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Abstract. The Atlantic chub mackerel (Scomber colias) is an important commercial fish species of the North-east

Atlantic. Two-year-old individuals collected between January and April of 2018 at six sampling locations (45 fish per
site) of the North-east Atlantic (Azores, Madeira, Canaries and mainland Portugal – Matosinhos, Sesimbra and
Portimão) were used for body morphometrics and otolith-shape analyses. Data were analysed by univariate and

multivariate statistics. Re-classification success using shape analyses and body morphometrics showed an overall rate
of 51 and 74% respectively. Regional differences regarding the otolith-shape analyses suggested a single stock, not
necessarily homogenous, with a discrete separation of two main groups (oceanic islands and mainland Portugal).

However, body morphometrics showed a more detailed separation in two main groups (Canaries and the others, but
with a slight differentiation between fish from Azores-Madeira and mainland Portugal). Moreover, joint analyses gave
an overall re-classification success of 82% and allowed a more comprehensive scenario, showing the existence of three
main groups (Canaries, Azores-Madeira and mainland Portugal). Regional differences are probably related with

different oceanographic conditions influencing the feeding regime and fish growth. The hereby data suggest that
S. colias caught in the North-east Atlantic are different population units, and we recommend a fishery management at a
finer regional scale.
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Introduction

The Atlantic chub mackerel (Scomber colias) is a commercial
and ecologically important fish species in the North-east
Atlantic and Mediterranean Sea (Collette and Nauen 1983;

Martins et al. 2013; Villamor et al. 2017). During the past years,
the commercial landings in the Iberian Peninsula have increased
significantly, in part, as a result of this species being target by the
purse-seine fleets in Portugal and Spain (Villamor et al. 2017).

In Portugal, S. colias is one of the most abundant species in the
inshore waters and, over the past 15 years, landings have been
increasing gradually, which could be related to its abundance,

but also because it is being targeted to compensate for the low

sardine (Sardina pilchardus) catches (Martins et al. 2013;

Gamito et al. 2015). This species may represent an alternative to
reduce the dependency of purse-seine fisheries on sardine
stocks, and because of its low market cost, abundance and

nutritional value, the Portuguese government is promoting a
consumption campaign (European Commission 2017). In 2017,
the total Portuguese landings were 19 478 t, with the largest
amount being landed in mainland Portugal (19 090 t), followed

by Madeira (195 t) and Azores (193 t). In mainland Portugal,
different fishing gears are used for capturing this species,
namely purse-seine nets (13 756 t), multi-purpose fishing

(5024 t) and trawling (310 t; DGRM 2018).
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Some regional studies were conducted on the reproductive
biology, age, growth, feeding habits and life-history traits in

mainland Portugal, Azores, Madeira and Canaries (Nespereira
and Pajuelo 1993; Carvalho et al. 2002; Martins et al. 2007;
Vasconcelos et al. 2012). The spawning season of S. colias

varies among regions, extending over a period of 3–6 months:
from March to August in Azores (Carvalho et al. 2002), from
January toMay inMadeira (Vasconcelos et al. 2012), and from

February to June along the Portuguese coast (Martins et al.

2013). In Canaries, it takes place earlier, from November to
February (Nespereira and Pajuelo 1993). This latitudinal gra-
dient is related to seawater temperature, because spawning

usually occurs when seawater is between 158C and 208C
(Castro-Hernández and Santana-Ortega 2000). Surveys data
suggest that recruitment occurs throughout the year, although

mainly in the second half (ICES 2015). Acoustic abundance
surveys suggest the existence of recruitment–nursery areas in
Cantabrian Sea and Gulf of Cadiz (Villamor et al. 2017).

However, information regarding the population structure, fish
movement and connectivity patterns of this species is, at
present, unknown.

The systematic state of S. colias could be controversial

because of the existence of geographically distant populations
with morphological variability and wide distribution pattern,
encompassing the northern, southern, western and eastern

Atlantic, as well as the Mediterranean Sea (Collette and Nauen
1983). Moreover, in the past the chub mackerel was usually
described under the designation of S. japonicus, but later

genetic studies have shown the existence of two distinct
species, S. colias and S. japonicus, inhabiting in the Atlantic
and Indo-Pacific oceans respectively (Scoles et al. 1998;

Infante et al. 2007; Catanese et al. 2010). At present, existence
of a single stock of S. colias in the Atlantic is considered on the
basis of mtDNA analysis (Scoles et al. 1998). Furthermore,
the observed extensive gene flow between populations of the

North-east Atlantic Ocean andMediterranean Sea, and the lack
of regional structure found in S. colias, suggests the existence
of a larger panmictic unit (Zardoya et al. 2004), which is

consistent with one-stock management policy (Scoles et al.

1998). However, in the European Atlantic waters, available
data about the spawning, recruitment and nursery grounds are

still limited (ICES 2015). Despite being considered a ‘Least
Concern’ species, there is some evidence of regional fishery
declines, and local depletions should be monitored closely
(IUCN 2011). Moreover, the Portuguese Institute for Sea and

Atmosphere (IPMA) advised for the insufficient knowledge
and lack of consistent data collection focussed on this species
(Azevedo et al. 2012).

The use of continuous characteristics describing aspects
of body shape is a common tool employed to study fish stocks
(Erguden et al. 2009). Variation in such phenotypic char-

acteristics is due to both environmental and genetic compo-
nents (Cabral et al. 2003). Thus, regional morphometric-data
variation is useful to discriminate fish-stock structure of

various exploited marine fish species (Cabral et al. 2003;
Erguden et al. 2009; Allaya et al. 2016), and can provide
additional knowledge to a better management and conserva-
tion of fisheries (Erguden et al. 2009). Moreover, the otolith

shape is also considered an efficient tool for fish-stock

identification (Jemaa et al. 2015; Moreira et al. 2019a; Hoff
et al. 2020) and has proven successful in resolving fish-stock

structure in high gene-flow systems, when environmental
heterogeneity exists (Bacha et al. 2014). Otolith shape is
markedly species specific, but also shows intra-specific

geographic variation in relation to environmental factors
and fish growth (Ferguson et al. 2011; Jemaa et al. 2015;
Moreira et al. 2019a). The combined use of both tools proved

to be a useful methodology to study the population structure
of marine fish (Vergara-Solana et al. 2013; Rodgveller et al.
2017; Vasconcelos et al. 2018).

The aim of this work was to apply, for the first time, body

morphometrics and otolith-shape analyses to provide useful
information on the population structure of S. colias among four
main fishery grounds (Azores, Madeira, Canaries and mainland

Portugal) in the North-east Atlantic, with implications for the
fishery management.

Materials and methods

Sample collection

Fish samples were collected in Azores, Madeira, Canaries and
mainland Portugal, namely Matosinhos, Sesimbra and Porti-
mão (Fig. 1), from January to April 2018. Individuals

(20–27 cm) were caught by purse seine and transported to the
laboratory in isothermal containers with ice. The fish were
measured (standard length (SL), 0.1 cm), weighed (W, 0.1 g)
and photographed with the landmarks for the body morpho-

metric analyses (Erguden et al. 2009). Thereafter, sagittal
otoliths were extracted with plastic forceps, cleaned of organic
tissues with distilled water, air dried and stored in Eppendorf

vials until further analysis (age estimates and otolith-shape
analyses). Otolith pairs were distinguished according to the
position of the sulcus acusticus and the rostrum (Secor et al.

1992), and the right sagittae were used for otolith-shape anal-
yses. In total, 270 individuals of 2-years old (45 per location)
were used for body morphometric and otolith-shape analyses
(Table 1).

Age estimates

Sagittal otoliths were immersed in a clearing agent (ethanol
and glycerol, 1 : 1) to enhance their transparency during age
reading, with the distal surface turned up and the proximal
surface (sulcus acusticus) turned down, and were examined

using a stereomicroscope (EMZ-13TR, Meiji Techno, Japan)
against a dark background with �10 magnification. Next, the
age of each fish was assigned by counting the annual growth

increments on sagittal otoliths according to an already existent
standard protocol (ICES 2015). Ageing took into consideration
the date of birth (1 January, following the rules in the northern

hemisphere) and the date of capture (Panfili et al. 2002).
Because the capture of the individuals occurred in the first
semester, when a translucent ring was observed at the edge of

the otolith, it was counted as an annulus (ICES 2015). Readings
were performed by two independent and experienced readers,
and only otoliths with 100% concordance were selected.
Individuals of age-group 2 were selected from each region for

further analyses.
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Otolith-shape analyses

A digital image of each right otolith was taken by a stereomi-
croscope (EMZ-13TR, Meiji Techno, Japan) coupled with a
USB digital camera (SC30, Olympus Corporation, Japan), using

reflected light against a dark background. Otoliths were posi-
tioned with the sulcus acusticus up, and the rostrum pointed to
the left (Fig. 2a). Care was taken to avoid the curvature of the
otolith producing any deviation or error in the results (Volpedo

and Vaz-dos-Santos 2015). The orthogonal two-dimensional
pictures were, thereafter, transformed in black and white
binary images (Fig. 2b) by using the free software Paintnet.

Final images were processed using the free softwares ImageJ
(shape indices, SIs, https://imagej.nih.gov/ij/download.html)

and Shape Analysis ver. 1.3 (http://lbm.ab.a.u-tokyo.ac.jp/,
iwata/shape/) (elliptic Fourier descriptors, EFDs).

Using the software ImageJ, size parameters such as otolith

length (OL, mm), otolith width (OW, mm), otolith area (OA,
mm2) and otolith perimeter (OP, mm)were obtained.With these
variables it was possible to calculate five SIs (Table 2), namely
the form factor (FF), roundness (RO), ellipticity (EL), circular-

ity (CI) and rectangularity (RE), according to Tuset et al. (2003).
The program Shape ver. 1.3 (Iwata and Ukai 2002) was used

to extract the contour otolith shape (Fig. 2c) and to determine the

number of EFDs required to adequately describe the otolith
outline (Ferguson et al. 2011). The first six harmonics reached
.95% of the cumulative power (excluding coefficient D6),

Table 1. Sampling location, sample size (N), standard length (SL), body weight (W) and otolith length (OL) of Scomber colias

used for body-morphometric and otolith-shape analyses

Values are means� s.e.

Region Site N SL (cm) W (g) OL (mm)

Azores – 45 20.6� 0.2 128.4� 3.8 4.37� 0.03

Canaries – 45 16.5� 0.2 84.7� 1.9 4.31� 0.04

Madeira – 45 18.2� 0.2 87.1� 1.8 4.43� 0.07

Mainland Portugal Matosinhos 45 20.1� 0.2 98.8� 4.2 4.15� 0.04

Portimão 45 20.2� 0.2 93.7� 2.2 4.22� 0.03

Sesimbra 45 19.2� 0.2 67.0� 1.7 3.97� 0.05
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Fig. 1. Map showing the six sampling locations (Azores, Canaries, Madeira, Matosinhos, Sesimbra and Portimão) of Scomber colias

caught in the North-east Atlantic from January to April 2018.
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indicating that the otolith shape could be summarised by 23

Fourier coefficients, i.e. 6� 4 – 1¼ 23. Moreover, because the
elliptical Fourier harmonics for each otolith were normalised to
the first harmonic and were, thus, invariant to otolith size (Kuhl

and Giardina 1982), the first three coefficients (A1, B1 and C1)

constant for all outlines were excluded, reducing the number of

EFDs to 20 (i.e. 6 � 4 – 1 – 3 ¼ 20).

Body morphometrics

For the analysis of the body morphometrics, a truss network

system was used following a standard protocol (Strauss and
Bookstein 1982). The left side of each fish, with the fins in the
extended position, was photographed from a fixed distance with

a high-quality digital camera (Fig. 3a). Only undamaged fish
were included in the analyses. In total, 13 anatomical landmarks
were defined along the body contour (Fig. 3b), determining 27

distances (DT; Table 3), on the basis of a previousmorphometric
study with this species (Erguden et al. 2009).

Landmarks were performed on digital images by using
TpsUtil (ver. 1.76) and TpsDig (ver. 1.40) programs (available

at https://life.bio.sunysb.edu/morph/). The user-friendly inter-
face of the software allows the practitioner to preciselymark and
record the X–Y coordinates of the positions of each landmark to

build the truss network. Vertices were estimated from X and Y

coordinates of all specimens according to the least-square
method (Rohlf and Slice 1990).

Statistical analysis

Raw data were checked for normality (Shapiro–Wilk test,
P . 0.05) and homogeneity of variances (Levene’s test,

P. 0.05). All assumptions weremet after log 10 transformation
(only CI).

Relationships between SI and OL (as covariate), and also
between DT and SL (as covariate) were tested with analysis of

covariance (ANCOVA). Location was treated as a fixed factor.
All SI varied significantlywithOL: EL andCI showed a positive
relationship, whereas FF, RO and RE showed a negative

relationship (ANCOVAs, P , 0.05). All variables were cor-
rected using the ANCOVA slope, by using the formula Vadj ¼
V � (b � OL), where Vadj is the transformed value, V is the

original value, b is the slope of the ANCOVA (Campana et al.
2000).

All DT showed a positive relationship with SL (ANCOVAs,

P, 0.05). Size-dependent variation ofmorphometric characters
was corrected to eliminate any variation resulting from allome-
tric growth (Reist 1985), following the equationMtransf¼ logM –
b(log SL – log MSL), where M is the original morphometric

measurement,Mtransf is the transformedmorphometricmeasure-
ment,b is the slope of the regression of logM on logSL, and SL is
the standard length of fish, MSL is the overall mean of standard

(c)
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CANARIES
MADEIRA
MATOSINHOS
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SESIMBRA

1 mm

(b)

(a)

Fig. 2. Inner face of a right sagittae from Scomber colias, showing (a) the

original photograph, (b) the binary Black and White digital image, and

(c) the otolith averaged outline contour for each location.

Table 2. Formulae used to obtain the five otolith-shape indices

(SIs) from the size parameters otolith length (OL, mm), otolith width

(OW, mm), otolith area (OA, mm2) and otolith perimeter (OP, mm;

from Tuset et al. 2003)

Shape index (SI) Formula

Form factor (FF) (4pOA) / OP2

Roundness (RO) (4OA) / (pOL2)

Circularity (CI) OP2 / OA

Rectangularity (RE) OA / (OL�OW)

Ellipticity (EL) (OL – OW) / (OLþOW)
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length for all fish from all samples for each variable (Kaouèche

et al. 2017).
One-way ANOVA was used to explore the differences in

otolith and body shape among the six locations, followed by a

Tukey post hoc test, if needed (P , 0.05). A permutational
multivariate variance of analysis (PERMANOVA) was used to
compare the otolith and body shape among locations, and when
statistically significant (P , 0.05), was followed by permuta-

tional pairwise comparisons (pseudo-t statistic). A complete
linear discriminant function analysis (LDFA), followed by a
Jackknifed re-classification matrix (leave-one-out cross-

validation) was used to calculate the percentage of correctly
re-classified specimens into the original location. A canonical
analysis of principal coordinates (CAP) based on Euclidian

distances was performed to identify the vectors of the compo-
nents and their respective contributions. All statistical analyses
were performed using the software Systat ver.12 (SysStat

Software Inc., USA) and PRIMER (Quest Research Ltd,
New Zealand) 6þPERMANOVA. Values are presented as
means � standard errors (s.e.).

Results

Regarding the otolith-shape analyses, univariate tests showed
significant differences among locations for almost all SIs and

EFDs,with the exception of FF, CI, C2, B3, C4, D4 andA5 (one-
wayANOVAs, d.f.¼ 5264,P. 0.05; Table 4). RO, RE and EL,

and all EFD showed differences among locations (one-way

ANOVAs and Tukey post hoc tests, P , 0.05). Multivariate
analysis using all otolith-shape variables showed significant
differences among regions (PERMANOVA: pseudo-F¼ 5.966,

d.f. ¼ 5264, P , 0.05). Moreover, all pairwise comparisons
detected significant differences, with exception of Matosinhos
and Sesimbra (pseudo-t-test, P . 0.05). The jackknife matrix
using the combination of both shape descriptors (SIs and EFDs)

presented a low to moderate re-classification success of 51%
(Table 5). The best classification rate was obtained for Canaries
(73%), followed by Matosinhos (58%) and Azores (53%).

Individuals from Canaries were mis-classified mainly in
Madeira and Azores; individuals from Matosinhos were mis-
classified mainly in Sesimbra and Portimão; and the individuals

from Azores were mis-classified mainly in Canaries and
Madeira. The lowest re-classification success was obtained for
Sesimbra (29%), in which the samples were more frequently

mis-classified in Matosinhos followed by Portimão. The LDFA
plot (Fig. 4a) showed a high overlap of individuals from all
sampling locations for the SIs and EFDs combined. However,
CAP allowed to slightly discriminate the following two main

groups: one group with individuals from the Canaries, Azores
and Madeira (Group 1), and another with individuals belonging
to Matosinhos, Portimão and Sesimbra (Group 2). The vectors

for RE, RO, A2, B5 and D2 were aligned with Group 1, and the
vectors for EL, A3, D3 and D5 were aligned with Group 2

(b)
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Fig. 3. Scomber colias (a) personal photograph from a specimen collected from Azores in February 2018, and

(b) an illustration with the location of the 13 selected body landmarks (adapted from Collette 1986).

Scomber colias: otolith and body-shape analyses Marine and Freshwater Research E



(Fig. 5a). A similar scenario was obtained using EFDs alone.

But the combined use of SIs and EFDs gave a more robust re-
classification accuracy.

Concerning body morphometrics, the univariate test showed

significant differences for all 27 DT (one-way ANOVAs,
d.f. ¼ 5264, P , 0.05). Tukey post hoc (P , 0.05) results
showed the existence of differences among the sampling loca-
tions, but without any recognised pattern (Table 4). The multi-

variate tests showed significant differences for DT among
all regions (PERMANOVA: pseudo-F ¼ 19.115, d.f. ¼ 5264,
P , 0.05; and pseudo-t-tests: P , 0.05). Jackknife re-

classification accuracies showed a good overall re-
classification success of 74% (Table 5). Samples from Canaries
(91%) showed the best re-classification success. The mis-

classification was more common within the samples from
Matosinhos (47%). LDFA plot was able to clearly isolate
Canaries from the other locations (Fig. 4b). In addition, the

samples that overlapped the most were from the Portuguese
coast (Matosinhos, Portimão and Sesimbra) and also between
Azores andMadeira. So, it was possible to observe three groups,
namely, Canaries (Group 1), Azores andMadeira (Group 2), and

Matosinhos, Portimão and Sesimbra (Group 3) in CAP plot
(Fig. 5b). The vectors for DT8 and DT11 were aligned with

Group 1, the vectors for DT9, DT14, DT19, DT22 and DT26
were aligned with Group 2, and the vectors for DT1, DT2 and

DT3 were aligned with Group 3. DT8 and DT11 had the biggest
influence on the discrimination of Group 1, DT9, DT14, DT19,
DT22 and DT26 on the discrimination of Group 2, and DT1,

DT2 and DT3 on the discrimination of Group 3. DT8 and DT11
are more related to the length of the dorsal fin and the distance
from the origin of dorsal fin to the origin of anal fin, and, in

Canaries, fish presented bigger traits for both. DT9, DT14,
DT19, DT22 and DT26 are related to the height and length of
the fish, and Azores and Madeira showed larger traits for them.
The DT1, DT2 and DT3 are related to head length and mouth

size, and mainland Portugal showed larger traits for them than
did the Atlantic islands.

Using the otolith shape and body morphometrics combined,

the allocation of samples improved the overall re-classification
success to 82% (Table 5). Samples from Azores, Canaries and
Madeira were more frequently assigned to the original locations.

The best classification percentage was obtained for Azores
(91%) and Canaries (91%), followed by Madeira (87%), with
some individuals being allocated mainly in the first two islands.
The mis-classification was common within the samples from

Matosinhos (69%), with samples from Portimão and Sesimbra
being more frequently wrongly allocated here. In addition, the
samples that overlapped the most were from the Portuguese

coast (Matosinhos, Portimão and Sesimbra) and also the ones
from Azores and Madeira. Therefore, LDFA plots were able to
clearly isolate fish fromCanaries, Azores-Madeira andmainland

Portugal (Fig. 4c). Consequently, using CAP, it was possible to
observe the following three groups: Canaries (Group 1), Azores
andMadeira (Group 2), andMatosinhos, Portimão and Sesimbra

(Group 3; Fig. 5c). Vectors for DT8 andDT11 were aligned with
Group 1, the vectors for distances DT5, DT22 and DT26 were
aligned with Group 2, and the vectors for distances DT1, DT2
and DT3 were aligned with Group 3. Moreover, multivariate

statistics (PERMANOVA: pseudo-F ¼ 12.13, d.f. ¼ 5264,
P , 0.05) and all pair-wise comparisons (pseudo-t-tests:
P , 0.05) gave significant results among all locations.

Discussion

The otolith form provides a phenotypic basis for the separation
of fish populations, considering that the otolith morphology
varies geographically according to the genetic input and local
environmental factors (Cardinale et al. 2004). Otolith-shape

analyses have proven to be an efficient tool to unravel the
population structure of related small pelagic species in the
North-east Atlantic, such as the herring (Clupea harengus;

Burke et al. 2008), the European sardine (Sardina pilchardus;
Jemaa et al. 2015) and the blue jack mackerel (Trachurus pic-
turatus; Moreira et al. 2019a). Moreover, methods encoding

otolith shape usually hold better classification accuracies when
performed using datasets containing otoliths from juvenile fish
within a single year class (Mapp et al. 2017).

The results of otolith-shape analyses alone showed that
although a few spatial variations among sampling locations
exist, the individuals, especially in the Atlantic islands and the
mainland Portugal, highly overlapped. Data showed that mis-

classification occurred mainly among the individuals within the

Table 3. Anatomical landmarks defined along the body contour of

Scomber colias and associated geometric distances used to perform the

body-morphometric analyses (from Erguden et al. 2009)

Landmark Location Body-morphometric

distances

L1 Anterior tip of snout at upper jaw 1: L1 to L2

2: L1 to L12

3: L1 to L13

L2 Most posterior aspect of neurocranium

(beginning of scaled nape)

4: L2 to L3

5: L2 to L11

6: L2 to L12

7: L2 to L13

L3 Origin of dorsal fin 8: L3 to L4

9: L3 to L11

10: L3 to L12

11: L3 to L10

L4 Insertion of dorsal fin 12: L4 to L5

13: L4 to L10

14: L4 to L11

L5 Origin of second dorsal fin 15: L5 to L6

16: L5 to L10

L6 Insertion of second dorsal fin 17: L6 to L7

18: L6 to L9

19: L6 to L10

L7 Anterior attachment of dorsal

membrane from caudal fin

20: L7 to L8

21: L7 to L9

22: L7 to L10

L8 Posterior end of vertebrae column 23: L8 to L9

L9 Anterior attachment of ventral

membrane from caudal fin

24: L9 to L10

L10 Insertion of anal fin 25: L10 to L11

L11 Origin of anal fin 26: L11 to L12

L12 Insertion of pelvic fin 27: L12 to L13

L13 Posterior most point of maxillary
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Table 4. Results from the univariate statistics (one-way ANOVA and Tukey post hoc tests, only if P, 0.05), applied on otolith shape indices (SIs),

elliptical Fourier descriptors (EFDs) and body-morphometric distances (DT)

Values are means� s.e. See Table 2 for definition of shape-index abbreviations. Within each row, values followed by the same letter are not statistically

significantly different (at P¼ 0.05)

Parameter Azores Canaries Madeira Matosinhos Portimão Sesimbra

SIs

FF 0.520� 0.003a 0.524� 0.003a 0.536� 0.003a 0.521� 0.004a 0.532� 0.003a 0.526� 0.003a

RO 0.487� 0.003a,b 0.489� 0.002a,c 0.499� 0.003c 0.481� 0.003a,b 0.480� 0.003a,b 0.478� 0.003b

EL 0.331� 0.003a 0.335� 0.002a,b 0.330� 0.003a 0.337� 0.003a,b 0.340� 0.003a,b 0.343� 0.004b

CI 1.369� 0.004a 1.364� 0.004a 1.362� 0.004a 1.368� 0.005a 1.355� 0.003a 0.798� 0.004a

RE 0.796� 0.003a 0.807� 0.003a,b 0.819� 0.004b 0.794� 0.003a 0.796� 0.003a 0.418� 0.003a

EDFs

D1 0.418� 0.003a,b 0.418� 0.002a,b 0.423� 0.003a 0.419� 0.003a,b 0.410� 0.003b 0.418� 0.003a,b

A2 0.0094� 0.001b 0.024� 0.002a 0.015� 0.002b 0.011� 0.002b 0.012� 0.002b 0.016� 0.001a,b

B2 0.019� 0.003b 0.030� 0.001a 0.027� 0.001a,b 0.024� 0.002a,b 0.030� 0.001a 0.028� 0.002a

C2 �0.009� 0.001a �0.006� 0.002a �0.013� 0.002a �0.010� 0.003a �0.013� 0.002a �0.008� 0.002a

D2 0.064� 0.001a 0.065� 0.001a 0.059� 0.001b 0.056� 0.001b 0.058� 0.001b 0.055� 0.001b

A3 0.036� 0.001b 0.030� 0.001a 0.036� 0.001b 0.049� 0.001c 0.044� 0.001c 0.045� 0.002c

B3 0.005� 0.001a 0.001� 0.001a 0.004� 0.001a 0.002� 0.001a 0.0001� 0.001a 0.002� 0.001a

C3 �0.005� 0.001a �0.007� 0.001a,b �0.013� 0.001b,c �0.011� 0.002a,b,c �0.016� 0.002c �0.011� 0.002a,b,c

D3 0.099� 0.001a,b 0.094� 0.001a 0.099� 0.001b,c 0.108� 0.001d 0.104� 0.001c,d 0.104� 0.001c,d

A4 �0.010� 0.001a,c �0.008� 0.001a,b,c �0.011� 0.001a �0.0064� 0.0009b,c �0.008� 0.001a,c �0.004� 0.001b

B4 0.018� 0.003b 0.028� 0.001a 0.021� 0.001a,b 0.022� 0.001a,b 0.026� 0.001a,b 0.024� 0.001a,b

C4 0.020� 0.003a 0.0229� 0.0009a 0.024� 0.001a 0.025� 0.001a 0.0235� 0.0009a 0.023� 0.001a

D4 0.041� 0.001a 0.042� 0.001a 0.041� 0.001a 0.038� 0.001a 0.042� 0.001a 0.038� 0.001a

A5 0.0024� 0.0008a 0.004� 0.001a 0.003� 0.001a 0.0049� 0.0008a 0.0041� 0.0009a 0.004� 0.001a

B5 0.001� 0.001b �0.006� 0.001a,c �0.004� 0.001a,b,d �0.006� 0.001c,d �0.009� 0.001c �0.008� 0.001a,c,d

C5 0.0002� 0.001a �0.0006� 0.0007a,b �0.003� 0.001a,b �0.0034� 0.0007b �0.003� 0.001a,b �0.0038� 0.0009b

D5 �0.0213� 0.0006b �0.0182� 0.0008a �0.016� 0.001a �0.0160� 0.0007a �0.0168� 0.0006a �0.0155� 0.0008a

A6 �0.0253� 0.001a,c �0.028� 0.001a,c �0.028� 0.001a �0.0210� 0.0009b �0.027� 0.001b,c �0.019� 0.001b

B6 0.017� 0.003b 0.0260� 0.0009a 0.021� 0.001a,b 0.022� 0.001a,b 0.025� 0.001a 0.025� 0.001a

C6 �0.0038� 0.0008a,b �0.0066� 0.0006a �0.003� 0.001b �0.0009� 0.0007b �0.0027� 0.0008b �0.0010� 0.0006b

DT

1 1.587� 0.003a 1.619� 0.003b,c 1.594� 0.003a 1.613� 0.003b 1.614� 0.003b 1.626� 0.003c

2 1.795� 0.001a 1.792� 0.001a 1.790� 0.001a 1.802� 0.001b 1.804� 0.001b 1.811� 0.001c

3 1.394� 0.002a 1.431� 0.003b,c 1.408� 0.002d 1.415� 0.002d,e 1.422� 0.002b,e 1.435� 0.003c

4 1.469� 0.002a 1.423� 0.003b 1.455� 0.003c 1.457� 0.002c 1.462� 0.003a,c 1.454� 0.002c

5 1.986� 0.001a 1.973� 0.001b 1.986� 0.001a 1.982� 0.002a 1.981� 0.001a 1.972� 0.001b

6 1.595� 0.002a 1.588� 0.002a,b 1.576� 0.002c 1.590� 0.002a,d 1.581� 0.002b,c 1.584� 0.002b,d

7 1.489� 0.002a,b 1.506� 0.002c 1.483� 0.003a 1.500� 0.003c 1.503� 0.003c 1.498� 0.003b,c

8 1.440� 0.003a,b 1.475� 0.004c 1.442� 0.004a,b 1.429� 0.006a 1.438� 0.004a,b 1.452� 0.004b

9 1.849� 0.001a 1.846� 0.001a 1.847� 0.001a 1.846� 0.002a 1.839� 0.002b 1.831� 0.001c

10 1.562� 0.003a 1.558� 0.002a,b 1.535� 0.003c 1.548� 0.004b 1.526� 0.003c 1.528� 0.002c

11 1.918� 0.001a 1.928� 0.001b 1.916� 0.001a,c 1.919� 0.001a 1.918� 0.001a 1.911� 0.001c

12 1.482� 0.003a,b 1.459� 0.005c 1.468� 0.004a,c 1.489� 0.006b 1.467� 0.005a,c 1.457� 0.005c

13 1.759� 0.002a 1.755� 0.002a 1.752� 0.002a 1.761� 0.004a 1.755� 0.002a 1.739� 0.002b

14 1.673� 0.002a 1.655� 0.002b 1.666� 0.002a,b 1.670� 0.004a 1.657� 0.002b 1.634� 0.003c

15 1.288� 0.004a,b 1.305� 0.004a 1.286� 0.006b,c 1.277� 0.006b 1.298� 0.004a,c 1.285� 0.004b,c

16 1.510� 0.003a,b 1.517� 0.002a 1.508� 0.002a,b 1.504� 0.003b 1.508� 0.002a,b 1.484� 0.002c

17 1.586� 0.002a 1.587� 0.002a 1.587� 0.003a 1.585� 0.004a,b 1.578� 0.003a,b 1.574� 0.003b

18 1.598� 0.002a,b 1.597� 0.002a,b 1.600� 0.003a 1.598� 0.004a,b 1.594� 0.002a,b 1.589� 0.003b

19 1.348� 0.003a 1.344� 0.003a 1.340� 0.002a 1.335� 0.005a,b 1.323� 0.003b 1.299� 0.003c

20 0.982� 0.005a,c 0.930� 0.008b 1.001� 0.006a 0.979� 0.006a,c 0.961� 0.005c 0.971� 0.005c

21 0.827� 0.004a 0.829� 0.005a 0.811� 0.004a,b 0.784� 0.005c,d 0.797� 0.004b,c 0.779� 0.004d

22 1.607� 0.002a 1.601� 0.002a 1.597� 0.002a 1.588� 0.002b 1.581� 0.003b 1.583� 0.002b

23 0.995� 0.004a,b 0.993� 0.007a,b 1.008� 0.005a 0.981� 0.007b,c 0.969� 0.005c 0.977� 0.005b,c

24 1.577� 0.002a 1.567� 0.00b 1.570� 0.002a,b 1.563� 0.002b,c 1.556� 0.003c 1.561� 0.002b,c

25 1.197� 0.005a 1.237� 0.005b 1.167� 0.005c 1.198� 0.005a,d 1.216� 0.005a,d 1.219� 0.005b,d

26 1.855� 0.001a 1.839� 0.002b,c 1.864� 0.002d 1.846� 0.002e 1.844� 0.002b,e 1.832� 0.002c

27 1.588� 0.002a 1.563� 0.002b 1.575� 0.002c 1.587� 0.002a 1.590� 0.002a 1.588� 0.0.002a
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islands (Azores, Madeira and Canaries) and the mainland

Portugal (Matosinhos, Portimão and Sesimbra). Moreover, the
visual inspection of DFA and CAP plots suggested a discrete
separation of two main groups (Islands: Canaries þ
Azores þ Madeira vs mainland Portugal: Matosinhos þ
Portimão þ Sesimbra), being mainly driven by A2, A3, D3,
D5, B5, D2, EL RE and RO.

The hereby observed differences in otolith shape between the

islands and the Portuguese coast could be attributed to quite
different environmental conditions, such as water temperature
and feeding regimes, which, in turn, affect species growth

rate and, consequently, the shape of otoliths (Campana and
Casselman 1993; Vignon and Morat 2010; Mille et al. 2016).
There are known differences between the oligotrophic waters of

the Atlantic oceanic islands and the highly productive Portu-
guese coastal waters (Moreira et al. 2018), partially as a result of
the coastal upwelling in the Portuguese coast that promotes the

enrichment of the inshore area with nutrients (Santos et al.

2007). Moreover, Madeira and Canaries are located in an
ecoregion characterised by a singular bathymetry, hydrography
and productivity (Hernández-León et al. 2007). The region of

Madeira is dominated by the Canary Current system, which
induces a southward net transport (Caldeira and Sangrà 2012),
but the presence of a seamount at the south-eastern end

of Madeira produces a localised island upwelling of cold
nutrient-rich waters around the coast (Caldeira et al. 2002).
Furthermore, Canaries also suffer the influence on the first

500 m of depth of the eastern North Atlantic Central Water

(Hernández-Guerra et al. 2002). These distinct oceanographic

characteristics may affect the diet, metabolism and, conse-
quently, the growth rate of fish, contributing to the observed
variations in the otolith shape (Moreira et al. 2019a).

The bodymorphometrics are also useful to discriminate fish-
stock structure of various exploited marine fish species
(Erguden et al. 2009; Allaya et al. 2013; Kaouèche et al.

2017). In the present study, body morphological data (all DT)

showed the strongest significant differences among sampling
groups. Moreover, the multivariate analyses showed a clear
distinction between Canaries and the other regions. A separation

was also observed between the samples from the Portuguese
coast (Matosinhos, Portimão and Sesimbra) and the Azores-
Madeira. The length of the dorsal fin and the distance from the

origin of dorsal fin to the origin of anal fin were greater in the
samples from Canaries, the height and length of the fish were
greater in the samples fromAzores-Madeira, and the head length

and mouth size were larger in the samples from mainland
Portugal. Thus, body morphometry shows, instead, three main
populations, i.e. Canaries, Azores-Madeira and mainland
Portugal, suggesting that it is a better tool than otolith-shape

analyses for stock-discrimination purposes in this species.
The hereby observed differences in morphometric character-

istics of S. colias among these regions may be related to a

migratory feeding strategy (Roldán et al. 2000). A study con-
ducted in Canaries with S. colias affirmed that the carrying
capacity is limited in the shallow coastal waters and probably, in

combination with other factors, forces juveniles to migrate

Table 5. Jackknifed re-classification matrix resulting from the complete discriminant linear function analyses for otolith shape (shape index

(SI)1 elliptical Fourier descriptor (EFD)), body morphometrics (DT), and a combination of all three (SIs1EFDs1DT) of Scomber colias

Original location Predicted location Percentage correct

Azores Canaries Madeira Matosinhos Portimão Sesimbra

SIsþEFDs

Azores 24 8 8 2 2 1 53

Canaries 4 33 5 0 2 1 73

Madeira 7 10 23 2 2 1 51

Matosinhos 0 0 1 26 7 11 58

Portimão 0 3 5 5 20 12 44

Sesimbra 2 0 2 15 13 13 29

Total 37 54 44 50 46 39 51

DT

Azores 35 0 6 3 1 0 78

Canaries 1 41 1 1 1 0 91

Madeira 6 0 35 2 2 0 78

Matosinhos 6 0 4 21 6 8 47

Portimão 1 1 1 5 32 5 71

Sesimbra 1 0 0 6 2 36 80

Total 50 42 47 38 44 49 74

SIsþEFDsþDT

Azores 41 0 2 2 0 0 91

Canaries 2 41 1 1 0 0 91

Madeira 4 1 39 0 1 0 87

Matosinhos 0 0 1 31 4 9 69

Portimão 0 1 2 3 34 5 76

Sesimbra 0 0 0 4 6 35 78

Total 47 43 45 41 45 49 82
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offshore, where they can find enough food (Castro 1993).
Moreover, fish are known to exhibit a large component of

environmentally induced morphological variation, which might

reflect different feeding strategies and developmental environ-

ments (Allaya et al. 2013). Furthermore, the same authors
suggested that the high body-morphological differentiation
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Fig. 4. Canonical variable plots show differences for (a) otolith shape,

(b) body morphometric, and (c) a combination of both of Scomber colias for

the different sampling locations in the North-east Atlantic (Azores, Canar-

ies, Madeira, Matosinhos, Portimão and Sesimbra). Ellipses represent 95%

confidence intervals around the data, and points represent individual fish.
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Fig. 5. Canonical analysis of principal-coordinate plots (CAP) show

differences for (a) otolith shape, (b) body morphometric, and (c) a combina-

tion of both of Scomber colias for the different sampling locations in the

North-east Altlantic (Azores, Canaries, Madeira, Matosinhos, Portimão and

Sesimbra). Solid black lines represent the vectors, and points represent

individual fish.
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among three sampling sites along the coast of Tunisia for
S. colias could be caused by differences in genetic structure or

environmental parameters (Allaya et al. 2016). A study reported
that an increase in the length of the body of the Atlantic chub
mackerel, previously named S. japonicas, was correlated with a

decreasing head size, which is related to a migratory feeding
strategy (Perrotta et al. 1999). Another study on S. colias in the
south-western Atlantic Ocean also suggested that the recorded

greater head length, but lower mouth width and interorbital
length, were primary characteristics differentiating among
stocks (Roldán et al. 2000). More recently, a work undertaken
with S. colias in theBlack,Marmara, Aegean andMediterranean

seas also identified regional differences between the sizes of the
head and the mouth, and attributed them to growth responses to
the differing habitats arising from oceanographic and ecological

conditions (Erguden et al. 2009). Thus, the hereby observed
regional variation in S. colias, mainly in head width and mouth
size, may be the result of individual feeding adaptations to

different environments.
Similarly to other works (Vergara-Solana et al. 2013;

Rodgveller et al. 2017; Vasconcelos et al. 2018), the use of a
combination of tools (otolith-shape analyses and body geomet-

ric morphometrics) improved the re-classification success and
confirmed the existence of three population units of S. colias in
the North-east Atlantic. In addition, the three sites within the

region of mainland Portugal exhibited a high overlap of
individuals, suggesting a high connectivity at short geographic
scales. The separation among the main three regions probably

resulted from genetic and environmental differences that could
have affected the body and otolith shapes, and may be indica-
tive of spatial stock structure. Similar findings have recently

been reported in the North-east Atlantic for T. picturatus

(Moreira et al. 2018, 2019a), suggesting that these small
pelagic fish, both being collected by the multi-species purse-
seine fleets (Feijó et al. 2018), could share a similar

population-structure scenario.
Although molecular markers, namely mtDNA, show weak

genetic structure among marine pelagic fish (Chlaida et al.

2009; Kasapidis et al. 2012; Moreira et al. 2019b), a single
stock of S. colias has been considered until now for the North-
east Atlantic (Scoles et al. 1998; Zardoya et al. 2004). However,

the present results showed significant regional differences in
body geometric morphometrics and otolith-shape analyses of
individuals collected in the North-east (ICES IXa and X) and
eastern Centre (CECAF 34.1.2) Atlantic fishing areas for the

species. The current data point out to the existence of three
distinct population units for S. colias, suggesting that the fishery
should be managed at a finer resolution than the current single-

population model. This study suggests a stock structure for
S. colias, demanding regional specific requirements to ensure a
sustainable resource exploitation, such as the use of multi-stock

assessment models, distribution of the catches-landings among
management areas and the involvement of multiple nested
scales of governance (Kritzer and Liu 2013).
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(2013). Comparing body and otolith shape for stock discrimination of

Pacific sardine, Sardinops sagax Jenyns, 1842. Journal of Applied

Ichthyology 29, 1241–1246. doi:10.1111/JAI.12300

Vignon,M., andMorat, F. (2010). Environmental and genetic determinant of

otolith shape revealed by non-indigenous tropical fish.Marine Ecology

Progress Series 411, 231–241. doi:10.3354/MEPS08651

Villamor, B., Carrera, P., Castro, J., Ramos, F., Velasco, F., Sobrino, I.,

Navarro, M. R., Gancedo, R., Hernandez, C., Marı́n, M., Blanco, M.,

Tornero, J., and Burgos, C. (2017). ‘The Chub Mackerel (Scomber

colias) in the Atlantic Spanish Waters (ICES Divisions 8.c and 9.a):

Biological, Fishery and SurveyData.’WorkingDocument toWGWIDE.
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