

characteristics of the environment (e.g., upwelling)
(Augustin et al., 2013). This concern is especially
essential when the analysis aims to assess
spatiotemporal interactions.

Models without the specification of boundary
limits are inadequate for imposing smoothness
across fishing areas and may lead to incorrect
conclusions (Wood, 2008). When supposing
a rapid change in density, models attempt to
accommodate this by increasing the flexibility
of space-time smoothers and consequently
the probability of the existence of a space-time
interaction outside the limits of the fishing area,
evenifthischangeisnotpresent. Ontheotherhand,
if the model incorrectly interprets the sudden
change in random variability, the result will be over-
smoothing and, consequently, the probability of
detecting an interaction will decrease, even when
it is present. Thus, the soap film smoother was
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used in this study on the interaction to avoid
smoothing the limits of these boundaries.

SRAFE analysis revealed that the models
performed better with soap film smoothers, which
corroborates the results obtained by Augustin
et al. (2013). Soap film smoothers have a clear
advantage of avoiding the imposition of spatially
corresponding areas in the case of the dependent
variables used in this model. However, since
the results may have limitations of established
boundaries, they must be carefully interpreted
(Wood, 2008; Augustin et al., 2013).

The swordfish seemed to have a well-defined
seasonal CPUE pattern, migrating to warmer
waters from Equatorial regions from March to May
and to colder waters southward along the Brazilian
coast from August to October. These results
corroborate previous studies reporting a greater
abundance of swordfish in the Southeastern and
Southern regions at the end of the second quarter
and in the third quarter of the year (Amorim, 1976;
Hazin et al., 2001). This would also explain the
reduction in catch rates in the southern part of the
area between August and October. This hypothesis
is supported by the observation of a greater
frequency of large specimens from the catches
in the Southeastern and Southern regions of the
country in the third quarter of the year (Amorim and
Arfelli, 1988; Hazin et al., 2002) when the 20° and
25°C isotherms are more displaced to the south
(Hazin, 1994), which is within the range considered
optimal for the species according to this study.

This southward migration between August
and October may be related to food availability,
given the increase in squid abundance in the
Southeastern and Southern regions during this
time of the year (Zavala-Camin, 1982, 1987
Haimovici et al., 2014), as squid is one of the main
food items for swordfish (Zavala-Camin, 1982;
Vaske Junior and Lessa, 2005). Regarding
reproduction in the southwestern portion of the
equatorial region, Hazin et al. (Hazin et al., 2001)
analyzed swordfish ovaries, and concluded that
the region studied is not for breeding, but for
maturing and subsequent spawning.

The swordfish CPUE had a tendency toward
an intermediate light intensity, measured as lunar
illumination index, occurring in the crescent moon
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phase. This may be explained by the swordfish
being a nocturnal predator with a circadian rhythm
(Carey and Robison, 1981). Other authors have
also identified the swordfish preference for the
crescent moon phase (Gaertner et al.,, 2001;
Hazin, 2006). Furthermore, Hazin (Hazin, 2006)
identified differences between moon phases and
the depth of the top of the thermocline, indicating
that the slightest change in light intensity can affect
swordfish vertical distribution. Santos and Garcia
(2005) also found that swordfish size in the Atlantic
is influenced by moon phase. The moon phases
influence not only swordfish fishing, but also
other species such as yellowfin tuna (Thunnus
albacares), which is caught more extensively
during more illuminated phases, with catches of
larger individuals during the full moon (Lira, 2016).

The swordfish was associated with depths
shallower than 60 m, with an increasing trend below
20 m. This finding directly affects the choice of fishing
equipment, supporting the use of a surface longline,
since the pelagic longline is for depths from 45 to 80
m (Azevedo, 2003). Poisson et al. (2001) and Poisson
and Guyomard (2001) found that juvenile swordfish
showed distinct movement compared to adults in the
Indian Ocean, occurring mainly in the depths between
20 and 60 m. Collette (1995) also found that adult
swordfish are mainly present over the slope from 200
to 800 m depth only in oceanic environment.

Although chlorophyll was negatively correlated
with the swordfish CPUE, other variables tested were
more significant. Zagaglia et al. (2004a) also reported
an inverse association between the abundance
of this species and chlorophyll concentration,
with the highest yields close to 0.12 mg m?.

CONCLUSION

This study provides insight into some essential
environmental features that have driven swordfish
distribution in the Atlantic Ocean and the associated
variability in fishery catch rates. Swordfish fishery
presents a well-defined spatial-seasonal pattern,
migrating from warmer waters in the equatorial
region between March and May to colder waters in
the south along the Brazilian coast between August
and October. Furthermore, the results showed
four hotspots, which enables to minimize the costs
of fishing operations and increase the catches of
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target species, redirecting the fleet to these areas
while reducing the accidental capture of other
species, avoiding an ecological impact of fishing.
Regarding habitat, swordfish prefer colder waters
with a low concentration of chlorophyll. Knowledge
about the distribution of this species reduces
uncertainties, which can facilitate the assessment,
management, and monitoring strategies of stocks
aimed at swordfish fisheries in the western Atlantic.
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