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1 | INTRODUCTION

As the demand for living marine resources is constantly increasing
(FAO, 2016), the improve of the knowledge of the fisheries and the
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Abstract

Mackerel is an important commercial pelagic species present in the western and east-
ern North Atlantic. The Northeast Atlantic Mackerel (NEAM) stock has its southern-
most spawning area mainly located western Iberian Peninsula and southern Biscay.
This species performs extensive annual migrations. The present study is focused on
the distribution of this species along the Cantabrian Sea, an essential area of the
South Spawning Component (SSC), and the environmental drivers that can affect its
migration phenology. We have used data from Vessel Monitoring System and Log-
books of the hand line fishery to estimate the catch per unit of effort (CPUE) as a
proxy of its distribution and abundance. CPUEs data of fisheries targeting NEAM
provided us with a tool to discriminate the most important predictors for both its pre-
spawning and the postspawning behavior. Among the drivers that can affect mack-
erel migration, we have analyzed wind speed and direction, temperature at surface
(SST) and at 200 m depth, chlorophyll a, mixed layer depth, upwelling intensity, and
the most representative geographical variables: depth, slope of the seafloor, and dis-
tance to coast. We used generalize additive models to highlight the predictors most
closely related to the phenology of the species and to shape the spatial-temporal
abundance of NEAM in the southern Bay of Biscay waters. Temperature and wind
speed and direction are the most important factors that affect prespawning and
postspawning migration of NEAM SSC and shape its niche tracking leading to a grad-

ual advance of the spawning season.
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biology of their target species is essential to approach the problem of
resource conservation. It must be developed from an integrative point
of view based on the inclusion of human activities in the management

of ecosystems in what has been called Ecosystem-based Management
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(Curtin & Prellezo, 2010). There is, therefore, a clear need to identify
and integrate all socio-economic, physical, and biological aspects for
critical assessment and maintenance of the productivity of ecosys-
tems (Levin et al., 2009). This is especially important in the case of
migratory species, which can be source of international disputes as
they provide ecosystem services to populations from very different
locations and countries (Semmens et al., 2011). Thus, the knowledge
of the migratory behavior of pelagic species is essential to assess and
manage their stocks, which necessarily will rely on considering the
spatial-temporal changes in their distribution (Martin et al., 2007).
During the last decades, changes in the distribution and migration
of marine species have been studied and associated to climate vari-
ability (Anderson et al, 2013; Dufour et al, 2010; Edwards &
Richardson, 2004; Langan et al., 2021). Nowadays, there is a great
concern about the extent to which marine ecosystems will change in
response to oceanographic variables (Cheung et al., 2016) and how
affect
(Lehtonen, 1996; Sumaila et al., 2011). This is especially relevant in

global warming  will fishing resources and fisheries
the case of migratory species, which are particularly vulnerable to the
effects of climate change, mainly at high latitudes (Robinson
et al., 2009). Giving that ocean warming has already affected the fish-
eries worldwide (Cheung et al., 2013), it is necessary to disentangle
the environmental variables that most affect the highly valuable
resources in order to understand the spatial-temporal changes that
are taking place in the distribution and behavior of migratory species.

One of the best known and most studied migratory species in the
North Atlantic is the mackerel (Scomber scombrus Linnaeus, 1758), a
species that performs spawning and feeding migrations
(Iversen, 2002). It has become of great importance for supporting a
highly valuable European fishery (ICES, 2015), which have seen their
landings increased since the beginning of the present century
(ICES, 2019a). Currently, mackerel provides a total catch of approxi-
mately 1 million tonnes, with a first sale value over €1 billion
(ICES, 2019b) and nowadays is a key component of high-latitude
Atlantic ecosystems due to its expansion towards the central North
Atlantic from the Nordic seas (Astthorsson et al., 2012; Jansen
et al,, 2016; Jansen & Gislason, 2011; Ngttestad et al., 2015), which
was concluded to be mainly triggered by climate change (Bruge
et al., 2016; Hughes et al., 2014; Trenkel et al., 2014), also affected by
density-dependent effects (Olafsdottir et al., 2019). This expansion of
the resource began in 2007, when mackerel started to migrate into
Icelandic waters, circumstance that caused the disagreement of some
countries with the maintenance of the traditional distribution of
quotas that lasted until 2014 and the repeated noncompliance of the
recommended TACs during the following years (Hannesson, 2013;
ICES, 2019b). The southern area of the Northeast Atlantic Mackerel
(NEAM) distribution, affected by the southern spawning component,
was also object of quotas infringement, which derived in 2010 on a
deduction, by the European Commission, of the mackerel quota
assigned to Spain due to overfishing (EC, 2009).

In mackerel, distributed along the whole northern Atlantic, it has
been traditionally considered two independent stocks, the western

and the eastern (Trenkel et al., 2014), which are divided in five

different spawning components, two in the western Atlantic and the
other three belonging to the NEAM. The spawning components of the
NEAM are the North Sea component, located at the North Sea and
Skagerrak (ICES areas llla and IV); the western component, from
northwestern Scotland to the Bay of Biscay (ICES areas VI, VII, and
Vlllabde), and the southern component, distributed along the northern
Iberian Peninsula (ICES areas Vllic and 1Xa) (Iversen, 2002). Neverthe-
less, this traditional perception of the spawning division has been
questioned by some authors that consider the North Sea spawning
component as a “dynamic cline” (Jansen, 2014; Jansen &
Gislason, 2013) or those who remark that southern and western
spawning components are hardly distinguishable (Borja et al., 2002).
As for the southern spawning component, it is mainly located in the
Cantabrian Sea, where spawning tends to be in the first half of the
year, reaching its higher rates in March-April. Juveniles remain in the
spawning area until they reach sexual maturity at 2-3 years of age.
From the analysis of fishery data, a shift in the timing of this migration
has been observed during last decade (Punzén & Villamor, 2009;
Villamor, Lanzds, et al., 2011).

The studies aiming to analyze migration patterns and distribution
of mackerel have been based mainly on egg surveys (Borja
et al., 2002; Bruge et al., 2016; Brunel et al., 2017) or pelagic ecosys-
tem surveys (Astthorsson et al., 2012; Nikolioudakis et al., 2019), but
few studies have relied on fisheries. However, vessel monitoring sys-
tem (VMS), combined with logbook data, can be a very useful tool not
only to develop fishing activity monitoring (Russo et al., 2019; Witt &
Godley, 2007) or to study the state of the resources (Lambert
et al., 2017) but also for the studies on the behavior of the commercial
migratory species and its response to temperature variations (Lemos
et al.,, 2016) through the estimation of catch per unit of effort (CPUE)
data, as proxy of their abundance.

In northern Spain, the main fisheries targeting mackerel are bot-
tom otter trawl (OTB), bottom pair trawl (PTB), handline (LHM), and
purse seine (PS) (ICES, 2015), most of them tracked by VMS as they
are larger than 15m (European Commission, 2009). Fisheries-based
studies have different issues that are difficult to control throughout
the process of dealing with fisheries data, so it is necessary to disen-
tangle reliable information after an intensive data cleaning process, as
detailed Hintzen et al. (2012). In general terms, these fisheries have
great adaptability both in terms of target species and gear types, but
at the time of the spawning, they keep mackerel as the target species
(Castro et al., 2010; ICES, 2015). However, the effort measurements
for some of these fishing gears generate uncertainties. Thus, Gaertner
and Dreyfus-Leon (2004) warn that the use of PS CPUEs is not ade-
quate to reflect changes in the trends of the species abundances. This
is not the case of trawl gears, in which the swept area has proven to
be an effective descriptor of trawling effort (Mills et al., 2007).
Regarding LHM, Punzén et al. (2009) reported that vessel length and
fishing days are some of the effective measures of effort in studies to
estimate the abundance of this species.

In the present study, the use of fisheries data provides a way to
monitor mackerel from its arrival to the southern spawning area at the

end of the winter, to its departure during spring time. We analyze the
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FIGURE 1

drivers that shape spatial-temporal abundance of NEAM in the south-
ern Bay of Biscay waters, as well as those that trigger its migration to
and from this area. This analysis has been developed through spatial
distribution models. We also search the optimal sea surface tempera-
ture (SST) range and how important is this environmental variable on
the spawning southernmost latitude of this species. Finally, we char-
acterize the thermal niche from 1992 to 2018, both for its pre-

spawning and trophic migrations.

2 | MATERIAL AND METHODS

21 | Studyarea

The study area is located on the south of the Bay of Biscay, the Can-
tabrian Sea, along the northwestern Iberian Peninsula waters
(Figure 1). The Cantabrian Sea is characterized for having a great
structural heterogeneity, with long submarine canyons, such as Cap
Breton and Aviles canyons, as well as seamounts like Le Danois Bank.
The area occupied by NEAM fisheries from late winter to spring is the
continental shelf covering the west of Galicia and the coast of Iberian
Peninsula facing Cantabrian Sea, in the southernmost area of the ICES
subdivision VIIIb and most of ICES subdivision Vllic. The continental
shelf is a little wider on the west side, the coast of Galicia, and gets
narrower as soon as it gets close to Basque Country. The area can be
divided in two zones according to important upwelling episodes, one
that affects the northwestern Iberian coast, the Canary-lberian Penin-
sula upwelling system, that occurs between the months of April and
September, and that reaches its maximum during the summer
(Casabella et al., 2014; Fraga, 1981) and another in the southern Bay
of Biscay, off the Central Cantabrian coast (Botas et al., 1990). Cape
Estaca de Bares marks the limit of influence of both areas (Prego
et al,, 2012).

-3.0

Study area. Northern Iberian Peninsula, showing its main geomorphological features of the seafloor

2.2 | Fisheries data

We have analyzed data from the following fisheries targeting mack-
erel in the study area: OTB, PTB, LHM, and PS (Figure 2). VMS and
logbook data, provided by the Secretaria General de Pesca Maritima
of the Spanish Ministry of Agriculture, Fisheries and Food, covering a
period between 2007 and 2017, were used to estimate the CPUE, a
proxy of the abundance of this species. We decided to work with
these data, instead of fishing/navigation as presence/absence data,
because the use of absences is not recommended in pelagic species
(Boyce et al., 2002; Guisan & Thuiller, 2005). The clustering technique
CLARA (Clustering Large Applications), a nonhierarchical method pre-
pared to deal with a large number of data (Rousseeuw &
Kaufman, 2009), was used to obtain the fishing trip targeting mackerel
from the logbook data (Punzén et al., 2016). The silhouette coefficient
was considered to validate the goodness of this clustering (Lengyel &
Botta-Dukat, 2018), which indicates the homogeneity of the group
and how different it is from the nearest groups (Castro et al., 2010).
We have considered the levels indicated by Kaufman and Rousseuw
(1986): 0.71-1, consistent pattern; 0.51-0.70, reasonable pattern;
0.26-0.50, weak pattern; and <0.26, no pattern concluding that the
discrimination approach is much better in LHM (highly consistent pat-
tern) than in trawling gears (OTB and PTB) and PS (Table 1), thus all-
owing us to delimit very accurately the part of the fleet that is
targeting mackerel during its spawning migration. After selecting log-
books data of LHM fisheries targeting mackerel, they were merged
with VMS records using VMStools R package (Hintzen et al., 2012).
According to the gear and the speed, we obtained the fishing activity
allowing us to extract the records where the boats were fishing. The
weight of the landing was equitably distributed to the pings in which
the fishing boats were detected as fishing. Finally, to get CPUE of
LHM, fishing days and the length of the vessel were used as a mea-
sure of fishing effort (Punzén et al., 2004):
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(LHM), (c), and purse seine (PS) (d) landings

TABLE 1 Average silhouette width and discrimination capacity of
the different fisheries targeting mackerel from the clustering
technique clustering large applications (CLARA)

Analysis OoTB PTB LHM PS
Average silhouette width 0.60 0.74 1.0 0.72

Mackerel in cluster group (%) 86.6 76.7 99.9 84.1

Abbreviations: LHM, handline; OTB, bottom otter trawl; PS, Purse seine;
PTB, bottom pair trawl.

CPUE=

where C is the catch, L is the vessel length, and D are the days of the
fishing trip.

The deduction of the quota in 2010, due to penalty caused by the
Spanish fleet overfishing, resulted in an irregular behavior of this fleet,
which in subsequent years exhausted the quote before April. The nor-
mal patterns of the fleet were not recovered during the studied
period. Therefore, in order to avoid the anomalous situation that
lasted between 2010 and 2017, this period was discarded for the
months of March and April, the most affected by the regulations.
Finally, a total of 4677 registrations of CPUEs belonging to 200 vessels
were finally used for the analysis: 2146 recorded in February between
2007 and 2017, 1284 recorded in March between 2007 and 2009,
and 1247 recorded in April from 2007 to 2009.

2.3 | Environmental data

We used the bathymetry and its derivatives slope and roughness,
extracted from a 0.002 x 0.002° resolution Digital Terrain Model
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Spatial distribution of the different fisheries obtained from bottom otter trawl (OTB) (a), bottom pair trawl (PTB) (b), handline

(DTM) provided by EMODnet Bathymetry Consortium 2016 (https://
doi.org/10.12770/c7b53704-999d-4721-b1a3-04ec60c87238). Dis-
tance to coast (DtC) was also considered as a variable that may affect
mackerel distribution during its migration as well as to the CPUEs.
The inclusion of geographic variables in the phenological study of
migratory species is relevant for the knowledge of spawning habitats,
since it can be an indicator of geographical attachment probably pro-
duced by localized environmental conditions sustained over time
(Reglero et al., 2012). Furthermore, the hydrographical variables con-
sidered as possible causes of changes in the spatial-temporal abun-
dance of mackerel in the study area were SST), temperature at 200 m
depth (T200), mixed layer depth (MLD), sea surface salinity (SSS), and
chlorophyll a (Chla) as a proxy of the productivity. The T200 is limiting
in the sense that information from shallower areas is lost, but its
importance in certain periods of the migration has led to its inclusion
in this study. Monthly fields of those variables with a spatial resolution
of 1/12° were obtained from the IBl Ocean Reanalysis Systems
(Sotillo et al., 2015) for the period 1992-2018 (doi: 10.48670/moi-
00029, accessed on 6/6/2018). The core of the reanalysis is the
NEMO v3.6 ocean general circulation model and assimilates altimeter
data, in situ temperature, and salinity vertical profiles and satellite
SST. Additionally, the wind speed and direction expressed in terms of
orthogonal velocity components: west-east (UWI) and south-north
(VWI) wind components and the upwelling index (Borja et al., 2002;
Brunel et al., 2017) were also considered. In particular, two different
upwelling indices have been computed, one using the wind parallel to
west Galician coast and other using the wind parallel to Cantabrian
coast. To that end, monthly wind fields with a spatial resolution units
of 1/20° from 1980 to 2018 were obtained from the MERRA2 global
atmospheric reanalysis (Gelaro et al., 2017), provided by the Global
Modeling and Assimilation Office (GMAO, accessed on 6/6/2018 on
doi: 10.5067/VJAFPLI1CSIV).
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FIGURE 3 Monthly catch per unit of effort (CPUESs) of mackerel along the northwestern Iberian Peninsula and Cantabrian Sea, estimated
from the hand line fishery during the half part of the year (January-June) for the period 2007-2009

The collinearity between each pair of variables has been verified
by means of a correlation matrix, discarding those that present a
Spearman rank correlation greater than 0.7 and that were also signifi-
cant (p-value <0.05). As a result, the upwelling indices were removed
from the analysis as they were correlative with the currents: Can-
tabrian index negatively correlated with westerly wind, and Galician
upwelling index negatively correlated with southerly wind. To avoid
multicollinearity between predictors, a variance inflation factor (VIF)
test has been performed. This measure allows us to eliminate those
variables that have redundant information when integrating them in
general models (Robinson & Schumacker, 2009). All VIF values were

under 3, so no more predictors were removed from the study.

2.4 | Data analysis

Due to the lack of data available for the months of January, May, and
June, when fishing effort is negligible, only the months of February,
March, and April were considered, being March the month with
highest values of CPUEs (ICES, 2019b). To discriminate the predictors
that may contribute to trigger the spawning and feeding migration of
mackerel, we assumed that most catches produced in February occur
during the spawning migration, while catches of April occurred while
most of the mackerel moves to the feeding grounds in the north. This

was determined from the studies of Punzén and Villamor (2009), who
proved that in the 2000s the peak of catches had moved forward to
the month of March. Accordingly, the study was disaggregated by
months separately (Figure 3).

Generalized additive models (GAM), a modeling technique in
which the relationships between response and predictor variables are
shaped by smooth functions that not need to be linear (Hastie &
Tibshirani, 1987), were developed by month to determine to what
extent each variable has contributed to the distribution patterns of
mackerel in the study area. For the GAMs, we finally considered the
whole period for February analysis and the years 2007, 2008, and
2009 for March and April. In order to normalize CPUEs data and
decrease variability, logarithmic transformation was used. To get
started, Gaussian distribution univariate models were performed for
each response variable (Table 2). The selection of the variables was
developed using the forward-backward stepwise selection, adding
predictors that best improve the r-square according the univariate
models until all were selected and removing them according to the
maximum p-value until we get the null model. Among all the models,
the one with the lowest AIC (Akaike Information Criterion) was
selected. The smoothed knots were set to a maximum of 4 to avoid
overfitting. Moran's | test was used to check the autocorrelation of
the data, showing that values where significantly higher (>0.1) than
the expected, with p-values lower than 0.005, 0.01, and 0.04 for
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TABLE 2 Explained variance of univariate models

Univariate models Full models

Feb Mar Apr Feb Mar Apr
Variable Variance (%) Variance (%) p-value Variance (%) p-value Variance (%) p-value
SST 265 54 10.3 5 1 *
T200 4.6 10.4 16.1 11 o 17 .
SSS 9 6.6 9.3 5 o
uwi 28.9 10.3 3.7 o 3 * 2 *
VWi 8.3 9.7 13.5 o 5 o
Chla 16 9.8 9.07
Depth 2.7 6.2 7.27
Slope 0.3 6.5 9.25 1
DtC 8.1 12.2 6.02 1.1
Coord 38 34.9 26 15 e 19 e 13 e
Full models 54 56 56.4

Note: Contribution of the smooth terms to the variance of each full model and significance level of environmental variables (P < 0.1., P < 0.05%, P < 0.01**,
P < 0.001***) for February (prespawning), March (peak of spawning), and April (postspawning). Significance levels of univariate models are all significant (p

<0.05).

Abbreviations: Chla, Chlorophyll a; Coord, Interaction between the coordinates longitude and latitude; Depth and slope of the seafloor; DtC, distance to
coast; SSS, sea surface salinity; SST, sea surface temperature; T200, temperature at 200 m depth; UWI, east-west wind component velocity; VWI, north-

south wind component velocity.
*P<0.05. **P < 0.01. ***P < 0.001.

February, March, and April. Consequently, the interaction between
longitude and latitude was included as a smoothed term to avoid the
spatial autocorrelation in the final models. Finally, for the fitting of the
final full models of each month, the data were divided randomly, leav-
ing 70% of the data for the training test and the remaining 30% for
validation.

The mackerel CPUEs were predicted backwards and forwards in
time for the period 1992-2018 for which predictors data were avail-
able. The predicted CPUEs were standardized to values between
0 and 1 and finally split in two different periods with an equivalent
number of years (1992-2005 and 2006-2018) and mapped in order
to show the change produced between these periods for each month.
The tendency that mackerel is experiencing in migration timing
between 1992 and 2018 was estimated using the CoG (Center of
Gravity) of the monthly predicted CPUEs of this species through the
years, calculated through the R package SDMTools (VanDerWal
et al., 2014). For a clearer representation of the analyzed trends, the
5-year period unweighted moving average of each month trend was
calculated. A 5-year period is recommended to smooth out inter-
fluctuations

annual variability  while

(Hamilton, 1994).

maintaining  long-term

3 | RESULTS

The univariate models show the importance of environmental vari-
ables during the period February-April, such as SST, Chla, and east-
wards (UWI) and northwards (VWI) wind components (Table 2). SST

and UWI are the predictors with highest variance explained in
February (prespawning migration), explaining 26.5% and 28.9% of
the variance, respectively, followed by Chla, with a value of 16%. In
March, when most of the spawning occurs, there is not such impor-
tance for any of these variables, although wind stress and tempera-
ture, both SST and temperature at 200m depth (T200), are still
relevant, being slightly behind the distance to coast (DtC) in the vari-
ance explained. In April, it is highly significant the importance of
T200, which while SST

decreases.

increases since February, relevance

The response curves of February full model show a clear ten-
dency for the most important predictors: SST and both components
of the wind stress (Figure 4). In the case of SST, maximum CPUEs can
be observed at temperatures below 13.1° and starts to decline as
temperature elevates at a maximum of near 13.6°. As for wind com-
ponents, it is observed a preference by low or very high west-east
wind and positive values of VWI; that is, northwards wind favors the
appearance of mackerel during this month. For the models of March,
DtC, the most explanatory predictor with 12.2% of the variance
explained in univariate models, with maximum at less than 20 nm, was
discarded for the full model because of its poor contribution. Finally,
regarding wind components, UWI, the most relevant variable in
February apart from coordinates interaction and SST, shows that all
values are positive (eastwards wind), with high CPUEs in soft winds
from 1.5 to 2.5 (m-s— 1), while VWI appears to be the most relevant
wind component for April, according to the variance explained, show-
ing the maximum CPUEs in negative values (southwards wind), and

decreasing as the southerly wind increases.
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Table 2 also shows the p-values and the amount of variance that
each variable contributes to the full model. Both temperatures and
wind stress were finally key predictors for the migratory patterns and
the distribution of mackerel. The deviances explained of the full

models were all greater than 50%. Figure 5 shows the least squares

lines of the predicted versus observed CPUE values of the test data
set. In all the cases, the predicted values of the models were equiva-
lent to the observed ones, presenting a slope with a ratio close to 1:1
and an adjusted r-squared of 0.43, 0.59, and 0.56 for the months of
February, March, and April, respectively.
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Predicted

Comparison of the predicted versus observed catch per unit of effort (CPUE) values for the full models of February (a), March (B),

Final terms of the GAMs full models (SST: sea surface temperature; SSS: sea surface salinity; UWI: west wind component velocity;

VWI: south wind component velocity; DtC: distance to coast; lon,lat: geographic position; T200: temperature at 200 m depth; slope of the
seafloor) obtained as predictors of the response variable CPUE (catch per unit of effort) of mackerel for the months of February (prespawning),

March (spawning), and April (postspawning)

Month Models

February Log (CPUE) ~ s (SST, k =4) + s (UWI, k = 4) +s (VWI, k = 4) + s (lon,lat)

March Log (CPUE) ~ s(T200, k = 4) +s (UWI, k = 4) + s (slope, k = 4) + s (lon,lat)

April Log (CPUE) ~ s (SST, k = 4) + s(T200, k = 4) + s (SSS, k =4) +s (UWI, k =4) + s (VWI, k = 4) + s (DtC, k = 4) + s (lon,lat)

Abbreviation: CPUE, catch per unit of effort.

The predicted CPUEs were finally projected according to the full
models (Table 3). For the maps that represent the full models compari-
son in the periods 1992-2005 and 2006-2018, the average of the
predicted CPUE values of the 3 months was calculated and represen-
ted in Figure 6, which shows different trends from the first period to
the second depending on the month considered. In February, it can be
observed a gradual increase in the prediction of the species captures
in the easternmost zone of the study area, moving westwards from
the French coast to the Basque Country, while during the months
after, the trend revealed a general increase in the CPUEs prediction
for the entire area in March and a slight decrease in April. These
trends can also be observed in the temporal evolution of the CoG of
mackerel CPUEs by month during the period 1992-2018 (Figure 7), in
which positive trends are shown in February and March, and a slight
negative trend can be observed in April, although the last one is not

significant (p-value > 0.1).

4 | DISCUSION

The present study, in line with previous works based on fisheries data
to model the abundance of mackerel (Brunel et al., 2017), confirms
that the use of CPUEs as a proxy of abundance can be of great help in
contributing to the knowledge of the migratory cycle of this species.

Our results show that northeastern Atlantic migration patterns seem

to be mainly influenced by environmental factors. Wind component
and SST have appeared to be the environmental drivers with greater
influence on the prespawning migration patterns of mackerel along
the northwestern Iberian Peninsula and Cantabrian Sea. VMS
processing and analysis for LHM have revealed a very high sensitivity
and specificity to this fishery (Ducharme-Barth & Ahrens, 2016;
Punzén et al., 2003), providing a very valuable information to study
the distribution and phenology of migratory species of fisheries inter-
est, such as mackerel. On the one hand, they have the great advan-
tage of supplying a large amount of data, which allows us to avoid the
use of information that a priori may be inconclusive or even generate
noise. On the other hand, they cover the entire period of activity of
the species in a given study area, while fisheries-independent data
show too often a more limited temporal and spatial information.
According to Pennino et al. (2016), fishery-dependent data respond
better to environmental variables more related to hydrodynamics,
while fisheries-independent data respond better to environmental
variables more related to seafloor geomorphology. This may have
influenced the poor contribution of the bathymetric variables or even
DtC in the models developed by the present study, especially those
for March and April.

Therefore, it is necessary to take into account the multiple factors
that can affect the configuration and conduct of fisheries to try to
make the process of disentangling these data as transparent and effi-

cient as possible. If this process is carried out efficiently, it has been
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shown that it is possible to contribute significantly to the knowledge
of the phenology of marine species in the pelagic environment, both
in the identification of drivers explaining the migrations of these spe-
cies (Pennino et al., 2016) and the detection of changes that can occur
in their migratory regimes (Dufour et al., 2010).

The water temperature has been described as the main environ-
mental driver of the spawning migration of mackerel in the northeast-
ern Atlantic (Hughes et al., 2014; Jansen, 2014; Jansen &
Gislason, 2011; Jansen et al., 2016; Mendiola et al., 2006; Punzén
et al., 2009). The present study confirms the importance of both SST
and T200. Our models show a great relevance of SST during February,
when the arrival of reproductive individuals to the coasts of the Can-
tabrian Sea begins, as well as a great importance of T200 in April,

when mainly develops the trophic migration. Thus, the contribution of

the SST to the variance of the full model of March is far less signifi-
cant than that obtained in February, and the same happens if we com-
pare the T200 of March with that of April, as the former is less
significant. This is consistent with the fact that precisely in March is
when mackerel preferably spawns in the area. In this month, the geo-
graphical variables could be more important than temperature or wind
stress which can be deduced from the DtC univariate model impor-
tance according to the variance and r-squared or for the coordinates
contribution to the full model of March. These results suggest a possi-
ble geographical attachment for spawning, likely due to long-term sta-
ble environmental conditions present in spawning areas, similar to
what Reglero et al. (2012) inferred in their study on the spawning
strategy of bullet tuna.

Another important aspect is that the relevance of the T200
increases from February to April, both in the univariate models and in
its contribution to the full model, which makes us to infer that the tro-
phic migration develops preferentially at a greater depth than the
spawning migration. Besides, the maximum values of the response
curves of DtC in the univariate models, estimated at 12, 17, and 20
nm for February, March, and April, respectively, also support the idea
that mackerel develops its trophic migration along the Cantabrian Sea
in shallower waters and near the coast and return back to the feeding
areas in deeper waters and at a greater distance from the coast.

In the February model, it is highly remarkable that, in addition to
the widely studied temperature dependence (Hughes et al., 2014;
Jansen, 2014; Jansen & Gislason, 2011; Jansen et al., 2016; Mendiola
et al., 2006; Punzén et al., 2009), the west wind component is also a
very relevant environmental driver of the mackerel migration along
the Cantabrian Sea and the northwestern Iberian Peninsula. This rele-
vance may be due to its direct relationship with upwelling and turbu-
lence, which can directly affect both migratory behavior and spawning
itself (Borja et al., 2002; Villamor, Gonzalez-Pola, et al., 2011). In fact,
eastwards transport is directly related to the intensity of upwelling/

downwelling and directly affects the circulation pattern of the Bay of
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Biscay (Cabanas & Alvarez, 2005; Lavin, 1991). Besides, the impact of
turbulence could affect the prey of mackerel, increasing the dispersal
of zooplankton and reducing their availability (Borja et al., 2008).

According to the response curves of the models, there is a change
in trend in the direction and speed of the winds between February and
April, as well as in the preference of the mackerel. Thus, in the month
of February, we found a greater affinity for mild winds from southwest,
which is the dominant one during winter, and in the month of April, we
found more affinity for northerly winds. The work developed by Borja
et al. (2008) has been related the success in the recruitment of anchovy
with an increase in upwelling favored by winds from the northeast
direction, especially in the month of April. This relationship has been
evidenced in the present work by the high level of correlation between
the variables related to the wind and the upwelling indices, and it also
becomes more relevant in the month of April, in which there is an
increase in upwelling due to the predominance of northeast winds. Fur-
thermore, in the same study, Borja et al. (2008) detected an increase in
downwelling between the years 1998 and 2005, especially in April,
consistent with the period in which CPUE predictions are lowest in our
study, which specifically is from 2001 to 2005. These interdependent
relationships between winds and upwelling also favor the dependence
of the predicted CPUEs with other variables, such as the Chla, which is
favored by the increase in upwelling (Botas et al., 1990).

In 2009, Punzén and Villamor concluded that an advance in the
timing migration of the south spawning component of NEAM had
occurred, which also led to an advance in the timing of fisheries targeted
to this species. The most noticeable change occurred in 1999-2000,
where the shift went from obtaining 50% of the catch in April to obtaining
it in March. Likewise, the predictive CPUEs developed in the present
study for April have shown important difference by comparing these years
with the later period. According to the models representing this month,
the prediction of the CPUEs suffers a significant decrease throughout the
study period, especially important in the aforementioned years. This
concordance in the results of both studies makes us rely on the validity
of the results relative to the analyzed environmental predictors.

The maps that show the probability of occurrence of this species in
February, during which the fisheries targeting mackerel starts their activ-
ity in the area, shows a slight tendency to increase the predictive CPUEs
in the east side, between meridians 2°W and 5°W, in front of the Can-
tabrian and Basque Country coasts. This area is where the LHM and PS
fisheries mainly develop their activity, as can be seen in Figure 2, and
generally start fishing earlier than the trawl gears. The model developed
for this month has SST and UWI as the two predominant environmental
factors. The joint action of both factors seems to favor the prespawning
migration of the species to the study area as we move through the year.
The relationship between these two factors with pelagic fisheries was
already analyzed by Reid et al. (2001), who concluded that positive
NAO (North Atlantic Oscillation) anomalies affect the distribution of
winds favoring the intensity of westerly winds and higher temperatures,
which assisted the migration of horse mackerel.

Temporal trends can be seen more clearly when smoothing analysis
are carried out by using moving averages. Thus, the trend of the CPUEs

of mackerel in February does seem to be favored in the eastern side of

the study area, and in March, there is also a clear positive trend. Con-
versely, the predicted CPUEs of the model developed for April is slightly
negative, although did not showed a significant trend.

This study confirms the usefulness of fisheries data to increase
the knowledge of the distribution and spatial-temporal patterns of
pelagic species of interest to fisheries (Abad-Uribarren et al., 2020)
and the phenology of the species and make predictions in the short
and medium terms in a climate change context (Peer & Miller, 2014).
In these predictions, temperature should be taken into account, espe-
cially to determine the arrival of the mackerel to the spawning areas,
but the interaction with other variables is also decisive, such as the
winds during the entire migratory period and their effect on upwelling
episodes, which may influence the species behavior by modulating
the beginning of trophic migration and adapting it according to pro-
ductivity. On the other hand, the possibility of making long-term pre-
dictions of prespawning migration is highly reliable, but it is different
in terms of trophic migration, which can be influenced by other vari-
ables that may be more likely related to periods of productivity.

LHM is just one of the four main fisheries in the study area with
mackerel as the main target species. It has been the fishery on which
our study has been based because the classification techniques per-
formed in PS, PTB, and OTB from VMS and logbooks have shown
lower specificity. However, once the predictors affecting Atlantic
mackerel migration in the southern spawning component have been
reviewed, it would be important to complete the full picture in future
studies, as there is a clear spatial segregation with OTB, which mainly
operates in the western Cantabrian and could provide essential infor-
mation on the importance of the T200 as a fishery that operates at
greater depths. In addition, as shown in Figure 2, PS is a very impor-
tant fishery in the eastern region, as evidenced by the study con-
ducted by Ramos et al. (2011) on life cycle assessment (LCA).

In addition, it is important to analyze the consequences that certain
types of rules and regulations have on the behavior of the fleet, since the
penalization of the Spanish mackerel fisheries caused that fishing pres-
sure was placed in the period immediately before the spawning between
2010 and 2014 by producing competition between the different fisheries
for the reduced quota. Thus, studies on the phenology of species are
especially important to support advice on fisheries in relation to TACs
and quotas, as well as for possible recommendations to the different
actors involved in the sector, so that catches are focused on those
moments that cause less damage to the reproductive success of the
species and thus ensure the long-term sustainability of the resource.
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