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From west to east: Heterogeneity
in the life history traits of a small
pelagic fish (Sardina pilchardus)
throughout the Mediterranean

Marta Caballero-Huertas1†, Xènia Frigola-Tepe1, Jordi Viñas2

and Marta Muñoz1*

1Institute of Aquatic Ecology (IEA), Department of Environmental Sciences, Universitat de Girona
(UdG), Girona, Spain, 2Genetic Ichthyology Laboratory (LIG), Department of Biology, Universitat de
Girona (UdG), Girona, Spain
Small pelagic fish are key elements of marine trophic networks and are of great

importance to the total landing of marine species. Over the last decades, a decrease

in biomass and catches of European sardine has been described, especially in the

Mediterranean Sea, as an indication of a drop in stock condition. Multiple causes,

including direct and indirect anthropogenic factors, seem to affect this ecologically

and economically important species. To address this issue, it is important to identify

the current variability in sardine status and understand the strategies for energy

allocation, which are intimately related to reproductive potential and recruitment.

We analyzed the somatic condition through tissue and mesenteric lipid

measurements, relative condition (Kn) and hepatosomatic (HSI) indices, and

reproductive condition with the gonadosomatic index (GSI) in four subareas of the

Mediterranean (Northern Alboran, Northern Spain, the Northern Adriatic, and the

Aegean Sea) and an outgroup from the Atlantic. The analyses were performedwithin

the gonadal development cycle since translocation to reproduction may mask the

state of actual energy reserves for comparison. The results revealed marked

differences in health status among subareas, highlighting the low condition of

Northern Spain sardines throughout the annual cycle. The uniform condition

throughout gonadal development in the Northern Adriatic suggests that resource

availability modulates the reproductive strategy since in this locality, sardines would

have high dependence on immediate reserves, not behaving as strict capital

breeders. Moreover, similarities between Alboran and Atlantic stocks are

discussed, highlighting the marked energy replenishment of the latter after

reproduction compared to the Mediterranean stocks. The Aegean stock was the

fastest to reach its maximum after spawning, presenting low condition values from

the developing to actively spawning period, but with the greatest recovery at the

regressing phase, coincidingwith a peak in productivity. Finally, the role of the liver in

sardine energy storage is analyzed considering stock heterogeneity, potentially

indicating that HSI is intimately related to feeding activity. Given the divergences

among stocks, we propose concrete measures for managing this resource (i.e., the

need for adapting the close seasons), which could be applied to other species in

similar contexts.
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1 Introduction

Growing human pressures, including climate change, are

having profound and diverse consequences on marine ecosystems

(Doney et al., 2012). Among the impacts throughout the food web,

the effects of a changing environment include variations in the life

history traits of fish, which are closely linked to population

dynamics (De Roos et al., 2003; King and McFarlane, 2003; Liang

et al., 2014). This includes changes in the growth rate and somatic

condition, length and age at maturation, and fecundity (Devine

et al., 2012; Lloret et al., 2013), which in turn are closely related to

each other because of the trade-offs between the energy invested in

growth, maintenance, and reproduction (Albo-Puigserver et al.,

2021). Important collapses have been documented in pelagic fish in

recent decades due to population alterations as a likely result of

induced changes in life traits (Fréon et al., 2005). The

Mediterranean is considered one of the most impacted seas in the

world since climate change interacts synergistically with many other

disturbances (Halpern et al., 2008; Lejeusne et al., 2010), such as

fishing pressure. In fact, together with the Black Sea, it presented the

highest percentage (62.5%) of stocks fished at unsustainable levels

worldwide in 2017 (FAO, 2020), and the second highest in 2019

(63.4%) behind the Southeast Pacific (FAO, 2022). Moreover, it

ranks among the fastest warming ocean regions (Marbà et al., 2015),

favoring the periodicity of extreme events (Di Biagio et al., 2020) in

combination with other drivers. In this context, small pelagic fish

stocks in the Mediterranean have been experiencing population

declines (Ramıŕez et al., 2021), and some of them have collapsed

(Colloca et al., 2017). This has been mostly attributed to human

activities, including intensive exploitation throughout the decades,

and to the sensitivity of these species to environmental fluctuations

(Martıń et al., 2012; Van Beveren et al., 2014; Coll et al., 2019),

especially related to the thermal factor that has been altered by

anthropogenic effects at a global scale. Increasing temperature has a

direct effect not only on the physiology and behavior of individuals,

but also on plankton productivity and available resources (Brosset

et al., 2017), making it a dominant environmental driver for

predicting pelagic fishery health (Lloret et al., 2021). In addition

to the potential economic consequences of this event, the decrease

in small pelagics in ecosystems may affect all biological levels since

they act on the higher and lower trophic levels, exerting wasp-waist

control over these organisms in the system (Cury et al., 2000;

Corrales et al., 2015).

The European sardine, Sardina pilchardus (Walbaum, 1792), is

a neritic small pelagic fish species with cool-temperate water affinity

that is widely distributed in the northeastern Atlantic areas from the

North Sea to Senegal, including the Mediterranean and its adjacent

seas (Parrish et al., 1989). It accounts for approximately 15-20% of

the total Mediterranean marine-captured production (Tsikliras and

Koutrakis, 2013). Its reproduction is characterized by early

maturation, many eggs per body mass, and batch spawning,

common strategies to compensate for the short lifetime fecundity

of the small pelagics (Ganias et al., 2014). Furthermore, its

reproductive cycle coincides with that of a capital breeder

(McBride et al., 2015) since it stores energy mainly during a

defined period, in this case, during the peak of production in
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spring-summer, and then allocates it to reproduction in autumn-

winter, although the reproductive phenology of sardine stocks

depends on the area (Caballero-Huertas et al., 2022b). Therefore,

its reproductive strategy determines its condition throughout the

annual reproductive cycle, which is also affected by environmental

factors. Studies have reported a decrease in biomass and catches in

several subregions of the Mediterranean basin, associated with

slower growth, a decrease in body length, the disappearance of

older individuals, and a worse body condition and health status of

sardines (e.g., Sinovčić et al., 2008; Van Beveren et al., 2014; Brosset

et al., 2017; Quattrocchi and Maynou, 2017; Şenbahar et al., 2020).

To address these issues, understanding the variability in population

condition and health constitutes a principal question in fisheries

research and is of special importance to management. Condition

and energy storage have important implications for life history

traits, such as growth, mortality, or reproduction, affecting

recruitment and population dynamics, which, ultimately, may

alter pelagic ecosystem structures (Albo-Puigserver et al., 2017;

Albo-Puigserver et al., 2020; Caballero-Huertas et al., 2022b).

Although the Mediterranean is, globally considered, an

oligotrophic sea, it presents considerable heterogeneity (Estrada,

1996), so sardine stocks are affected by a differential set of climate

and ocean conditions, mainly during larval development and

recruitment (Leitão et al., 2014). In addition to the different

productivities of the various ecosystems, the trophic status and

the genetic distance among populations may be key factors in the

potential diversity of body conditions reflected throughout the

Mediterranean distribution of sardines (Dimarchopoulou and

Tsikliras, 2022), which may also influence reproductive phenology

and potential. In this sense, there are few works that simultaneously

recorded the variability in sardine condition and reproduction

along the Mediterranean Sea, since the studies that compared

individuals from several locations involved a few Mediterranean

subregions (e.g., Ganias et al., 2007; Albo-Puigserver et al., 2021;

Caballero-Huertas et al., 2022c) and/or analyzed other biological

traits such as sardine growth (e.g., Dimarchopoulou and Tsikliras,

2022) or length at maturity (e.g., Silva et al., 2006). An investigation

by Brosset et al. (2017) on the spatiotemporal variability in the body

status of sardine (also anchovy) in different subregions of the

Mediterranean registered an asynchronous drop in body

condition at various locations for both species with data collected

over the period between 1975 and 2015; therefore, it makes sense to

propose new research that explores the current condition and

health status of sardine within its reproductive context and

continues the time series. Thus, the scientific interest of this work

lies in describing the present characteristics and peculiarities of each

sardine stock associated with a specific area and speculating on the

source and origin of the potential differences, taking into account

the annual cycle of each stock due to its implication in energy status.

To analyze the energy dynamics considering the actual gonadal

stage of the individuals allows for a more accurate approximation of

the true body condition and the factors that determine it than

evaluating the individuals considering the sampling months, as has

already been done for other species (e.g., Muñoz and Casadevall,

2002; Serrat and Muñoz, 2022). Furthermore, as fishing quotas/

sustainable yields should be adapted to a regional scale because of
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the regional variability that conditions the status of the stocks

(Leitão et al., 2014), updated knowledge of these aspects

throughout the Mediterranean distribution of sardine is essential

for the efficient management of this resource.

The main objective of this study was to characterize and

compare the body condition and reproductive features of diverse

Mediterranean stocks and the closest Atlantic population within the

gonadal developmental cycle to globally document the current

health status (quantified by indices of somatic condition and lipid

content) of S. pilchardus throughout a considerable part of its

distribution, in which a greater vulnerability has been

documented. Hence, our research aims to answer the following

questions: is there quantifiable variability in the current condition

and energy storage of the Mediterranean sardine? If so, is this due to

the different life strategies modulated by the environment? How

should this fishing resource be managed, and how should the

fishing policies be updated?
2 Materials and methods

2.1 Sample collection and area descriptions

Specimens of European sardine, Sardina pilchardus, (N = 3101)

were collected seasonally (Supplementary Table 1) (seasons defined

as winter: January, February, March; spring: April, May, June;

summer: July, August, September; autumn: October, November,

December) from 2019 to 2021 throughout four Mediterranean

subareas (GSA), following the General Fisheries Commission for

the Mediterranean (GFCM) delimitations established for stock

assessments by commercial fisheries: GSA 1-Northern Alboran

Sea, and GSA 6-Northern Spain (Western Mediterranean Sea);

GSA 17-Northern Adriatic Sea (Central Mediterranean Sea); and
Frontiers in Marine Science 03
GSA 22-Aegean Sea (Eastern Mediterranean Sea). An external point

to the Mediterranean Sea was selected, located in the Northeast

Atlantic Ocean, according to the subareas and divisions of FAO

fishing areas (Portuguese Waters - East (FAO fishing area division

27.9.a)) (Figure 1). Immediately after purchase, samples were frozen

at - 20 °C, which has been demonstrated to not affect somatic

condition variables (Brosset et al., 2015). Except for 32 individuals

out of the total (1.03%), all specimens in this study respected the

minimum landing size for sardine (total length (LT) of ≥11 cm)) in

the Mediterranean Sea (Popescu, 2018).

The Northern Alboran Sea subarea (GSA 1) is located in the

southeastern Iberian Peninsula in the western Mediterranean Sea. It

constitutes a transitional zone between Mediterranean and Atlantic

waters, connected by the Strait of Gibraltar. This area does not

present as much annual temperature variability as other

Mediterranean areas (Figure 2A). There is a marked influence of

the circulation, with a strong frontal area that divides a productive

sector of intense upwelling in the coastal zone, and a more

oligotrophic area far offshore (Vargas-Yáñez et al., 2017; Garcıá-

Martıńez et al., 2019; Vargas-Yáñez et al., 2019; Caballero-Huertas

et al., 2022c). The Northern Spain subarea (GSA 6) is located in the

northwestern (NW) Mediterranean and comprises the Catalan Sea,

in which samples from this area were collected, and the Gulf of

Valencia. Sea surface temperature (SST) varies significantly during

the year: summers see the water exceed 26 °C while winters are

temperate-cool (Figure 2A). Except for the areas near the mouth of

the Ebro River, production remains at low and constant levels

throughout the year (Figure 2B). The commercial exploitation of

small pelagics in the area has been significant since the early 1940s,

with catches dominated by sardines, probably due to their coastal

distribution, constituting one of the most productive Mediterranean

sardine stocks (Palomera et al., 2007; Silva et al., 2008). The

Northern Adriatic Sea subarea (GSA 17) is located in the
FIGURE 1

Geographical Subareas (GSAs) of the Mediterranean selected for the study (light blue) and approximate sample collection areas. Areas defined by the
General Fisheries Commission for the Mediterranean (GFCM) as GSA 1 (violet): Northern Alboran Sea (Coast of Málaga), GSA 6 (orange): Northern
Spain (Catalan Coast), GSA 17 (red): Northern Adriatic (Gulf of Trieste), and GSA 22 (turquoise): Aegean Sea (Thermaikos Gulf), and the external
sampling point in the Atlantic, as FAO division 27.9.a: Portuguese Waters – East (Southern Portugal and Gulf of Cádiz) (green).
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northernmost section of the most septentrional Mediterranean

subbasin. It is one of the major chlorophyll hot spots in the

Mediterranean Sea (Figure 2B), as it is influenced by the nutrient

discharge from the Po River and a dozen small rivers that flow into

the Adriatic Sea north of the Po River delta and in the Gulf of

Trieste, accounting for approximately 40% of the chlorophyll

production of the whole Adriatic (Rizzi et al., 2016). Small pelagic

fishing by midwater trawlers and purse seiners (mainly focused on

anchovy and sardine) is mostly concentrated in the northern part of

the Adriatic Sea (Carpi et al., 2017). The North Aegean Sea subarea

(GSA 22) shows variations in SST during the seasons, with hot

summer months (Figure 2A). Although its production levels are low

throughout the year, except for variable increases during some

summer months (Figure 2B), it is more productive than the highly

oligotrophic southern part, as it is influenced by Black Sea waters

and large rivers, constituting one of the most important small

pelagic fishing grounds in the eastern Mediterranean (Somarakis

and Nikolioudakis, 2007). European sardines from the external

sampling point (27.9.a) were mainly collected along the southern

coast of Portugal and the Gulf of Cádiz. In this area, SST variations

throughout the year are lower than those on the Mediterranean

Coast (Figure 2A). It is characterized by notable and continuous

productivity (Figure 2B) mainly due to river discharges (Caballero-

Huertas et al., 2022c), since the effects of upwelling are reduced and

occasionally occur under the influence of local westerly winds or

when upwelled waters from the west Portuguese Coast intrude over

the southern shelf break (Garrido et al., 2008). Sardina pilchardus is

the main target species of the purse seine fleet, contributing

approximately 98% of the landings in this division (Leitão

et al., 2014).
2.2 Analysis of reproductive investment
and phenology

The gonadosomatic index (GSI = 100 · WG
WE

, where WG ±

0.0001 g is the gonad weight, and WE ± 0.01 g is the eviscerated

body weight) was calculated as an indirect method to indicate the
Frontiers in Marine Science 04
reproductive investment (Somarakis et al., 2004; Brosset et al.,

2016). Sex and reproductive developmental stage (Figure 3) were

visually and macroscopically determined and confirmed by

stereomicroscopy (Zeiss binocular magnifier) to classify the

gonads according to the criteria developed by Brown-Peterson

et al. (2011) into the following categories: immature (sexual

maturity still not reached); developing (gametes begin to develop

in gonads that start to grow); spawning capable (almost ready for

reproduction); actively spawning (expelling the gametes); regressing

(gonads almost empty of gametes); and regenerating (mature but

reproductively inactive).
2.3 Somatic condition evaluation

Morphogravimetric values to estimate the body condition of

sardines were collected by measuring length (total length, LT ±

0.1 cm) and weight (total body weight, WT ± 0.01 g; eviscerated

body weight, WE ± 0.01 g). Liver (WL ± 0.0001 g) weight was

also measured to calcu la te the hepatosomat ic index

(HSI = 100 · WL
WE

)

A morphophysiological approach for evaluating the general

somatic condition was obtained by the calculation of the relative

condition index (Kn) (Le Cren, 1951), considered higher-than-

average when Kn exceeded 1 for a given individual and lower when

it was below this value:

Kn =
WE

Wr
=

WE

aLTb

where Wr is defined as the predicted eviscerated weight of an

individual of a given total length. a and b are coefficients obtained

by the regression line of the logarithms of length and mass (a =

0.0037, b = 3.2418). Moreover, total tissue fat content (i.e., muscle

total lipids) was estimated by the average of both sides along the fish

lateral line using a fish fat meter (Distell Model FM 992) (Kent,

1990) calibrated for the European sardine. In addition, a visual scale

for fat mesenteric reserves (Van Der Lingen and Hutchings, 2005)

was used.
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FIGURE 2

(A) Average sea surface temperature (SST, °C) and (B) chlorophyll concentration (Chl, mg · m-3) ± standard deviation by subarea in the period 2019 -
2021. Areas defined by the General Fisheries Commission for the Mediterranean (GFCM) as GSA 1 (violet): Northern Alboran Sea (Coast of Málaga),
GSA 6 (orange): Northern Spain (Catalan Coast), GSA 17 (red): Northern Adriatic (Gulf of Trieste), and GSA 22 (turquoise): Aegean (Thermaikos Gulf),
and the external sampling point in the Atlantic, as FAO division 27.9.a: Portuguese Waters – East (Southern Portugal and Gulf of Cádiz) (green and
dotted). NOAA Optimum Interpolation (OI) SST V2 data provided by the NOAA PSL, Boulder, Colorado, USA, from their website at https://psl.noaa.
gov, and NASA Goddard Space Flight Center, Ocean Ecology Laboratory, Ocean Biology Processing Group. Sea-Viewing Wide Fieldof-View Sensor
(SeaWiFS) Ocean Color Data; In 2018 Reprocessing; NASA OB.DAAC: Greenbelt, MD, USA. Available online: https://oceancolor.gsfc.nasa.gov/, were
used for SST and chlorophyll graphs, respectively.
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2.4 Statistical analysis

Analyses were carried out using R software version 4.2.1 (R

Development Core Team, 2018). Differences among categories were

considered statistically significant if P < 0.05. Significance values are

indicated as follows in the Results section: P < 0.05; < 0.01; < 0.001.

When continuous dependent variables were involved, the Shapiro-

Wilk test was applied to test the assumption of normality, and

Levene’s test was executed to determine the homogeneity of

variances (Zar, 1996) in all parameters. If both assumptions were

met, a one-way analysis of variance (ANOVA) was performed.

Conversely, when only the homoscedasticity assumption was

violated, the data were analyzed with Welch’s t-test. For those

parameters in which normal distribution was lacking but

homoscedasticity was present, Kruskal-Wallis analysis of variance

was applied. In the analyses of the indices without normal

distribution and non-homogenous variances, and for which data

transformation did not succeed in correcting the lack of normality

or heteroscedasticity, a generalized linear model (GLM) with

binomial error distribution and logit link function was carried

out. When needed, multiple comparison or post-hoc tests

(Tukey’s range test, Dunn’s method with Bonferroni adjustment,

or Games-Howell test, when applicable) were applied to identify
Frontiers in Marine Science 05
different categories. For qualitative dependent variables, Pearson’s

chi-squared test was performed.
3 Results

3.1 Reproductive period analysis: spatial
variability in reproductive phenology along
the Mediterranean

The overall sex ratio by subarea (m/f) did not deviate

significantly from the hypothetical 1/1 distribution at the Atlantic

sampling point (X2 = 1.217, df = 1, P > 0.05), Northern Alboran

(GSA 1) (X2 = 1.715, df = 1, P > 0.05), and Northern Spain (GSA 6)

(X2 = 0.025, df = 1, P > 0.05) but differed in Northern Adriatic (GSA

17), with the highest number of females (292/411: X2 = 20.144, df =

1, P < 0.000), and Aegean Sea (GSA 22), with more males than

females (335/281: X2 = 4.734, df = 1, P < 0.05). Spawning-capable

sardines appeared during autumn in all the locations, with active

spawners recorded in the Mediterranean subareas but not in the

Atlantic in this season (samples from the early autumn) (Figure 4).

The highest percentage of active spawners was observed during

winter in all the subareas, with more than 80% of the individuals at
FIGURE 3

Reproductive cycle of the European sardine (Sardina pilchardus) according to the gonadal developmental stages defined by Brown-Peterson et al. (2011).
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this stage, although 87.56% of the spawners in the Northern

Adriatic (GSA 17) were recorded in autumn. The spawning

season was lengthened in time in the Atlantic and in the Atlantic-

Mediterranean transition zone GSA 1, with a significant number of
Frontiers in Marine Science 06
active individuals in both zones in spring (40.20 and 23.56%,

respectively). Gonad maturation started to be observed in the

summer in all the locations except in Alboran (GSA 1), with most

individuals at the regenerating stage in this locality. Few immature

individuals were recorded in winter in the Atlantic, in summer in

Northern Alboran (GSA 1) and Northern Adriatic (GSA 17), and a

larger number of them were obtained in spring and autumn in

Northern Alboran (GSA 1) (5.28 and 5.94%, respectively), in spring

and summer in Northern Spain (GSA 6) (17.27 and 9.52%,

respectively), and in autumn in the Aegean Sea (GSA 22) (9.55%).

A notable drop in GSI values was seen after winter, coinciding

with the decrease in the number of active spawners, until reaching

the minimum values in spring and summer and recovering

afterward during autumn. When comparing GSI values among

stocks, we observed marked differences throughout the cycle,

except for immature individuals (NS) (observable in

Supplementary Table 2 and in the scale of the right y-axes of

Figure 4). In this regard, the lowest values observed in the actively

reproductive stage in the Northern Spanish stock should be noted.

Despite these significant differences among subareas along the

reproductive cycle, differences between sexes in GSI by location

were especially remarkable in the spring and summer, with

significant female values above male values (Figure 4). Significant

higher values for male individuals were only observed in autumn in

the Aegean (GSA 22) (Kruskal-Wallis X2 = 19.906, df = 1, P < 0.001).
3.2 Energy storage and relative
condition: differences along the
Mediterranean distribution according
to the reproductive cycle

Taking into consideration the adult and reproductive sardines

(although the analysis of energy storage and relative condition was

also performed for immature individuals, Figures 5A–C), the lowest

tissue fat content values (Figures 5D, G, J, M, P) were generally found

during active spawning (Figure 5J), accompanied by the lowest

mesenteric fat values (Supplementary Table 2). In general, there

was a continuous decrease in Kn from the developing stage to the

actively spawning phase (Figures 5E, H, K).When individuals reached

the regressing phase (Figure 5N), values started to increase, reaching

the regenerating phase, as seen in the Kn medians by subarea, which

exceeded the threshold value of 1. However, variations were detected

among subareas throughout the reproductive cycle in relation to the

time when individuals reached maximum somatic condition and their

subsequent decline. The Atlantic sardines presented high condition

values (especially reflected by the tissue fat content and Kn) in the

developing and spawning capable stages. However, during the active

spawning and regressing phases, these values were low

(Supplementary Table 2 and Figures 5J–O) and, in particular, the

lowest forKn (F = 119.03, P < 0.001; and F = 7.946, P < 0.001, for both

stages, respectively). Nonetheless, during gonad regeneration

(Figures 5P–R), condition values in the Atlantic were the highest of

the stocks analyzed for tissue fat content, Kn, andHSI. In the Alboran

(GSA 1), the highest fat content value was recorded at the spawning

capable stage, accompanied by a high Kn, reaching similar values to
B

C

D

E

A

FIGURE 4

Seasonal reproductive analysis of European sardine (Sardina
pilchardus) in the Atlantic stock (A) (FAO division 27.9.a: Portuguese
Waters – East) and four Mediterranean GSAs ((B) Northern Alboran
Sea (GSA 1); (C) Northern Spain (GSA 6); (D) Northern Adriatic Sea
(GSA 17); (E) Aegean Sea (GSA 22)). Stages of the gonads are
represented by the percentage (%) of individuals at each
reproductive developmental phase (left y-axis), and mean GSI (%) ±
SD (right y-axis). Females, solid line; males, dashed line. Significance
values are indicated as *P < 0.05; **P < 0.01; ***P < 0.001. GSI data
for each stock have been analyzed by sex to provide more
information at the reproductive level by season.
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the Atlantic stock, despite having been lower during the previous

gonadal phase (i.e., developing). During the active spawn and

regression phases, GSA 1 individuals (together with the rest of the

Mediterranean stocks in the latter phase) surpassed the Atlantic

outgroup in body condition, but they were below this outgroup

again during the regenerating phase. The Northern Spanish stock

(GSA 6) presented the lowest Kn values along the whole reproductive

cycle, accompanied by low tissue fat content values except in the

developing and spawning capable stages. The Northern Adriatic

(GSA 17) and the Aegean (GSA 22) individuals were similar

regarding the Kn values (except in the developing stage, in which

the Northern Adriatic had higher values). Nevertheless, despite the

similarities in Kn during the spawning capable and active spawning

phases (Figures 5H, K), tissue fat content differed between these two
Frontiers in Marine Science 07
subareas in the regressing and regenerating phases, being higher in

the Aegean but becoming lower in the developing phase

(Figures 5G, J).
3.3 Hepatosomatic index and its great
divergence in the Northern Adriatic

The values of the hepatosomatic index (HSI) generally

decreased immediately before the spawning capable phase and

started to increase again at the regressing phase, although some

differences were observed (Figure 6). The outgroup (Atlantic) and

Alboran (GSA 1) individuals followed the same pattern, as HSI

continued increasing at the regenerating phase (Figure 6), although
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FIGURE 5

Tissue fat content (%) (A, D, G, J, M, P), relative condition factor (Kn) (B, E, H, K, N, Q), and hepatosomatic index (HSI, %) (C, F, I, L, O, R) by
subregion (GSA) throughout the annual reproductive cycle. Different letters on the graphs indicate significant differences (P > 0.05) among stocks.
Data of females and males were pooled due to the few differences between the sexes by stage in each stock. Dotted line indicated the threshold of
higher-than-average condition in Kn. Atlantic stock (FAO division 27.9.a: Portuguese Waters – East); GSAs 1: Northern Alboran Sea, 6: Northern
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significant differences in this increase from the regression to the

regeneration phase were detected only in the Atlantic (F value =

30.48, P < 0.001) (Figures 5F, I, L, O, R). This trend was not recorded

in the rest of the Mediterranean locations. The Atlantic and Alboran

specimens differed only during the regenerating phase, with higher

values in the Atlantic (Figure 5R). In contrast, sardines in the

Northern Adriatic presented the highest significant HSI values

during the active spawning phase (Figure 5L), surpassing even the

Atlantic outgroup and the Alboran, as also observed at the subsequent

regressing phase (Figure 5O). Moreover, a slight increase in HSI

(despite not being significant) from the spawning capable to the active

spawning stage was recorded in this location, which did not occur in

the rest of the subareas (Figure 6). It is important to highlight these

liver features in the Northern Adriatic because, even visually, the size

of the livers relative to the fish was remarkable.
4 Discussion

The life history traits of fish stocks are often modulated by

unique environmental characteristics (i.e., combinations of

physicochemical, biological factors, and human impacts that

come together in different ways throughout the area of

distribution), which influence the phenotypic plasticity of the

species and different selective and adaptive processes. Focusing on

somatic condition and energy storage, fish can exhibit substantial

variation in energy density (energy per unit wet weight) within a

species, mostly resulting from variation in the amount of stored

lipids, with important ecological consequences (Martin et al., 2017).

Environmental factors such as temperature variations may cause

striking changes in internal biomass and energy allocation to permit

the maintenance of a high level of biological activity, and the

direction and magnitude of the effect vary substantially among

populations (McManus and Travis, 1998). In this context, genetic

variance in energy storage has been found among fish populations
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(Borowsky and Kallman, 1993). It is expected that these differences

in body condition influence the transfer of energy to gonadal

development, and therefore, different reproductive phenologies

appear in species with marked reproductive seasons, as is the case

with the European sardine.

In this regard, the present study shows the current spatial

heterogeneity in the Mediterranean Sea in sardine reproduction and

condition, as reflected by both the GSI and reproductive phenology,

and the differences in energy storage in muscle, liver, and mesentery, as

well as the relative condition index Kn according to the annual cycle. In

this line, previous global analyses of the mean annual sardine body

condition in the Mediterranean detected variability among locations

during the period 1971-2016 (Brosset et al., 2017). Moreover, monthly

local scale studies in this sea also revealed spatial variations for sardines

in terms of body condition, fat content, reproduction indices and

phenology, as well as stable isotopic values (Ganias et al., 2007; Frigola-

Tepe et al., 2022; Lloret-Lloret et al., 2022).

In general, the stock with the lowest somatic condition

parameters throughout the annual cycle was that from Northern

Spain (GSA 6), which was also reflected in the reproductive

potential (GSI does not exceed 3 in the actively spawning stage).

Tissue fat content and Kn (only slightly surpassing 1 at the

regenerating phase) were generally low before and after the

breeding season, and HSI values were moderate throughout all

the gonadal phases. In this area, located in the western

Mediterranean, many studies have been carried out due to the

changes that have been recorded in recent decades in sardine life-

history traits and the fall in catches and biomass (e.g., Van Beveren

et al., 2014; Albo-Puigserver et al., 2019). Studies point to changes in

the marine environment, especially to the warming pattern in the

entire Western Mediterranean Sea that occurred over the last 40

years at different depths and to a gradual salinity rise that might

have substantial repercussions on the ocean currents and on the

stability of the water column, with subsequent alterations of the

nutrient supply from the deep layers to the photic zone
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(Quattrocchi, 2017). In addition, the effects of climate change on

planktonic communities in the Western Mediterranean, including

the Catalan Coast, are evidenced by the changes in the structure of

the plankton communities and the metabolism of the ecosystem,

favoring the smallest plankton (Calvo et al., 2011) and affecting

forage species such as sardines. Furthermore, the disappearance of

older individuals and truncation of the age structure have been

observed in the area (Albo-Puigserver et al., 2021), limiting the

ability of sardine to deal with environmental events and affecting

the quantity and quality of sardine spawn (Brosset et al., 2016).

Conversely, the Northern Adriatic stock (GSA 17) shows a

trend in which the body condition seems to be generally above the

other stocks analyzed during the actively reproductive period. We

speculate that this is because sardines in this area (obtained from

the Gulf of Trieste, but results may be extrapolated to practically the

entire north of the Adriatic basin due to the pelagic nature of the

species (see Škrivanić and Zavodnik, 1973)) have accessible feeding

resources all year round in the pelagic ecosystem (Conversi et al.,

2009) (Figure 2B), mainly due to the geographical location and

semi-enclosed basin (Brosset et al., 2017), in addition to the input of

nutrients by rivers, making the area even more eutrophic at late

winter-spring when sufficient inorganic nutrients are available to

sustain the main diatom bloom of the year (Umani et al., 2012), and

coinciding with the sardine reproductive season. In fact, the typical

phytoplankton seasonal succession in the Northern Adriatic

displays the following pattern: a late winter-early spring diatom

bloom, followed by a nanophytoplankton bloom in late spring-early

summer, a cyanobacteria peak in late summer-early autumn, and a

second relative diatommaximum, usually in November (Cibic et al.,

2018). Nevertheless, it must be considered that in the Gulf of

Trieste, sardines feed mainly on copepods (56%), and

phytoplankton never exceeds 10% of the prey (Borme et al.,

2022), although the large primary production promotes the

abundance of this zooplanktonic species. Furthermore, HSI

showed the highest values and a different trend in the Northern

Adriatic compared to the rest of the stocks. In the present study, we

surprisingly observed large livers that started to grow before and

during active reproduction, overlapping with this greater

availability of food in the mid-autumn (spawning capable and

active spawners) and winter-early spring seasons (active

spawners). However, in the study of Ganias et al. (2007)

performed in two highly oligotrophic seas (central Aegean and

Ionian), the seasonality of spawning did not match the variations in

HSI, although it was consistently higher in reproductively active

females during the whole spawning period. In this sense, evidence

indicates that the liver is not the main lipid storage compartment in

sardines (Bandarra et al., 2018) but has some relation to body

condition and feeding activity, playing a role in nutrient transfer

between the different organs. The accumulation of fat around the

gut (mesenteric fat) and within the muscle are the main lipid

storage compartments to be allocated to reproduction (Nunes

et al., 2011). This hypothesis may be reinforced by the fact that,

in our study, it was observed that in stocks in which there is little

availability of resources throughout the year, such as in the Aegean

Sea, the HSI is higher during the regressing-regenerating phases,

coinciding with a peak in production in this sea, and in Northern
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Spain, a flat trend in HSI is present during the whole annual cycle.

In addition, in this area of the Northern Adriatic, the greatest

temperature difference between the winter and summer months was

recorded compared to other subareas, which can also alter the way

energy is stored and allocated, as previously discussed, as well as

trigger the reproductive period, reaching the spawning peak in

autumn, the earliest of the analyzed times. Taking into account the

relatively high body condition indices of the Adriatic stock in

the reproductive season, we can conclude that the classification of

the European sardine as a capital breeder would be conditioned by

the population under study. Geographical location can determine

changes in the feeding behavior of adult sardine (Rumolo et al.,

2016), and as reported in the Adriatic, the lowest percentage of

empty stomachs is detected in winter (Zorica et al., 2016) since the

feeding intensity of sardine is higher when productivity is high

(Nikolioudakis et al., 2011). Therefore, we propose that the storage

period and mobilization of energy for reproduction in the Northern

Adriatic are not as marked as they could be in other stocks. Thereby,

our findings imply that, in addition to capitalized energy, sardine

also uses current income to support reproduction (Ganias, 2009)

and that the degree of dependence of reproduction on immediate

reserves is closely linked to the availability of resources. These traits

may be the result of local adaptation processes in the Adriatic

population, which seems to differ genetically from other

Mediterranean stocks (Caballero-Huertas et al., 2022a).

The Aegean stock (GSA 22) presented low values of somatic

condition from the developing to active spawning period, but the

recovery at the regressing phase was the largest of all the stocks

analyzed in this study, as reflected by the tissue fat content and Kn

values. In the regenerating phase, however, the Atlantic stock

exceeded these values, although GSA 22 individuals showed the

best condition parameters in the Mediterranean in this phase. In

this aspect, a peak in primary productivity is recorded in the area

during the summer, in which a large fraction of individuals in a state

of regression were captured, so it is expected that these individuals

are feeding intensely at this time in the area and, therefore, present

better parameters, to which a high HSI value similar to that of the

Adriatic (GSA 17) is added. The rising temperatures since spring,

turning Aegean (GSA 22) into the subarea with the warmest

summers and autumns analyzed, do not seem to affect the body

condition of the sardine in that time window. In fact, sardines at the

Thermaikos Gulf are further selective for warm waters (Giannoulaki

et al., 2005), which shows the great plasticity of this species

throughout its distribution range, although it may be associated

with the greater availability of resources during this time period.

Northern Alboran sardines followed a similar reproductive

seasonality as Atlantic individuals, coinciding with their closeness

in space to this area. However, an earlier maturation of the gonads

was recorded in summer in the Atlantic, although no active

spawners were present in autumn, as was observed in the

Alboran in this season. As proposed in a recent work, we

hypothesize that Atlantic individuals enter Mediterranean waters

when they are able to spawn and are triggered by a drop in

temperature along the Alboran coast, which could favor the

establishment of the important sardine nursery grounds along the

northern coast of the Alboran Sea, Málaga, and Almerıá Bay
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(Caballero-Huertas et al., 2022c), resulting in the overlapping of

stocks in GSA 1. Despite their similarities regarding reproductive

phenology, we could observe differences regarding energy storage

and condition along the reproductive cycle. During the spawning

capable phase, the relative condition (Kn) was similar in both

stocks, although the energy stored in the muscles was slightly

higher in the Alboran stock. From this time forward in the

reproductive cycle, better somatic condition was observed in the

Alboran zone in terms of both indices, although in the state of

regeneration, the Atlantic individuals were able to recover better

and more quickly. In addition, a common HSI pattern was shared,

with no significant differences between stocks except in the

regeneration state, which was higher in the Atlantic. This

relatively low body condition during the actively spawning phase

in the Atlantic is possibly linked to a higher allocation of resources

for reproduction (one of the highest GSI values recorded in this

study, 5.23 ± 2.46, Supplementary Table 2). Moreover, the fastest

recovery during regeneration may be due to the early energy

acquisition and reserve recruitment facilitated in an area with a

continued nutrient input (Caballero-Huertas et al., 2022c). These

reasons could be key to understanding why sardine abundance is

generally lower in the Mediterranean than in Atlantic waters (Silva

et al., 2008). The spatiotemporal analysis of sardine health status for

different Mediterranean areas (Brosset et al., 2017) revealed a

drastic decrease in the body condition and maximum size of the

specimens captured between 1975 and 2015 in most areas analyzed,

with the exception of the Northern Alboran Sea (GSA 1), where the

body condition notably improved from 2010 on, although Albo-

Puigserver et al. (2021) began to see signs of decline. Our results

showed that Alboran is the Mediterranean subarea in which the

highest condition values are generally recorded throughout the

annual cycle. This could be due to the potential genetic variability

and plasticity induced by the overlapping of Atlantic and Alboran

individuals in this locality (Albo-Puigserver et al., 2021; Caballero-

Huertas et al., 2022c). Moreover, the temperatures in this

Mediterranean subarea are more favorable for this species with a

cool-temperate affinity, with less marked seasonal variations than in

the other localities.
4.1 Some applications to
fisheries management

Due to the importance of body condition in the health status of

sardine stocks and its direct influence on recruitment, the

monitoring of this species from the reproductive framework

(related to its annual cycle) is essential as a way to contextualize

its status from a biologically relevant perspective. Moreover, the

different reproductive phenologies among stocks suggest that the

closed periods during the reproductive season must be established

according to the features of each stock. In several subareas, closed

seasons do not completely overlap with the spawning capable-

actively spawning phases, which can be problematic for the

recruitment and health of the stocks. This occurs, for example, in

the Northern Adriatic (GSA 17), as the closed season in August

(Farrugio & Soldo, 2014) does not protect the spawning peak of
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sardines in the area according to our results, from November to

February. In this context, the Recommendation GFCM/42/2018/8

(GFCM, 2018) on further emergency measures in 2019-2021 for

small pelagic stocks in the Adriatic Sea called for considering these

temporary restrictions according to the spawning season. Likewise,

this study evidences the heterogeneity in stocks of the same species,

which calls for management measures to be established respecting

the particularities of each stock but taking into account the potential

connectivity of some of them (Atlantic stocks of the Gulf of Cadiz-

South of Portugal and Alboran). In this regard, our proposal is to

assess and manage the southern area of Portugal - Southwestern

Spain [Southern European Stock, ICES Subareas 27.8.c and 27.9.a,

fished by Spain and Portugal (ICES, 2017)] as a co-shared stock

with the GFCM, considering GSAs 1, 2, and 3 combined. This

would even be potentially useful for other species in which

connectivity may play a fundamental role, such as the European

hake (Merluccius merluccius) and the blackspot seabream (Pagellus

bogaraveo) (Garcıá-Lafuente et al., 2021). Furthermore, the status of

sardines in Northern Spain (GSA 6) must be monitored, and the

establishment of protection measures for this stock is of particular

interest. In addition to the changes in the planktonic composition in

this area of the Western Mediterranean related to warming (Calvo

et al., 2011), excessive fishing pressure would have contributed to

the decrease in their size and condition, following the line of the

individuals from the Gulf of Lion (GSA 7) (Saraux et al., 2019),

located northward, with the practically total closure of the sardine

fisheries currently. In this sense, Ramıŕez et al. (2021) noted a lower

sensitivity of the southernmost small pelagic community to the

simultaneous impacts of climate and fisheries compared to the

northernmost locations, although that study already mentioned

the possible early warning sign for future declines southward, which

may be currently reflected by our results.

Due to the dynamism of environmental conditions

accentuated by global change, especially in the Mediterranean

region, the recurrence of this type of analysis with environmental

discussion is essential. In fact, life history traits that rapidly

respond to environmental changes, such as body condition, are

good indicators to foresee future population declines (Lloret et al.,

2012; Albo-Puigserver et al., 2021). Including reproductive and

body condition data into stock or ecosystem assessment

approaches and models is a step that has begun to be taken in

the field of fisheries and marine management (“next-generation

forecasting in marine ecosystems”), as it provides valuable insight

(Lloret et al., 2012; Bolin et al., 2021). In this way, the assessment

approaches are more comprehensive, as they are also based on

information related to the physiology of the fish rather than

information and projections on distribution alone (Bolin et al.,

2021). In this sense, the data presented in this study could be

useful in an ecosystem-based management framework and in all

new assessment methods that can contribute to sustainable

catches. Furthermore, it is important to incorporate new stocks

to understand the status of the species in a global way. Future

studies should evaluate stocks in areas such as the North Sea,

Mediterranean and Atlantic African coasts, and the eastern-most

Mediterranean Sea, to continue building knowledge on the status

of this important fishery resource.
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