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During the last decades, there has been a growing interest in the Atlantic chub mackerel, Scomber colias, owing to
its northward expansion across the East Atlantic Ocean. This trend has been observed from regions of higher
abundance off northwest Africa to the waters of the Atlantic Iberian and the Mediterranean Sea. Changes in

g?erll(mypes abundance and spatial distribution of Atlantic chub mackerel have been previously studied and various theo-
‘OCKS . . o s . PRI .
Resilience retical models have been proposed to elucidate the changes in its abundance and biomass. However, within this

fishing context, only a limited number of studies have attempted to understand how this species has responded at
both the individual and population levels to the changing environmental conditions. The phenotypic variability
of 1660 individuals of S. colias collected from the Canary Islands, Madeira, the Cantabrian Sea and the Central-
Northern Mediterranean Sea was examined, with a specific focus on otolith shape. We identified six morphotypes
classified into two groups and associated to the four analyzed regions. Despite of the occurrence of shared
phenotypes in varying proportions among the different fishing grounds, this classification might be explained by
the adaptation of certain morphotypes to specific environmental conditions and the migratory behavior of this
species. The morphotypes M1-M5 were more abundant in the warmer waters of Madeira-Canary Islands region
and M6 in the colder waters of Ligurian-Cantabrian. It is plausible that the former set may represent resident
contingents, while morphotypes M2-M3 and M4 are likely to exhibit migratory behavior. Therefore, we suggest a
complex metapopulation structure, where different contingents coexist.

1. Introduction including acclimatization, evolution, range shifts, and ecological reor-

ganization, occurring across different scales of organization (Webster

Ecosystems worldwide are undergoing environmental trans-
formations due to human activities and climate change. Consequently,
novel combinations of physical conditions such as shifts in temperature
regimes, precipitation patterns and water chemistry are triggering re-
sponses among organisms, populations and ecosystems. These responses
manifest through a variety of biological processes (or adaptations),

et al., 2017, 2023). Phenotypic plasticity plays a crucial role in facili-
tating many of these adaptations, allowing a single genotype to generate
multiple phenotypes in response to environmental stimuli (Scheiner,
1993; Schlichting and Pigliucci, 1998; West-Eberhard, 2003) or to other
external stressors, such as fishing pressure (Rouyer et al., 2014; Hollins
et al., 2018; Morrongiello et al., 2019). The resulting phenotypes can be
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classified as adaptative (positive or negative), non-adaptative (or mal-
adaptive) or neutral concerning an individual’s fitness (Ghalambor
et al., 2007; Chevin et al., 2010; Storz and Scott, 2021). In particular,
adaptive plasticity could enable organisms with a wider tolerance for
environmental fluctuations (Pigliucci, 2001; Peck et al., 2013; Schickele
et al., 2021), potentially influencing migration and dispersion processes
(Bloom et al., 2018). Moreover, differences in life history traits and/or
the identification of phenotypic clusters (such as body morphometrics,
otolith contour, etc.) are widely used to delineate stocks. These have
become essential tools for fishery scientists, assessors, and managers
(Begg et al., 1999; Cadrin et al., 2020). However, a gap exists in as-
sessments actively incorporating stock identification requirements. Most
stock assessment methods tend to model the dynamics of nearby pop-
ulations while assuming homogeneity in life history traits (Begg et al.,
1999; FAO, 2020). This issue is particularly pronounced in pelagic fish
species, where genetic studies reveal low differentiation among stocks or
populations, which is commonly attributed to the high gene flow facil-
itated by the marine environment’s extensive dispersal capabilities
(Nesbg et al., 2000).

The Atlantic chub mackerel (Scomber colias, Gmelin, 1789) is a
medium-sized migratory coastal pelagic fish with distribution spanning
warm and temperate waters on both sides of the Atlantic Ocean (Castro
and Santana, 2000). In East Atlantic waters, its range extends from the
Bay of Biscay to South Africa, including Azores, Madeira, the Canary
Islands and Saint Helena Islands, and further extending into the Medi-
terranean and Black Sea (Collette and Nauen, 1983; Whitehead et al.,
1984; Collette et al., 2023). Typically inhabiting depths up to 300 m, this
species holds a key role in the trophic web, acting as a crucial link be-
tween primary producers and top predators, since it feeds mainly on
zooplankton and some small pelagic fish, making it an essential
component in the diet of larger pelagic fish such as tuna, swordfish and
sharks, as well as marine mammals (mainly dolphins and seals)
(Machado et al., 2022). As others small and medium pelagic fish (SMPF)
give their short generation times and tight coupling to lower trophic
levels, these populations exhibit substantial boom-and-bust dynamics,
both in productivity and distribution, closely linked to climate vari-
ability (Alheit et al., 2014; Garrido et al., 2017). Thus, fluctuations in
their populations can exert profound impacts on the overall dynamics of
ecosystem structure, giving rise to significant ecological and socioeco-
nomic consequences (Peck et al., 2021). While responses to climate
variability vary among SMPF species and stocks, the intrapopulation
phenotypic variability observed in species with a relatively short life-
spans enhances their resilient to environmental fluctuations. This vari-
ability can even result in the development of different intrapopulation
life history strategies, allowing them to occupy different “spatio-tem-
poral niches” (Peck et al., 2013; Ma et al., 2022). For example, different
energy strategies have been found among autumn and winter spawners
of Atlantic herring in the North Sea, in contrast to Norwegian
spring-spawning herrings (Jennings and Beverton, 1991; McQuinn,
1997; Winters and Wheeler, 1996) and among closely related groups of
European sardines (Sardina pilchardus) and anchovies (Engraulis encra-
sicolus) in the Northwest Mediterranean Sea (Albo-Puigserver et al.,
2021; Lloret-Lloret et al., 2022). Yet, the intricate interplay between the
biology of SMPF, habitat structure, and how these factors collectively
shape the complexity of their population demography and responses to
fisheries and climate remains not well understood (Otero and Hidalgo,
2023).

Despite the wide distribution of Atlantic chub mackerel, 90% of the
catches in the northeast Atlantic proceed from northwest African waters,
making it a fishery resource crucial for food security in the riparian
countries (FAO, 2020). In the last decades, there has been a northwards
expansion of the species in the East Atlantic distribution, evidenced by
the increased catches in Iberian Atlantic waters, where it has become a
target species for the purse seine fisheries (Martins et al., 2013; Punzon
et al., 2016; ICES, 2020, 2021). An inverse relationship with European
sardine abundance has been demonstrated in Portuguese waters, where
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Atlantic chub mackerel competes for food and spawning sites (Martins
et al., 2013; Garrido et al., 2015). This expansion has been associated to
an increase in sea temperature (Costoya et al., 2015) attributed to
climate change (Tasker, 2008; Reid and Valdés, 2011; Vélez-Belchi
et al., 2017). Although the Atlantic chub mackerel holds significance in
terms of landings and economic value at both regional and subregional
levels, it is noteworthy that the regular assessment of this species in ICES
and Mediterranean waters is not included in any established European
assessment framework (ICES, 2021). Evidence of the need to establish
the basis for future assessments of the species in the North-eastern
Atlantic waters is the initiation of ICES WKCOLIAS in 2020, an inter-
national forum that serves as a platform for sharing the available
knowledge of the species in the area, including African and European
institutions (ICES, 2020, 2021). Although there is a wealth of informa-
tion on the life history traits of the Atlantic chub mackerel in its
southernmost distribution, the species has also been extensively studied
in light of its historical fishing relevance in northern waters. This in-
cludes research conducted in both Iberian Atlantic and Mediterranean
waters (ICES, 2021) where numerous studies have delved into different
life history traits of the species. Regarding their population structure, no
discernible genetic patterns have been identified in the eastern
geographical distribution of this species (ICES, 2021). The annual
assessment of the population in Northwest African waters, carried out
under the framework of the Fishery Committee for the Eastern Central
Atlantic (CECAF), assumes a metapopulation, with the exception of the
fisheries around the Canary Islands (FAO, 2020). In this context, other
approaches such as morphometrics, otoliths, and parasites have been
applied (ICES, 2021), providing different results. However, we wonder if
these studies make sense for a species experiencing a distribution
expansion, or whether we could take advantage of it to investigate the
impact of climate change on an expanding exploited species. Indeed, the
descriptive analyses of the available data gathered during the last ICES
WKCOLIAS (ICES, 2021) concluded that latitudinal patterns of different
traits seem to occur in Atlantic chub mackerel distributed in East
Atlantic waters, with an inflection point in the Strait of Gibraltar.
Despite the exclusion of African data, Dominguez-Petit et al. (2022)
analyzed in-depth this hypothesis and found clear latitudinal patterns
for several reproductive aspects following the Bergmann’s rule (Hattab
etal., 2021). Particularly, exceptions were observed in the southernmost
samples studied, represented by the S. colias from the Canary Islands
(located in NW African waters) and, in some cases, for the ones from the
southern coast of Portugal and the Gulf of Cadiz (SW Spain). Likewise,
numerous studies are paying attention to the environmental drivers
leading changes on the abundance and/or geographical expansion of the
species (e.g., Binet, 1997; Martins et al., 2013; Ebango Ngando et al.,
2020; Derhy et al., 2022), which has become an urgent issue to face the
global warming.

Recent studies into otolith contour shape analysis in other medium
pelagic fish, such as Trachurus picturatus, have revealed the coexistence
of similar phenotypes in different proportions across different fishing
grounds, implying the potential existence of a metapopulation con-
necting distinct regional populations (Tuset et al., 2019; Vasconcelos
et al., 2021). As the Atlantic chub mackerel has shown extensive gene
flow, resulting in the establishment of a large panmictic unit in the
northeastern Atlantic Ocean and Mediterranean Sea (Scoles et al., 1998;
Zardoya et al., 2004), our initial hypothesis postulates the common
presence of similar morphotypes across its spatial distribution in the
Northeastern Atlantic and the Mediterranean Sea. The main objectives
of the present study were as follows: i) to examine the intrapopulation
phenotypic variation of the otolith contour using wavelet functions
developed by the AFORO team; ii) to assess the accuracy of classification
between stocks based on the average phenotype of each region; and iii)
to analyze the otolith zones involved in the discrimination of stocks and
their relationship with environmental and genetic factors.
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2. Material & methods
2.1. Database collections

Between 2016 and 2022, a total of 1660 Atlantic chub mackerels
were collected from four fishing grounds in the eastern Atlantic: 718
individuals from the Canary Islands (FAO area 34.1.2), 264 from
Madeira (FAO area 34.1.2), 435 from the Cantabrian Sea (FAO area
27.8. ¢), and 243 from the Ligurian Sea in the Central-northern Medi-
terranean waters (FAO area 37.1.3) (Fig. 1). These collections were
conducted as part of national fishery monitoring programs within the EU
Data Collection Framework. Each individual was measured for total
length (TL, 0.1 cm) and their otoliths were extracted, cleaned, and
storage in labeled vials for subsequent morphological analysis. To
remove the effect of size variations, we restricted the size range to be-
tween 21.3 and 37.5 cm TL, with the minimum value corresponding to
the size of the smallest mature individual found in the Cantabria Sea,
while the maximum value corresponds to the largest size observed in the
Canary Islands region (Table 1).

Monthly mean Sea Surface Temperature (SST, °C) values from
January 2016 to December 2022 were acquired from the IGOSS-IRI
database (Reynolds, 2002) for the geographical areas corresponding to
the sample collection sites, as well as for a northern area off the coast of
West France (Fig. S1).

2.2. Otolith shape analysis

The left otoliths were positioned with the inner side (sulcus acusticus)
facing upward and the rostrum oriented to the right. Digitalization was
carried out against a black background using a digital camera coupled to
a stereomicroscope. The shape contour was analyzed using wavelet
function, enabling the identification of individual morphological points
along the x-axis of the contour (Parisi-Baradad et al., 2005; Lombarte
et al., 2006). Due to presence of a long triangular collicullum ostii be-
tween rostrum and antirostrum (Tuset et al., 2008), this point was
selected as initial reference point. A total of 512 equidistant Cartesian
coordinates (points) on each orthogonal projection of the otolith were
extracted and analyzed using the wavelet transformed (WLT; see Par-
isi-Baradad et al., 2005). Among the nine levels obtained from the
wavelet function, the 4™ level was chosen as the optimal choice for
identifying individual variability within populations (Vasconcelos et al.,
2021).

2.3. Statistical analysis

To reduce the number of points without losing information, a
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Fig. 1. Geographical areas where Scomber colias was sampled in the north-
eastern Atlantic Ocean and the Mediterranean Sea.
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Table 1

Summary of total lengths (cm) of Scomber colias collected from the northeastern
Atlantic Ocean and the Mediterranean Sea. n, number of individuals; sd, stan-
dard deviation; min, minimum; max, maximum.

Origen Region n mean + sd min-max

Mediterranean Sea Ligurian Sea 264 26.4 + 3.93 21.5-38.0

Atlantic Ocean Cantabrian Sea 435 30.8 + 3.80 21.3-38.4
Madeira 264 26.9 + 3.55 21.5-36.7
Canary Islands 718 25.7 £ 2.85 21.3-37.5

principal component analysis (PCA) based on the variance-covariance
matrix was performed (Sadighzadeh et al., 2012, 2014; Tuset et al.,
2015, 2016; Vasconcelos et al., 2021). The percentage of the total
explained variation by eigenvectors was plotted against the proportion
of variance expected under the “broken stick model” to identify signif-
icant eigenvectors (Frontier, 1976; Gauldie and Crampton, 2002). To
examine intraspecific differences potentially attributed to allometry,
Pearson’s correlations were tested between fish length and principal
components. To account for the effect of fish length, residuals based on
the common within-group slopes obtained from the linear regressions
for each component on fish length were used. These residuals were then
used to build a new PCA matrix (Stransky and MacLellan, 2005; Zhuang
et al., 2015).

The identification of phenotypes (also named “morphotypes” or “M”,
onwards) was conducted using several clustering algorithms, including
k-means, pam, clara, som, sota and hierarchical, with the clValid R
package (Brock et al., 2008) in R environment (R Core Team, 2022).
However, only the agglomerative Ward’s hierarchical method employ-
ing Manhattan distance yielded a clustering with discernible morpho-
logical meaning. Given the observed similarity in the frequency
tendencies among regions for morphotypes (see results), our analysis
focused exclusively on examining phenotypic variation between regions
through permutational multivariate analysis of variance (PERMANOVA,
Anderson, 2001), employing 9999 permutations with the Manhattan
distance metric. Subsequently, Bonferroni correction was applied for
pairwise multiple comparisons using Pillai’s trace. A non-parametric
Kruskal-Wallis test was applied to compare the average phenotype of
the first component of PCA among regions, using a Wilcoxon rank test
for post hoc comparisons (O’Dea et al., 2019; Vasconcelos et al., 2021).

Artificial neural network (ANN) was selected for the comparison of
otolith shape among regions (El Habouz et al., 2016; Vasconcelos et al.,
2021). This classifier operates on a network architecture, with the
neuron as its fundamental unit. The network comprises three neuron
layers: input layers (comprising morphological variables), hidden layers
(with nodules from i = 1 ... n), and an output layer (representing re-
gions). Using a multi-layer perceptron (MLP) architecture and a
back-propagation gradient algorithm, we calibrated the ANN (El Habouz
et al., 2016; Ciaburro and Venkateswaran, 2017) with the package caret
(Kuhn, 2008) in R. The whole otolith sample was randomly split into a
training dataset (75% of observations) and a validation dataset (25% of
observations). The split ensured the preservation of class ratios for the
development of the model. The optimal hyperparameters (hidden units)
were defined during preliminary tuning (Fig. S2). Following Smolinski
et al. (2020) predictor variables (PCA new matrix) underwent scaling
and centering in a preprocessing stage. Additionally, a fourfold
cross-validation resampling method with 100 repetitions of the entire
process was conducted using a ‘repeatedcv’ method for training control.
To address imbalances in the dataset, we applied a Synthetic Minority
Oversampling Technique (SMOTE) using the package DMwR (Torgo,
2010) in R. All analysis were performed in R (R Core Team, 2022).
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3. Results
3.1. Unveiling and profiling morphotypes

The otoliths of Atlantic chub mackerel exhibited a noticeable vari-
ability in shapes across all studied regions (Fig. 2). The position, size
(length and height) and orientation of collicullum ostii noticeably influ-
enced on the morphology of the rostrum and antirostrum, resulting in
variations in their sizes. Moreover, varying degrees of convexity, con-
cavity and irregularities were observed along the dorsal, posterior and
ventral margins. The observed diversity contributed to an expansive
PCA-morphospace (PC1 vs PC2, Fig. 3) (see Table S1 for considered PCA
components and their variance), and the use of an extensive dataset
further favored a high spatial density. These factors influenced the
feasibility of the methods to discern between phenotypes, limiting the
initial identification to only two morphotypes when using the several
clustering algorithms mentioned prior. We opted for a hierarchical
clustering approach and identified six morphotypes, which were clas-
sified into two primary groups (Fig. 4a): Group-A (comprising M1-M5-
M3) and Group-B (M2-M4-M6). This classification was based on the
development of the antirostrum (larger in Group-A), the ventral pattern
of the posterior margin (dorsally more pronounced and ventrally more
rounded in Group-A), and the height in the middle of otolith (lesser for
the Group-A) (Fig. 4b). Within morphospace (Fig. 3), morphotypes M1
and M5 (negative values) and M6 (positive values) were distributed in
the extremes of the PC1 axis (17.3% of variance explained). The mor-
photype M2 presented a notable concavity, either with or without step,
in the middle, whereas M3 showed the less developed antirostrum of
Group-A morphotypes. The PC2 axis (6.1%) mainly differentiated be-
tween morphotype M4 (negative values) and M5 (positive values),
which displayed a greater concavity along the ventral margin and a
longer rostrum (Fig. 4).
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Fig. 3. Scatterplot of the first and second axes of the PCA and marginal density
distribution plots for the four morphotypes identified in Scomber colias collected
from the northeastern Atlantic Ocean and the Mediterranean Sea. Colored cir-
cles indicate the centroid of each morphotype. (non-print figure color). (For
interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 2. Mesial surface view of sagittae otoliths from Scomber colias collected from the northeastern Atlantic Ocean and the Mediterranean Sea.
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3.2. Morphological homogeneity among stocks

In general, the relative phenotypic frequency of morphotypes
exhibited a consistent pattern across all examined regions (Fig. 5).
However, morphotypes M1 and M5 were more frequent in warm waters,
specifically in Madeira and the Canary Islands, whereas M6 was more
predominant in colder waters of the Ligurian Sea and the Cantabria Sea
(see Sea Surface Temperatures in Fig. S1). Additionally, although mor-
photype M2 showed higher frequencies across all regions (>21%), it was
notably more abundant in the Ligurian Sea, where it reached 34.6%.

The PERMANOVA analysis unveiled significant phenotypic differ-
ences in otolith shape between regions (F = 15.86, p < 0.001; pairwise-
test, p = 0.006 for all cases). Additionally, the average value of PC1
exhibited significant variations across regions (Kruskal-Wallis test, ? =
128, df = 3, p < 0.001) (Fig. 6). Subsequent post hoc testing revealed
similarities in the otolith shape between Madeira and the Canary Islands
(p = 0.131), as well as between the Ligurian Sea and the Cantabria Sea
(p = 0.240); although notable differences were observed between them
(p < 0.001). Upon application of the neural classification model (ANN),
the accuracy of classifying regional populations only reached 47.8%,
with a Cohen’s kappa (k) value of 0.288. This indicates an efficiency in
the classification that was 29% better than chance alone (Table 2). The

accuracy ranged between 40 and 50%, except for samples from the
Ligurian Sea, which acquired a 62.7% accuracy rate (Table 2). Overall,
the misidentification of otoliths exhibited a discernible geographical
pattern, in which otoliths from the Canary Islands and Madeira showed
greater similarity, as did otoliths from Madeira and those from the
Cantabria Sea. In contrast, otoliths from the Ligurian Sea exhibited a
distinct pattern (Table 2). Finally, the principal components PC3 (with a
stronger correlation linked to rostrum size), PC1 (practically related to
the entire signal), P11 (associated with morphological shifts in the
dorsal margin variability) and PC19 (connected with the length of col-
licullum ostii) significantly contributed to the maximum discrimination
observed between regions (Fig. 7; see Table S2 for importance of PC
components).

4. Discussion

This study presents the first approach to explore the otolith pheno-
typic variability of Atlantic chub mackerel across regions spanning from
the North and Central Eastern Atlantic Ocean and the Mediterranean
Sea. Our findings unveiled the presence of six morphotypes, although
the high morphological variability in this species posed challenges in
phenotypic identification. As a result, there was a notable degree of
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Table 2

Confusion matrix and accuracy achieved by the Multilayer Perceptron (MLP)
classifier using wavelets to define the otolith contour in Scomber colias specimens
collected from the northeastern Atlantic Ocean and the Mediterranean Sea. CI,
Canary Islands; CS, Cantabrian Sea; M, Madeira, LS, Ligurian Sea. The highest
regional classification is highlighted in black.

Prediction References Performance
CI M LS Cs Accuracy Kappa % accuracy
CI 87 13 6 20 49.2
M 44 30 8 27 43.5
LS 24 5 37 18 62.7
CS 22 21 8 42 39.3
Total 0.476 0.288
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morphological similarity among the morphotypes introducing uncer-
tainty in the decision-making process. To address this issue, we explored
a broad spectrum of clustering methods and wavelet levels, ranging from
signals with higher detail (Srd level) to smoother ones (5th level). Finally,
we opted for the grouping option that provided the most coherent
morphological interpretation of the observed phenotypic diversity. The
distinct otolith shape of this species sets it apart from other small and
medium pelagic fishes like Trachurus spp., Decapterus spp. and Engraulis
spp., which exhibit more conventional otolith shapes, making the dif-
ferentiation of morphotypes easier (Lombarte et al., 2006).

The rapid swift northwards expansion of the Atlantic chub mackerel
within the East Atlantic distribution (Martins et al., 2013; Garrido et al.,
2015) and its migratory behavior may account for the remarkable sim-
ilarity in the phenotypic structure found at regional level. This similarity
suggests an extensive gene flow, resulting in the establishment of a large
panmictic unit in the north-eastern Atlantic Ocean and Mediterranean
Sea (Scoles et al.,, 1998; Zardoya et al., 2004). Indeed, a recent
small-scale study conducted in the northernmost Atlantic African waters
has revealed a weak genetic structure within Moroccan-Mauritanian
waters, attributed to the irregular distribution of the fishing pressure,
which disrupts the natural gene flow (Stroganov et al., 2023). However,
all studies describe distinct fish groups inhabiting a wide geographic
distribution, with populations intermixing within a large meta-
population. For instance, size-segregations linked to ontogenetic/ba-
thymetric migrations of individuals towards deep bottoms far from the
coast have been observed around Atlantic islands, probably linked to
breeding (Menezes et al., 2006). Similarly, latitudinal breeding/feeding
migrations have been documented in the northern CECAF waters
(Garcia, 1982; Martins et al., 2013; Ebango Ngando et al., 2020), indi-
cating the species as a transboundary shared stock. In Ghana, Kwei
(1971) observed seasonal migrations inshore for spawning during the
upwelling period in summer, followed by a movement of individuals to
greater depths for feeding in autumn. It also suggested that in the
northeast Atlantic, including both African and European waters, the
Atlantic chub mackerel undergoes migration from wintering areas
—mainly located in Mauritanian waters, southern Portugal and in the
inner part of the Bay of Biscay— towards northern waters in the summer
(ICES, 2021). Additionally, in the case of the Bay of Biscay, the migra-
tion extends towards the western Iberian Peninsula. Hence, the high
number of morphotypes identified in the present study may be linked to
these migratory processes, posing significant implications (and chal-
lenges) to understand the metapopulation dynamics and accurately
describing the complexity of the species’ population structure. Firstly,
this raises concerns about the reliability of studies conducted to date
with small sample sizes, such as in Muniz et al. (2020) (using otolith
shape and body morphometrics in 45 specimens by region) and Correia
et al. (2021) (examining otoliths’ elemental and isotopic signatures for
30 individuals by region), both encompassing Portugal mainland,
Azores, Madeira, and the Canary Islands; and Sbiba et al. (2024) along
NW African coast (exploring the otolith shape for 30 individuals for nine
localities). Secondly, the morphotypes M2-M3 and M4 here described,
represent ca. 51-60% of all the individuals analyzed and appear in
similar frequencies in each origin, except for the higher predominance of
M2 in the Ligurian Sea. However, an inversely proportional rate was
evident between the morphotypes M1-M5 and M6 in the regions of
Madeira-Canary Islands vs Ligurian-Cantabrian Seas. These findings may
suggest that certain morphotypes have effectively adapted to specific
environmental conditions, such as temperature. Drawing on Vasconce-
los et al. (2021) insights into the relationship between morphotypes and
contingents (resident versus migratory) in the Atlantic distribution of the
blue jack mackerel (T. picturatus), we suggest, based on our findings, that
morphotypes M2-M3 and M4 might demonstrate migratory behavior,
explaining their similar presence in all the considered fishing grounds; in
contrast, M1-M5 and M6 could represent the resident contingents. The
lack of information on the seasonal distribution of these morphotypes
currently hinders our ability to explore and clarify alternative
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Fig. 7. Correlation between the PCs with higher relative importance obtained in the classification model and the values of the wavelet along the 512 points.

hypotheses. Future studies will be necessary to address this gap.

The northward latitudinal expansion has entailed an increase of fish
mean size, length at first maturity, a delay in the peak of spawning and
the spawning season, and a decrease in the somatic growth rate, all
likely influenced by surface sea temperature (ICES, 2021; Domi-
nguez-Petit et al., 2022). In this sense, we have also found a similar
pattern in total lengths for all morphotypes across regions. Individuals
within the Group-A exhibited smaller mean and maximum sizes
compared to those in Group-B (Fig. S3). Besides, the occurrence of
small-sized individuals in all cases suggest that the morphotypes found
are not related to fish length or age. Certainly, otoliths undergo onto-
genetic changes throughout their growth; specifically, contour alter-
ations (e.g., convexity or concavity) response to specific exogenous
factors (Hiissy, 2008; Tuset et al., 2015), whereas the rostrum and anti-
rostrum size are genetically codified (Reichenbacher et al., 2009; Vignon
and Morat, 2010; Reichenbacher and Reichard, 2014). In this context,
our findings revealed that PC1, explaining a greater variability in the
otolith contour (Table S1) and contributing significantly to partial
population differentiation, did not showed correlation with fish length
(Table S3). On the other hand, the PC3 component, linked to rostrum size
and its connectivity with the collicullum ostii, deemed the most crucial
component in the population identification, was significantly influenced
by fish length (Table S3). This zone of the otolith exhibited greater
development in the Group-B, consisting of larger Atlantic chub mack-
erels. Neves et al. (2024) found variability in the otolith shape linked to
age, particularly in 1-year-old individuals. However, this conclusion
may be debatable due to significant variability and overlap in fish
size-ranges by age among age groups (Navarro et al., 2021) and among
morphotypes (present study). Additionally, a study on otolith elemental
and isotopic signatures in the NE Atlantic revealed population differ-
ences among the Macaronesia archipelagos and mainland Portugal
(Correia et al., 2021). The authors proposed a limited movement of adult
individuals between isolate regions (i.e., islands), with larval retention
mechanisms or a self-recruitment process operating at large spatial
scales. Our primary concern with this hypothesis is, once again, the
representativeness of morphotypes when only 30 individuals were
analyzed per region, although we do not entirely rule it out. We agree
that further research into the population structure, fish movement and
habitat connectivity of this species is still needed.

The Atlantic chub mackerel congener, S. scombrus, is recognized to
consist of a northern (in Canada) and a southern contingent (in USA) in
the Northwest Atlantic population, which spawn in distinct areas and

periods, occasionally overlapping seasonally in the fished regions of the
USA (Arai et al., 2021; Bourret et al., 2023). Given the complexity of the
fishery dynamism in which both components seem to present different
trends in productivity and depletion, higher levels of contingent mixing
appear to be related to greater landings of the less favored contingent.
Arai et al. (2021) recommended spatially explicit stock assessment
models to preserve both productivity and stability in this
two-component population. Currently, stock identification methods
have uncovered discrepancies between the spatial structure of biological
populations and assumed stock units, leading to mismatches that
compromise accurate stock assessment and hinder sustainable fisheries
management. A fundamental ecological concern revolves around the
potential overexploitation of unique spawning components, which could
result in a loss of productivity, reduced biodiversity, and destabilization
of local and regional stock dynamics (Kerr et al., 2017). Fishing man-
agers must grasp that phenotypic richness mirrors the health and po-
tential plasticity of species to inhabit different (and new) niches or adopt
complementary life history patterns (Tuset et al., 2019). Challenges
associated to the use of averaged phenotypes for identifying SMPF stocks
have been highlighted in other SMPF species, like T. picturatus from the
central-eastern Atlantic (Vasconcelos et al., 2021). This underscores the
significance of integrating phenotypic diversity into any fishery man-
agement considerations, particularly in the context of ongoing global
warming. Presently, continuous monitoring programs aligned with the
European Data Collection Framework (Regulation (EU) 2017/1004) for
the collection, management and usage of fishery data, should promote
the extraction and creation of otoliths collections. This would allow the
ongoing monitoring of temporal shifts in phenotype frequencies for both
targeted and by-catch species over the long term. This information is
valuable for developing adaptive fishing management strategies, espe-
cially for SMPF species facing the challenges of global change. In the
East Atlantic waters, the most productive region for the Atlantic chub
mackerel is situated just south of the origins covered in this study (i.e.,
between Morocco and Mauritania) (ICES, 2021). This region falls within
one of the four Eastern Boundary Upwelling Systems, recognized as one
of the current thermal refuges for marine organisms amid climate
change (Garcia-Reyes et al., 2023).

5. Conclusion

The presence of otolith morphotypes in the Atlantic chub mackerel
highlights a complex population structure, indicating the existence of a
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metapopulation. This metapopulation may comprise different contin-
gents cohabiting in varying proportions, depending on local environ-
mental conditions. A well-documented northward latitudinal trend
reveals an increase in mean fish size, length at first maturity, a post-
ponement in the peak of spawning and the spawning season, and a
decrease in the somatic growth rate. This trend is likely influenced by
surface sea temperature (ICES, 2021). Although further research is
needed at species level, the new insights presented in this study
contribute to a more comprehensive understanding of the biological
aspects and population dynamics of chub mackerel. Our findings,
derived from a substantial number of samples for the first time, repre-
sents a significant stride toward the development of future assessments
of chub mackerel stocks, thereby facilitating sustainable stock
management.

CRediT authorship contribution statement

A. Jurado-Ruzafa: Writing — original draft, Validation, Resources,
Investigation, Data curation, Conceptualization. J. Vasconcelos:
Writing — review & editing, Validation, Supervision, Resources, Meth-
odology, Investigation, Data curation, Conceptualization. J.L. Otero-
Ferrer: Software, Formal analysis. M.R. Navarro: Writing — review &
editing, Resources, Investigation. A. Massaro: Writing — review &
editing, Resources, Investigation. C. Hernandez: Writing — review &
editing, Resources, Investigation. V.M. Tuset: Writing — original draft,
Supervision, Methodology, Formal analysis.

Declaration of competing interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:

J. Vasconcelos reports financial support was provided by Fundacao
para a Ciéncia e a Tecnologia I.P. (FCT). J. Vasconcelos reports financial
support was provided by Government of the Canary Islands and Uni-
versity of Las Palmas of Gran Canaria. A. Jurado-Ruzafa reports financial
support was provided by European Maritime and Fisheries and Aqua-
culture Fund (EMFAF). If there are other authors, they declare that they
have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

Data availability
Data will be made available on request.
Acknowledgements

This study was co-funded by the European Union through the Eu-
ropean Maritime and Fisheries and Aquaculture Fund (EMFAF) within
the national programs of collection, management and use of data in the
fisheries sector and support for scientific advice regarding the Common
Fisheries Policy. This research was also funded by the Portuguese na-
tional funds through Fundacao para a Ciéncia e a Tecnologia I.P. (FCT)
within MARE (grant number UIDB/04292/2020) and Associate Labo-
ratory ARNET (grant number LA/P/0069/2020). JV was supported by
the ‘Grants for the Viera y Clavijo training program for researchers’ of
the Government of the Canary Islands and the University of Las Palmas
of Gran Canaria (VIERA Y CLAVIJO-2022-CIENCIAS-1).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ecss.2024.108880.

Estuarine, Coastal and Shelf Science 305 (2024) 108880
References

Albo-Puigserver, M., Pennino, M.G., Bellido, J.M., Colmenero, A.1L, Girdldez, A.,
Hidalgo, M., Gabriel Ramirez, J., Steenbeek, J., Torres, P., Cousido-Rocha, M.,
Coll, M., 2021. Changes in life history traits of small pelagic fish in the western
Mediterranean Sea. Front. Mar. Sci. 8 https://doi.org/10.3389/fmars.2021.570354.

Alheit, J., Licandro, P., Coombs, S., Garcia, A., Giraldez, A., Santamaria, M.T.G.,
Slotte, A., Tsikliras, A.C., 2014. Reprint of “Atlantic Multidecadal Oscillation (AMO)
modulates dynamics of small pelagic fishes and ecosystem regime shifts in the
eastern North and Central Atlantic”. J. Mar. Syst. 133, 88-102. https://doi.org/
10.1016/j.jmarsys.2014.02.005.

Anderson, M.J., 2001. A new method for non-parametric multivariate analysis of
variance. Austral Ecol. 26, 32-46. https://doi.org/10.1111/j.1442-
9993.2001.01070.pp.x.

Arai, K., Castonguay, M., Secor, D.H., 2021. Multi-decadal trends in contingent mixing of
Atlantic mackerel (Scomber scombrus) in the Northwest Atlantic from otolith stable
isotopes. Sci. Rep. 11, 6667. https://doi.org/10.1038/541598-021-86116-2.

Begg, G.A,, Friedland, K.D., Pearce, J.B., 1999. Stock identification and its role in stock
assessment and fisheries management: an overview. Fish. Res. 43, 1-8. https://doi.
org/10.1016/50165-7836(99)00062-4.

Binet, D., 1997. Climate and pelagic fisheries in the Canary and Guinea currents 1964-
1993: the role of trade winds and the southern oscillation. Ocean. Acta 20, 177-190.

Bloom, D.D., Burns, M.D., Schriever, T.A., 2018. Evolution of body size and trophic
position in migratory fishes: a phylogenetic comparative analysis of clupeiformes
(anchovies, herring, shad and allies). Biol. J. Linn. Soc. 125, 302-314. https://doi/
10.1093/biolinnean/bly106.

Bourret, A., Smith, A., Beveren, E.V., Plourde, S., Curti, K.L., Jansen, T., Richardson, D.E.,
Castonguay, M., Rodriguez-Ezpeleta, N., Parent, G.J., 2023. Quantifying genetic
differentiation and population assignment between two contingents of Atlantic
mackerel (Scomber scombrus) in the Northwest Atlantic. Can. J. Fish. Aquat. Sci. 80
(7), 1084-1097. https://doi.org/10.1139/cjfas-2022-0232.

Brock, G., Pihur, V., Datta, S., Datta, S., 2008. clValid, an R package for cluster
validation. J. Stat. Software 25, 1-22. https://doi/10.18637 /jss.v025.i04.

Cadrin, S.X., Maunder, M.N., Punt, A.E., 2020. Spatial structure: theory, estimation and
application in stock assessment models. Fish. Res. 229, 105608 https://doi.org/
10.1016/j.fishres.2023.106650.

Castro, J.J., Santana, A.T., 2000. Synopsis of biological data on the chub mackerel
(Scomber japonicus Houttuyn, 1782). Fao Fish. Synop. 157, 77. FAO, Rome.

Chevin, L.M., Lande, R., Mace, G.M., 2010. Adaptation, plasticity, and extinction in a
changing environment: towards a predictive theory. PLoS Biol. 8, €1000357.
https://doi:10.1371/journal.pbio.1000357.

Ciaburro, G., Venkateswaran, B., 2017. Neural Networks with R: Smart Models Using
CNN, RNN, Deep Learning, and Artificial Intelligence Principles. Packt Publishing
Ltd, Birmingham, UK.

Collette, B.B., Nauen, C.E., 1983. FAO Species Catalogue. Scombrids of the world. An
annotated and illustrated catalogue of tunas, mackerels, bonitos and related species
known to date. Fao Fish. Synop. 125 (2), 137. FAO, Rome.

Collette, B.B., Beaty, J., Di Natale, A., 2023. Scomber colias. The IUCN red list of
threatened species. e.T170357A46942528. https://dx.doi.org/10.2305/IUCN.UK.2
0231.RLTS.T170357A46942528.en.

Correia, A.T., Moura, A., Triay-Portella, R., Santos, P.T., Pinto, E., Almeida, A.A., Sial, A.
N., Muniz, A.A., 2021. Population structure of the chub mackerel (Scomber colias) in
the NE Atlantic inferred from otolith elemental and isotopic signatures. Fish. Res.
234, 05785 https://doi.org/10.1016/j.fishres.2020.105785.

Costoya, X., deCastro, M., Gomez-Gesteira, M., Santos, F., 2015. Changes in sea Surface
temperature seasonality in the Bay of Biscay over the last decades (1982-2014).

J. Mar. Syst. 150, 91-101. https://doi.org/10.1016/j.jmarsys.2015.06.002.

Derhy, G., Macias, D., Elkalay, K., Khalil, K., Rincon, M.M., 2022. Stochastic modelling to
assess external environmental drivers of Atlantic chub mackerel population
dynamics. Sustainability 14, 9211. https://doi.org/10.3390/su14159211.

Dominguez-Petit, R., Navarro, M.R., Cousido-Rocha, M., Tornero, J., Ramos, F., Jurado-
Ruzafa, A., Nunes, C., Hernandez, C., Silva, A.V., Landa, J., 2022. Spatial variability
of life-history parameters of the Atlantic chub mackerel (Scomber colias), an
expanding species in the northeast Atlantic. Sci. Mar. 86, 1-29. https://doi.org/
10.3989/scimar.05296.048.

Ebango Ngando, N., Song, L., Cui, H., Xu, S., 2020. Relationship between the
spatiotemporal distribution of dominant small pelagic fishes and environmental
factors in Mauritanian waters. J. Ocean Univ. China 19, 393-408. https://doi.org/
10.1007/511802-020-4120-2.

El Habouz, Y., Es-Saady, Y., El Yassa, M., Mammass, D., Nouboud, F., Chalifour, A.,
Manchih, K., 2016. Recognition of otoliths having a high shape similarity. J. Theor.
Appl. Inf. Technol. 84, 19-23.

FAO, 2020. Report of the working group on the assessment of small pelagic fish of
Northwest Africa. FAO Fisheries and Aquaculture Report 1309. FAO, Rome, p. 320.

Frontier, S., 1976. Etude de la decroissance des valeurs propers dans une analyze en
composantes principales: comparison avec le modele de baton brisé. J. Exp. Mar.
Biol. Ecol. 25, 67-75. https://doi.org/10.1016/0022-0981(76)90076-9.

Garcia, S., 1982. Distribution, migration and spawning of the main fish resources in the
Northern CECAF Area. Rome.

Garcia-Reyes, M., Koval, G., Sydeman, W.J., Palacios, D., Bedrinana-Romano, L.,
DeForest, K., Montenegro Silva, C., Sepilveda, M., Hines, E., 2023. Most eastern
boundary upwelling regions represent thermal refugia in the age of climate change.
Front. Mar. Sci. 10, 1158472 https://doi.org/10.3389/fmars.2023.1158472.

Garrido, S., Silva, A., Pastor, J., Dominguez, R., Silva, A.V., Santos, A.M., 2015. Trophic
ecology of pelagic fish species off the Iberian coast: diet overlap, cannibalism and


https://doi.org/10.1016/j.ecss.2024.108880
https://doi.org/10.1016/j.ecss.2024.108880
https://doi.org/10.3389/fmars.2021.570354
https://doi.org/10.1016/j.jmarsys.2014.02.005
https://doi.org/10.1016/j.jmarsys.2014.02.005
https://doi.org/10.1111/j.1442-9993.2001.01070.pp.x
https://doi.org/10.1111/j.1442-9993.2001.01070.pp.x
https://doi.org/10.1038/s41598-021-86116-2
https://doi.org/10.1016/S0165-7836(99)00062-4
https://doi.org/10.1016/S0165-7836(99)00062-4
http://refhub.elsevier.com/S0272-7714(24)00268-3/sref6
http://refhub.elsevier.com/S0272-7714(24)00268-3/sref6
https://doi/10.1093/biolinnean/bly106
https://doi/10.1093/biolinnean/bly106
https://doi.org/10.1139/cjfas-2022-0232
https://doi/10.18637/jss.v025.i04
https://doi.org/10.1016/j.fishres.2023.106650
https://doi.org/10.1016/j.fishres.2023.106650
http://refhub.elsevier.com/S0272-7714(24)00268-3/sref11
http://refhub.elsevier.com/S0272-7714(24)00268-3/sref11
https://doi:10.1371/journal.pbio.1000357
http://refhub.elsevier.com/S0272-7714(24)00268-3/sref14
http://refhub.elsevier.com/S0272-7714(24)00268-3/sref14
http://refhub.elsevier.com/S0272-7714(24)00268-3/sref14
http://refhub.elsevier.com/S0272-7714(24)00268-3/sref15
http://refhub.elsevier.com/S0272-7714(24)00268-3/sref15
http://refhub.elsevier.com/S0272-7714(24)00268-3/sref15
https://dx.doi.org/10.2305/IUCN.UK.20231.RLTS.T170357A46942528.en
https://dx.doi.org/10.2305/IUCN.UK.20231.RLTS.T170357A46942528.en
https://doi.org/10.1016/j.fishres.2020.105785
https://doi.org/10.1016/j.jmarsys.2015.06.002
https://doi.org/10.3390/su14159211
https://doi.org/10.3989/scimar.05296.048
https://doi.org/10.3989/scimar.05296.048
https://doi.org/10.1007/s11802-020-4120-2
https://doi.org/10.1007/s11802-020-4120-2
http://refhub.elsevier.com/S0272-7714(24)00268-3/sref22
http://refhub.elsevier.com/S0272-7714(24)00268-3/sref22
http://refhub.elsevier.com/S0272-7714(24)00268-3/sref22
http://refhub.elsevier.com/S0272-7714(24)00268-3/sref23
http://refhub.elsevier.com/S0272-7714(24)00268-3/sref23
https://doi.org/10.1016/0022-0981(76)90076-9
http://refhub.elsevier.com/S0272-7714(24)00268-3/opt2KFqKax5Zo
http://refhub.elsevier.com/S0272-7714(24)00268-3/opt2KFqKax5Zo
https://doi.org/10.3389/fmars.2023.1158472

A. Jurado-Ruzafa et al.

intraguild predation. Mar. Ecol. Prog. Ser. 539, 271-286. https://doi.org/10.3354/
meps11506.

Garrido, S., Silva, A., Marques, V., Figueiredo, 1., Bryere, P., Mangin, A., Santos, A.M.P.,
2017. Temperature and food-mediated variability of European Atlantic sardine
recruitment. Prog. Oceanogr. 159, 267-275. https://doi.org/10.1016/j.
pocean.2017.10.006.

Gauldie, R.W., Crampton, J.S., 2002. An eco-morphological explanation of individual
variability in the shape of the fish otolith: comparison of the otolith of Hoplostethus
atlanticus with other species by depth. J. Fish. Biol. 60, 1204-1221. https://doi/10.
1006/jtbi.2002.1938.

Ghalambor, C.K., McKay, J.K., Carroll, S.P., Reznick, D.N., 2007. Adaptive versus non-
adaptive phenotypic plasticity and the potential for contemporary adaptation in new
environments. Funct. Ecol. 21, 394-407. https://doi.org/10.1111/j.1365-
2435.2007.01283.x.

Hattab, T., Gucu, A.L.L, Ventero, A.N.A., De Felice, A., Machias, A., Saraux, C.,
Gasparevi¢, D., Basilone, G., Costantini, 1., Leonori, 1., Bourdeix, J.H., Iglesias, M.,
Barra, M., Giannoulaki, M., Ferreri, R., El Ayoubi, S., Malavolti, S., Genovese, S.,
Somarakis, S., Jureti¢, T.E.A., Ti¢ina, V., Certain, G., 2021. Temperature strongly
correlates with regional patterns of body size variation in Mediterranean small
pelagic fish species. Mediterr. Mar. Sci. 22, 800-811. https://doi/10.12681/
mms.26525.

Hollins, J., Thambithurai, D., Koeck, B., Crespel, A., Bailey, D., Cooke, S., Lindstrom, J.,
Parsons, K., Killen, S., 2018. A physiological perspective on fisheries-induced
evolution. Evol. Appl. 11, 561-576. https://doi.org/10.1111/eva.12597.

Hiissy, K., 2008. Otolith shape in juvenile cod (Gadus morhua): ontogenetic and
environmental effects. J. Exp. Mar. Biol. Ecol. 364, 35-41. https://doi.org/10.1016/
j.jembe.2008.06.026.

ICES, 2020. Workshop on Atlantic chub mackerel (Scomber colias) (WKCOLIAS). http://d
oi.org/10.17895/ices.pub.5970, 2 (20), 1-283.

ICES, 2021. Second workshop on atlantic chub mackerel (Scomber colias) (WKCOLIAS2).
https://doi.org/10.17895/ices.pub.8142, 3 (18), 1-231.

Jennings, S., Beverton, R.J.H., 1991. Intraspecific variation in the life history tactics of
Atlantic herring (Clupea harengus L.) stocks. ICES J. Mar. Sci. 48, 117-125. https://
doi.org/10.1093/icesjms/48.1.117.

Kerr, L.A., Hintzen, N.T., Cadrin, S.X., Clausen, L.W., Dickey-Collas, M., Goethel, D.R.,
Hatfield, E.M.C., Kritzer, J.P., Nash, R.D.M., 2017. Lessons learned from practical
approaches to reconcile mismatches between biological population structure and
stock units of marine fish. ICES J. Mar. Sci. 74, 1708-1722. https://doi.org/
10.1093/icesjms/fsw188.

Kuhn, M., 2008. Building predictive models in r using the caret package. J. Stat. Software
28, 1-26. https://d0i/10.18637/jss.v028.i05.

Kwei, E.A., 1971. The migration and biology of the Spanish mackerel, Scomber japonicus
(Houttyn). Ghana J. Sci. 11, 75-86.

Lloret-Lloret, E., Albo-Puigserver, M., Giménez, J., Navarro, J., Pennino, M.G.,
Steenbeek, J., Bellido, J.M., Coll, M., 2022. Small pelagic fish fitness relates to local
environmental conditions and trophic variables. Prog. Oceanogr. 202, 102745
https://doi.org/10.1016/j.pocean.2022.102745.

Lombarte, A., Chic, O., Parisi-Baradad, V., Olivella, R., Piera, J., Garcia-Ladona, E., 2006.
A web-based environment for shape analysis of fish otoliths. The AFORO database.
Sci. Mar. 70, 147-152. https://doi/10.3989/scimar.2006.70n1147.

Ma, S., Tian, Y., Li, J., Ju, P., Sun, P., Ye, Z., Liu, Y., Watanabe, Y., 2022. Incorporating
thermal niche to benefit understanding climate-induced biological variability in
small pelagic fishes in the Kuroshio ecosystem. Fish. Oceanogr. 31, 172-190.
https://doi.org/10.1111/fog.12570.

Machado, A.M., Gomes-dos-Santos, A., Fonseca, M., da Fonseca, R.R., Verissimo, A.,
Felicio, M., Capela, R., Alves, N., Santos, M., Salvador-Caramelo, F., Domingues, M.,
Ruivo, R., Froufe, E., Castro, L.F.C., 2022. A genome assembly of the Atlantic chub
mackerel (Scomber colias): a valuable teleost fishing resource. Gigabyte. https://doi.
org/10.46471/gigabyte.40.

Martins, M.M., Skagen, D., Marques, V., Zwolinski, J., Silva, A., 2013. Changes in the
abundance and spatial distribution of the Atlantic chub mackerel (Scomber colias) in
the pelagic ecosystem and fisheries off Portugal. Sci. Mar. 77 (4), 551-563. https://
doi.org/10.3989/scimar.03861.07B.

McQuinn, L.H., 1997. Metapopulations and the atlantic herring. Rev. Fish Biol. Fish. 7,
297-329. https://doi/10.1023/A:1018491828875.

Menezes, G.M., Sigler, M.F., Silva, H.M., Pinho, M.R., 2006. Structure and zonation of
demersal fish assemblages off the Azores Archipelago (mid-Atlantic). Mar. Ecol.
Prog. Ser. 324, 241-260. https://doi/10.3354/meps324241.

Morrongiello, J.R., Sweetman, P.C., Thresher, R.E., 2019. Fishing constrains phenotypic
responses of marine fish to climate variability. J. Anim. Ecol. 88, 1645-1656. https:
//d0i/10.1111/1365-2656.12999.

Muniz, A.A., Moura, A., Triay-Portella, R., Moreira, C., Santos, P.T., Correia, A.T., 2020.
Population structure of the chub mackerel (Scomber colias) in the North-east Atlantic
inferred from otolith shape and body morphometrics. Mar. Freshw. Res. 72,
341-352. https://doi.org/10.1071/MF19389.

Navarro, M.R., Landa, J., Villamor, B., Dominguez-Petit, R., 2021. First approach to the
growth and age corroboration of Northeast Atlantic chub mackerel (Scomber colias)
in Northern Iberian waters. Estuar. Coast Shelf Sci. 107433 https://doi.org/
10.1016/j.ecss.2021.107433.

Nesbg, C.L., Rueness, E.K., Iversen, S.A., Skagen, D.W., Jakobsen, K.S., 2000.
Phylogeography and population history of Atlantic mackerel (Scomber scombrus L.): a
genealogical approach reveals genetic structuring among the eastern Atlantic stocks.
Proc. R. Soc. Lond. B Biol. Sci. 267, 281-292. https://doi.org/10.1098/
rspb.2000.0998.

Estuarine, Coastal and Shelf Science 305 (2024) 108880

Neves, J., Verissimo, A., Santos, A.M., Garrido, S., 2024. Age affects otolith shape in a
coastal pelagic fish (Scomber colias Gmelin, 1789). Fish. Res. 270, 106881 https://
doi.org/10.1016/j.fishres.2023.106881.

Otero, J., Hidalgo, M., 2023. Life-history traits and environment shape small pelagic fish
demography and responses to fishing and climate across European Atlantic seas.
ICES J. Mar. Sci. 80, 1447-1461. https://doi.org/10.1093/icesjms/fsad072.

O’Dea, R.E., Lagisz, M., Hendry, A.P., Nakagawa, S., 2019. Developmental temperature
affects phenotypic means and variability: a meta-analysis of fish data. Fish Fish. 20,
1005-1022. https://doi/10.1111/faf.12394.

Parisi-Baradad, V., Lombarte, A., Garcia-Ladona, E., Cabestany, J., Piera, J., Chic, O.,
2005. Otolith shape contour analysis using affine transformation invariant wavelet
transforms and curvature scale space representation. Mar. Freshw. Res. 56, 795-804.
https://doi/10.1071/MF04162.

Peck, M.A., Reglero, P., Takahashi, M., Catalan, I.A., 2013. Life cycle ecophysiology of
small pelagic fish and climate-driven changes in populations. Prog. Oceanogr. 116,
220-245.

Peck, M.A., Alheit, J., Bertrand, A., Catalan, L.A., Garrido, S., Moyano, M.,
Rykaczewski, R.R., Takasuka, A., van der Lingen, C.D., 2021. Small pelagic fish in
the new millennium: a bottom-up view of global research effort. Prog. Oceanogr.
191, 102494 https://doi.org/10.1016/j.pocean.2013.05.012.

Pigliucci, M., 2001. Phenotypic Plasticity: beyond Nature and Nurture. Johns Hopkins
University Press, Baltimore, USA.

Punzodn, A., Serrano, A., Sdnchez, F., Velasco, F., Preciado, 1., Gonzalez-Irusta, J.M.,
Lépez-Lopez, L., 2016. Response of a temperate demersal fish community to global
warming. J. Mar. Syst. 161, 1-10. https://doi.org/10.1016/j.jmarsys.2016.05.001.

R Core Team, 2022. R: a language and environment for statistical computing. Viena. R
Foundation for Statistical Computing. https://www.R-project.org.

Reichenbacher, B., Reichard, M., 2014. Otoliths of five extant species of the anual
killifish nothobranchius from the East african savannah. PLoS One 9, e112459.
https://doi.org/10.1371/journal.pone.0112459.

Reichenbacher, B., Feulner, G.R., Schulz-Mirbach, T., 2009. Geographic variation in
otolith morphology among freshwater populations of Aphanius dispar (Teleostei,
Cyprinodontiformes) from the Southeastern Arabian Peninsula. J. Morphol. 270,
469-484. https://doi/10.1002/jmor.10702.

Reid, P.C., Valdés, L., 2011. ICES status report on climate change in the North Atlantic.
ICES (Int. Counc. Explor. Sea) Coop. Res. Rep. 310, 1-262.

Reynolds, P., 2002. Global entrepreneurship monitor (Gem)-2002 executive report. Tech.
Rep. https://doi/10.13140/RG.2.1.1977.0409.

Rouyer, T., Fromentin, J.M., Hidalgo, M., Stenseth, N.C., 2014. Combined effects of
exploitation and temperature on fish stocks in the Northeast Atlantic. ICES J. Mar.
Sci. 71 (7), 1554-1562. https://doi.org/10.1093/icesjms/fsu042.

Sadighzadeh, Z., Tuset, V.M., Valinassab, T., Dadpour, M.R., Otero-Ferrer, J.L.,
Lombarte, A., 2012. Comparison of different otolith shape descriptors and
morphometrics in the identification of closely related species of Lutjanus spp. from
the Persian Gulf. Mar. Biol. Res. 8, 802-814. https://doi.org/10.1080/
17451000.2012.692163.

Sadighzadeh, Z., Otero-Ferrer, J.L., Lombarte, A., Fatemi, M.R., Tuset, V.M., 2014. An
approach to unraveling the coexistence of snappers (Lutjanidae) using otolith
morphology. Sci. Mar. 78, 353-362. https://doi.org/10.3989/scimar.03982.16C.

Sbiba, E.E., Correia, A.T., Nikolioudakis, N., Bazairi, H., Chlaida, M., 2024. Insights into
the stock structure of Scomber colias Gmelin, 1789 along the Northwest African coast
inferred from otolith shape analysis. Fish. Res. 272 https://doi.org/10.1016/j.
fishres.2024.106955.

Scheiner, S.M., 1993. Genetics and evolution of phenotypic plasticity. Annu. Rev. Ecol.
Systemat. 24, 35-68. https://doi.org/10.1146/annurev.es.24.110193.000343.
Schickele, A., Guidetti, P., Giakoumi, S., Zenetos, A., Francour, P., Raybaud, V., 2021.
Improving predictions of invasive fish ranges combining functional and ecological
traits with environmental suitability under climate change scenarios. Global Change

Biol. 27, 6086-6102. https://doi.org/10.1111/gch.15896.

Schlichting, C.D., Pigliucci, M., 1998. Phenotypic Evolution: a Reaction Norm
Perspective. Sinauer Associates, Inc., Sunderland, Massachusetts, USA.

Scoles, D.S., Collette, Bruce B., Graves, J.E., 1998. Global phylogeography of mackerels
of the genus Scomber. Fish. Bull. 96, 823-842.

Smolinski, S., Schade, F., Berg, F., 2020. Assessing the performance of statistical
classifiers to discriminate fish stocks using fourier analysis of otolith shape. Can. J.
Fish. Aquat. Sci. 77, 674-683. https://doi/10.1139/cjfas-2019-0251.

Storz, J.F., Scott, G.R., 2021. Phenotypic plasticity, genetic assimilation, and genetic
compensation in hypoxia adaptation of high-altitude vertebrates. Comp. Biochem.
Physiol. Mol. Integr. Physiol. 253, 110865 https://doi.org/10.1016/j.
cbpa.2020.110865.

Stransky, C., MacLellan, S.E., 2005. Species separation and zoogeography of redfish and
rockfish (genus Sebastes) by otolith shape analysis. Can. J. Fish. Aquat. Sci. 62,
2265-2276. https://doi.org/10.1139/f05-143.

Stroganov, A.N., Nikitenko, A.I., Rakitskaya, T.A., Belyaey, V.A., 2023. Study of
population genetic structure of atlantic mackerel Scomber colias Gmelin, 1789
(scombridae) in the central East Atlantic. Russ. J. Genet. 59, 66-72. https://doi.org/
10.1134/51022795423010118.

The effect of climate change on the distribution and abundance of marine species in the
OSPAR maritime area. In: Tasker, M. (Ed.), 2008. ICES Cooperative Research Report,
vol. 293, pp. 1-45.

Torgo, L., 2010. Data Mining with R, Learning with Case Studies Chapman and. Hall/
CRC. http://www.dcc.fc.up.pt/~Itorgo/DataMiningWithR.

Tuset, V.M., Lombarte, A., Assis, C.A., 2008. Otolith atlas for the western Mediterranean,
north and central eastern Atlantic. Sci. Mar. 72, 7-198. https://doi/10.3989/
scimar.2008.72s17.


https://doi.org/10.3354/meps11506
https://doi.org/10.3354/meps11506
https://doi.org/10.1016/j.pocean.2017.10.006
https://doi.org/10.1016/j.pocean.2017.10.006
https://doi/10.1006/jfbi.2002.1938
https://doi/10.1006/jfbi.2002.1938
https://doi.org/10.1111/j.1365-2435.2007.01283.x
https://doi.org/10.1111/j.1365-2435.2007.01283.x
https://doi/10.12681/mms.26525
https://doi/10.12681/mms.26525
https://doi.org/10.1111/eva.12597
https://doi.org/10.1016/j.jembe.2008.06.026
https://doi.org/10.1016/j.jembe.2008.06.026
http://doi.org/10.17895/ices.pub.5970
http://doi.org/10.17895/ices.pub.5970
https://doi.org/10.17895/ices.pub.8142
https://doi.org/10.1093/icesjms/48.1.117
https://doi.org/10.1093/icesjms/48.1.117
https://doi.org/10.1093/icesjms/fsw188
https://doi.org/10.1093/icesjms/fsw188
https://doi/10.18637/jss.v028.i05
http://refhub.elsevier.com/S0272-7714(24)00268-3/sref38
http://refhub.elsevier.com/S0272-7714(24)00268-3/sref38
https://doi.org/10.1016/j.pocean.2022.102745
https://doi/10.3989/scimar.2006.70n1147
https://doi.org/10.1111/fog.12570
https://doi.org/10.46471/gigabyte.40
https://doi.org/10.46471/gigabyte.40
https://doi.org/10.3989/scimar.03861.07B
https://doi.org/10.3989/scimar.03861.07B
https://doi/10.1023/A:1018491828875
https://doi/10.3354/meps324241
https://doi/10.1111/1365-2656.12999
https://doi/10.1111/1365-2656.12999
https://doi.org/10.1071/MF19389
https://doi.org/10.1016/j.ecss.2021.107433
https://doi.org/10.1016/j.ecss.2021.107433
https://doi.org/10.1098/rspb.2000.0998
https://doi.org/10.1098/rspb.2000.0998
https://doi.org/10.1016/j.fishres.2023.106881
https://doi.org/10.1016/j.fishres.2023.106881
https://doi.org/10.1093/icesjms/fsad072
https://doi/10.1111/faf.12394
https://doi/10.1071/MF04162
http://refhub.elsevier.com/S0272-7714(24)00268-3/sref54
http://refhub.elsevier.com/S0272-7714(24)00268-3/sref54
http://refhub.elsevier.com/S0272-7714(24)00268-3/sref54
https://doi.org/10.1016/j.pocean.2013.05.012
http://refhub.elsevier.com/S0272-7714(24)00268-3/sref56
http://refhub.elsevier.com/S0272-7714(24)00268-3/sref56
https://doi.org/10.1016/j.jmarsys.2016.05.001
https://www.R-project.org
https://doi.org/10.1371/journal.pone.0112459
https://doi/10.1002/jmor.10702
http://refhub.elsevier.com/S0272-7714(24)00268-3/sref61
http://refhub.elsevier.com/S0272-7714(24)00268-3/sref61
https://doi/10.13140/RG.2.1.1977.0409
https://doi.org/10.1093/icesjms/fsu042
https://doi.org/10.1080/17451000.2012.692163
https://doi.org/10.1080/17451000.2012.692163
https://doi.org/10.3989/scimar.03982.16C
https://doi.org/10.1016/j.fishres.2024.106955
https://doi.org/10.1016/j.fishres.2024.106955
https://doi.org/10.1146/annurev.es.24.110193.000343
https://doi.org/10.1111/gcb.15896
http://refhub.elsevier.com/S0272-7714(24)00268-3/sref69
http://refhub.elsevier.com/S0272-7714(24)00268-3/sref69
http://refhub.elsevier.com/S0272-7714(24)00268-3/sref70
http://refhub.elsevier.com/S0272-7714(24)00268-3/sref70
https://doi/10.1139/cjfas-2019-0251
https://doi.org/10.1016/j.cbpa.2020.110865
https://doi.org/10.1016/j.cbpa.2020.110865
https://doi.org/10.1139/f05-143
https://doi.org/10.1134/S1022795423010118
https://doi.org/10.1134/S1022795423010118
http://refhub.elsevier.com/S0272-7714(24)00268-3/sref75
http://refhub.elsevier.com/S0272-7714(24)00268-3/sref75
http://refhub.elsevier.com/S0272-7714(24)00268-3/sref75
http://www.dcc.fc.up.pt/%7Eltorgo/DataMiningWithR
https://doi/10.3989/scimar.2008.72s17
https://doi/10.3989/scimar.2008.72s17

A. Jurado-Ruzafa et al.

Tuset, V.M., Imondi, R., Aguado, G., Otero-Ferrer, J.L., Santschi, L., Lombarte, A.,
Love, M., 2015. Otolith patterns of rockfishes from the northeastern pacific.
J. Morphol. 276, 458-469. https://doi.org/10.1002/jmor.20353.

Tuset, V.M., Otero-Ferrer, J.L., Stransky, C., Imondi, R., Orlov, A., Zhenjiang, Y.,
Venerus, L., Santschi, L., Afanasiev, P., Zhuang, L.O., Farré, M., Love, M.,
Lombarte, A., 2016. Otolith shape lends support to the sensory drive hypothesis in
rockfishes. J. Evol. Biol. 29, 2083-2097. https://doi.org/10.1111/jeb.12932.

Tuset, V.M., Jurado-Ruzafa, A., Otero-Ferrer, J.L., Santamaria, M.T.G., 2019. Otolith
phenotypic variability of the blue jack mackerel, Trachurus picturatus, from the
Canary Islands (NE Atlantic): implications in its population dynamic. Fish. Res. 218,
48-58. https://doi/10.1016/j.fishres.2019.04.016.

Vasconcelos, J., Jurado-Ruzafa, A., Otero-Ferrer, J.L., Lombarte, A., Riera, R., Tuset, V.
M., 2021. Thinking of fish population discrimination: population average phenotype
vs. population phenotypes. Front. Mar. Sci. 8, 740296 https://doi.org/10.3389/
fmars.2021.740296.

Vélez-Belchi, P., Pérez-Hernandez, M.D., Casanova-Masjoan, M., Cana, L., Hernandez-
Guerra, A., 2017. On the seasonal variability of the canary current and the atlantic
meridional overturning circulation. J. Geophys. Res. 122, 4518-4538. https://doi.
org/10.1002/2017JC012774.

Vignon, M., Morat, F., 2010. Environmental and genetic determinant of otolith shape
revealed by a non-indigenous tropical fish. Mar. Ecol. Prog. Ser. 411, 231-241.
https://doi.org/10.3354/meps08651.

10

Estuarine, Coastal and Shelf Science 305 (2024) 108880

Webster, M.S., Colton, M.A., Darling, E.S., Armstrong, J., Pinsky, M.L., Knowlton, N.,
Schindler, D.E., 2017. Who should pick the winners of climate change? Trends Ecol.
Evol. 32, 167-173. https://doi/10.1016/j.tree.2016.12.007.

Webster, M.M., Twohey, B., Alagona, P.S., Arafeh-Dalmau, N., Colton, M.A., Eger, A.M.,
Miller, S.N., Pecl, G.T., Scheffers, B.R., Snyder, R., 2023. Assisting adaptation in a
changing world. Front. Environ. Sci. 11, 1232374. https://doi/10.3389/fenvs.202
3.1232374.

West-Eberhard, M.J., 2003. Developmental Plasticity and Evolution. Oxford University
Press, Oxford.

Scombridae. In: Whitehead, P.J.P., Bauchot, M.L., Hureau, J.C., Nielsen, J., Tortonese, E.
(Eds.), 1984. Fishes of the North-eastern Atlantic and the Mediterranean. UNESCO,
Paris, pp. 981-997.

Winters, G.H., Wheeler, J.P., 1996. Environmental and phenotypic factors affecting the
reproductive cycle of Atlantic herring. ICES J. Mar. Sci. 53, 73-88.

Zardoya, R., Castilho, R., Grande, C., Favre-Krey, L., Caetano, S., Marcato, S., Krey, G.,
Patarnello, T., 2004. Differential population structuring of two closely related fish
species, the mackerel (Scomber scombrus) and the chub mackerel (Scomber japonicus),
in the Mediterranean Sea. Mol. Ecol. 13 (7), 1785-1798. https://doi/10.1111/j.136
5-294X.2004.02198.x.

Zhuang, L., Ye, Z., Zhang, C., 2015. Application of otolith shape analysis to species
separation in Sebastes spp. from the Bohai Sea and the Yellow Sea, northwest Pacific.
Environ. Biol. Fish. 98, 547-558. https://doi.org/10.1007/510641-014-0286-z.


https://doi.org/10.1002/jmor.20353
https://doi.org/10.1111/jeb.12932
https://doi/10.1016/j.fishres.2019.04.016
https://doi.org/10.3389/fmars.2021.740296
https://doi.org/10.3389/fmars.2021.740296
https://doi.org/10.1002/2017JC012774
https://doi.org/10.1002/2017JC012774
https://doi.org/10.3354/meps08651
https://doi/10.1016/j.tree.2016.12.007
https://doi/10.3389/fenvs.2023.1232374
https://doi/10.3389/fenvs.2023.1232374
http://refhub.elsevier.com/S0272-7714(24)00268-3/sref86
http://refhub.elsevier.com/S0272-7714(24)00268-3/sref86
http://refhub.elsevier.com/S0272-7714(24)00268-3/sref87
http://refhub.elsevier.com/S0272-7714(24)00268-3/sref87
http://refhub.elsevier.com/S0272-7714(24)00268-3/sref87
http://refhub.elsevier.com/S0272-7714(24)00268-3/sref88
http://refhub.elsevier.com/S0272-7714(24)00268-3/sref88
https://doi/10.1111/j.1365-294X.2004.02198.x
https://doi/10.1111/j.1365-294X.2004.02198.x
https://doi.org/10.1007/s10641-014-0286-z

	Phenotypic response of a geographically expanding species, Scomber colias: Clues in the fish otolith shape
	1 Introduction
	2 Material & methods
	2.1 Database collections
	2.2 Otolith shape analysis
	2.3 Statistical analysis

	3 Results
	3.1 Unveiling and profiling morphotypes
	3.2 Morphological homogeneity among stocks

	4 Discussion
	5 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


