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Although fishing is considered the primary cause of the decline in fish populations,
increasing evidence of the significant role of climate change has been provided
recently in the Mediterranean Sea, which shows one of the highest warming trends in
the world. In this area, the most important environmental driver is represented by the
increase in seawater temperature. Though several studies have addressed the effects
of sea warming on thermophilic species, little attention has been paid to cold-water
species. Among these, blue whiting (Micromesistius poutassou) constitutes one of
the most important traditional fisheries resources in the northern part of the basin,
particularly in the central Adriatic Sea. This area has experienced intense fishing
exploitation by the Italian and Croatian fishing fleets. Since 2015, the Pomo/Jabuka
Pits area, the fleets’ main fishing ground, has been subject to a series of fishing
regulations over time and space. In the present study, we investigated the age
structure and growth performance (by means of otoliths) of blue whiting, comparing
samples collected during 1985-86 and 2020-21 in the Pomo/Jabuka Pits. Our
results show that the 2020-21 blue whiting specimens had a lower length-at-age
compared to 1985-86. The asymptotic length estimate decreased from 29 cm TL in
1985-86 to 25 cm TL in 2020-21. The pattern observed might be related to a
modification in the cold and dense water formation dynamics in the northern Adriatic
Sea, as a consequence of climate change, resulting in higher temperatures and lower
nutrient and oxygen exchange, which may have hampered the optimal growth of the
species. Moreover, data on the historical trend of landings from the Adriatic Sea
reveals a clear decline in catches starting from 2000 onwards. Although the
introduction of a fishing ban in the Pomo/Jabuka Pits was an important milestone,
the abundance of this species in the area remains at low levels, highlighting a
potentially alarming situation for the stock of blue whiting in the central Adriatic Sea.
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1 Introduction

Knowledge of life history traits and fish population dynamics
represents a key issue in understanding how commercially exploited
species cope with human-induced stressors, such as climate change
and fishing (Hidalgo et al., 2022). This is particularly true for those
showing narrow thermal ranges and distributions restricted to small
areas, such as the cold-adapted species living in relatively deep
waters of the Mediterranean Sea (Lloret et al., 2021). Among them,
one of the most important fishing resources is blue whiting,
Micromesistius poutassou (Risso, 1827), whose fishery was the
third most important worldwide at the beginning of the twenty-
first century (FAO, 2011). This mesopelagic gadoid is broadly
distributed along the continental slope of the North Atlantic and
the Mediterranean Sea, inhabiting the areas of continental slope and
shelf from 150 to more than 1000 m (Bailey, 1982). It is known that
this species undergoes seasonal migration in the North Atlantic,
moving towards the northern edge of its distribution (Faroes,
Iceland, and Norway) during the summer (Cohen et al., 1990). In
the Mediterranean Sea, there are no indications of seasonal
migrations, although it has been observed that the species
performs diel vertical migrations and is captured more efficiently
during daylight when it is closer to the bottom than at night (Martin
et al, 2016). The spawning of this species occurs at temperatures
between 11-13°C, which represent the minimum values in the
Mediterranean Sea. While in the North Atlantic, the spawning
season starts in January showing a wide temporal lag in relation to
the latitudinal temperature gradient (Bailey, 1982), in the
Mediterranean Sea it is restricted between January and March
(Froglia and Gramitto, 1981; Serrat et al, 2019). Despite cold-
water species living in deep habitats usually exhibit slow growth and
late maturity (Lloret et al., 2021), the Mediterranean blue whiting
shows fast growth and early maturity, being sexually mature at the
end of the first year of life at around 20 cm TL (Froglia and
Gramitto, 1981; Serrat et al., 2019; Mir-Arguimbau et al., 2020).

The blue whiting is the most important commercial species
among gadids in the Mediterranean Sea and one of the most
important traditional fishery resources in the northern areas of
the basin (Gulf of Lions, Catalan, Ligurian, Adriatic, and Aegean
Seas). The northern sectors of the Mediterranean Sea are key
regions where intermediate and deep-water convection is
regularly observed, leading to vertical recirculation, which is
essential to sustain the Mediterranean thermohaline circulation
(Roether et al., 1996). In particular, these cold areas contribute
substantially to the deep-water formation and among them the
Adriatic Sea plays a key role, being the area where the eastern
Mediterranean Deep Water originates (Pollack, 1951). Here, during
winter, low temperatures combined with the strong and dry north-
easterly wind (Bora) trigger the formation of cold and dense waters
in the northern part, which deepen and move southward carrying
oxygen and nutrients to the deep layers, first reaching the middle
Adriatic depression (Pomo/Jabuka Pits) and then the Bari Canyon
(southern Adriatic) (Marini et al., 2016). Consequently, climate
variations occurring in these regions can have huge impacts not
only on the local circulation system but also at the Mediterranean
scale, with serious consequences for the marine ecosystems, whose
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health status depends on the functioning of the cold-water
generation system. Furthermore, the Adriatic Sea is one of the
most exploited basins by trawl fisheries at a global scale (Pitcher
et al,, 2022) and the combined effect of fishing and climate change
could represent a major threat to the long-term maintenance of the
locally relevant cold-water species (e.g., whiting - Merlangius
merlangus, blue whiting — M. poutassou, sprat — Sprattus sprattus,
turbot — Scophthalmus maximus). Among these species, the blue
whiting underwent the most dramatic decline in landings in the
Adriatic Sea, showing an 80-90% decline from the 1980s to 2010s
(FAO, 2020). Although the stock status of this species is not
routinely assessed, and validated stock assessments are not
available for this area, it could be hypothesized that the stock
underwent high exploitation rates over the last decades. Indeed,
the northern and central Adriatic Sea was identified as the most
exploited in the Mediterranean area, showing values of fishing
mortality higher than the fishing mortality at Maximum
Sustainable Yield for almost all assessed commercial stocks
(Colloca et al., 2017; FAO-GFCM, 2020). Recent studies
recognized the effects of climate change on the productivity
potential of several stocks (Free et al., 2019; Moullec et al., 2019),
indicating stocks could be negatively affected by increased sea
temperatures, although the response is species-specific. In fact,
despite the introduction of regulations to reduce the fishing effort
(e.g., EU Regulation 1967/2006) among the EU countries through
fishing capacity and effort limitations, regulation of mesh size, and
spatial/temporal closures, the Mediterranean fisheries resources did
not show signs of recovery (Cardinale and Scarcella, 2017).

The main fishing ground for blue whiting is located in the Pomo/
Jabuka Pits, characterized by muddy seafloors sloping down to 270
m and delimiting the largest continental shelf in the Mediterranean
and Black Sea (Marini et al., 2016). As one of the most important
fishing grounds within the basin, this area has been exploited by both
Italian and Croatian fisheries (mainly bottom trawlers) targeting the
Norway lobster (Nephrops norvegicus) and European hake
(Merluccius merluccius). Stable bottom temperatures (12—15°C)
and weak bottom currents make this area one of the main nursery
grounds of the Mediterranean Sea for many species (Druon et al,
2015) and, thanks to the presence of ideal conditions for fish
spawning, feeding and/or growth to maturity, it has been
identified as an essential fish habitat (de Juan and Lleonart, 2010).
Consequently, after a long discussion about the establishment of a
fishing ban in the area, the first partial closure applied toward
trawling activities was approved in July 2015, followed by other
spatial and temporal regulations (Ministerial Decrees 03/07/2015
and 20/07/2016; Ministerial Decrees 19/10/2016 and 01/06/2017). A
Fishery Restricted Area was established in 2018, identifying a fishery-
ban zone and two buffer zones where trawling is limited to a small
number of authorized vessels with a working-time limit (FAO-
GFCM, 2017; MIPAAF, 2017). Although previous studies
attempted to investigate the biology of blue whiting in this area
(Froglia and Gramitto, 1981), several aspects of the life history of this
species are still unknown. Moreover, considering the introduction of
management measures, there is a critical need to evaluate the
effectiveness of these measures on the species inhabiting the area
(Chiarini et al., 2022).
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Based on these premises, this study aims at 1) determining
whether differences are present in the age structure and growth
performance between samples of blue whiting collected in the
Pomo/Jabuka Pits area with a time interval of 35 years; 2)
updating and providing new insights into the biological cycle of
blue whiting in the Adriatic Sea; 3) discussing the potential effects of
fishing and climate change on this species.

2 Materials and methods
2.1 Sampling

The sampling activity was carried out in the central Adriatic Sea
at depths between 100 and 250 m around the western side of the
Pomo/Jabuka Pits. Samples were collected in 2020-21 from
landings of the San Benedetto Del Tronto and Giulianova fishing
fleets (Figure 1) (Italian-type bottom otter trawl, 40 mm mesh size
at the codend) and in 1985-86 from research cruises on board the
research vessel S. Lo Bianco (Italian-type bottom otter trawl, 30 mm
mesh size at the codend). The former sampling was carried out in
July, October, November, December 1985, and July 1986; the latter
in November 2020, February, March, April, July, and December
2021, and aimed to obtain at least 40-60 specimens per sample
(representative of the whole size range). Samples were stored in
cooling containers and transferred to the laboratory for further
processing. In April 2021, an extra sampling activity was performed
in the same area onboard the research vessel G. Dallaporta during
the “Monitoraggio Pomo 20217 survey (Martinelli et al., 2021) to
collect exclusively juveniles coming from the latest reproductive

10.3389/fmars.2023.1291173

event, the so-called young-of-the-year (YOY), using an
experimental bottom otter trawl (12 mm mesh size at the codend).

Total length (TL) to the nearest mm, total weight (TW) to the
nearest 0.1 g, and gonad weight (GW, only in 2020-21) to the
nearest 0.01 g were recorded for each specimen. The sagittal otoliths
were removed, cleaned, and stored dry in vials for aging purposes.
Sex was assigned macroscopically in specimens 216 cm TL.

2.2 Age estimation

To enhance the contrast between translucent and opaque zones,
otoliths were soaked in fresh water for at least 12 hours before
reading. Both sagittae of each specimen were analyzed immersed in
water over a black surface under reflected light. The sulcus acusticus
was set facing downwards and the axis from the nucleus to the
posterior margin of the otolith was used to count the annual rings.
Readings were performed using a stereomicroscope (Leica MZ6) at
low magnification (10x) connected to an image analysis system
(Leica Flexacam C3 camera and Leica Application Suite software).
Since the presence of up to two false rings in the sagittal otoliths
within the first year of life was reported in this species (ICES, 2017),
the diameter of the first annual ring and the diameter of false inner
rings (when present) were measured, using the criterion proposed
elsewhere (Mir-Arguimbau et al,, 2020) to identify them and
considering as true rings the ones between 8.3 and 9.3 mm. Age
was estimated as the number of completely formed annuli,
consisting of one opaque and one neighboring translucent ring
(Figure 2). Samples were blindly read twice and in random order by
two operators independently, without any indication of the date of

San Benedetto
del Tronto

Giulianova

Italy

0 20 40 60 80

FIGURE 1

Map of the Central Adriatic Sea with bathymetric lines (100 and 200 meters), showing the location of the Pomo/Jabuka Pits Fishery Regulated Area

(red dotted line) and blue whiting fishing ground (grey dotted area).
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FIGURE 2

10.3389/fmars.2023.1291173

2.5mm

Micromesistius poutassou sagittal otoliths (distal side up) under reflected light, showing four completely formed annuli (black dots). Female
specimen of 26 cm TL captured in April 2021. D, dorsal axis; A, anterior axis; V, ventral axis; P, posterior axis.

capture, sex, or size of the specimens. The age and edge type
(translucent or opaque) of each otolith sample were recorded and,
in case of disagreement between readers, the sample was excluded.
The edge condition (percentage of otoliths with an opaque margin
for each month available) was analyzed to determine the periodicity
and timing of ring formation, to verify the annual formation of the
rings. To evaluate the aging precision (Campana, 2001), the index of
average percent error (APE) (Beamish and Fournier, 1981) and the
mean coefficient of variation (CV) (Chang, 1982) were calculated by
comparing readings between readers. The age was estimated in
years, establishing a conventional common birth date (1st
February) according to the reproductive period of this species,
from December to March (Serrat et al., 2019), and considering
the capture date and the edge type. Since we observed only the
opaque deposition in fish smaller than 12 cm, they were considered
Young of the Year (YOY), and their age was calculated as a year
fraction taking into account only the month of capture.

The von Bertalanffy growth function (VBGF) was used to
describe the growth of the population:

TL=L_(1-e X(t-t0)

where TL is the length-at-age t, L.. is the asymptotic total length, k is
the so-called Brody growth rate coefficient which determines how
fast the fish approaches L.., and t, is the theoretical age at which
length is zero. The von Bertalanffy growth function was fitted to the
estimated age-length data set and the VBGF parameters were
estimated for males, females, and sex combined. Unsexed
juveniles smaller than 16 cm TL were included in both female
and male growth curves to improve the model fit in the first period
of growth. Differences in growth between sampling periods and
sexes were tested by applying the Likelihood-ratio test (Kimura,
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1980), while mean length-at-age was compared using the Wilcoxon
signed-rank test (Wilcoxon, 1945). The Growth Performance Index
(¢ =logk + 2logL..) was calculated to allow comparison among the
growth parameters estimated in different populations of blue
whiting and other gadids (Froese and Pauly, 2022). Growth
statistical analyses were conducted using R (R Core Team, 2022),
RStudio (Posit Team, 2022), and the packages FSA and car (Fox and
Weisberg, 2019; Ogle et al., 2022).

2.3 Reproductive cycle

Reproductive traits were investigated only from the 2020-21
samples as these data were not available from the 1985-86 samples.
The gonad maturity stage was evaluated using the standard ICES
six-point scale proposed for whiting (M. merlangus) (ICES, 2008):
1) Immature; 2) Maturing; 3) Spawning; 4) Spent; 5) Resting/Skip of
spawning; 6) Abnormal. The GW was used to calculate the
gonadosomatic index (GSI = GW/TW x 100), to assess the
reproductive investment and its temporal trend. The size-at-first
sexual maturity Ls, i.e. the size at which 50% of individuals are
mature, was estimated by considering 173 females and 261 males
collected between November (when individuals in early maturation
gonadal stages were observed) and March (when still a few
spawning individuals were detected among post-spawner ones).
Data on size and maturity stage were coupled to fit a predicted
proportion of mature individuals (namely at stages 3 and 4) at size
using a logistic model using R (R Core Team, 2022), RStudio (Posit
Team, 2022), and the package FSA (Ogle et al., 2022). The
Condition Factor (CF) was calculated using the following
relationship, CF = 10? (TW/TLh), where b is 3 or # 3 in the case
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of isometric or allometric growth, respectively (Bolger and
Connolly, 1989). Differences in CF values between sexes and
sampling periods were tested by the Mann-Whitney test.

3 Results
3.1 Fish samples

The size ranges of the samples were between 12-38 cm TL and
6-32 cm TL in 1985-86 and 2020-21, respectively. The total
number of specimens analyzed was 193 (83 females, 85 males, 25
unsexed) in 1985-86 and 453 (173 females, 261 males, 19 unsexed)
in 2020-21. The length-frequency distributions (LFDs) were
different in the two sampling periods (two samples Kolmogorov—
Smirnov test, p<0.05), showing a higher proportion of individuals
larger than 28 cm TL in 1985-86 (Figure 3A). In 2020-21 the modal
class was comparable between males and females at around 22 cm
TL (Figure 3B). Comparing the mean CF calculated for the same
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size classes (in cm) in both sexes and sampling periods, CF was
higher in the 1985-86 sample (mean + SD = 1.04 + 0.13) compared
to 2020-21 (mean + SD = 0.98 + 0.07) (Mann-Whitney test,
p<0.05), while no difference was found between sexes (Mann-
Whitney test, p = 0.29) in both samplings.

3.2 Growth and age structure

The otolith edge-zone analysis over the months covered by both
sampling periods revealed that the opaque zone was laid during the
warmer months, while the hyaline zone was observed during winter
and early spring (Supplementary Figure 1), confirming the annual
deposition of one opaque ring plus one translucent ring. The
highest percentage of opaque deposition was observed in July,
reaching values above 90% in both samplings (but it should be
noticed that there were no samples in May-June and August-
September). The average percentage error (APE) and the
coefficient of variation (CV) were low, respectively 0.7% and

30

30

Total Length (cm)

FIGURE 3

Length-frequency distribution (LFD) of Micromesistius poutassou from the Pomo/Jabuka Pits. F, females; M, males; U, Unsexed. (A) 1985-86; (B)

2020-21
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1.0%, indicating high precision of age readings. The age classes
obtained from otolith readings of the selected subsamples were
seven and 10 in 1985-86 (age range 0-8) and 2020-21 (age range 0-
9), respectively. Significant differences were found in the mean
length-at-age calculated for the two populations in both sexes,
particularly in ages classes between 0 and 3 years (Wilcoxon
signed-rank test; Z= 2.02, p<0.1), with the 1985-86 samples
showing higher values than 2020-21 across the groups
(Supplementary Figure 2). The age-length keys of males, females,
and unsexed specimens are reported in Tables 1 and 2.

Based on the likelihood ratio test on the estimated VBGF
parameters, the 1985-86 sample showed higher values of L.. and
lower values of k compared to 2020-21 (Table 3 and Supplementary
Table 1; Figure 4). Males attained lower L., than females in both
populations, as expected considering the sexual dimorphism in size,
which was barely noticeable in the 2020-21 sample compared to
1985-86 (Table 3; Figure 4).

3.3 Reproductive cycle

Based on the macroscopic observation of gonad maturation and
GSI monthly pattern, the spawning season of blue whiting in the
study area took place from December to March, with a peak in
February. The maximum GSI values were 8% and 3% in females and
males, respectively, showing a marked difference in reproductive
efforts between the sexes (Figure 5). Fitting the logistic model to the
proportion of sexually mature specimens, size-at-first maturity (Ls)
was estimated to be 18.9 + 0.1 cm TL for males and 19.8 £ 0.3 cm TL
for females (Supplementary Figure 3).

4 Discussion

The present study provides a detailed and updated picture of
important life history traits of blue whiting in the central Adriatic
Sea. Based on growth rates reflected in the samples collected over
two sampling periods from the Pomo/Jabuka Pits, we highlight
differences between the present and the late 1980s.

4.1 Biological parameters

Overall, the size ranges of blue whiting were smaller than
previously observed in the same area (Froglia and Gramitto,
1980) and in comparison with other studies carried out in the
Mediterranean Sea (Orsi-Relini and Peirano, 1985; Sartor, 1995;
Serrat et al., 2019; Mir-Arguimbau et al., 2020) (Table 4). The
possible explanations for the size reduction are discussed in the next
section. As already reported for other gadids, the maximum size in
the Mediterranean Sea is much smaller than in the North Atlantic
(Mahe et al., 2016; Gongalves et al., 2017; Mir-Arguimbau et al.,
2020) (Table 4). To our knowledge, this study provides for the first
time the VBGF parameters estimated through otolith readings in
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the Adriatic Sea. The maximum age estimated in the 2020-21
sample was far higher than that estimated in previous studies in the
Adriatic Sea, which used LFDs to estimate VBGF parameters and
reported only three age classes (Froglia and Gramitto, 1980).
Conversely, our estimates of maximum lifespan were similar to
those based on otolith readings reported from other areas of the
Mediterranean Sea (Ligurian Sea, Orsi-Relini and Peirano, 1985,
and Gulf of Lions, Mir-Arguimbau et al., 2020), but smaller than
those reported from the North Atlantic (Raitt, 1968; Post et al.,
2019) (Table 4). The high proportion of opaque otolith margins
observed in July of both sampling periods confirms that opaque
deposition is associated with the fast-growing season, which occurs
during warmer months. Although our samples did not cover the
whole year, the analysis of the edge condition agrees with previous
studies in the Mediterranean Sea (ICES, 2017; Mir-Arguimbau
et al., 2020), allowing us to corroborate the annual ring
formation. It is worth noting that the estimated k values were the
highest and t, the closest to 0 ever reported from the Mediterranean
Sea (Maiorano et al., 2010; Mannini and Lanteri, 2017; Mir-
Arguimbau et al, 2020) and North Atlantic (Bailey, 1982;
Monstad, 1990; Magnussen, 2007; Froese and Pauly, 2022)
(Table 4). The presence of juveniles caught in early spring-
summer allowed a good fitting of the VBGF at the origin and
contributed to the estimation of more accurate values of these
parameters. Usually, data regarding the length-at-age during the
early life stages (when growth is fastest) is not available. Lack of data
may lead to an underestimation of k values and could explain the
discrepancies in growth parameter estimates between the present
and previous studies (Supplementary Figure 4).

According to the analysis of samples from 2020-21, sexual
maturity is reached within the first year of life in males and
females, at 18.9 and 19.8 cm TL, respectively. Our estimates agree
with previous observations carried out in the Adriatic Sea (Froglia
and Gramitto, 1981) and are slightly higher compared to those of
other areas of the Mediterranean Sea (Silva et al., 1996; Serrat et al.,
2019; Mir-Arguimbau et al., 2020) (Table 4). As expected, they are
lower than those estimated in the North Atlantic (Bailey, 1982; ICES,
2004). The difference observed in the comparison of maturity size
with other Mediterranean areas could be related to a bias in the
sampling strategy, as we were not able to collect samples during the
spawning peak in January and we also had a limited number of
specimens <20 cm TL. Macroscopic observations on gonads and GSI
trends indicated clearly that spawning took place in winter, in
agreement with the pattern observed in general in the
Mediterranean Sea (Froglia and Gramitto, 1981; Serrat et al.,, 2019;
Mir-Arguimbau et al., 2020). The highest mean values of GSI were
reached in February, 5% for females and 1% for males, confirming the
different reproductive efforts between sexes (Serrat et al., 2019).

4.2 Historical comparison

The historical comparison highlighted some differences in the
growth performance and age structure between the 1985-86 and
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TABLE 1 Age-length key for females, males, and unsexed specimens based on otolith readings of Micromesistius poutassou sampled in 1985-86 from the Pomo/Jabuka Pits.

Age (vea

Total Length (cm)

16

17
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12
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15
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12
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35
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33
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28

TL mean (cm)

21.2

TL SD

22
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2020-21 samples. In particular, the 2020-21 sample was
characterized by specimens with a lower mean length-at-age
across the age classes (Figure 5), and a higher proportion of
older age classes (9% was 4 or more years old), compared to
1985-86. Comparing the age-length key, a stronger slowdown in
growth seemed to occur after the Year Class four in 2020-21. The
lack of old specimens in the 1985-86 sampling prevented us from
making robust assumptions for the comparison over the entire
lifespan of this species. However, the length-at-age data of the only
two specimens older than four years from the 1985-86 sample
allows us to hypothesize a possible decrease in the growth
potential of blue whiting over the total investigated period. It is
worth noting that the age readings of both sampling periods were
performed by the same expert readers, making data comparison
reliable and maximizing the reduction of methodological biases.
The decrease in growth efficiency is further supported by
comparing the CF between the sampling periods, indicating a
higher energetic investment in body growth in 1985-86. A
growing body of knowledge has linked a wide range of
biological responses of marine organisms to climate change/
environmental anomalies and fishing (Engelhard et al., 2014;
Poloczanska et al., 2016; Diaz Pauli and Sih, 2017; Charbonneau
et al,, 2019) and it is well-known in literature that they played a
primary role in the recent interdecadal dynamics of the Adriatic
resources (Coll et al., 2009; Conversi et al., 2009; Barausse et al.,
2011; Lotze et al., 2011; Fortibuoni et al., 2015; Fortibuoni et al.,
2017; Sguotti et al., 2022). Body condition in harvested fish is
known to be affected by the combined eftects of environmental
features, population density and fishing impact, with a species-
specific and ontogenetic variation (Rueda et al., 2015). Similarly,
the growth potential of a population may be strongly influenced
by environmental factors, such as food supply and temperature
(Magnussen, 2007), and/or by fishing exploitation (e.g., through
the removal of larger/older individuals or the selection of fast-
growing and early maturing specimens) (Bianchi et al., 2000; Shin
et al., 2005; Hidalgo et al., 2012). Although the historical
comparison is limited just to two sampling periods, our findings
nevertheless raise intriguing questions regarding the nature of the
changes in growth patterns observed, as they could be explained
by one or a combination of the above-mentioned factors.

Given the positive correlation between primary productivity
and forage fish abundance in the Adriatic Sea (Santojanni et al.,
2006), as well as the gradual decrease in nutrient inputs over the last
four decades (Marini and Grilli, 2023), a possible explanation for
the decrease in growth performance could be related to a decrease in
prey availability for blue whiting, which feeds on zooplankton and
small planktivorous fish (Sartor, 1995). Another environmental
change driver is represented by the rise in sea temperature in the
Adriatic Sea (Supplementary Figure 5), which could have had direct
negative effects by creating unfavorable thermal conditions that
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interfere with the metabolic functions of this cold-water species, as
reported by Trenkel et al. (2015). This mechanism has recently been
linked to a decrease in landings and abundance of blue whiting in
other Mediterranean areas (Sbrana et al., 2019). Finally, the possible
effect of fishing activity must be considered when explaining the

Age (years)

Age (years)

Total Length (cm)
12

13

14

15

N

TL mean (cm)

TL SD

N, total number; TL, total length; SD, standard deviation.

TABLE 1 Continued

reduction of length-at-age and specimens larger than 28 cm TL
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TABLE 2 Age-length key for females, males, and unsexed specimens based on otolith readings of Micromesistius poutassou sampled in 2020-21 from the Pomo/Jabuka Pits.

Age (yea 0 4 6 8 0 4 6 8 O
Total Length (cm)
16 1 1 1 1
17 1 1 2 4 1 5
18 4 4 8 9 17
19 9 9 16 16
20 8 8 29 29
21 10 10 42 3 1 46
22 36 6 42 16 19 35
23 12 18 2 32 3 11 9 23
24 4 18 2 24 9 25 34
25 9 2 11 1 22 1 24
26 2 7 1 10 1 3 3 4 2 2 15
27 1 3 1 5 2 1 2 1 1 2 9
28 3 4 1 8 2 1 3
29 1 1 1 3 1 1 1 3
30 1 1 1 3 1 1
31 - _
32 1 1 -
33 - _
34 - _
35 - -
36 - -
37 - _
38 - _
N 6 80 54 19 8 1 1 1 3 173 13 116 44 62 6 6 1 6 6 1 261
TL mean (cm) 17.9 219 242 26.3 28.3 29.3 30 30.6 29.8 17.9 20.8 232 24.8 27.2 26.9 27.3 27.3 27.7 29.5
(Continued)
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TABLE 2 Continued

Age (years)

Females

0

TL SD 0.7 14 1.1 15 12 22 0.7 12 1.0 0.9 0.9 0.5 1.9 1.4 ‘ -
Unsexed

Age (years) 0 N

Total Length (cm)

6 5 5

7 3 3

8 5 5

9 3 3

10 3 3

N 19 19

TL mean (cm) 8.1

TL SD 15

N, total number; TL, total length; SD, standard deviation.
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TABLE 3 Von Bertalanffy growth parameters estimates and their standard errors (SE) of Micromesistius poutassou from the Pomo/Jabuka Pits and
growth performance index (¢) for combined sexes, females and males of both sampling periods.

L. (cm) SE k SE to SE (0}
Combined sexes 1985-86 3111 036 0.95 0.05 -0.22 0.03 3.06
Males 1985-86 29.31 025 1.08 0.08 -0.18 0.02 297
Females 1985-86 32.06 028 0.94 0.07 -0.19 0.02 298
Combined sexes 2020-21 25.63 0.16 131 0.04 -0.06 0.02 2.94
Males 2020-21 25.38 0.17 1.22 0.05 -0.08 0.02 2.89
Females 2020-21 26.16 026 1.38 0.08 -0.03 0.02 297

The growth rate coefficient (k) and theoretical age at which the average length is zero (t,) are expressed in years™' and years, respectively. L.., asymptotic total length.

across our study-period (Supplementary Figure 2 and Figure 3),  methodologies used in the two periods. The different selectivity of
taking into account the long history of exploitation of the area asa  the net due to different mesh sizes represents a limit to properly
fishing ground for the European hake and Norway lobster (Chiarini ~ compare the LFDs and size structure of the samples, even if we can
et al,, 2022). Fishing is a size-selective process, determining higher ~ assume a comparable selectivity on adult specimens since it was
mortality rates for the larger/older specimens and modifying the  reported that juveniles smaller than 20 cm TL account for a large
size structure of fish assemblages (Bianchi et al., 2000; Shin et al,  proportion of catches in otter bottom trawler deploying a 40 mm
2005). As a result, it can determine evolutionary responses in  mesh size at the codend (Mir-Arguimbau et al., 2022).
harvested populations towards favoring a smaller maximum size Despite the noted constraints, the decrease of length-at-age
and size/age at maturity, and therefore a higher probability of  and asymptotic length together with the decline observed in the
reproducing before being caught (Trippel, 1995). landing trend in the Adriatic Sea (Supplementary Figure 6)
As stated, these data must be interpreted with caution because  support the idea of a poor health status for the blue whiting
we used two punctual sampling periods, that are not representative ~ population in the Adriatic Sea, which is likely due to fishing
of a real trend over the last decades. Indeed, the adaptive phenotypic  exploitation and/or environmental constraints and is worthy of
plasticity may determine changes in population life history traits  closer attention. Despite the restrictive measures established in
even on a short-term scale, depending on the environmental 2015 in the Pomo/Jabuka Pits, there has been no evidence of a
context (Hidalgo et al, 2014). Such natural oscillations occur not  positive effect on the abundance of blue whiting (Chiarini et al.,
only in biological parameters but also in abundance as a result of ~ 2022). It could be possible that unfavorable environmental
environmental variations and fishing exploitation (Martin et al,  factors hamper the recovery of the stock and could threaten
2016; Mir-Arguimbau et al., 2022). Another limitation of this study  its long-term maintenance. Nevertheless, the presence in the
is represented by the small sample size of the 1985-86 sample (not ~ 2020-21 sample of specimens close to the known maximum age
fully representative of the population) and the different for Mediterranean Sea populations (Fiorentino et al., 2003;

40 40
~- Females 1985-1986 - Males 1985-1986
35 -~ Females 2020-2021 35 == Males 2020-2021

N
13

Total Length (cm)
N
S

6 7 8 9 0 1 2 6 7 8 9

4 5 4 5
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FIGURE 4
Von Bertalanffy growth curves for Micromesistius poutassou females (A) and males (B) sampled in 1985-86 (red) and 2020-21 (blue).
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FIGURE 5
Temporal trend of the gonadosomatic index (GSI) for Micromesistius poutassou females (A) and males (B). Note the different scales in y-axes.

TABLE 4 Population parameters of Micromesistius poutassou from different areas of the Mediterranean Sea and North Atlantic.

- t Age
k (vears 1 {0] mat
Source y ) (years) (years)
M M
Adriatic
Present study 1985-86 Sea 12-38 0-8 0-4 321 29.3 0.94 1.08 -0.19 -0.18 - - - -
Adriatic
Present study 2020-21 Sea 6-32 0-8 0-9 26.2 254 1.38 1.22 -0.03 -0.08 19.8 189 1 1
Adriatic
. Froglia and Gramitto, 1981* Sea 8-32 0-2* 31.9* 1.03* -0.11* 21* 1*
Mediterranean
Sea Gulf of
Mir-Arguimbau et al.,, 2020 Lions 3-39 0-8 0-7 38 33 073 | 0.80 -0.20 -0.30 18 18 1 1
Orsi-Relini and Peirano, Ligurian
1985 Sea 5-37 0-7 0-5 40.5% 0.23 % -1.27% - 2 2
Gulf of
Serrat et al., 2019 Lions 13.4-38 - - - - - - - - 19 19 - -

(Continued)
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TABLE 4 Continued

10.3389/fmars.2023.1291173

Agemat
Source (years)
F M
off
Silva et al., 1996 Portugal 14-39 0-10* - - - 19* 2%
East
Post et al., 2019 Greenland 22-40 0-12* 114.7* 0.02* -8.18* - -
North
Atlantic West
Raitt, 1968 Scotland 16-39 1-10+* 39.9* 0.15% -3.51* 20* 2-4*
Raitt, 1968 Faroe 17-35 1-10+* 33.4* 0.23* -2.94* 20* 2-4*
Raitt, 1968 Iceland 15-36 1-10+* - - - - -

Linao size-at-first sexual maturity; Age,,,,, age-at-first sexual maturity; k, growth rate coefficient; to, theoretical age at which the average length is zero; L.., asymptotic total length.

*unsexed; “based on length-frequency distributions.

Tsikliras and Stergiou, 2015) could represent an early signal of a
recovery process made very slow by unfavorable environmental
conditions, but further studies are needed to confirm or dismiss
this hypothesis.
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SUPPLEMENTARY FIGURE 1
Monthly proportion of Micromesistius poutassou individuals showing otoliths
with opaque (O; grey) or hyaline margin (H; black).
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