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Growth variability in Atlantic
horse mackerel Trachurus
trachurus (Linneus, 1758) across
the central Mediterranean Sea:
contrasting latitudinal gradient
and different ecosystems
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Pierluigi Carbonara3 and Marco Barra2
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delle Ricerche (CNR) - Istituto di Scienze Marine (ISMAR) S.S. di Napoli, Napoli, Italy, 3Fondazione
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Data on Atlantic horse mackerel Trachurus trachurus (Linneus, 1758) were

collected along 8-year acoustic surveys (2011-2018). Age and growth

variability of horse mackerel from the Central Mediterranean Sea were

investigated within different, contrasting habitats, from the south of Sicily to

the north Tyrrhenian (Ligurian Sea). Data from satellite provided the habitat

features along the study period over the whole surveyed area. For comparison

purposes, according to the ecosystems difference the study area has been split

into four subareas: Strait of Sicily (SoS), North of Sicily (NS), south Tyrrhenian Sea

(ST) and north Tyrrhenian Sea (NT). In terms of the FAO Geographical Sub-Area

definition the SoS corresponding to GSA15 and 16, NS to GSA 10 south, ST to

GSA10 north and NT to GSA 9. Results showed a growth homogeneity in the

study area, suggesting a unique stock inhabiting these waters. The only

exception was recorded for juveniles (Age 0 class) in the SoS, where a lower

size at age was detected compared to other areas. A multiple linear modelling

analyses suggested that variability in length at age 0 was mainly linked to the

oceanographic differences between an upwelling driven system (Strait of Sicily)

and the other ecosystems, where enrichment processes are mainly due to river

runoff (relevant in ST and NT). Namely, Absolute Dynamic Topography (ADT) and

body condition factor (Kn) were significantly related to differences in length at

age 0. Results revealed that currents (and gyres) are among the principal abiotic

factors controlling Atlantic horse mackerel growth in its first year of life,
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suggesting that circulation and food-related processes (i.e., zooplankton

concentration) are of major importance for this species. Finally preliminary

observations suggest the Strait of Sicily may be the main spawning area among

those analyzed.
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Introduction

Atlantic horse mackerel Trachurus trachurus (Linneus, 1758) is

a schooling (Iglesias, 2003; D’Elia et al., 2014), zooplanktivorous fish

species (Rumolo et al., 2017), which forms large shoals that occur in

bottom waters and midwater during the day, whereas T. trachurus

individuals disperse and form a layer just off the seabed during the

night (Macer, 1977). The range of these vertical migrations

decreases during winter, when activity is low (Chuksin and

Nazarov, 1989). The species mainly occupies shelf seas, down to

200 m, although in Mediterranean Sea T. trachurus has been

reported up to 500 m depth (Milisenda et al., 2018).

This species has a wide latitudinal coverage in the northeast

Atlantic Ocean (from the West African Cape Verde Islands to

Norwegian Sea and North Sea), as well as in the Mediterranean and

Black Sea (Abaunza et al., 2003a; ICES, 2020). T. trachurus plays

also a relevant role in the marine ecosystem, because of its trophic

position in the marine food web as both a prey for large pelagic and

a predator of other important commercial species, such as anchovy

(Rumolo et al., 2017; Milisenda et al., 2018). T. trachurus is one of

the highly exploited species, however it represents around 2% of

total production of the Mediterranean and Black Sea in the period

2014-2016, although since early 2000 the mean landings per year

drastically declined (FAO, 2018). Such decline in landings, together

with the transition from single-species to ecosystem-based fishery

management adopted by the Marine EU policy (EU, 2008; EU,

2013), required precise consideration also for non-target or minor

species (such as T. trachurus) to be assessed (EU, 2008; EU, 2017).

This transition has led to a need for greater understanding of

detailed information on the biological processes and the spatial

distribution of a broad spectrum of fish species across large spatial

scales, such as large marine ecosystems or eco-regions (Kelley and

Sherman, 2018), mainly based on fishery independent surveys data

(Moriarty et al., 2019). Therefore, many species, usually not

involved in the management plans, are assuming renewed interest

by the scientific community. In the North Sea and north-eastern

Atlantic, stocks of horse mackerel have been defined for

management and assessment purposes since late ‘70s (ICES,

2020), contrary to the Mediterranean Sea, where this species has

received little attention regarding sustainable exploitation and

monitoring plans (Rückert, 2002; Abaunza et al., 2003a).

Knowledge on the fish growth is fundamental for fishery

sciences and such aspect directly enter in age-structured models
02
used to assess the status of fishery resources. Growth may vary

seasonally or along a time period due to a number of factors such as

temperature (Taylor, 1958; Pauly, 1980), food availability (Jones,

1986), salinity (Bœuf and Payan, 2001), light (Boeuf and Le Bail,

1999), and fishing pressure (Carbonara et al., 2022). Studies

comparing different stocks or populations of the same species

from different ecosystems/areas have demonstrated that growth is

largely affected by temperature (Basilone et al., 2004; Brunel and

Dickey-Collas, 2010), and that changes in growth rate may modify

the sustainability of the fishery (Brander, 2007). Moreover, it is well-

known that individuals of a species grow in low latitudes at a faster

rate and mature earlier than those of the same species in high

latitudes. Although for T. trachurus results were not conclusive

(Laevastu and Favorite, 1988), differences attributable to the ability

to adapt to large-scale patterns in environmental conditions

(Winton et al., 2014) have already observed for this species in

central Mediterranean Sea (Ferreri et al., 2019). Understanding the

relationship between growth and environmental factors could allow

to evaluate the variability of potential fishing yields based on habitat

characteristics (DeVries and Frie, 1996).

Furthermore, knowledge on age and size structures still

contributes to the comprehension of how fish populations fluctuate

in abundance and the awareness of their health condition (Brunel and

Piet, 2013). The life history of small pelagic species – including

clupeids, engraulids, and carangids – is poorly known, and the highly

variable recruitment complicated standard stock assessment models

(Abaunza et al., 2003a; Barange et al., 2009). However, a considerable

knowledge gap still persists largely due to the difficulties in

monitoring multiple processes interaction over the full life cycle of

pelagic fish species in nature, as much as from the high uncertainty

associated with field measurements (Rose et al., 2001). Despite the

importance of comparative growth studies, there is still a great deal of

uncertainty due to the age assignment variability. Indeed, individual

growth of different stocks (areas) are assessed by different sampling

procedures and by different reading protocols, as well as by different

readers (Carbonara et al., 2019), which subjectivity and/or experience

may affect the observed variability among areas, more than the

environmental variations. T. trachurus may grow to about 60 cm

length, but the size range of 15-40 cm is more common in

Mediterranean waters (Smith-Vaniz, 1986). They grow rapidly

during the first years of life and much more slowly after age 3.

They are reported to reach 40 years of age (Abaunza et al., 2003b),

although ageing methods are somewhat uncertain.
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Even though all physical and physiological features of an

organism are interrelated, the body size is probably the most

important characteristic, as it represents an integrated outcome of

different physical, physiological and environmental stressors;

consequently, size is the main life history parameters also in the

case of fishes (Calder, 1984). Thus, among the parameters

describing the fish growth, the mean size at age represents a key

information, which generally provides more robust data for

comparative studies on life histories than the parameters obtained

by fitting growth models (i.e., von Bertalanffy, Gompertz, logistic

etc.). Indeed, latter data could be highly influenced by problems in

sampling procedures, such as an unbalanced number of individuals

in specific age/length classes. Although the mean size at age is

generally assumed constant through time (Lorenzen, 2016), in

several fish species it differs considerably among populations and

it can vary over time for a given population (Brander, 1995;

Neuheimer et al., 2008). Existing literature evidenced a great

variability and plasticity of this species in the time and space,

deserving major consideration, as in the case of growth parameters

estimation, which may affect the possibility to establish a reliable

relationship between fish length and age (Abaunza et al., 2003a).

However, T. trachurus in Mediterranean areas still presents

important gaps of information from biological, spatial and

ecological point of view (Giannoulaki et al., 2013; Milisenda et al.,

2018; Ferreri et al., 2019).

This paper investigated the spatial variability of length at age of

Atlantic horse mackerel along three different central Mediterranean

Sea sectors, which mainly differ in terms of coastline complexity,

riverine input, continental shelf extension, enrichment processes

(i.e., upwelling or river runoff driven) and primary productivity

levels (Bonanno et al., 2014b; Bonanno et al., 2016). Moreover,

environmental variability and other biological traits (i.e.

physiological status) were analyzed to evaluate their effect

on growth.
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Material and methods

Study areas

Samples of Atlantic horse mackerel were collected in the

framework of acoustic surveys (carried out to monitoring

anchovy and sardine population; MEDIAS, 2019) over the

continental shelf (depth<200m) in different geographical areas,

from the Strait of Sicily to the Tyrrhenian and Ligurian Seas

(Figure 1). Each area is characterized by distinct hydrographic

conditions, seabed morphology and productivity. The area

stratification also corresponds to the GFCM geographical sub-

areas 9, 10, 15 and 16, as defined by General Fisheries

Commission for the Mediterranean (GFCM, 2009).

The European side of the Strait of Sicily (SoS), including the

GSAs 15 and 16, presents a complex circulation pattern, which

heavily affects pelagic resources (Basilone et al., 2013; Bonanno

et al., 2014a). Here, the upper layer circulation is mainly controlled

by the movement of the Atlantic Ionian Stream, AIS (Robinson

et al., 1999), which induces a permanent coastal upwelling along the

south-western coast of Sicily especially during summer, when this

current is stronger (Bonanno et al., 2014b). The presence of the

thermohaline front in the eastern part of the SoS lead also to a

longitudinal gradient in terms of temperature and salinity. In

addition, an important spatio-temporal variability exists in terms

of shape, position, and strength of the permanent or quasi-

permanent sub-basin gyres (and their unstable lobes), AIS path,

transient eddies and filaments, making this area highly dynamic

from an oceanographic point of view (Bonanno et al., 2014b).

The Tyrrhenian study area is located on the continental shelf

along the western Italian coast. The surface circulation is

characterized by the presence of a fresher water vein of Atlantic

origin (Atlantic Water - AW) entering the Tyrrhenian Sea

northward directed according to a seasonal-dependent pattern,
A B

FIGURE 1

(A) Trawl sampling carried out in the study area along the survey period: the black line represents the 200m isobath; (B) areas stratification for
comparative purposes: Strait of Sicily (SoS) in red, North of Sicily and Calabria (NS) in magenta, south Tyrrhenian Sea (ST) in green and north
Tyrrhenian Sea (NT) in blue.
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(Millot and Taupier-Letage, 2005; Bonanno et al., 2014a). The

central Tyrrhenian (i.e. the northern part of GSA10) is strongly

influenced by the outflow of numerous medium-sized rivers

(Rinaldi, 2012), the effect of which is enhanced by the complexity

of the coastal morphology (Bonanno et al., 2016), characterized by

the presence of enclosed areas (i.e., gulfs). Based on outflow,

morphology and continental shelf extension, the south

Tyrrhenian Sea (GSA 10) could be split into two subareas: the

north Sicilian and Calabrian waters (NS) - characterized by a

narrow continental shelf (~3 NM), low coastline complexity and

few small-sized rivers - and the southern Tyrrhenian waters -

mainly characterized by wider continental shelf (8 - 10 NM) high

coastline complexity and a number of medium-sized rivers (ST)

(Figure 1). Finally, the north Tyrrhenian waters (NT),

corresponding to the Tuscany and Ligurian coasts (GSA 9),

present a wider continental shelf (>10 NM), low coastline

complexity and some large rivers, such as Tiber and Arno.
Sample collection and analyses

T. trachurus samples for growth studies were obtained within

the framework of the hydroacoustic surveys carried out in the

summer period during 8 years, from 2011 to 2018 (Table 1).

Combining all the data from the 8 year samplings allowed to

obtain a more robust dataset (i.e., statistically appropriate number

of ages per area and size class). Although the different growth

between consecutive year classes could represent a possible

confounding factor, the main hypothesis in this work is that most

fluctuation in growth among the areas was mainly driven by

ecosystem characteristics, that remained well distinct even

considering the interannual variability. Experimental fishing hauls

were performed according to the MEDIAS protocol (MEDIAS,

2019) on board the research vessel “G. Dallaporta” by means of a

pelagic trawl net (vertical opening of 8 m, cod-end mesh size of 18

mm; Figure 1A), towed at 4.0 knots and equipped with a net

monitoring system (Simrad ITI). The latter instrumentation was

used to monitor the fishing efficiency by checking the trawl position

in the water column and net mouth opening (vertical and
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horizontal). A random sample of maximum 2 kg per haul was

immediately frozen on board at -20°C. In the CNR-IAS laboratory,

each fish was gently thawed and total length (TL, ± 1mm), total

weight (TW, ± 0.01g), somatic weight (i.e. ovary-free weight, SW, ±

0.01g), and gonad weight (GW, ± 0.01g) were measured. Atlantic

horse mackerel were sexed, and the sexual maturity was assigned

based on a six-phase scale (Ferreri et al., 2019). Otoliths (sagittae)

were removed from a sub-sample of five to ten individuals per size

class (1cm length intervals), except in the highest and lowest size

classes, where often the individuals were one or two per size class.

The otoliths were cleaned, dried, and stored in black-plastic

labelled moulds.

In order to evaluate variability in maturity pattern or body

status among age classes, the somatic condition index (Kn; Le Cren,

1951) and the gonadosomatic index (GSI) were respectively

obtained according to Basilone et al. (2021).
Age estimation

The whole time series of age readings has been re-evaluated

accounting to the latest ageing rules agreed in international

procedure, in order to provide a new, standardized (among

surveys) dataset allowing to consistently evaluate growth

differences. The age was assigned according to the protocols and

guidelines defined within “WKARHOM” international expert

working groups on Atlantic horse mackerel (ICES, 2018). The

whole otolith was immersed in alcohol 30% solution and analyzed

under a dissecting microscope at 16x magnification (Figure 2). To

avoid underestimations of older age classes due to hyaline

overlapping on the edge of the otolith, a higher magnification was

used in case of larger/older specimens only on the edge (Abaunza

et al., 2003b). Examination of subsequent growth zones indicated

that false rings and annuli often showed a similar appearance and

the true annuli can only be identified, if concurrent measurements

of growth zone widths are available (Waldron and Kerstan, 2001).

Therefore, the measurements of total radius (TR) were also used as

a gauge to assign the proper age class, and to exclude faint rings

linked to later spring spawning or migration movements (Abaunza
TABLE 1 Survey period and relative number of trawl hauls per each area: Strait of Sicily (SoS), North of Sicily and Calabria (NS), south Tyrrhenian Sea
(ST), north Tyrrhenian Sea (NT).

Year Survey period SOS NS ST NT Overall

2011 June-July 16 4 11 6 37

2012 June-July 3 4 7

2013 May-June 17 3 13 1 34

2014 June-July 6 4 6 16

2015 July-August 19 11 2 7 39

2016 July-August 10 8 2 11 31

2017 July-August 8 5 8 21

2018 July-August 19 5 3 11 38

Overall 98 44 37 44 223
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et al., 2003b). To avoid differences due to the alternation of readers

over time, the re-evaluation of age readings was carried out by an

expert reader on the entire historical series. Finally, age assignment

was made according to the conventional birthday (set at 1 of

January for this species) and the date of capture, by following the

interpretation of the growth development of the annual zones over

the course of a year (ICES, 2018).
Length at age and growth models

Age data for each sub area were analyzed for the entire study

period (pooling data from 2011 to 2018), to reduce the bias due to low

or not equally represented number of fishes for length interval

(Abaunza et al., 2008). Non-linear least square regression was used

to estimate the von Bertalanffy Growth model (VBG) parameters for

each area: the asymptotic length (L∞), the body growth coefficient

(k), and the theoretical length at age zero (t0). Differences in the VBG

parameters among areas were evaluated by a Likelihood ratio test,

according to Kimura (1980). All computations were performed in R

environment (R Core Team, 2022), using “FSA” (Ogle, 2016) and

“nlstools” (Baty et al., 2015) packages.

T. trachurus growth studies in literature are mostly based on the

von Bertalanffy model, as useful tool for comparison purposes, but

according to the several limitations in obtaining all size groups in

each area, the resulting von Bertalanffy growth function parameter

estimates often may represent large extrapolations beyond the range

of the sampling data, and therefore it is recommended using simple,

more precise approaches, such us the body lengths at age or the

absolute annual increments for comparing fish growth rates (Živkov

et al., 1999). Therefore, the length at age distributions were also

tested to highlight growth differences among areas. To assess such

differences, an ANOVA was carried out on each age class, after

having verified the basic assumptions. The homogeneity of variance

was evaluated by means of Levene’s test, and the significance of

fixed effect was tested by means of Likelihood Ratio test (i.e.,

comparing the model accounting for the fixed effect and the null

model for each case). Furthermore, the presence of patterns in the

residuals as well as their normality were checked for each model.
Frontiers in Marine Science 05
Environmental data

In order to investigate the possible habitat effects on T. trachurus

growth, satellite and model-derived measurements, available through

Copernicus data portal, of water temperature (surface and bottom),

salinity (surface and bottom), Absolute Dynamic Topography

(ADT), Kinetic Energy (KE), and chlorophyll concentration (CHL

- as proxy of primary production) were obtained for the investigated

areas. For each parameter, the daily images were downloaded and

averaged, to obtain the average conditions during the spring-summer

season (from May to September), which represents the period of the

year where most part of seasonal growth takes place (Abaunza et al.,

2008; ICES, 2018). Depth was extracted by using the EMODnet

dataset. All the considered variables have been found to be important

variables in previous habitat suitability studies of these species

(Giannoulaki et al., 2013; Rumolo et al., 2017; Milisenda et al., 2018).
Effects on growth of physical and
biological variables

Multiple linear models were fitted in order to assess the effect

of multiple predictors (fish packing density, CHL, and physical

variables) on the response variable length at age as proxy for

growth. The “best model” was selected according to a backward

stepwise procedure, in order to identify the most parsimonious

model (i.e. the model explaining the largest amount of variance

with the lowest number of independent predictors). Standardized

coefficients were also extracted in order to evaluate the relative

importance of predictors. For each final model, the main

statistical assumptions were checked. In particular, specific tests

were carried out to evidence possible problems related to

multicollinearity, independence of residuals, as well as their

distribution and homogeneity of variance. For each model, all

the following assumptions were checked: average of residuals

should be close to zero, normality of residuals (Shapiro-Wilk

and Anderson-Darling tests), homoscedasticity (by means of

Breusch Pagan Test for Heteroskedasticity), presence of

influential data points (by means of Cook’s distance and

diagnostic plot). For a given predictor (p), multicollinearity has

been assessed by computing the variance inflation factor (VIF),

which measures how much the variance of a regression coefficient

is inflated due to multicollinearity in the model. The smallest

possible value of VIF is one (absence of multicollinearity). As a

rule of thumb, a VIF value that exceeds 5 or 10 indicates a

problematic amount of collinearity (James et al., 2014). In the

present study, only variables having a VIF>5 were considered

problematic (Legendre and Legendre, 2012). Presence of outliers

was checked by means of Studentized residuals plots.

Finally, differences among areas for the obtained variables (both

biological and physical) were firstly tested by an ANOVA and, in

the case of significant differences, pair-wise post-hoc tests were

carried out by means of Tukey’s ‘Honest Significant Difference’

method (HSD). All statistical analyses were performed in R

statistical environment (R Core Team, 2022).
FIGURE 2

T. trachurus Otolith image with annuli interpretation from 1 to 7
years old. Also the first check is showed: N = nucleus, F= false ring
or check.
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Results

Body conditions and reproductive status

A total of 5051 T. trachurus individuals were retained for age

reading purposes representing 96% of collected otoliths in 223

trawls along the study period (Table 1). The size range of samples

spanning between 4 and 35 cm total length (TL) (Table 2).

The Le Cren condition factor (Kn) showed the presence of

significant differences among the groups (ANOVA: F(3, 5046) =

[189.3], p<0.001). The post-hoc tests evidenced that SoS was

significantly different from all the other areas (Table 3), with the

higher Kn values recorded (Figure 3A). On the contrary, no

significant differences were found among ST, NT and NS.

(Table 3). According to age assignment the Kn recorded higher

values in the SoS from Age 0 class until Age 5 (Figure 4A).

The reproductive status of females, as indicated by the GSI,

showed significant differences (ANOVA: F(3, 1416) = [47.3], p<0.001)

mainly between the ST and other areas, while the NT was similar to

the NS which in turn appears closer to the SoS (Figure 3B).
Length at age

Otolith data displayed ages spanning from 0 to 7, even if the

oldest age class (7 years) was not represented in all the areas

(Figure 4B). The age distribution along the study period

showed the proportions of Age 0 individuals was constantly

higher in the SoS compared to others areas. Indeed, in SoS most

part of the sampled population (66%) is constituted by

juveniles (Table 4).

The length at age showed similar values among sub-areas over

the whole age range except for the first age class (Table 5), where the

differences appeared more relevant, especially in the case of SoS

which was characterized by the lowest values (Figure 4B). The

ANOVA (F(3, 5046) = [367], p<0.001) performed together with post-

hoc pairwise comparison confirmed that the mean length at age

differences among areas are mainly linked to the first year of life

(i.e., Age 0), while differences in mean length for older ages were not

significant among areas (Table 6). The results of age assignment

showed average length at age in agreement with observed values in

the relevant literature for the Mediterranean Sea (Figure 5)

(Abaunza et al., 2008; ICES, 2018).
VBG models

The VBG model parameters showed higher asymptotic length

in ST (410 ± 32.8 mm) and lowest in the SoS (275± 32.8 mm), the

higher K in SoS (0.36± 0.02 days) and lowers (0.14± 0.02 days) in ST

and (0.16± 0.02 days) in NS (Table 7). However, the Likelihood

Ratio Test performed on the VBG estimated parameters revealed

not significant differences among areas, therefore an overall VBG

model was also obtained describing the whole population

sampled (Table 8).
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Ecological analyses with multi
linear models

The environmental observations highlighted differences among

the areas in almost all the analyzed variables (Figure 6), with few

exceptions: bottom depth, which showed similarities between NT

and SoS, salinity (bottom) and temperature which were similar

between ST and NT.

Since the significant differences in length at age among areas

were evidenced mainly for Age 0 class, the multilinear modelling

approach considered this class only (i.e., a proxy of growth during

the first year). Such choice was also justified considering that the

largest amount of growth take place during the first year (Abaunza

et al., 2008). The development of candidate linear models used all

the environmental variables, as environmental predictors. Among

the biological predictors, TR and TW (obviously having a strong

link with TL) were excluded, as the focus of the analysis was to

highlight the effects of environmental factors and body condition on

length at age 0. The models were fitted on the whole time series and

areas, in order to evaluate the general variability pattern of T.

trachurus growth in the central Mediterranean Sea.

The “full” model was:

TL0  =  log(KE)  +  ADT   +  log(CHL)  +  T °bott + T °5m + Salbott

+  Sal5m + Depth  +  Kn  +  GSI

The final model for TL0 (i.e., the reducedmodel after the stepwise

backward selection of predictors) revealed a positive effect of ADT

and a negative effect of Kn (Table 9). The overall model explained

57% of variation and the standardized coefficients evidenced the effect

of the ADT was much stronger than the one of Kn. The model

diagnostic showed the absence of multicollinearity problems and

outliers, as well as the absence of strong patterns in the residuals or

strong deviates from normality (Figure 7).
Discussions

The analysis of length at age values in four different areas of the

central Mediterranean Sea showed the presence of significant

differences only for Age 0 class. In particular, the TL0 in the SoS

was lower than in all the remaining Tyrrhenian areas, which

resulted similar each other. Such evidences were also confirmed

by the comparisons carried out among the area-specific VBG that

showed no significant differences in terms of Linf, K and asymptotic

length. The multi-linear modelling approach on TL0 also

highlighted the difference in terms of TL0, observed among the

four areas, was linked to difference in circulation patterns

determining habitat differences (as summarized by the ADT)

rather than to a specific set of environmental factors. The higher

TL0 values were also linked to lower Kn, probably highlighting

different investment strategies in terms of the acquired energy.

The energy acquired (ingestion) by fish is intended for basic

metabolic maintenance (i.e., respiration, specific dynamic action,

etc.), lost to excretion or available as surplus energy. Surplus energy
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was allocated to direct growth (either somatic or reproductive) or

storage as fat or body mass (McBride et al., 2015).

In the present study, GSI (as proxy of energy allocated to

reproductive status) and Kn (as proxy of energy storage as fat or

body mass) found different among some of the considered areas.

According to the pairwise comparison (Figure 3B), two different

maturity levels were evident in the GSI: one characterizing the south
Frontiers in Marine Science 07
Tyrrhenian (ST) and another one common to the north Tyrrhenian

(NT) and the waters around Sicily (SoS and NS). Although past studies

on the reproductive characteristics of T. trachurus within the same

study areas reported similar GSI values in Tyrrhenian and Sicilian

waters, they have also recorded differences in maturation occurred over

a narrower size range and at a smaller size at first maturity in the SoS.

The observed differences likely reflected the differences in habitat
TABLE 2 Atlantic horse mackerel sampling size distribution range: amount of individuals per length class (1cm, TL) and area - Strait of Sicily (SoS),
North of Sicily and Calabria (NS), south Tyrrhenian Sea (ST), north Tyrrhenian Sea (NT).

TL (cm) ST NS SoS NT Row sum

4 1 1

5 25 1 26

6 4 2 114 120

7 21 3 217 10 251

8 11 10 234 50 305

9 11 21 295 38 365

10 28 28 341 51 448

11 60 32 237 66 395

12 62 50 210 52 374

13 29 48 123 60 260

14 31 101 86 87 305

15 29 138 133 151 451

16 39 112 130 143 424

17 25 65 116 94 300

18 18 86 93 62 259

19 23 64 55 38 180

20 23 54 30 31 138

21 27 47 26 18 118

22 20 37 14 18 89

23 13 20 16 11 60

24 12 16 9 7 44

25 8 10 3 7 28

26 12 4 9 5 30

27 12 7 7 7 33

28 3 4 3 2 12

29 6 3 3 2 14

30 5 1 6

31 2 3 5

32 2 1 1 4

33 1 1

34 1 1 1 3

35 1 1 2

Total 537 969 2534 1011 5051
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conditions (e.g., primary production or temperature) between the two

areas (Ferreri et al., 2019 and references therein).

In several fish species, variability in Kn values were related to

environmental factors, food availability, and fish physiology (Lloret,
Frontiers in Marine Science 08
2002; De Giosa et al., 2014; McBride et al., 2015), suggesting that

similar mechanisms were responsible for the observed Kn

variability among the SoS and the other sampling areas,

confirmed by pairwise comparison (Figure 3A). In the SoS,
TABLE 3 Post-hoc test carried out on the body condition factor (Kn), showing the significance of differences between areas (Pr(>|t|)): Strait of Sicily
(SoS), North of Sicily and Calabria (NS), south Tyrrhenian Sea (ST), north Tyrrhenian Sea (NT).

Hypothesis Estimate Std. Error t value Pr (>|t|)

NT - NS == 0 -0.001 0.006 -0.172 0.998

ST - NS == 0 0.011 0.007 1.688 0.323

ST - NT == 0 0.012 0.007 1.845 0.246

SoS - NS == 0 0.086 0.005 18.122 <1e-04 ***

SoS - NT == 0 0.087 0.005 18.615 <1e-04 ***

SoS - ST == 0 -0.075 0.006 -12.502 <1e-04 ***
Significance probability: ***<0.001.
BA

FIGURE 3

Tukey HSD Post-hoc tests for Kn (A) and GSI (B). On the y axis the differences between group pairs (x axis label) are reported. For each comparison,
the error bars of the difference are reported; error bars crossing the red dotted line indicate non-significant differences.
A B

FIGURE 4

(A) Boxplot of Kn per age class and area for the study period; (B) Boxplot of length at age per age class and area for the study period.
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enrichment processes are linked to AW advection and wind driven

upwelling phenomena (Rinaldi et al., 2014), whilst in ST and NT

they are mainly associated to river runoff, coastline complexity and

continental shelf extension (Bonanno et al., 2016). In upwelling

driven ecosystem (such as the SoS), water temperatures vary and

sporadic nutrient enrichment of the euphotic zone occurs,
Frontiers in Marine Science 09
promoting the development of phytoplankton populations and

consequently zooplankton. In these ecosystems, copepods are able

to discriminate between living phytoplankton cells and not living

detritus (Paffenhöfer and Van Sant, 1985). On the contrary, in

waters enriched by river run-off, often characterized by high

turbidity levels (such as in ST and in NT), non-living matter can
TABLE 4 Proportion (%) of sampled individuals for each year and age class by area, along the study period.

Age Area

Year

2011 2012 2013 2014 2015 2016 2017 2018 Overall

Age 0

ST 13 0 21 35 1 1 0 0 9

NS 7 47 1 31 13 17 0 3 12

SoS 65 53 75 35 71 47 75 79 64

NT 14 0 3 0 15 35 25 18 15

Age 1

ST 4 0 24 24 5 3 0 3 9

NS 8 65 4 60 46 18 3 3 26

SoS 73 35 71 16 33 21 15 14 32

NT 15 0 1 0 16 57 82 81 32

Age 2

ST 0 0 18 33 2 1 0 11 10

NS 0 50 14 45 59 32 14 1 26

SoS 90 50 65 22 24 33 28 27 39

NT 10 0 2 0 14 34 58 60 25

Age 3

ST 15 0 29 66 3 6 0 14 19

NS 8 70 38 32 69 44 36 41 46

SoS 62 30 30 3 3 16 18 12 16

NT 15 0 3 0 26 34 45 33 20

Age 4

ST 33 0 28 61 0 11 0 19 23

NS 17 100 30 17 37 47 29 39 35

SoS 50 0 28 22 21 5 0 19 21

NT 0 0 14 0 42 37 71 23 22

Age 5

ST 20 0 71 80 7 0 0 19 26

NS 10 100 14 10 80 73 15 38 38

SoS 60 0 7 10 0 13 31 38 21

NT 10 0 7 0 13 13 54 6 15

Age 6

ST 100 0 100 70 0 0 0 36 44

NS 0 100 0 10 25 50 50 18 20

SoS 0 0 0 20 25 50 0 18 17

NT 0 0 0 0 50 0 50 27 20

Age 7

ST 0 0 2 1 0 0 0 0 4

NS 0 0 0 0 0 0 0 0 0

SoS 0 0 0 0 0 0 0 0 0

NT 0 0 0 0 0 0 0 0 0
fron
Areas: Strait of Sicily (SoS), North of Sicily and Calabria (NS), south Tyrrhenian Sea (ST), north Tyrrhenian Sea (NT). The bold values highlight the high proportions of age 0 in the SoS area along
the whole period.
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represent the bulk of the suspended matter pool (Tackx et al., 2003).

The nutritional quality of non-living components of suspended

particulate matter is low compared to living phytoplankton cells,

and this difference in quality has been shown to affect the

productive success of copepods consumers, that are the main

food source of small pelagic fish (Burdloff et al., 2002). Although

in some specific sectors of the Tyrrhenian Sea (e.g., ST) the net

primary production is higher than in the SoS (Rinaldi et al., 2014;
Frontiers in Marine Science 10
Bonanno et al., 2016), the higher Kn values observed in the latter

area seems to be mainly related to food quality. The feeding mode of

smaller size pelagic fish is favourited in upwelling ecosystems

(Rumolo et al., 2016). Similar behavior was also observed in T.

trachurus within the SoS, with a clear preference of small sizes for

upwelling areas (Rumolo et al., 2017). A clear separation between

the trophic niches of different size classes of T. trachurus

highlighting a lower intra-specific competition for food resources
TABLE 5 Average length at age values (mm) per area with their respective confidence intervals (95% prob.).

Area Age 0 Age 1 Age 2 Age 3 Age 4 Age 5 Age 6 Age 7

ST 117 ± 3 165 ± 3 185 ± 4 216 ± 5 238 ± 6 257 ± 8 295 ± 11 301 ± 16

NS 132 ± 2 164 ± 2 184 ± 3 205 ± 3 224 ± 5 258 ± 11 292 ± 22

SoS 102 ± 1 165 ± 2 182 ± 2 205 ± 5 230 ± 9 263 ± 12 299 ±3 2

NT 123 ± 2 164 ± 2 179 ± 3 202 ± 5 229 ± 8 253 ± 12 264 ± 14

Overall 110 ± 1 164 ± 1 182 ± 1 206 ± 2 229 ± 4 258 ± 6 289 ± 6 301 ± 16
Strait of Sicily (SoS), North of Sicily and Calabria (NS), south Tyrrhenian Sea (ST), north Tyrrhenian Sea (NT).
TABLE 6 Post-hoc test carried out on the total length by age class, showing the significance of differences between areas (Pr(>|t|)) for each age class.

Age Age 0 Age 1 Age 2 Age 3 Age 4 Age 5 Age 6

SoS - NT = 0 <1e-05 *** 0.006 ** 0.002 ** 0.412 0.886 0.393 0.278

NS - NT = 0 <1e-05 *** 0.296 0.022 * 0.328 0.999 0.884 0.836

ST - NT = 0 0.9 0.152 0.006 ** < 0.001 *** 0.098 0.913 0.106

NS - SoS = 0 <1e-04 *** 0.562 0.972 0.995 0.782 0.821 0.582

ST - SoS = 0 <1e-04 *** 1.000 0.784 0.067 0.414 0.718 1.000

ST – NS = 0 0.616 0.814 0.631 0.006 ** 0.035* 0.999 0.291
Significance probability: ***<0.001; **<0.01; *<0.05.
The age 7 was not tested due to the low number of individuals. Area: Strait of Sicily (SoS), North of Sicily and Calabria (NS), south Tyrrhenian Sea (ST), north Tyrrhenian Sea (NT).
FIGURE 5

Average length at age from Atlantic and Mediterranean waters obtained by literature (Abaunza et al., 2008). The results from the present study by
area are plotted and highlighted by bigger markers (see legend for more details on the areas included).
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that contribute to increase the species survivor, and in turn the

condition of the first life stages (Rumolo et al., 2017).

The pairwise comparison of T. trachurus length at age,

considered as a proxy of somatic growth, showed significant
Frontiers in Marine Science 11
differences among areas, especially in the first year of life, with

lower TL0 values in the SoS. Such pattern appeared to be

confirmed by literature, since higher length at age values were

reported in the Tyrrhenian waters compared to the Strait of Sicily,
TABLE 7 VBG model estimated parameters for Atlantic horse mackerel sampled in the four areas: estimates are provided with their standard errors
and significance probability values.

Area VBGF Parameters Estimate Std. Error t value Pr(>|t|)

SoS
Strait of Sicily

Linf 275 7.59 36.22 <2e-16 ***

K 0.36 0.02 14.21 <2e-16 ***

t0 -1.30 0.05 -25.30 <2e-16 ***

NS
North of Sicily.

Linf 336 22.70 14.84 <2e-16 ***

K 0.16 0.02 6.68 3.84e-11 ***

t0 -3.00 0.21 -14.84 <2e-16 ***

ST
South Tyrrh.

Linf 410 32.82 12.49 < 2e-16 ***

K 0.14 0.02 6.527 1.56e-10 ***

t0 -2.47 0.16 -15.16 < 2e-16 ***

GSA 9
North Tyrrh.

Linf 305 15.93 29.52 < 2e-16 ***

K 0.21 0.02 8.26 4.38e-16 ***

t0 -2.38 0.14 -16.23 < 2e-16 ***

Linf 309 6.57 47.16 < 2e-16 ***

Overall K 0.24 0.01 20.29 < 2e-16 ***

t0 -1.82 0.05 -38.44 < 2e-16 ***
*** Significance probability<0.001.
In the NS, due to difficulties in the fitting, the t0 values was fixed to -3 years.
TABLE 8 Likelihood ratio test comparing pairs of VBG models by area: Strait of Sicily (SoS), North of Sicily and Calabria (NS), south Tyrrhenian Sea
(ST), north Tyrrhenian Sea (NT).

Hypothesis X2 df p Area

H1 Linf1=Linf2 0.69 1 0.406

H2 K1=K2 0.40 1 0.527

H3 t01=t02 0.02 1 0.888 SoS-NS

H4 Linf1=Linf2,K1=K2,t01=t02 5.67 3 0.129

H1 Linf1=Linf2 0.52 1 0.471

SoS-ST
H2 K1=K2 0.39 1 0.532

H3 t01=t02 0.01 1 0.920

H4 Linf1=Linf2,K1=K2,t01=t02 2.65 3 0.449

H1 Linf1=Linf2 0.61 1 0.435

SoS-NT
H2 K1=K2 0.36 1 0.549

H3 t01=t02 0.05 1 0.823

H4 Linf1=Linf2,K1=K2,t01=t02 9.21 3 0.027*

H1 Linf1=Linf2 0.16 1 0.689

H2 K1=K2 0.03 1 0.862

H3 t01=t02 0.13 1 0.718 ST-NS

(Continued)
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suggesting higher productivity as the reason for these differences

(e.g., Abaunza et al., 2008). Generally, individuals of a particular

fish species grow at a faster rate in low latitudes than those of the

same species in high latitudes (Laevastu and Favorite, 1988), and

this difference is attributable to the ability to adapt to large-scale

patterns in environmental conditions (Winton et al., 2014).

Therefore, according to the cited literature, the lower size at Age

0 in the SoS together with higher Kn values can be linked to the

different quality/availability of food in upwelling areas. Such

characteristic in the SoS would also affect older T. trachurus

individuals, since their Kn was still higher up to 5 years old

(Figure 4), thus this area appeared to be more suitable for storing

reserves along the first years of life (i.e., Age 0 to Age 5) than other

analyzed areas.

In the Strait of Sicily, it has been observed that food habits change

considerably with fish growth, leading to a spatial distribution driven

by food composition and, in turn, by specific environmental patterns

(Rumolo et al., 2017). Abaunza et al. (2008) showed that differences

in length at age in the northeast Atlantic could respond to length-
Frontiers in Marine Science 12
dependent migratory movement between the southern spawning area

to the feeding and wintering northern areas. Therefore, it is plausible

that a similar migration takes place for T. trachurus also between the

South of Sicily (which could constitute the main spawning area) and

the Tyrrhenian waters, specially according to the following

considerations: (1) along the whole study period the number of

Age 0 individuals were much more abundant in the SoS (Table 3); (2)

along the first 5 years of life the fish body status (Kn) was better in SoS

(Figure 4); (3) along the whole study period no T. trachurus older

than 6 years were caught in the SoS (Figure 4). Certainly, the higher

number of young individuals in SoS may suggest the existence of a

preferred spawning/nursery area for Atlantic horse mackerel,

although further data (i.e., ichthyoplanktonic data) are necessary to

better support such hypothesis. The obtained final model

demonstrated that the body conditions significantly affect the TL0

(here considered as a proxy of fish growth rate along the first year of

life). However, this latter factor appeared less important than physical

forcing represented by the ADT (Table 8). Water circulation and

vorticity measured by ADT are known as structuring factors in the
FIGURE 6

Tukey HSD Post-hoc tests for environmental factors. On the y axis the differences between group pairs (x axis label) are reported. For each
comparison, the error bars of the difference are reported; error bars crossing the red dotted line indicate non-significant differences.
TABLE 8 Continued

Hypothesis X2 df p Area

H4 Linf1=Linf2,K1=K2,t01=t02 4.08 3 0.253

H1 Linf1=Linf2 0.12 1 0.729

NT-ST
H2 K1=K2 0.00 1 1.000

H3 t01=t02 0.32 1 0.572

H4 Linf1=Linf2,K1=K2,t01=t02 12.02 3 0.007**
Significance probability: ** <0.01.
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pelagic environment by affecting early stages survivorship (Ruiz et al.,

2013). In the SoS, the seasonal phytoplankton variability is mainly

driven by the Atlantic water advection, rich in CHL and nutrients

from the North Africa coasts as well as in minor part by the vertical

nutrient flux associated with coastal upwelling, which affect the

temperature field (Rinaldi et al., 2014). The influence of water

masses circulation was documented in several marine habitats in

the central Mediterranean Sea, both in surface layers and deeper

waters (Abella et al., 2008; Tugores et al., 2011; Basilone et al., 2013;

Zarrad et al., 2013; Bonanno et al., 2014a; Bonanno et al., 2015).

Previous studies in the Strait of Sicily already revealed that currents

(and gyres) are among the principal abiotic factors controlling small

pelagic fish distribution, suggesting that circulation and food-related
Frontiers in Marine Science 13
processes (i.e., zooplankton concentration) are of major importance

for this species (Giannoulaki et al., 2013; Bonanno et al., 2014a).

Conclusions

Although significant differences in the length at age 0 have been

recorded between the Strait of Sicily and the Tyrrhenian waters,

Atlantic horse mackerel growth patterns along the central

Mediterranean appeared quite similar, suggesting a common

growth pattern for the whole population investigated. The

differences observed in the first year of life resulted mainly linked

to physical variability, but also body condition showed a relevant

role in structuring the population growth, at least for the first year.
FIGURE 7

Multilinear modelling diagnostics plots.
TABLE 9 Standardized coefficients, standard errors and significance for the estimated multi linear models.

TL0 Estimate Std. Error t-value p

(Intercept) 207.36 25.13 8.251 2.39e-07 ***

ADT 444.77 94.81 4.691 0.00021 ***

Kn -72.71 22.40 -3.246 0.00475 **
fr
Adjusted R-squared: 0.57; F-statistic: 13.4 on 2 and 17 DF, p-value: 0.0003.
The adjusted R2 value is also reported. Length at age 0 (TL0), Absolute Dynamic Topography (ADT), body condition factor (Kn).
Significance probability: *** <0.001; ** <0.01.
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