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Abstract

The validation of growth of the European Anchovy (Engraulis encrasicolus (Linnaeus, 1758) presents
several gaps in the Mediterranean Sea, despite its growth has been widely studied using different
methods. The uncertainty in estimating the European Anchovy age by otolith interpretation is linked
to i) the identification of the first growth ring; ii) the presence of false increments; iii) discrepancies
in the applied age scheme (e.g. theoretical birthdate); and iv) the progressive compactness of the
last annuli in older specimens. The present study was conducted on specimens caught in Central-
southern Tyrrhenian Sea between 2012 and 2016.The analysis of the otolith margin type and the
marginal increment analysis elucidated the annuli deposition patterns, with the opaque ring
deposited from June to September, and the translucent ring from October to May. No significant
differences were found between the von Bertalanffy growth curves calculated by otolith
interpretation (back-calculation and direct otolith reading) and the LFDA. The growth pattern
inferred from the European Anchovy otoliths was either corroborated or indirectly validated by the
agreement between the length-frequency results and the otolith age estimation. These outcomes
appear as highly relevant for species, like small pelagic fish, for which the direct validation methods

(e.g. mark-recapture, captivity, radiochemical) are particularly difficult to implement.
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1. Introduction
The European Anchovy (Engraulis encrasicolus (Linnaeus, 1758)) is one the most landed species in
Mediterranean basin and thus represents a very important resource for the commercial fisheries
(GFCM, 2018). Purse seiners and pelagic trawlers are the fleet accountable for the largest share of
total landings, largely dominated by small pelagic fish (mainly European anchovy, with 333,340 tons,
and sardine, with 185,700 tons) (GFCM, 2018). In consideration of this species’ economic
importance, the General Fisheries Commission for the Mediterranean (GFCM) included the
European Anchovy as priority species in all the Mediterranean sub-regions (West, Adriatic, Central
and East) for which assessments are regularly carried out (GFCM, 2018).
As widely known, age and growth information are crucial data inputs in analytical models for stock
assessment (Reeves, 2003). As a result, inaccurate or biased age data may have a great impact on
stock assessment outcomes (Eero et al., 2015). Additionally, poor-quality data may often cause
inaccurate assessments of the population's level of exploitation, a situation that could eventually
lead to the collapse of the stock (Beamish and McFarlane, 1995; Savenkoff et al. 2004; Liao et al.
2013).
According to EU regulation 1004/2017, member states of the European Union are called to gather
fisheries data to support scientific assessments of the status of resources. Each member state
through the Data Collection Framework (DCF), collects biological information about the exploited
species like age and growth. In this regard, a growing amount of work is put into enhancing data
quality, especially for the gathering of biological data (such as age and reproduction), in order to get
reliable assessment analysis (ICES 2011, 2013). With this purpose, a huge effort to achieve
agreement among the readers involved in the species assessment is done under the umbrella of the
International Council for the Exploration of the Sea (ICES), performing intercalibration activities
(ICES, 2010; 2017; 2018). In this framework, experts have pointed out the first growth ring's
identification, the presence of false increments, the employed age scheme's inconsistencies
(theoretical birthdates on the 1° of January or the 1° of July), and the annuli compactness in older
specimens represent the main sources of disagreement (ICES 2010, 2017).
As a result of the high mortality rate, of anchovies (and generally of small pelagic fish) associated
with the capture procedure and handling (stress, scale loss, and wounds) as well as their relative
short life span, the most popular direct age validation methods (e.g. mark-recapture, radiochemical
dating) (James et al., 1988; ICES, 2020), are frequently affected by a very low feasibility (Politikos et

al., 2015; Basilone et al., 2018). Due to these challenges, there are still few studies in the literature
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about European Anchovy age validation. While Uriarte et al. (2016) used strong year-classes in
successive spring surveys to validate the otolith reading, Cermeo et al. (2003) and Aldanondo et al.
(2016) used captivity rearing of both juvenile and adult European Anchovy to validate the otolith
microstructure (daily increment). Finally, to validate the first annulus formation in the
Mediterranean region, Basilone et al. (2020) used semi-direct approaches such as the marginal
analysis and the marginal increment analysis.
Indirect (e.g., strong year classes tracking) and semi-direct (e.g., marginal analysis; marginal
increment analysis) age validation studies (Campana, 2001; Uriarte et al., 2016; ICES, 2020; Basilone
et al., 2020) could be helpful to clarify the European Anchovy growth pattern, thus providing solid
data that can hardly be obtained by other ways. Furthermore, the contemporary use and
comparison of these age validation techniques in a holistic manner appears to be a reliable method
for elucidating growth patterns for both a particular development phase (Basilone et al., 2017) and
the complete life cycle of short-lived species (Carbonara et al., 2018).
In this study the otolith age reading the European Anchovy results were compared, in a holistic
approach (sensu Carbonara et al., 2018), with the growth curves obtained from the back-calculation
analysis and from length-frequency distribution analysis (LFDA - Bhattacharya methods) to validate
for the first time the species growth in Central-Southern Tyrrhenian Sea.

2. Materials and methods

2.1. Sampling
European Anchovies were collected from commercial fishery catches and landings (DCF; EU Reg.
199/2008) in the period between March 2012 and December 2016 (Tab.Sup.1) in Central-Southern
Tyrrhenian Sea (Fig. 1). From each specimens the total length (TL) to the nearest 0.5 cm and the sex
were recorded. Moreover, other specimens were obtained from fishery-independent surveys: the
Mediterranean International Trawl Survey (MEDITS) from 2012-2016 and from the national trawl
survey GRUND (January 2009) in Central-Southern Tyrrhenian Sea. The sampling protocol (Spedicato
et al., 2019) used in the MEDITS and GRUND trawl survey (e.g. gear, station position, duration of
each station) (Fig. 1) is the same only differing in the sampling period: spring-summer for MEDITS
(2012-2016) and winter for GRUND (2009).
The unsexed juvenile specimens were divided into two sexes using the sex ratio value of the first
fully sexed class (9 cm).

2.2. Direct age estimation



130
»B1
B2
B3

1$°

1536

T 7

T 8

17
1]839

2na

Age was estimated through the direct observation of winter rings in saggitta otoliths extracted from
1855 individuals. Analysis were carried out on the right otolith in order to standardized protocol,
while the left one was kept as backup. The translucent rings count was conducted using a
stereomicroscope (Leica S9D™) with reflected light, otoliths were oriented with the distal face up
and the proximal surface downward (Fig. 2) and immersed in filtered seawater as clarification
medium.
The ageing criteria proposed by Carbonara and Follesa (2019) was utilized (birthdate 1st July;
deposition of one annulus, composed by 1 translucent and 1 opaque ring by year). The age
estimation process was conducted twice on each otolith by two different readers. The overall
accuracy of the readings was evaluated through the coefficient of variation CV% (Chang, 1982), the
index of average percent error IAPE (Beamish and Fournier, 1981) and the percentage of agreement
A%. Considering that warm months are reported as the main European Anchovy spawning period in
the study area (Follesa and Carbonara, 2019 and reference therein) the 1% of July was considered
as the species theoretical birthdate. Finally, each fish was given an absolute age (in months) using
the procedure suggested by Morales-Nin and Panfili (2002) (Tab.Sup 2). Additionally, the annual
deposition pattern of growth rings was investigated through both quantitative (Marginal Analysis,
MA) and quantitative approach (Marginal Increment Analysis, MIA). The MA required the
annotation of each otolith edge nature in order to follow its monthly evolution. The MIA took into
account the average monthly marginal increment. Following the equation proposed by Panfili et al
(2002) and Mahé et al. (2021), the Relative Marginal Distance (RMD) was calculated in each otolith
as the as the ratio between the farther mark from the edge the Absolute Marginal Distance (AMD),
the last completed annulus and the distance separating the two last rings (Di, i-1). Following
Campana (2001), in order to avoid the influence of seasonal differences between the age classes on
the entire sample, the MIA only considered few age groups (I and Il age classes).

2.3. Growth modelling
The age-at-length data obtained from the direct otolith readings were fitted to the standard von
Bertalanffy growth curve (VBGC) using R (R Development Core Team 2017; ver. 4.0.5) with the FSA
package (version 0.8.25, Ogle et al., 2019) according to the following equation:

TL; = TLo(1 — e K(t-to)

where TL: is the fish total length at age t, TL- is the species’ predicted asymptotic length, k is the
growth factor, and tp is the theoretical fish’s length before birth.

2.4, Back calculation



Using the equipment mentioned above, each otolith was photographed in order to measure the
otolith length (OL), otolith radius length (OR), and each true translucent ring distance from the
nucleus (R1, R2....Rn). All measurements were taken on the longitudinal axis joining the sulcus and
the nucleus towards the post-rostrum (Fig. 2). According to the ICES recommended criteria, only
otoliths with clearly defined annuli were used to register these measurements (ICES, 2010).
Additionally, the linear relationships between TL and OR as well as the one between TL and OL were
examined. Differences sexes in otoliths morphometric descriptors linear relationships with fish
length were investigated with an ANOVA test. The TL at which translucent rings were deposited was

back-calculated for each specimen, individually for each sex, using the Campana’s formula (1990):
(R —R,)

(Rc - RO)

where TL;and R; are the fish’s length and otolith’s length at age /, TL. and R. are the fish’s length and

TL; =TL.+ (TL, —TLy) *

otolith’s length at capture, and TLoand Rp are the fish’s length and otolith’s length at hatching,
respectively (biological intercept) (Campana, 1990). TLp and Ro used are respectively 2.97 mm and
4.07 um (Aldanondo et al., 2008).
Back-calculated lengths were used to estimate von Bertalanffy (VB) growth curve as described in
previous sections.

2.5. Length—frequency distribution analysis.
The length-frequency distribution analysis (LFDA) was conducted on samples collected between
2012 and 2016 through MEDITS survey and in 2009 for the GRUND survey. The Bhattacharya
method was applied to the obtained data using the software FISAT Il (Gayanilo et al., 2006) in order
to discriminate the species normal distribution, considering each mode in the overall size-frequency
distribution as a cohort. Only cohorts with values of separation index > 2 were considered, while
values <2 indicated a large cohort overlap were considered unacceptable (Gayanilo et al., 2006).
The translucent growth increments were assumed to be deposited throughout the winter, when the
mode components (cohort) of the GRUND LFD were collected. Because of this, the Bhattacharya
approach was used to determine the cohorts’ average length. A Kruskal-Wallis non-parametric test
was used to compare, the Battacharya analysis outcomes with the mean TL back-calculated from
the translucent growth increments discovered during the otolith examination.

2.6. Statistical Analysis
A Chen test (Chen et al., 1992) was used to look for potential differences in growth between sexes.
Additionally, the same test was utilized to compare all the VBG curves derived for this study from

direct otolith ageing as well as from LFDA and back-calculation analyses. Moreover, the fitting level
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of each VBGC (calculated from direct age estimation, back calculation and LFDA) to the observed
data was evaluated through the Akaike’s Information Criterion (AIC; Akaike, 1974; Haddor, 2001).
3. Results
The age estimation process appeared to be characterized by a high level of reproducibility and
precision (IAPE =3.86; CV% =4.9; A%=89.7). The observed ages varied between 0.16 and 5.08 years,
corresponding to 2 and 61 months respectively. The obtained length-at-age key are presented in
Tab.Sup.3.InTable 1 the estimated VBGC parameters for combined sexes and for females and males
separately are reported, while in Fig.Sup.1 the obtained VBGC are plotted against observed age. The
Chen test did not show any statistical difference in growth curves between males and females
(Fobs<Ferit).
The marginal analysis based on the entire sample showed a clear deposition pattern of the annual
growth rings, with an overall prevalence of translucent rings throughout the year (52.9% n=801)
against opaque ones (47.1% n=714) (Fig. 3a).
According to this result only one translucent ring (mainly found at the otolith’s edge between
December and April) followed by one opaque one (mainly found between May and November)
appears to be laid down yearly (Fig.3a). This pattern appeared to be further confirmed by the MIA
results which revealed a much higher marginal increment during the summer months (June-
September) saw, while the winter and early spring (November-May) marginal increments (Fig. 3b).
Otolith morphometric descriptors considered in the present study showed a significant linear
relationship with respect to the fish age (Fig. 4a, b). No statistical differences were found in between
sexes (ANOVA p>0.05). Likewise, also OL and OR appeared to be linearly correlated (Fig. 4c). Each
linear regression equation is presented in Figure 4.
A descriptive summary of growth rings measurement is reported in the table Tab.Sup.4 while the
frequency distribution of each growth ring from the nucleus is shown in Fig.Sup.2. The individuals
TLs were calculated (Tab.Sup.5). Considering that the back-calculated growth increments
represented the winter growth and that the species theoretical birthdate, the corresponding ages
assigned to these growth increments were as follows: 1° growth increment 0.5 years, 2° growth
increment 1.5 years, 3° growth increment 2.5 years and so on (Carbonara et al., 2018, 2022). The
von Bertalanffy growth parameters obtained from the back-calculated length-at-age were as

follows: TLe = 21.512 cm; k = 0.167 years™; to = -2.739 years (AlC= 11504.5).
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The mean length (+sd) for each modal component of the LFD obtained from the length frequency
distributions of MEDITS and GRUND surveys (Sup.Fig.3) allowed to calculate VBGF growth
parameter TLe =20.3579 cm, k = 0.186 year™! and t0 = -2.428 year for sexes combined (AIC=32.12).
In Table 2 mean lengths derived from back-calculation and from the modes observed in the GRUND
surveys (winter survey) LFD are reported, no statistical differences were found between mean
lengths calculated by the two methods (Kruskal-Wallis p>0.05). The AIC values indicated the VBG
curve obtained though the LFD analysis as the most precise in describing the species growth in terms
of fitting to the observed data, followed by the direct age estimation (AIC=3430.81) and the back
calculated one.

Finally, the Chen test, did not show any statistical difference (Fobs < Ferit) between growth curves
obtained from LFDA and both otolith based analysis (back-calculation and direct age reading) (Fig.
5). In Supplementary Figure 4 each VBGC is shown separately together with its length-at-age data
(Sup.Fig.4).

4. Discussion

Even though the European Anchovy is one of the species that has been studied the most in the
Mediterranean Sea basin (Carbonara and Follesa, 2019), especially in regard to its life cycle features,
several aspects of its age estimation still remain unknown. Indeed, based on the growth factors from
the analysis of the relevant literature, is it possible to determine an average total length at the first
year that ranges from 0.32 cm (Bouaziz and Bennoui, 2004) to 9.81 cm (Bacha et al. 2010)
(Tab.Sub.6). It is implausible that ecological variation and genetic differences alone could account
for the significant level of variability in the European Anchovy growth patterns described (Carbonara
et al., 2018). In general, there are a number of reasons for the variation in age data obtained from
reading hard structures (vertebral centra, spines, scales and otoliths). These factors may include the
application of multiple sampling methods (commercial fishing or scientific surveys) (Coggins et al.
2013), difference in the sample analyzed and otolith preparation techniques (Smith et al. 2016), and
ageing criteria (ICES 2011; 2017; Hissy et al. 2016; Carbonara and Follesa, 2019). Moreover, the
geographical differences of the environmental conditions (ICES, 2017; Carbonara et al. 2018),
together to different degrees of fishing pressure (Schindler et al., 2000; Carbonara et al., 2022;) may
represent an additional source of difference in ageing-data; Furthermore, the method employed to
quantify growth could be a source of variation. In general, while the direct age estimation could be
distorted by the incorrect interpretation of the annual increments (Uriarte et al. 2016; Carbonara et

al., 2018; Basilone et al., 2020), the overlapping of the modes in the LFDA methods (indirect age
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estimation) could result in an overestimation of growth, Finally, the reader degree of experience
{ICES-2010; Carbonara-etak;-2019) can be a very important additional source of variability, Indeed,
Carbonara et al. (2019), in a medium-short life-span demersal species such as the red mullet (Mullus
barbatus L. 1758.), pointed out the reader experience as the factor which explained the majority of
the variability, even if considering other factors such as the sample geographical origin, the birthday,
date(1st of July and 1st of January), and the different identification of the first growth increment.
Age and growth data affected by low accuracy and/or precision levels, potentially may have a
significant impact on stock assessment analysis and, as a result, on the implementation of
management methods aimed at achieving sustainable exploitation of marine species in general and,
particularly, the European Anchovy. The majority of the data-rich stock assessment models in use,
particularly the analytical ones require information on the population's age structure. The use of
unrealistic and not precise age structured data may lead to unreliable scientific advices (STECF,
2016). The most significant impact of these inaccuracies is related to short-term projections of stock
condition and the associated management, leading to improper fisheries management practices
and the subsequent collapse of the stocks (Beamish and McFarlane, 1995; Savenkoff et al, 2004;
Liao et al,2013). Therefore, age validation techniques are essential to obtaining highly accurate age
and growth data, preventing inaccurate assessments of the health status of the resources. In this
regard, approaches, such as indirect (e.g., tracking year class) and/or semi-direct (e.g., margin
analysis), appeared as the most applicable and were endorsed to validate small pelagic fish and
particularly anchovies age and growth data (ICES, 2020; Basilone et al., 2020).

The current study is one of the first to attempt to validate European Anchovy in Central Tyrrhenian
Sea. In our investigation, there were no statistical differences between the growth curves produced
by otolith reading (back-calculation and direct age estimation) and the LFDA (Bhattacharya method).
According to Campana (2001) and Carbonara et al. (2018), this finding constitutes an indirect
validation of the otolith age reading criteria used. Indeed, considering that the modal lengths are
assumed to correspond to age classes that can be identified and then compared to individual lengths
at age observed in the otolith reading (Morales-Nin and Panfili, 2002), such comparison between
discrete length modes and otolith reading data is acknowledged as a solid method to validate the
interpretation of annuli and age/growth determination (Campana, 2001).

Additionally, the outcomes of the back-calculation analysis of the translucent growth increment
were compared with the mean length of the modes (Bhattacharya’s method) obtained from the

winter LFD (GRUND 2009). Although being limited to only one sampling occasion, the agreement of
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the results of these two analyses provided a further indirect validation of the observed age classes
(Panfili et al., 2002; Carbonara et al., 2018; ICES, 2020). The VBG curve obtained though the LFD
analysis appeared as the most precise in describing the species growth in terms of fitting to the
observed data (AIC), followed by the direct age estimation and the back calculated one, however
this result might have been strongly influenced by the lower number of age-length data obtained
from Battacharya’s method in comparison to the other two techniques.

The monthly evolution of the otolith margin (nature of edge) over the course of the year in several
areas, including the Bay of Biscay, Galician waters, Gulf of Cadiz, Alboran Sea, and North Adriatic
Sea, has been monitored in previous studies using a-qualitative method{Marginal Analysis) (Giraldez
and Torres, 2009; Donato and La Mesa, 2009; Millan and Tornero, 2009; Hernandez et al., 2016;
Uriarte et al., 2016; Gaamur and Khemiri, 2019). While-only the Bay of Biscay (Uriarte et al., 2016)
and Tunisian waters (Gaamur and Khemiri, 2019) used-a-gquantitative method (Marginal lncrement
Analysis} to evaluate the periodicity of growth increment. The pattern revealed in the
aforementioned works is consistent with our findings, which indicate that the opaque growth
increment is primarily laid down in the summer months (prevalence > 50% of opaque edge) and the
translucent growth-increment is primarily laid-down, in the winter months (prevalence > 50% of
transparent edge). The prevalence of the opaque margin gradually overwhelms the translucent
edge percentage starting-in the spring. On the other hand, as autumn approaches, the proportion
of opaque margins declines until the transparent margin raises its occurrence. These results;
seemed-to-providea-furtherconfirmation-of the hypothesis of the deposition of only one annulus
per year in the European Anchovy otoliths (Giraldez and Torres, 2009; Donato and La Mesa, 2009;
Millan and Tornero, 2009; Hernandez et al., 2016; Uriarte et al., 2016; Gaamur and Khemiri, 2019).
However, due to the extraordinary thin morphology of European Anchovy otoliths, which renders
them particularly prone to become transparent (especially on the edge) after a short time when
immersed in a clearing solution (ICES, 2020), this type of analysis is not always simple to perform
and, consequently, the percentage of the opaque margin may be underestimated (Giraldez and
Torres, 2009; Hernandez et al., 2016; ICES, 2020). In addition, it should be also considered that this
general pattern often exhibits significant inter-annual variability, sometimes due to changes in the
habitat conditions (e.g. chlorophyll content, temperature) (Basilone et al., 2004; Giraldez and
Torres, 2009), and-this may provide a relatively large amount of the variability in European Anchovy

growth observed between areas, as well as within the same area.
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To conclude, although direct age validation methods (marking and re-marking, chemical marking,
and aquaculture) could not be used on this species (ICES, 2020), both indirect (LFDA) and semi-direct

methods (marginal analysis) were used in this study, taking into account the recommendations of

the ICES Working Group on Age Validation of Small Pelagic Fishes (WKVALPEL; ICES, 2020). Fhe

by Carbonara—etal—(2018) for M. barbatus. Furthermore, the ICES workinggroup WKVALPEL

endorsed and recommended the contemporary use of several highly feasible age
corroboration/validation methods (e.g., length and modal frequency analysis, marginal increment
analysis, edge nature and microstructure readings), stating that if these methods produce consistent
results, the specific ageing criteria could be supported (ICES, 2020). la-thisregard, the findings from
this study represent a valuable contribution to understand the European Anchovy growth pattern
in the Central-Southern Tyrrhenian Sea, also allowing to obtain solid and verified age data crucial
for an accurate stock status diagnosis, thus favoring the implementation of appropriate
management measures with the aim of assuring the sustainability of E. encrasicolus populations in
the region.
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TABLES

Table 1. Anchovy’s von Bertalanffy growth parameters obtained through otolith’s direct age
estimation.

TL.(cm) k(years?) to(years)

Combined sexes 18.34 0.29 -1.63
Females 18.81 0.29 -1.53
Males 16.51 0.37 -1.38

Table 2. Mean lengths (xsd) of each age class of the European Anchovy calculated by back
calculation and from the modes observed in the GRUND surveys LFD

Back-calculation GRUND - Survey
Age Total Length N° Total Length N° p-value
sd . sd )
(mm) Specimens (mm) Specimens
0.5 89.97 7.22 779 89.58 6.18 195 0.49
1.5 109.14 7.74 520 109.87 7.4 1335 0.06
2.5 125.56 8.54 275 124.95 5.67 425 0.08
3.5 139.76 8.32 81 139.88 10.37 7 0.79

FIGURES CAPTIONS



Figure 1. Study area representing the GFCM GSA (Geographic Sub-Area) 10. Black dots represent
the sampling sites in which European Anchovies were caught while black circles are the principal
fisheries landing ports sampled in the area.

Figure 1. Definition of the measurement taken on a European Anchovy otolith, where OL is the
otolith length; OR represents the otolith radius length; C indicates the Core and R1, R2 and R3 are
respectively the distance from the nucleus of the 15, 2" and 3" winter ring.

Figure 3. Monthly deposition percentage of translucent and opaque growth rings (a) and mean
monthly marginal increment (MIA) (b) in which numbers indicate sample size, the bars represent
the standard error of the mean and the dotted line is the polynomial regression of the means for
the European Anchovy In Central-Southern Tyrrhenian Sea.

Figure 4. Linear regression between: fish total length and otolith length (a); fish total length and
otolith radius (b); otolith length and otolith radius (c). The equation, R2 and number of specimens
are also reported

Figure 5. European Anchovy von Bertalanffy growth curves obtained from direct otolith readings
(blue line); back-calculation (red line) and Length frequency distribution (orange line).
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Abstract
The validation of growth of the European Anchovy (Engraulis encrasicolus (Linnaeus, 1758) presents

several gaps_in the Mediterranean Sea, despite its the-species-growth has been widely studied using

different methods. The uncertainty in estimating the anchewy-European Anchovy age by otolith

readings-interpretation is linked to i) the identification of the first growth ring-s-identificatien; ii) the

presence of false increments; iii) discrepancies in the applied age scheme (e.g. theoretical
birthdate); and iv) the progressive everlapping-compactness of the last annuli in older specimens.

The present study was conducted on specimens caught in Central-southern Tyrrhenian Sea between

2012 and 2016.The analysis of the otolith margin type_and the marginal increment analysis

elucidated the annuli deposition patterns, with the opaque ring deposited from June to September,

and the translucent ring from October to May. Fhe—modal-compenents—of-thelength—frequency

bution n DA dan ad in winta 72

Mereover—rNo significant differences were found between the von Bertalanffy growth curves

calculated by otolith reading-interpretation (back-calculation and direct otolith reading) and the
LFDA. The growth pattern inferred from the European Anchovy otoliths was either corroborated or
indirectly validated by the agreement between the length-frequency results and the otolith age
estimation. These outcomes appear as highly relevant for species, like small pelagic fish, for which

the direct validation methods (e.g. mark-recapture, captivity, radiochemical) are particularly

difficult to implement.

Medi

Keywords
European Anchovy; Age and Growth; Age validation methods; Otoliths; Central-Southern Tyrrhenian

Sea.



1. Introduction

The European Anchovy (Engraulis encrasicolus (Linnaeus, 1758)) is one the most landed species in
Mediterranean basin and thus represents a very important resource for the commercial fisheries
(GFCM, 2018). Purse seiners and pelagic trawlers are the fleet accountable for the largest share of
total landings, largely dominated by small pelagic fish (mainly European anchovy, with 333,340 tons,
and sardine, with 185,700 tons) (GFCM, 2018). In consideration of this species’ economic
importance,—ef the General Fisheries Commission for the Mediterranean (GFCM) included the
European Anchovyanehewy as priority species in all the Mediterranean sub-regions (West, Adriatic,
Central and East) for which assessments are regularly carried out (GFCM, 2018).

As widely known, aAge and growth information are twe-efthe-mest-crucial data inputs in analytical
models for stock assessment (Reeves, 2003). As a result, inaccurate or biased age data may have an

great impact on stock assessment outcomes (Eero et al., 2015). Additionally, poor-quality data may

often cause inaccurate assessments of the population's level of exploitation-have-eceasionatiy-been

caused-by-poor-guatity-data, with-the-severe-outcome-incertain-cases-being-a situation that could
eventually lead to the collapse of the stock (Beamish and McFarlane, 1995; Savenkoff et al. 2004;

Liao et al. 2013).

According to EU regulation 1004/2017, member states of the European Union are called to gather
fisheries data-en fisheries-to support scientific assessments of the status of effisheries-resources
and-the Commeon-Fisheries Policy{CEP}. Each member state inthiscontextcolectsfisheries data
through the Data Collection Framework (DCF), ireluding-collects biological information about the
exploited species like age and growth. In this regard, a growing amount of work is put into enhancing
data quality, especially for the gathering of biological data (such as age and reproduction), in order
to get reliableas-t-isvital-forthe-value-and-aceuracy-of stock assessment analysis (ICES 2011, 2013).

With this purpose, a huge effort to achieve agreement among the readers involved in the species

assessment is done under the umbrella of the International Council for the Exploration of the Sea

(ICES), performing intercalibration activities (ICES, 208910; 20167; 2018).Conseguenthyrumerous

2016)— In this framework, experts have pointed outF the first growth ring's identification, the




presence of false increments, the employed age scheme's inconsistencies (theoretical birthdates on

the 1%t of January or the 1%t of July), and the annuli everlapping-compactness in older specimens

represent the main sources of disagreement that-havebeen—identifiedduringthese—ageing
worksheps-(ICES 26092010, 26462017).

As a result of the high mortality rate, of anchovies (and generally of small pelagic fish) associated

with the capture procedure and handling (stress, scale loss, and wounds) as well as their relative
short life span, the most popular direct age validation methods (e.g. mark-recapture, radiochemical
dating) ferthe-anchovy—and-generallyforsmalpelagicfish-(James et al., 1988; ICES, 2020), are
frequently affected by a very low feasibility (Politikos et al., 2015; Basilone et al., 2018). Due to these
challenges, there are still few studies in the literature about European Anchovy age validation. While
Uriarte et al. (2016) used strong year-classes in successive spring surveys to validate the otolith
reading, Cermeo et al. (2003) and Aldanondo et al. (2016) used captivity rearing of both juvenile and
adult European Anchovy to validate the otolith microstructure (daily increment). Finally, to validate
the first annulus formation in the Mediterranean region, Basilone et al. (2020) used semi-direct
approaches such as the marginal analysis and the marginal increment analysis.

Indirect (e.g., strong mede-year classes tracking) and semi-direct (e.g., marginal analysis; marginal
increment analysis) age validation studies (Campana, 2001; Uriarte et al., 2016; ICES, 2020; Basilone
et al., 2020) could be helpful to clarify the European Athe-anchovy growth pattern, thus providing
solid data that can hardly be obtained ia-by other ways-censidering-the-lowfeasibility-of directage

validation—methods—when—applied—to—meost—of the—smallpelag peeies. Furthermore, the

contemporary use and comparison of these age validation techniques in a holistic manner appears
to be a reliable method for elucidating growth patterns for both a particular development phase

(Basilone et al., 2017) and the complete life cycle of short-lived species (Carbonara et al., 2018).



In this study ferthefirsttime the otolith age reading the European Anchovy results were compared,

in an holistic approach (sensu Carbonara et al., 2018), with the growth curves obtained from the

back-calculation analysis and from length-frequency distribution analysis (LFDA - Bhattacharya

methods) i

g}-to validate for

the first time the species growth-forthefirst time;the otolith-age readingof the European-Anchowy

in Central-Southern Tyrrhenian Sea{GFEM-Geographical-Sub-Area,{GSA)10{Central-Seuthern
T epian-Sead.

2. Materials and methods

2.1. Sampling
European Anchovies were collected from commercial fishery meniteringcatches and landings (DCF;

EU Reg. 199/2008) carried-eutin the period between March 2012 and December 2016 (Tab.%Sup.1)
in Central-Southern Tyrrhenian Sea {FAO-GFCM-Geographical-Sub-Area{GSA)}-10)-(Fig. 1). From each

specimens the total length (TL) to the nearest 0.5 cm and the sex—{Fellesa—and-Carbonara2019;
Follesa-etal—2019} were recorded. Additienal-Moreover, other samplesspecimens were obtained

from the Mediterranean International Trawl Survey (MEDITS) 2012-2016 and from the national
trawl survey GRUND (January 2009) in Central-Southern Tyrrhenian Sea. The sampling protocol
(Spedicato et al., 2019) used in the MEDITS and GRUND trawl survey was-thesame-(e.g. gear, station
position, duration of each station) (Fig. 1) ane-the-enlyis the same only differing in difference-was
the sampling period: spring-summer for MEDITS (2012-2016) and winter for GRUND (2009).

The unsexed juvenile specimens were divided into two sexes using the sex ratio value of the first
fully sexed class (9 cm).

2.2. Direct age estimation
Age was estimated through the direct observation of winter rings in saggitta otoliths extracted from

1855- individuals. A

aAnalysis were

carried out preferabhyon the right ene-otolith in order to standardized protocol, while the left one

was kept as backup. The wintertranslucent rings count was conducted using a stereomicroscope
(Leica S9D™) with reflected light, otoliths were oriented with the distal face up and the proximal
surface downward (Fig. 2)_and immersed in—F filtered seawater was—empleyed-as clarification

medium.



£The ageing criteria proposed by Carbonara and Follesa (2019) was utilized_(birthdate 1st July;

deposition of one annulus, composed by 1 translucent and 1 opaque ring by year). The age

estimation process was conducted twice on each otolith by two different readers. The overall

accuracy of the readings was evaluated through the coefficient of variation CV% (Chang, 1982), the

index of average percent error IAPE (Beamish and Fournier, 1981) and the percentage of agreement

A%. Considering that warm months are reported as the main European Anchovy arehowy-spawning
period in the study area (Follesa and Carbonara, 2019 and reference therein) the 1%t of July was
considered as the species theoretical birthdate. Finally, each fish was given an absolute age (in
months) using the procedure suggested by Morales-Nin and Panfili (2002) (Suppt—Mat:

Tab.SupleTab- 42). Additionally, the annual deposition pattern of growth rings was investigated

through both quantitative (Marginal Analysis, MA) and quantitative approach (Marginal Increment

Analysis, MIA). The MA required the annotation of each otolith edge nature in order to follow its

monthly evolutionthe-ra . The MIA took

into account the average monthly marginal increment. Following the equation proposed by Panfili

et al (2002) and Mahé et al. (2021), the Relative Marginal Distance (RMD) was calculated in each

otolith as the as the ratio between the farther mark from the edge the Absolute Marginal Distance

(AMD), the last completed annulus and the distance separating the two last sarksrings (Di, i-1).

Following Campana (2001), in order to avoid the influence of seasonal differences between the age

classes on the entire sample, the MIA only considered few age groups (I and Il age classes)-.

2.3. Growth modelling

The ebtained-age-at-length data obtained from the direct otolith readings were used-fitted to the

standard von Bertalanffy growth curve (VBGC) threugh-using R (R Development Core Team 2017;

ver. 4.0.5) utilizingwith the FSA package (version 0.8.25, Ogle et al., 2019) according to the following
equation:to-caleulate-the standard-von-Bertalanffy-growth-curve (MBGC):

TLy = TLe (1 — e7*(t0)
where TL; is the fish's total length at age t, TL- is the species- predicted asymptotic length, k is the

growth factor, and tpis the theoretical fish’s length before birth. A-Cheatest{Ch +ai--1002)
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2.4, Back c€alculation

Using the equipment mentioned above, each otolith was photographed in order to recerd-measure

the otolith length (OL), otolith radius length (OR), and each true wintertranslucent ring distance

from the nucleus (R1, R2...Rn). Biff ta—otelith eh tric—¢ ot b

|odi hi ik fich | + 1 H 41 +adl A ANONV/A & 4 I\“ measurements were taken

on the longitudinal axis joining the sulcus and the nucleus towards the post-rostrum (Fig. 2).
According to the ICES recommended criteria, only otoliths with clearly defined annuli were used to
register these measurements (ICES, 2010). Additionally, the linear relationships between TL and OR

as well as the one between TL and OL were examined. Differences sexes in otoliths morphometric

descriptors linear relationships with fish length were investigated with an ANOVA test.- The TL at

which transparent—translucent rings were deposited was back-calculated for each specimen,
individually for each sex, using the Campana’s formula (1990):

(Ri —R.)

(Re = Ro)

where TL; and R; are the fish”s length and otolith”s length at age /, TL. and R. are the fish”s length

TL; = TL. + (TLe — TLy) *

and otolith”s length at capture, and TLpand Ry are the fish”’s length and otolith"’s length at hatching,
respectively (biological intercept) (Campana, 1990). TLo and Ro used are respectively 2.97 mm and
4.07 um (Aldanondo et al., 2008).

Back-calculated lengths were used to estimate von Bertalanffy (VB) growth curve as described in
previous sections.

2.5. Length—frequency distribution analysis.

The length-frequency distribution analysis (LFDA) was conducted on samples collected between
2012 and 2016 through MEDITS survey and in 2009 for the GRUND survey. The Bhattacharya
method was applied to the obtained data threugh-using the software FISAT Il (Gayanilo et al., 2006)
in order to discriminate the species normal distribution, considering each mode in the overall size-
frequency distribution as a cohort. Only cohorts with values of separation index > 2 were
considered, while values <2 indicated a large cohort overlap were considered unacceptable

(Gayanilo et al., 2006). The translucent growth increments were assumed to be deposited

throughout the winter, when the mode components (cohort) of the GRUND LFD were collected.

Because of this, the Bhattacharya approach was used to determine the cohorts” average length. A

Kruskal-Wallis hon-parametric test was used to compare, the Battacharya analysis outcomes with




the mean TL back-calculated from the translucent growth increments discovered during the otolith

examination.
2.6. Statistical Analysis

A Chen test (Chen et al., 1992) was used to look for potential differences in growth between sexes.

Additionally, the same test was utilized to compare all efthe VBG curves derived for this study from
direct otolith ageing as well as from LFDA and back-calculation analyses—{see—felowing

using-the-Chen-test{Chen-etak1992}. Moreover, the fitting level of each VBGC (calculated from

direct age estimation, back calculation and LFDA) to the observed data was evaluated through the

Akaike’s Information Criterion (AIC; Akaike, 1974; Haddor, 2001).

the-entire-yearperied—The age estimation process appeared to be characterized by a high level of

reproducibility and precision (IAPE =3.86; CV% =4.9; A%=89.7). The observed ages varied between

0.16 and 5.08 years, corresponding to 2 and 61 months respectively.The obtained length-at-age key

are presented in Tab.Sup.3. In table-Table 2-1 the estimated VBGC parameters for combined sexes

and for females and males separately are reported, while in Fig.Sup.Fig:1-3 the obtained VBGC are
plotted against observed age. The Chen test did not show any statistical difference in growth curves
between males and females (Fobs<Ferit).

The marginal analysis earried-eutbased on the entire sample showed a clear deposition pattern of
the annual growth rings, with an overall prevalence of transparenttranslucent rings throughout the
year (52.9% n=801) against opaque ones (47.1% n=714) (Fig. 43a).

According to this result only one trarsparent-translucent ring (mainly found at the otolith’s edge
between December and April) followed by one opaque one (mainly found between May and

November) appears to be laid down yearly (Fig.543a). This pattern appeared to be further confirmed

by the MIA results which revealed a much higher marginal increment during the summer months




(June-September) saw, while the winter and early spring (November-May) had-significantly-smaller
{p<0-05}-marginal increments (Fig. 3b).

Both-the-oQtolith morphometric descriptors considered in the present study showed a significant

linear relationship with respect to the fish age (Fig. 5a4a, b). while-re-No statistical differences were
found in thelinearregressions-between sexes (ANOVA p>0.05). SiwiarhyLikewise, also OL and OR
appeared to be linearly correlated (Fig. 5e€4c). Each linear regression equation is reperted-presented
in Figure 54.

Appling—the—Campanas—fermula—{Campana,—1998)}—A descriptive summary of growth rings
measurement is reported in the table Tab.Sup.34 while the frequency distribution of each growth

ring from the nucleus is shown in Fig.Sup.2. The individuals TLs cerrespending-to-each-detected-true
winterring-were calculated (Tab.Sup.-345). Considering that the back-calculated growth increments

represented the winter growth and that the species theoretical birthdate, in-censideration-alse-of
the-eriteria-used-forotelith-directage-estimationwas-setat the 1°-of July-the corresponding ages
assigned to these growth increments were as follows: 1° growth increment 0.5 years, 2° growth
increment 1.5 years, 3° growth increment 2.5 years and so on (Carbonara et al., 2018,; 2022). The
von Bertalanffy growth parameters obtained from the back-calculated age-length--at--age length
data-were as follows: TLe = 21.512 cm; k = 0.167 years™; to = -2.739 years_(AIC= 11504.5).

£The mean length (+sd) for each modal component of the LFD obtained from the length frequency

distributions of MEDITS and GRUND surveys (Sup.Fig.23) allowed to calculate—Subseguenthy;

modeand-the-obtained length-at-age data-used-to-calewlate-VBGF growth parameter Tl = 20.3579
cm, k=0.186 year™! and t0 = -2.428 year for sexes combined (AIC=32.12). In Table 42 mean lengths

derived from baek-back-calculation and from the modes observed in the GRUND surveys (winter
survey) LFD are reported, no statistical differences were found between mean lengths calculated by

the two methods (Kruskal-Wallis p>0.05). The AIC values indicated the VBG curve obtained though

the LFD analysis as the most precise in describing the species growth in terms of fitting to the

observed data, followed by the direct age estimation (AIC=3430.81) and the back calculated one.

Finally, the Chen test, did not show any statistical difference (Fobs < Ferit) between growth curves

ves-obtained from LFDA and
both otolith driven-based analysis (back-calculation and direct age reading) (Fig. 25)-¢id-notshow
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any-statistical-differences-n-everypossible—mateh—-{(Fops—<—Fert)—). In Supplementary Figure 4 each

VBGC is shown separately together with its length-at-age data (Sup.Fig.4).

4. Discussion
Even though the European Anchovy is one of the species that has been studied the most in the
Mediterranean setting-Sea basin (Carbonara and Follesa, 2019), especially in regard to its life cycle
features, several aspects of its age estimation still remain debatableunknown. Indeed, based on the
growth factors from the analysis of the relevant literature, is it possible to determine an average
total length at the first year that ranges from 0.32 cm (Bouaziz and Bennoui, 2004) to 9.81 cm (Bacha
et al. 2010) (Supp—Mat—TFableTab.sSub.-56%). It is implausible that ecological variation and genetic
differences alone could account for the significant level of variability in the European archowy
Anchovy growth patterns described (Carbonara et al., 2018). In general, there are a number of
reasons for the variation in age data obtained from reading hard structures (vertebral centra, spines,
scales and otoliths). These factors may include the application of multiple sampling methods

(commercial fishing or scientific surveys) (Coggins et al. 2013), difference in the sample analyzed

and otolith preparation techniques (Smith et al. 2016), and ageing criteria (ICES 2011; 2017; Hussy
et al. 2016; Carbonara and Follesa, 2019). Moreover, the geographical differences of the-habitats

colonized-by-differentpepulationsthe environmental conditions (ICES, 2017; Carbonara et al. 2018),
together to different degrees of fishing pressure (Schindler et al., 2000; Carbonara et al., 2022;) may

represent an additional source of difference in ageing data. Furthermore, the method employed to
quantify growth could be a source of variation. In general, while the direct age estimation could be
distorted by the incorrect interpretation of the annual increments (Uriarte et al. 2016; Carbonara et
al., 2018; Basilone et al., 2020), the overlapping of the modes in the LFDA methods (indirect age
estimation) could result in an overestimation of growth. Finally, the reader degree of experience
(ICES 2010; Carbonara et al., 2019) can be a very important additional source of variability. Indeed,
Carbonara et al. (2019), in a medium-short life-span demersal species such as the red mullet (Mullus-

barbatus L. 1758.), pointed out the reader experience as the factor which explained the majority of

the variability, even if considering other factors such as the sample geographical origin, the birthday

date (1st of July and 1st of January), and the different identification of the first growth




Age and growth data affected by low accuracy and/or precision levels, potentially may have a
significant impact on stock assessment analysis and, as a result, on the implementation of

management methods aimed at achieving sustainable exploitation of marine species in general and,

particularly, the European Anchovy. The majority of the data-rich stock assessment models in use,
particularly the analytical ones like-statistical-cateh-at-age{e-g-StockSynthesis[Methotand-Weizel

0 Aoa ed Assessmant Program ag nd Rea ano—1999) or \ nob on

information on the population's age structure. The use of unrealistic and not precise age structured

dataFhe

£The most significant impact of these inaccuracies is related to short-term projections of stock

condition and the associated management, measures—tnconsistenciesin-age-estimationin-seme
ases-may-have-contributedtolargererrors-in-population-assessmentswhich-inturnledleading to

improper fisheries management practices and the subsequent collapse of the stocks (Beamish and
McFarlane, 1995; Savenkoff et al. 2004; Liao et al. 2013). Therefore, age validation techniques are
essential to obtaining highly accurate age and growth data, preventing inaccurate assessments of

the health status eendition—of the resources. Due—to—this—allage—validation—approaches—were




could-be-helpfulto-In this regard, -employ-additional-approaches, such as indirect (e.g., tracking year

class) and/or semi-direct (e.g., margin analysis), appeared as the most applicable and were endorsed

to get-validated small pelagic fish and particularly anchovies age and growth data (ICES, 2020;

Basilone et al., 2020).
The current study is one of the first to attempt to validate European arehovy—Anchovy in the

Mediterranean basin.

In our investigation, there were no statistical differences between the growth curves produced by

otolith reading (back-calculation and direct age estimation) and the LFDA (Bhattacharya method).
According to Campana (2001) and Carbonara et al. (2018), this finding eenstituted-constitutes an
indirect validation of the otolith age reading criteria used. Indeed, considering that the modal
lengths are assumed to correspond to age classes that can be identified and then compared to
individual lengths at age observed in the otolith reading (Morales-Nin and Panfili, 2002), such
comparison between discrete length modes and otolith reading data is acknowledged as a solid
method to validate the interpretation of annuli and age/growth determination (Campana, 2001).

Additionally, the outcomes of the back-calculation analysis of the winter—translucent growth
increment {transparent)-were compared with the mean length of the modes (Bhattacharya’s
method) obtained from the winter LFD (GRUND 2009)-used—in-this—analysis-because—the-winter

eriodrepresentstheperiod-of deposition-of transparentgrowth-inerement. Although being limited

to only one sampling occasion, the agreement of the results of these two analyses provided a further

indirect validation of the-detected observed age greups-classes (Panfili et al., 2002; Carbonara et al.,

2018; ICES, 2020). The VBG curve obtained though the LFD analysis appeared as the most precise in

describing the species growth in terms of fitting to the observed data (AIC), followed by the direct

age estimation and the back calculated one, however this result might have been strongly

influenced by the lower number of age-length data obtained ferrom Battacharya’s method in

comparison to the other two techniques.
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The monthly evolution of the otolith margin (nature of edge) over the course of the year in several
areas, including the Bay of Biscay, Galician waters, Gulf of Cadiz, Alboran Sea, and North Adriatic
Sea, was-has been monitored in previous studies using a qualitative method (Marginal Analysis)
(Giraldez and Torres, 2009; Donato and La Mesa, 2009; Millan and Tornero, 2009; Hernandez et al.,
2016; Uriarte et al., 2016; Gaamur and Khemiri, 2019). While only the Bay of Biscay (Uriarte et al.,
2016) and Tunisian waters (Gaamur and Khemiri, 2019) used a quantitative method (Marginal
Increment Analysis) to evaluate the periodicity of growth increment. The pattern
mentionedrevealed in the aforementioned works is consistent with our findings, which indicate that
the opaque growth increment is primarily laid down in the summer months (prevalence > 50% of
opaque edge) and the transparenttranslucent growth increment is primarily laid down in the winter
months (prevalence > 50% of transparent edge). The prevalence of the opaque margin gradually
overwhelms the transparenttranslucent edge percentage starting in the spring. On the other hand,
as autumn approaches, the proportion of opaque margins declines until the transparent margin
raises its occurrence. These results, seemed to provide a further confirmation of the hypothesis of
the deposition of only one annulus per year in the European Anchovy otoliths (Giraldez and Torres,
2009; Donato and La Mesa, 2009; Millan and Tornero, 2009; Hernandez et al., 2016; Uriarte et al.,
2016; Gaamur and Khemiri, 2019). However, due to the extraordinary thin morphology of archewy

European Anchovy otoliths, which renders them particularly prone to become transparent

(especially on the edge) after a short time when immersed in a clearing solution (ICES, 2020), this
type of analysis is not always simple to perform and, consequently, the percentage of the opaque
margin may be higherthan-itisrepertedunderestimated (Giraldez and Torres, 2009; Hernandez et
al., 2016; ICES, 2020). In addition, it should be also considered that this general pattern often
exhibits significant inter-annual variability, sometimes due to changes in the habitat conditions (e.g.
chlorophyll content, temperature) (Basilone et al., 2004; Giraldez and Torres, 2009), and this may
provide a relatively large amount of the variability in European aAnchovy growth observed between
areas, as well as within the same area.

Altheugh-To conclude, although direct age validation methods (marking and re-marking, chemical

marking, and aquaculture) could not be used on this species (ICES, 2020), both indirect (LFDA) and
semi-direct methods (marginal analysis) were used in this study, taking into account the
recommendations of the ICES Working Group on Age Validation of Small Pelagic Fishes (WKVALPEL,

ICES 2020). The marginal analysis has confirmed that the transparent growth increment is laid down

on the otolith during the winter months, inaddition-te-previngsupporting the fact that only one
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annulus is deposited every year. Given that the back-calculation is based on the winter growth
increment (transparenttranslucent), the comparison of the back-calculated mean lengths from the
winter-translucent rings and the LFD modes from a winter survey (GRUND) allowed to validate the
age readings obtained in this study, as previously reported by Carbonara et al. (2018) for M.uwus
barbatus. &=2758=Furthermore, the ICES working group WKVALPEL endorsed and recommended
the contemporary use of several highly feasible age corroboration/validation methods (e.g., length
and modal frequency analysis, marginal increment analysis, edge nature and microstructure
readings), stating that if these methods produce consistent results, the specific ageing criteria could
be supported (ICES, 2020). In this regard, the findings from this study represent a valuable
contribution to understand the European Anchovy growth pattern in the Central-Southern
Tyrrhenian Sea, also allowing to obtain solid and verified age data indispensable—crucial for an
accurate stock status diagnosis, thus favoring the implementation of appropriate management

measures with the aim of assuring the sustainability preventing—the—ceHapse-of E. encrasicolus

populations_in the region.

5. References

Akaike, H., 1974. A new look at the statistical model identification. IEEE Trans. Automat. Control 19,

716-723. http://dx.doi.org/10.1109/TAC.1974.1100705.

Aldanondo, N., Cotano, U., Alvarez, P., Uriarte, A. 2016. Validation of the first annual increment
deposition in the otoliths of European anchovy in the Bay of Biscay based on otolith microstructure

analysis. Mar. Freshw. Res., 67, 943-950. http://dx.doi.org/10.1071/MF15083

Aldanondo, N., Cotano, U., Etxebeste, E., Irigoien, X., Alvarez, P., de Murguia, A.M., Herrero, D. L.
2008. Validation of daily increments deposition in the otoliths of European anchovy larvae (Engraulis
encrasicolus L.) reared under different temperature conditions. Fish. Res., 93(3), 257-264.

https://doi.org/10.1016/j.fishres.2008.04.012

Bacha, M., Moali, A., Benmansour, N.E., Brylinski, J.M., Mahé, K. Amara, R. 2010. Relationship
between age, growth, diet and environmental parameters for anchovy (Engraulis encrasicolus L.) in
the Bay of Bénisaf (SW Mediterranean, west Algerian coast). Cybium 34, 47-57.
https://doi.org/10.26028/cybium/2010-341-006

Basilone, G., Guisande, C., Patti, B., Mazzola, S., Cuttitta, A. et al., 2004. Linking habitat conditions
and growth in the European anchovy (Engraulis encrasicolus). Fish. Res., 68, 9-19.

https://doi.org/10.1016/].fishres.2004.02.012



Basilone G., Mangano, S., Pulizzi, M., Fontana, |., Giacalone, G., Ferreri, R., Gargano, A., Aronica, S.,
Barra, M., Genovese, S., Rumolo, P., Mazzola, S. & Bonanno, A. 2017. European anchovy (Engraulis
encrasicolus) age structure and growth rate in two contrasted areas of the Mediterranean Sea: the
paradox of faster growth in oligotrophic seas. Medit. Mar. Sci. 18/3, 504-516.
https://doi.org/10.12681/mms.2059

Basilone, G., Barra, M., Ferreri, R., Mangano, S., Pulizzi, M., Giacalone, G., Fontana, |., Aronica, S.,
Gargano, A., Rumolo, P., Genovese, S., Bonanno, A. 2020. First annulus formation in the European
anchovy; a two-stage approach for robust validation. Sci. Rep. 10(1), 1079.
https://doi.org/10.1038/s41598-020-58174-5

Basilone, G., Ferreri, R., Mangano, S., Pulizzi, M., Gargano, A., Barra, M., Mazzola, S., Fontana, |.,
Giacalone, G., Genovese, S., Aronica, S. & Bonanno, A. 2018. Effects of habitat conditions at hatching
time on growth history of offspring European anchovy, Engraulis encrasicolus, in the Central

Mediterranean Sea. Hydrobiologia 821, 99-111. https://doi.org/10.1007/s10750-018-3625-9

Beamish, R.J., Fournier, D.A., 1981. A method for comparing the precision of a set of age

determinations. Can. J. Fish. Aquat. Sci. 38, 982—983. http://dx.doi.org/10.1139/f81-132

Beamish, R.J. McFarlane, G.A. 1995. Recent developments in fish otolith research in: Secor, D.H.,

Dean, J.M., Campana, S.E. (Eds.) University of South Carolina Press, Columbia. pp. 545-565.

Bouaziz, A., Bennoui A. 2004. Etat d’exploitation de I'anchois Engraulis encrasicolus (Linné, 1758)
dans la Baie d’Alger. Rapport du Commission Internationale our I’exploration scientifique de la mer

Méditerranée, 37:318.

Campana, S.E. 1990. How Reliable are Growth Back-Calculations Based on Otoliths? Can. J. Fish.
Aquat. Sci. 47: 2219-2227. https://doi.org/10.1139/f90-246

Campana S.E. 2001. Accuracy, precision and quality control in age determination, including a review
of the use and abuse of age validation methods. J. Fish Biol., 59, 197-242.
https://doi.org/10.1111/j.1095-8649.2001.tb00127.x

Carbonara P., Intini S., Kolitari J., Joksimovi¢ A., Milone N., Lembo G., Casciaro L., Bitetto I., Zupa W.,
Spedicato M. T., Sion L. 2018. A holistic approach to the age validation of Mullus barbatus L., 1758
in the Southern Adriatic Sea (Central Mediterranean) Sci. Rep. 8, 13219.
https://doi.org/10.1038/s41598-018-30872-1



Carbonara, P., Follesa, M.C., 2019. Handbook on Fish Age Determination: A Mediterranean
Experience. Studies and Reviews. No. 98. Rome, FAO. 2019. 180 pp. Available at:
http://www.fao.org/3/ca2745en/ca2745en.pdf?eloutlink=imf2fao

Carbonara, P., Zupa, W., Anastasopoulou, A., Bellodi, A., Bitetto, I., Charilaou, C., et al. 2019.
Explorative analysis on red mullet (Mullus barbatus) ageing data variability in the Mediterranean.

Sci. Mar. 8351, 271-279. https://doi.org/10.3989/scimar. 04999.19

Carbonara, P., Ciccolella, A., De Franco, F., Palmisano, M., Bellodi, A., Lembo, G., Neglia, C.,
Spedicato, M.T., Zupa, W., Guidetti, P. 2022. Does fish growth respond to fishing restrictions within
Marine Protected Areas? A case study of the striped red mullet in the south-west Adriatic Sea

(Central Mediterranean). Aquat. Conserv. 32(3), 417-429. https://doi.org/10.1002/aqgc.3776

Ch WV R 1092 A ciaictical thad f luating th ducibilitg of dat inati
£ €8 £ P €t i E

ol | Fich A + Coi 20 N 121N hi [lelai /10 1120 /02 1CQ
g e-=30-12 s ;

74

Cermefio, P., Uriarte, A., De Murguia, A.M., Morales-Nin, B. 2003. Validation of daily increment
formation in otoliths of juvenile and adult European anchovy. J. Fish Biol., 62, 679-691.

https://doi.org/10.1046/j.1095-8649.2003.00056.x

Chang, W.Y.B. 1982. A statistical method for evaluating the reproducibility of age determination.

Can. J. Fish. Aquat. Sci. 39, 1208-1210. https://doi.org/10.1139/f82-158

Chen, Y., Jackson, D.A., Harvey, H.H. 1992. A Comparison of von Bertalanffy and Polynomial
Functions in Modelling Fish Growth Data. Can. J. Fish. Aquat. Sci. 49, 1228-1235.
https://doi.org/10.1139/f92-138

Coggins, L.G., Gwinn, D.C., Allen, M.S. 2013. Evaluation of Age—Length Key Sample Sizes Required to
Estimate Fish Total Mortality and Growth. Trans. Am. Fish. Soc., 142, 832-840.

Donato, F., LaMesa, F. 2009. Criteria for age estimation of European anchovy (Engraulis
encrasicolus) in the Adriatic Sea based on otolith marginal increment analysis. Working Document
to ICES Workshop on Age reading of European anchovy (WKARA). Mazara del Vallo, Italy, 9-13
November 2009. ICES CM 2009/ACOM: 43 https://doi.org/10.17895/ices.pub.19280525

Eero, M., Hjelm, J., Behrens, J., Buchmann, K., Cardinale, M., Casini, M., et al. 2015. Eastern Baltic
cod in distress: biological changes and challenges for stock assessment. — ICES Mar. Sci., 72: 2180—

2186. https://doi.org/10.1093/icesjms/fsv109



Follesa, M.C., Carbonara, P. 2019. Atlas of the Maturity Stages of Mediterranean Fishery Resources,
Studies and Reviews N. 99. Rome, FAO. 268. Available at:
http://www.fao.org/documents/card/en/c/CA2740EN

Gaamur, A., Khemiri, S. 2019. Age validation study of Anchovy, Sardine and Mackerels in Tunisian
waters. WD to Workshop on age validation studies of small pelagic species (ICES WKVALPEL). ICES
CM 2019 Boulogne sur Mer 22-24 October 2019 http://doi.org/10.17895/ices.pub.5966

Gayanilo, F. C. J., Sparre, P., Pauly, D. 2006. FAO-ICLARM Stock Assessment Tools Il (FISAT Il) Revised
version -User’s Guide. FAO Computerized Inf. Ser. - Fish. 6, 166.

GFCM. 2018. Working Group on Stock Assessment of Small Pelagic Species. Scientific Advisory
Committee on Fisheries (SAC) Report. FAO headquarters, Rome, Italy, 19-23 November 2018.
Available at:
https://gfcm.sharepoint.com/EG/Report%20v2/Forms/Allitems.aspx?id=%2FEG%2FReport%20v2
%2F2018%2FWGSASP%2FGFCM%5FWGSASP%5F2018%5FReport%2Epdf&parent=%2FEG%2FRepo
rt%20v2%2F2018%2FWGSASP&p=true&ga=1

Giraldez, A., Torres. P. 2009. Criteria for age estimation of anchovy otoliths in the Alboran Sea
(Western Mediterranean Sea) based on the monitoring of the hyaline edge formation. Working
Document to ICES Workshop on Age reading of European anchovy (WKARA). Mazara del Vallo, Italy,
9-13 November 2009. ICES CM2009/ACOM: 43 https://doi.org/10.17895/ices.pub.19280525

Haddor, M., 2001. Modelling and Quantitative Methods in Fisheries. CRC Press, Boca Raton, FL.

Hernandez, C., Duefas-Liafio, C., Antolinez, A., Villamor, B. 2016. Criteria for age determination of
anchovy otoliths in Sub-division IXa North: analysis of the rings biometric measures. Working

Document to WKARA2, Pasaia, Guipuzcoa (Spain), 28 November-2 December, 2016

Hussy, K., Radtke, K., Plikshs, M., Oeberst, R., Baranova, T., Krumme, U., Sjoberg, R., Walther, Y.,
Mosegaard, H. 2016. Challenging ICES age estimation protocols: lessons learned from the eastern

Baltic cod stock, ICES Mar. Sci., 73(9), 2138-2149, https://doi.org/10.1093/icesjms/fsw107

ICES. 2010. Report of the Workshop on Age reading of European anchovy (WKARA), 9-13 November
2009, Sicily, Italy. ICES CM 2009/ACOM:43. 122 pp. https://doi.org/10.17895/ices.pub.19280525

ICES. 2011. Report of the Workshop on Age Reading of European Atlantic Sardine (WKARAS), 14-18
February 2011, Lisbon, Portugal. ICES CM 2011/ACOM:42. 91 pp.
https://doi.org/10.17895/ices.pub.19280855



~N~NoOo o~ WNER

ICES. 2013. Workshop on Micro increment daily growth in European Anchovy and Sardine
(WKMIAS). 21 - 25 October 2013 Mazara del Vallo, Sicily. ICES CM 2013/ACOM:51
https://doi.org/10.17895/ices.pub.21485250

ICES. 2017. Report of the Workshop on Age estimation of European anchovy (Engraulis
encrasicolus). WKARA2 2016 Report 28 November - 2 December 2016. Pasaia, Spain. ICES CM
2016/SSGIEOM: 17, 223 pp https://doi.org/10.17895/ices.pub.19280525

ICES. 2018. Report of the Workshop on Age Estimation of Atlantic mackerel, (Scomber scombrus)
(WKARMAC2) 22-26 October 2018 San Sebastian, Spain. ICES CM 2018/E0SG:32
https://doi.org/10.17895/ices.pub.8171

ICES. 2020. ICES Workshop on age validation studies of small pelagic species (WKVALPEL). ICES
Scientific Reports. 2:15. 76 pp. http://doi.org/10.17895/ices.pub.5966

James, A.G., Probyn, T. 1988. The relationship between respiration rate, swimming speed and
feeding behaviour in the cape anchovy Engraulis capensis Gilchris, J. Exp. Mar. Biol. Ecol., 131, 81-

100. https://doi.org/10.1016/0022-0981(89)90001-4

Liao, H., Sharov, A.F., Jones, C.M. & Nelson, G.A. 2013. Quantifying the Effects of Aging Bias in
Atlantic Striped Bass Stock Assessment. Trans. Am. Fish. Soc. 142, 193-207.

Mahé, K., Ernande, B., Herbin, M. 2021. New scale analyses reveal centenarian African coelacanths.

Curr. Biol., 31(16): p3621-3628.E4 https://doi.org/10.1016/j.cub.2021.05.054

Millan, M., Tornero, J. 2009. Criteria for age determination of the anchovy otoliths from the Gulf of
Cadiz. Working Document to the ICES Workshop on Age reading of European anchovy (WKARA).
Mazara del Vallo, Italy,9-13 November  2009. ICES CM  2009/ACOM: 43
https://doi.org/10.17895/ices.pub.19280525

Morales—Nin, B., Panfili, J. 2002. In Panfili, J., de Pontual, H., Troadec, H., Wright, P.J. (Eds.) Manual

of fish sclerochronology. 91-98 (Ifremer—IRD Coedition, Brest, France).

Ogle, D.H., P. Wheeler, Dinno A. 2019. FSA: Fisheries Stock Analysis. R package version 0.8.25,
https://github.com/droglenc/FSA

Panfili, J., Troadec, H., Pontual, H.D. Wright, P.J. 2002. Manual of fish sclerochronology. (Ifremer-
IRD coedition, Brest, France, 2002).



~N~NoOo o~ WNER

568
579

11

74

¥6é
sky
18
9

i
72

%9
24

26
27

23
29
39

58k
33

s
36
34

38
539
40
41
#H2

%42
42
46
27
48
29
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

Politikos, D. V.,Huret, M., Petitgas, P. 2015. A coupled movement and bioenergetics model to
explore the spawning migration of anchovy in the Bay of Biscay. Eco. Modell., 313, 212-222.
http://doi.org/10.1016/j.ecolmodel.2015.06.036

R Core Team. 2017. R: A Language and Environment for Statistical Computing.

Reeves, S.A. 2003. A simulation study of the implications of age-reading errors for stock assessment
and management advice. ICES J. Mar. Sci. 60, 314-328. https://doi.org/10.1016/51054-
3139(03)00011-0

Savenkoff, C., Castonguay, M., Vézina, A.F., Despatie, S.P., Chabot, D., Morissette, L., Hammill, M.O.
2004. Inverse modelling of trophic flows through an entire ecosystem: The northern Gulf of St.
Lawrence in the mid-1980s. Can. J. Fish. Aquat .Sci., 61, 2194-2214. https://doi.org/10.1139/f04-
154

Schindler, D.E., Geib, S.l., Williams, M.R. 2000. Patterns of Fish Growth along a Residential
Development Gradient in  North Temperate Lakes. Ecosystems, 3(3), 229-237.
https://doi.org/10.1007/s100210000022

Smith, B.J., Dembkowski, D.J., James, D.A., Wuellner M.R. 2016. A simple method to reduce
interpretation error of ages estimated from otoliths. Natural Resource Management Faculty

Publications. 198.

Spedicato, M.T., Massuti, E., Mérigot, B., Tserpes, G., Jadaud, A., Relini, G., 2019. The MEDITS trawl

survey specifications in_an _ecosystem approach to fishery management. Sci. Mar. 83S1, 9-20.

https://doi.org/10.3989/scimar.04915.11X

STECF. 2016. Scientific Technical and Economic Committee for Fisheries. Mediterranean
assessments -part 2 (STECF-17-06). (Publications Office of the European Union, Luxembourg; EUR
28359 EN., 2016). https://doi.org/10.2760/015005

Uriarte, A., Rico, I., Villamor, B., Duhamel, E., Duefias, C., Aldanondo, N. & Cotano, U. 2016.
Validation of age determination using otoliths of the European anchovy (Engraulis encrasicolus L.)

in the Bay of Biscay. Mar. Freshwater Res. 67, 951-966. https://doi.org/10.1071/MF15092



(")
OBV AWN R

31 Fundings

68 The samples from commercial fishery (landing and discard) are collected under the Data Collection
&5 Framework supported by the Italian Ministry of Agriculture, Food and Forestry Policy (MiPAAF) and
@7 by the European Commission (EU Reg. 199/2008).

699 Ethics Statement

69§  Ethical review and approval was not required for the animal study because the vertebrate animals

6‘9% we worked with for this study were all dead before research began.

@6 TABLES

|€ig Table 21. Anchovy’s von Bertalanffy growth parameters obtained through otolith’s direct age
#A8  estimation.

50 TL.(cm) k(years?) to(years)
51 Combined sexes 18.33834  0.28829 -1.632
52 Females 18.80581  0.28529 -1.532
53 Males 16.518 0.37% -1.37638
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Table 42. Mean lengths (+sd) of each age class of the European Anchovy calculated by back
calculation and from the modes observed in the GRUND surveys LFD

Back-Caleulationcalculation

GRUND - Survey

Age Total Length N° Total Length N° p-value
sd . sd )
(mm) Specimens (mm) Specimens
0.5 89.96897 7.2239 779 89.58 6.18 195 0.490313
15 109.144 7.744 520 109.87% 7.4 1335 0.060961
2.5 125.563 8.53554 275 124.95 5.67 425 0.080056
3.5 139.760 8.31932 81 139.88 10.37 7 0.79923

FIGURES CAPTIONS

Figure 1—-. Study area representing the GFCM GSA (Geographic Sub-Area) 10. Black dots represent
the sampling sites in which European Anchovies were caught while black circles are the principal

fisheries landing ports sampled in the area.

Figure 1. Definition of the measurement taken on a European Anchovy otolith, where OL is the
otolith length; OR represents the otolith radius length; C indicates the Core and R1, R2 and R3 are
respectively the distance from the nucleus of the 1%, 2" and 3 winter ring.

Figure 4-3. Arnual-Monthly deposition pattern-percentage of transparenttranslucent and opaque
growth rings_(a) and mean monthly marginal increment (MIA) (b) in which numbers indicate

sample size, the bars represent the standard error of the mean and the dotted line is the

polynomial regression of the means for-n the European Anchovy In Central-Southern Tyrrhenian

Sea.
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Figure 5-4. Linear regression between: fish total length and otolith length (a); fish total length and
otolith radius (b); otolith length and otolith radius (c). The equation, R? and number of specimens
are also reported

Figure Z5. European anchovy von Bertalanffy growth curves obtained from direct otolith readings
(blue line); back--calculation (red line) and Length frequency distribution (orange line)
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