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Abstract: Nowadays, overexploitation and climate change are among the major threats to fish
production all over the world. In this study, we focused our attention on the Adriatic Sea (AS), a
shallow semi-enclosed sub-basin showing the highest exploitation level and warming trend over the
last decades within the Mediterranean Sea. We investigated the life history traits and population
dynamics of the cold-water species whiting (Merlangius merlangus, Gadidae) 30 years apart, which
is one of the main commercial species in the Northern AS. The AS represents its southern limit of
distribution, in accordance with the thermal preference of this cold-water species. Fish samples were
collected monthly using a commercial bottom trawl within the periods 1990–1991 and 2020–2021.
The historical comparison highlighted a recent reduction in large specimens (>25 cm total length,
TL), which was not associated with trunked age structures, therefore indicating a decrease in growth
performance over a period of 30 years (L∞90–91 = 29.5 cm TL; L∞20–21 = 22.8 cm TL). The current size
at first sexual maturity was achieved within the first year of life, at around 16 cm TL for males and
17 cm TL for females. In the AS, whiting spawns in batches from December to March, showing a
reproductive investment (gonadosomatic index) one order of magnitude higher in females than in
males. Potential fecundity (F) ranged from 46,144 to 424,298, with it being heavily dependent on
fish size. We hypothesize that the decreased growth performance might be related to a metabolic
constraint, possibly related to the increased temperature and its consequences. Moreover, considering
the detrimental effects of size reduction on reproductive potential, these findings suggest a potential
endangerment situation for the long-term maintenance of whiting and cold-related species in the AS,
which should be accounted for in setting management strategies.

Keywords: Adriatic Sea; whiting; otolith; growth models; cold-water species; demersal resources;
bottom trawling

Key Contribution: The comparison of growth performance between the 1990–1991 and 2020–2021
populations of whiting collected in the Northern Adriatic Sea revealed a decline in the maximum
size not coupled with decreased age, supporting the hypothesis of metabolic constraints due to sea
warming, which is particularly high in the study area. The Adriatic population of whiting shows a
faster growth rate and shorter life cycle compared to the other basins of the Mediterranean Sea and
the Atlantic Ocean.
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1. Introduction

During the last century, marine fish species have suffered increasing levels of impact
due to human activity, such as habitat degradation and fishing exploitation. Meanwhile,
climate change has produced great modifications in marine ecosystems, e.g., changing
species distributions and trophic dynamics [1–4]. The dramatic and long-term effects of
overfishing have been widely reported all over the world, leading to altered and less
productive ecosystems [5–8]. Overfishing is considered the primary cause of the decline
in marine populations, and its consequences on ecosystems started occurring centuries
ago. In particular, analyses of historical data have revealed that a stronger decline has been
observed for large-sized, long-lived, and late sexual maturing species, such as large marine
vertebrates [9]. Among bony fish, the Atlantic cod, Gadus morhua Linnaeus, 1758, underwent
the most dramatic collapse in the early 1990s in the north western Atlantic Ocean, also
determining strong negative impacts on socio-economic systems [10]. On the other hand,
over the 21st century, increasing evidence of the significant role of sea warming in affecting
fish ecology and fishing yields has been provided. In response to increased temperatures,
marine organisms have shifted their distribution ranges (generally towards higher or colder
latitudes), changed their phenology, and reduced their body size [11,12]. Despite this, the
net effect of these changes on species abundance is not only determined by the specific
thermal tolerance but is also dependent on the ecoregion, taxonomy, and exploitation
history [13–15]. Accordingly, temperate fish (experiencing strong seasonal variation) are
expected to be more tolerant compared to their polar and tropical counterparts, which
are adapted to stable cold and warm environments, respectively [16]. Moreover, marine
organisms are often subjected to both fishery exploitation and climate change, which may
play synergistic or antagonistic roles depending on the context, and disentangling their
effects is often difficult [17–20].

The Mediterranean Sea has been defined as a sea “under siege” [21], because of its long
history of exploitation and the higher rate of water warming compared to other marine
regions [3,22]. It is considered a biodiversity hotspot, hosting more than 17,000 species,
many of them endemic to the Mediterranean area [21]. The contemporary presence of high
species diversity and multiple sources of impact determines an increasing concern about
the management of fish resources in relation to the current level of fishing exploitation. It
was recently highlighted that 90% of the Mediterranean commercial stocks were assessed
as being out of safe biological limits [22]. In addition, rapid sea warming, combined with
the expansion of non-indigenous species, is modifying the habitat suitability for commer-
cial species, with detrimental effects on their resilience to fishing [23–25]. Despite the
introduction of regulations according to the European (EU) Common Fisheries Policy and
Regulation 1967/2006 in EU countries (e.g., fishing capacity and effort limitations, regula-
tion of mesh size, and spatial/temporal closures), Mediterranean resources have not shown
signs of recovery [22]. The failure of fisheries policies is mainly related to a low level of
compliance and non-enforcement of rules in the whole Mediterranean area, where there has
always been a disagreement between scientific advice and national management plans [26].
Moreover, increasing evidence is showing that climate change affects the productivity
potential of fish stocks at a global scale [14], suggesting a significant role of environmental
factors in the failure to recover fish resources. The colder regions (high latitude) show
higher vulnerability and economic loss from climate change, particularly in shallow and
enclosed basins, which could be less resilient to climate and human stressors [15].

The Adriatic Sea (AS) is the basin showing the highest exploitation and sea warming
rate in the Mediterranean Sea, making it an ideal model to study the simultaneous effects
of fishing and climate change on fish species [6,15,27]. This semi-enclosed basin represents
the northernmost part of the Mediterranean Sea; it is subjected to the cold Bora wind (with
the north east direction) and receives cold water from many alpine rivers, determining
a suitable habitat for those species typical of the Atlantic waters, the so-called “boreal
species” [28,29]. An example is represented by the whiting, Merlangius merlangus (Linnaeus,
1758) (Gadidae), a benthopelagic species widespread mainly in the northeastern Atlantic
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Ocean and in the northern sub-basins of the Mediterranean and Black Seas (Adriatic,
Aegean, Marmara, and Azov Sea). Despite its commercial importance at a local scale, with
it being one of the main bony fish resources caught by bottom trawlers, the biological traits
of this species in the AS are still poorly known [30,31], and most of the available literature
comes from the Atlantic Ocean and the Black Sea. Knowledge of fish biology is essential to
estimate the vulnerability and resilience to the external stressor of the fish species already
assessed, as well as to increase the number of species to be assessed, which is currently
less than 5% of the fish species worldwide [32]. This is particularly true for exploited
species with narrow geographical ranges whose biological traits and population dynamics
may differ between geographical areas depending on the environmental, ecological, and
fishing features.

This work aims to investigate the life history traits of M. merlangus in the Northern
AS (NAS), focusing on the historical comparison of two populations sampled in the same
area with a time interval of 30 years. Population dynamics and age/length structures were
examined through length–frequency distributions (LFDs) analysis and otolith readings,
respectively. We investigated the reproductive cycle and fecundity to provide information
useful to shed light on the life cycle of this species in the NAS. The historical comparison
enabled us to infer about the effect of fishing or environmental changes on the growth per-
formance and reproductive potential of this species. To evaluate the phenotypic plasticity
and spatial variation of whiting life history traits, in the discussion, we compared our data
with the Atlantic Ocean and Black Sea populations. Considering the potential vulnerability
of whiting due to the combined effect of overexploitation and sea warming, the further aim
of this study was to provide new insights to underpin more comprehensive management
strategies under an ecosystem approach.

2. Materials and Methods
2.1. Study Area

The study area comprises the northern part of the AS, a semi-enclosed basin located
in the Central Mediterranean Sea (Figure 1). Based on the bathymetric differences along
its latitudinal axis, three sub-basins can be identified and are roughly characterized by
sandy shores on the western side and rocky shores and islands on the eastern side [33]. The
northern sub-basin encompasses the northernmost part down to the 100 m bathymetric
line and is characterized by an extremely shallow mean depth (about 30 m) and strong
river runoffs. Indeed, Po and the other northern Italian rivers are the source of about 20%
of the total Mediterranean river runoff [34,35]. Primary productivity is very high along
the northwestern side and decreases southward and eastward due to the scarcity of rivers
along the Croatian coastline [36]. The sea bottom temperature shows a strong seasonal cycle
in winter and summer, ranging from 7 to 27 ◦C and from 10 to 18 ◦C in coastal and deep
waters, respectively [37]. The physical properties and dynamics of the area are strongly
influenced by atmospheric forces and river discharge, displaying marked temporal and
spatial variations [33,38].
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Figure 1. Distribution range of Merlangius merlangus and study area (black square). The color 
intensity from yellow to red indicates the probability of occurrence (modified from [39]). Top right 
square: detailed map of the study area with bathymetric lines, showing the location of Chioggia’s 
port (★) and the Po River mouth. 
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to the nearest 0.1 g, and gonad weight (GW, only in the 2020–2021 sample) to the nearest 
0.01 g. Sex was assigned macroscopically in specimens > 12 cm TL, and only in the 2020–
2021 sample the gonad maturity stage was evaluated using the standard ICES (2008) six-
point scale: (1) immature; (2) maturing; (3) spawning; (4) spent; (5) and resting/skip of 
spawning; (6) abnormal. Since it was not possible to determine the sex macroscopically in 
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and the difference between the sampling periods was tested using a ꭕ2 test for proportions. 
The condition factor (K) was calculated using the following relationship, K = 103 (TW/TLb), 
where b is 3 or ≠3 in the case of isometric or allometric growth, respectively [40]. 
Differences in K values between the two samplings were tested by the Mann–Whitney 
test. 

To assess the reproductive investment in gonads, the GW was used to calculate the 
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Figure 1. Distribution range of Merlangius merlangus and study area (black square). The color intensity
from yellow to red indicates the probability of occurrence (modified from [39]). Top right square:
detailed map of the study area with bathymetric lines, showing the location of Chioggia’s port (F)
and the Po River mouth.

2.2. Sampling Design and Population Parameters

The fish samples were collected monthly in the same fishing ground in front of the Po
River mouth during two different sampling periods (1990–1991 and 2020–2021). The first
was carried out between March 1990 and December 1991; the second one was carried out
between November 2020 and November 2021. No samples were available from February
and May 1990–1991 and from August of both periods due to the annual ban on trawling
activities. The fish samples were caught using an Italian-type commercial fishing net (otter
bottom trawl, tartana) with a cod-end mesh size of 40 mm, towed between 15 and 35 m
depth. In 2020–2021, juveniles were collected bi-weekly from April to June, aiming to
thoroughly assess the timing and duration of recruitment. Moreover, when sampling on
board was not possible, whiting samples were collected at the landing sites of the Chioggia
trawling fleet from local fishers exploiting the same fishing ground. All of the sampled
individuals were measured to the nearest half cm (total length, TL) to obtain the length
frequency distributions (LFD) of each sample. A monthly subsample of 40–60 specimens
representative of the whole size range was randomly selected for biological examination.
The following measures were taken: TL to the nearest mm, total weight (TW) to the nearest
0.1 g, and gonad weight (GW, only in the 2020–2021 sample) to the nearest 0.01 g. Sex
was assigned macroscopically in specimens > 12 cm TL, and only in the 2020–2021 sample
the gonad maturity stage was evaluated using the standard ICES (2008) six-point scale:
(1) immature; (2) maturing; (3) spawning; (4) spent; (5) and resting/skip of spawning;
(6) abnormal. Since it was not possible to determine the sex macroscopically in individuals
smaller than 12 cm TL, they were treated as unsexed juveniles. The sagittal otoliths were
removed, cleaned, and stored dry in vials for ageing purposes. Sex ratios, expressed as the
percentage of females in relation to the number of males, were calculated and the difference
between the sampling periods was tested using a χ2 test for proportions. The condition
factor (K) was calculated using the following relationship, K = 103 (TW/TLb), where b is
3 or 6=3 in the case of isometric or allometric growth, respectively [40]. Differences in K
values between the two samplings were tested by the Mann–Whitney test.

To assess the reproductive investment in gonads, the GW was used to calculate the
gonadosomatic index (GSI = GW/TW × 100). In 2020–2021, the ovary subsamples were
weighed and fixed in 10% seawater formaldehyde for fecundity estimation in pre-spawning
females from the whole size range. Furthermore, ovaries from stage 2/3 females were
stored in Dietrich solution (900 mL distilled water, 450 mL 95% ethanol, 150 mL 40%
formaldehyde, and 30 mL acetic acid) for histological analyses.
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2.3. Age Estimation

From the whole fish sample, a representative subsample was selected for each sam-
pling period, grouping specimens in 1 cm TL classes. Age readings were performed on
two males and two females per length class in each monthly sample to fully represent the
population size range. The morphology of whiting sagittal otoliths makes age readings
difficult on the whole otolith because of the thickness and the presence of bumps (Figure 2).

Fishes 2023, 8, x FOR PEER REVIEW 5 of 24 
 

 

 

were stored in Dietrich solution (900 mL distilled water, 450 mL 95% ethanol, 150 mL 40% 
formaldehyde, and 30 mL acetic acid) for histological analyses. 

2.3. Age Estimation 
From the whole fish sample, a representative subsample was selected for each 

sampling period, grouping specimens in 1 cm TL classes. Age readings were performed 
on two males and two females per length class in each monthly sample to fully represent 
the population size range. The morphology of whiting sagittal otoliths makes age readings 
difficult on the whole otolith because of the thickness and the presence of bumps (Figure 
2). 

 
Figure 2. Right otolith of Merlangius merlangus, distal side view. D = dorsal axis; A = anterior axis; V 
= ventral axis; P = posterior axis. 

An opacification process was noticed during dry storage, in that the otoliths of the 
individuals sampled in 1990–1991 were homogeneously white. After several trials, the 
“burning and breaking” technique was considered the most appropriate to establish a 
reliable age estimate [41], removing the opacification effect and enhancing the annulation 
pattern in the otoliths from both sampling periods. The otoliths were burnt in an oven at 
350 °C for 2–4 min (depending on size), embedded in resin (Crystalbond 509 Amber, 
Aremco products, Inc., New York, USA), ground using an abrasive paper, and polished 
on a lapping film with 0.05 µm alumina powder. Particular attention was given to 
obtaining a final reading plane passing across the nucleus, using the shape of sulcus 
acusticus as a reference. The otolith sections were fixed onto glass slides using resin and 
soaked in fresh water over a dark background to enhance the contrast between the 
translucent and opaque zones. The otolith readings were performed under reflected light, 
counting the rings from the nucleus to the distal margin of the section. The sections were 
read using a stereomicroscope (Leica MZ6) at low magnification (10×). Age was estimated 
as the number of completely formed annuli, consisting of one opaque and one 
neighboring translucent ring. The samples were blindly read twice and in random order 
by two operators independently, without any indication of the date of capture, sex, or fish 
size. The age and the edge type (translucent or opaque) of each otolith sample were 
recorded and, in case of disagreement between the readers, the sample was discarded. 
The edge condition (percentage of otoliths with an opaque margin each month) was 
analyzed to determine the periodicity and timing of ring formation, allowing the annual 
formation of the rings to be verified. To evaluate the ageing precision [42], the index of 
average percent error (APE) [43] and the mean coefficient of variation (CV) [44] were 
calculated by comparing readings within and between readers. Given the low number of 
classes, the age was estimated in months, establishing a conventional common birth date 
(1 January) according to the reproductive period [30] and considering the capture date 
and the edge type. Since we observed an opaque deposition in fish smaller than 12 cm 

Figure 2. Right otolith of Merlangius merlangus, distal side view. D = dorsal axis; A = anterior axis;
V = ventral axis; P = posterior axis.

An opacification process was noticed during dry storage, in that the otoliths of the
individuals sampled in 1990–1991 were homogeneously white. After several trials, the
“burning and breaking” technique was considered the most appropriate to establish a
reliable age estimate [41], removing the opacification effect and enhancing the annulation
pattern in the otoliths from both sampling periods. The otoliths were burnt in an oven
at 350 ◦C for 2–4 min (depending on size), embedded in resin (Crystalbond 509 Amber,
Aremco products, Inc., New York, USA), ground using an abrasive paper, and polished on
a lapping film with 0.05 µm alumina powder. Particular attention was given to obtaining
a final reading plane passing across the nucleus, using the shape of sulcus acusticus as
a reference. The otolith sections were fixed onto glass slides using resin and soaked in
fresh water over a dark background to enhance the contrast between the translucent and
opaque zones. The otolith readings were performed under reflected light, counting the
rings from the nucleus to the distal margin of the section. The sections were read using
a stereomicroscope (Leica MZ6) at low magnification (10×). Age was estimated as the
number of completely formed annuli, consisting of one opaque and one neighboring
translucent ring. The samples were blindly read twice and in random order by two
operators independently, without any indication of the date of capture, sex, or fish size.
The age and the edge type (translucent or opaque) of each otolith sample were recorded
and, in case of disagreement between the readers, the sample was discarded. The edge
condition (percentage of otoliths with an opaque margin each month) was analyzed to
determine the periodicity and timing of ring formation, allowing the annual formation
of the rings to be verified. To evaluate the ageing precision [42], the index of average
percent error (APE) [43] and the mean coefficient of variation (CV) [44] were calculated by
comparing readings within and between readers. Given the low number of classes, the
age was estimated in months, establishing a conventional common birth date (1 January)
according to the reproductive period [30] and considering the capture date and the edge
type. Since we observed an opaque deposition in fish smaller than 12 cm only, they were
considered young of the year (YOY), and their age was calculated 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−k(t−t0 ))
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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 t0 is the
theoretical age at which the average length is zero. The VBGF was fitted to the observed
length-at-age data pairs. The VBGF parameters were estimated for males, females, and
sex combined, using Growth II software (PISCES Conservation Ltd., Lymington, UK).
The unsexed juveniles were included in both female and male growth curves to improve
the fitting of the model in the first period of growth. Differences in growth between the
sampling periods and sexes were tested by applying the Kimura likelihood-ratio test [45].
The growth performance index (ϕ = logk + 2logL∞) was calculated to allow for comparison
among the growth parameters estimated in different populations of whiting [46].

2.4. Fecundity and Maturity Estimation

Fecundity was estimated in spawning females (macroscopic stage 3; [47]) at the be-
ginning of the spawning season (December 2020–2021), assuming that spawning had not
yet occurred. The gravimetric method was used by counting the number of the most
advanced oocytes in a weighted subsample [48], representing 1–2% of the GW. To assess
any possible difference in oocyte density across the ovaries, three subsamples were taken
from different portions of the ovary (anterior, median, and posterior) from five specimens,
and oocyte counts were compared among the three portions. As no significant difference
in the number of oocytes/g of the ovaries among the portions was found (χ2 = 2.8, df = 2,
p = 0.24, Friedman test for related samples), the portion of the ovary used in fecundity
estimation was randomly chosen. After at least 20 days of fixation, each ovary subsample
was first treated with a mixture of commercial sodium hypochlorite (30%) and seawater
(70%) [49] for 3 min to facilitate the disintegration of ovarian lamellae, and then, they were
immersed in filtered sea water in a Petri dish with a dark background. The oocytes were
manually spaced and photographed with a digital camera (Leica DFC 420) connected to a
stereomicroscope at low magnification (8×), keeping the camera settings standard for all
images. Then, ImagePro Plus version 6.0 imaging software (Media Cybernetics, Rockville,
MD) was used to count and measure the oocytes semi-automatically, allowing the operator
to check, modify, and set the measurement thresholds.

Pre-vitellogenic oocytes were identified and excluded from the counts, setting a thresh-
old size of 150 µm, based on the histological analyses of ovaries. Following a standard pro-
tocol, the ovaries were taken from Dietrich solution, dehydrated, and embedded in paraffin
wax (Paraplast®, Sigma-Aldrich, Burlington, NJ, USA). From each sample, transverse serial
thin sections (7 µm) were mounted on slides and stained with Harris hematoxylin and
eosin [50]. The tissue sections were observed under a light microscope (Leica DM4000B)
using different magnifications to study oocyte development. Due to oocyte shrinkage
during histological processing, a correction factor was applied to compare the diameters
measured in the histological section with the formaldehyde-fixed ones [51].

With this species being a batch spawner with a “determinate” fecundity type [52], it
was possible to estimate the potential fecundity (F), the relative potential fecundity (Frel).
and the batch fecundity (Fb). The potential fecundity (F), defined as the standing stock of
vitellogenic oocytes [53], was estimated by applying the following equation:

F = (n/sw) GW,

where n is the number of vitellogenic oocytes in the subsample, sw is the weight of the
subsample, and GW is the gonad weight. The Fb was calculated as the number of hydrated
oocytes in the subsample multiplied by the ovary total weight. The Frel and Fbrel were
then calculated as the number of vitellogenic and hydrated oocytes per gram of gutted
body weight, respectively. The relationship between fish size and fecundity was assessed
by applying a least squares regression analysis to log10-transformed data, applying the
Shapiro–Wilk test to verify the assumptions of normality.

The size-at-first maturity TL50, i.e., the size at which 50% of individuals are sexually
mature, was estimated by taking into account 242 females and 196 males, collected between
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November (when individuals in early maturation gonadal stages were observed) and
March (when a few spawning individuals were still 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.

3. Results
3.1. Population Structure

From the collected samples, the total number of analyzed specimens for the age
readings was 511 (180 males, 190 females, and 141 unsexed) out of 1895 specimens for
1990–1991 and 476 (209 males, 240 females, and 27 unsexed) out of 742 for 2020–2021.
The sex ratio did not differ significantly between the samplings (two-sample Z-test for
proportions, χ2 = 1.54, df = 1, p = 0.21), with the ratios being 0.52 and 0.55 for 1990–1991
and 2020–2021, respectively. In both samplings, females were dominant in the population.

The LFDs of the sexed subsamples are reported in Figure 3. The LFDs were rather
different in the two sampling periods (two-sample Kolmogorov–Smirnov test, p < 0.05),
clearly showing a higher number of individuals larger than 25 cm TL in 1990–1991 (Figure 3,
left). The maximum size was higher in individuals caught in 1990–1991 (males: 30 cm TL,
females: 37 cm TL) compared to 2020–2021 (males: 24 cm TL, females: 31 cm TL) (Figure 3;
Mann-Whitney test, p < 0.05). In the 1990–1991 sample, the distribution was unimodal
around 18 cm for both sexes and skewed toward larger sizes, whereas in 2020–2021, the
modal class was 16 cm for males and 22 cm for females, showing divergent LFDs between
the sexes. YOYs join the sampled population in April (at approximately 8 cm TL), producing
a bimodal distribution in the LFD and showing fast growth over the spring and summer,
with a mean growth of 3 cm TL per month (Figure A1).
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Comparing the mean condition factors (K) calculated for the same size classes (cm)
in both sexes and sampling periods, they were higher in female individuals and in the
1990–1991 samples (Mann–Whitney test, p < 0.05).

3.2. Growth

The otolith edge-zone analysis throughout the year revealed that the opaque layer is
laid during the warmer months, confirming the annual deposition of one opaque ring plus
one translucent ring (Figures 4 and 5). A difference in the deposition timing of the opaque
ring was detected between the sampling periods, ranging from April to September in the
1990–1991 samples and from May to July in the 2020–2021 ones.

The average percentage error (APE) and the coefficient of variation (CV) were low,
at 0.9% and 1.3%, respectively, indicating high precision for the age readings. The age
classes obtained from the otolith readings of the selected subsamples were three (age 0+,
1+, 2+); age estimates ranged from 2 to 32 months in the 1990–1991 samples and from 2
to 30 months in the 2020–2021 samples. The age–length keys of the two populations are
reported in Tables 1 and 2. In Tables A1 and A2, the age-length keys for males, females,
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and unsexed juveniles are reported. The year was divided into quarters to better visualize
the population structure (quarters 3–9 = YOY; quarters 12–21 = 1+ age group; quarters
24–33 = 2+ age group). Significant differences were found in the mean sizes at age calculated
for the two populations in both sexes (Wilcoxon signed-rank test; Z = 2.60, p < 0.01), with
the 1990–1991 samples showing higher mean length-at-age than 2020–2021 across the whole
age range.
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Table 1. Age–length for the combined sexes based on otolith readings of Merlangius merlangus
sampled in the 1990–1991 period in the Northern Adriatic Sea. N = total number; SD = standard
deviation; TL = total length.

Age (Quarters) 3 6 9 12 15 18 21 24 27 30 33 N
Total Length (cm)

3 1 1
4 7 7
5 21 21
6 35 35
7 12 12
8 8 8
9 1 4 5
10 1 3 4
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Table 1. Cont.

Age (Quarters) 3 6 9 12 15 18 21 24 27 30 33 N
11 6 6
12 8 1 9
13 22 4 26
14 41 14 55
15 6 8 2 16
16 5 8 2 15
17 7 8 4 19
18 7 8 5 2 22
19 8 8 6 3 25
20 5 8 8 4 25
21 4 8 9 6 1 28
22 3 7 7 5 1 23
23 1 7 8 6 2 1 25
24 4 3 5 4 1 3 20
25 1 1 4 3 2 3 2 1 17
26 4 8 5 2 3 1 23
27 1 4 5 4 2 2 1 19
28 1 2 2 3 2 1 11
29 1 3 1 1 1 7
30 1 1 3 1 1 1 8
31 1 2 1 1 5
32 2 2 3 1 8
33 1 1 2
34 1 1 2
35 1 1
37 1 1

N 86 131 100 74 48 29 18 17 4 2 2 511
TL mean (cm) 6.3 15.2 18.9 22.2 23.6 27.8 28.9 27.5 28.9 31.3 28.8
TL SD 1.2 3.2 3.8 3.5 3.1 3.5 3.5 3.1 5.5 1.8 1.1

Table 2. Age-length for the combined sexes based on otolith readings of Merlangius merlangus sampled
in the 2020–2021 period in the Northern Adriatic Sea. N = total number; SD = standard deviation;
TL = total length.

Age (Quarters) 3 6 9 12 15 18 21 24 27 30 33 N
Total Length (cm)

3 0
4 1 1
5 0
6 13 13
7 15 1 16
8 11 2 13
9 5 2 7
10 2 2 4
11 3 3
12 6 6
13 10 1 11
14 9 2 4 3 18
15 5 7 10 10 2 34
16 7 6 10 12 2 37
17 8 8 12 11 3 42
18 4 7 11 15 6 43
19 1 5 12 10 7 35
20 8 9 10 10 1 3 1 42
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Table 2. Cont.

Age (Quarters) 3 6 9 12 15 18 21 24 27 30 33 N
21 3 8 10 9 2 3 2 1 38
22 4 5 7 10 2 2 2 1 33
23 1 4 7 4 2 4 2 24
24 3 3 5 2 2 15
25 2 3 6 1 3 2 17
26 1 1 2 3 1 8
27 2 5 2 9
28 1 1 2
29 1 1
30 1 1 1 3
31 1 1
32 0
33 0
34 0
35 0
37 0

N 47 60 51 90 103 69 8 28 16 4 - 476
TL mean (cm) 7.7 14.4 18.5 19 19.2 21.6 22.6 25.5 24.2 27.9 -
TL SD 1.2 2.8 2.4 2.8 2.9 3 1.6 3.6 2.2 5 -

According to the likelihood ratio test on the estimated VBGF parameters, the 1990–1991
population showed higher values of L∞ and lower values of k compared to 2020–2021
(Kimura likelihood ratio test, Tables 3 and 4). The growth performance index was higher
in the 1990–1991 population, providing further evidence of a greater growth capability, as
already highlighted by the mean length-at-age comparison. A higher overlap between the
size ranges associated with each quarter was observed in 2020–2021 (Figure 6), in particular
in the 1+ age group (quarters 12–24). As expected, considering the sexual dimorphism in
size, males showed a lower L∞ than females in both populations (Tables 3, A1 and A2).

Table 3. Merlangius merlangus von Bertalanffy growth parameters estimates for both sampling periods
in the Northern Adriatic Sea. The growth rate coefficient (k) and theoretical age at which the average
length is zero (t0) are expressed in years−1 and years, respectively. L∞ = asymptotic total length;
ϕ = growth performance index.

L∞ k t0 ϕ

1990–1991 combined sexes 29.47 1.633 0.052 3.15
2020–2021 combined sexes 22.84 1.889 −0.043 2.99
1990–1991 females 35.14 1.219 0.045 3.17
2020–2021 females 25.11 1.663 −0.04 3.02
1990–1991 males 26.7 1.831 0.059 3.11
2020–2021 males 20.52 2.236 −0.02 2.97

Table 4. Kimura’s likelihood ratio test results, used to compare the von Bertalanffy growth parameters
estimates for both sexes and sampling periods of Merlangius merlangus from the Northern Adriatic
Sea. L∞ = asymptotic total length; k = growth rate coefficient.

χ2 p-Value

1990–1991 vs. 2020–2021
L∞ 33.25 <0.01
k 1.1 0.29
Whole model 255.78 <0.01

Females vs. males 2020–2021
L∞ 19.23 <0.01
k 2.5 0.11
Whole model 94.62 <0.01
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Table 4. Cont.

χ2 p-Value

Females vs. males 1990–1991
L∞ 42.39 <0.01
k 13.21 <0.01
Whole model 80.07 <0.01

Females 2020–2021 vs. 1990–1991
L∞ 28.64 <0.01
k 3.75 0.05
Whole model 175.78 <0.01

Males 2020–2021 vs. 1990–1991
L∞ 29.16 <0.01
k 1.45 0.23
Whole model 177.69 <0.01
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Figure 6. Von Bertalanffy growth models for the entirety of the 1990–1991 (a) and 2020–2021
(b) subsamples of Merlangius merlangus collected in the Northern Adriatic Sea.

3.3. Maturity Estimation and Fecundity

According to the macroscopic observation of gonad maturation and GSI monthly
patterns, the spawning season extended from December to March, with stronger activity at
the beginning of winter. During the spawning peak in December, the GSI mean value was
11% (max 18%) for females and 1% (max 3%) for males, showing a striking difference in
the reproductive efforts between the sexes (Figure 7). Based on the logistic model fitted to
the proportion of sexually mature specimens, size-at-first maturity L50 was estimated at
16.1 ± 0.1 cm TL for males and 16.8 ± 0.5 cm TL for females.
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males (b) across the 2020–2021 sampling.

A total of 15 females, ranging from 16.5 to 29 cm TL, were analyzed for fecundity
estimation. Oocyte size frequency distributions (OFDs) in early spawning females indi-
cated the presence of two or three modes corresponding to oocytes in different stages of
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vitellogenesis. The first mode ranged in diameter from 100 to 450 µm, the second one
ranged in diameter from 450 to 700 µm, and the third one was >700 µm, composed of
hydrated oocytes. Different OFD patterns were observed in pre-spawning females depend-
ing on their gonadal development stage. Females in earlier developmental stages showed
a higher overlap between the oocyte groups, while those in later stages showed a clear
differentiation between modes (Figure 8). The maximum size of hydrated oocytes was
1300 µm in a 25 cm TL female.
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Figure 8. Size frequency distribution of vitellogenic oocytes for an early spawning female (macro-
scopic stage 3) showing three oocyte modes (TL = 20.6 cm).

The potential fecundity (F) ranged from 46,144 to 424,298 (201,035 ± 122,020) oocytes,
and the relative potential fecundity (Frel) ranged from 1362 to 3182 (2297± 546) oocytes g−1.
Batch fecundity was calculated on nine females, in which the mode of hydrated oocytes
was markedly distinguishable from OFDs (Figure 8). Batch fecundity (Fb) ranged from
1293 to 22,949 (10,220 ± 6940), and the relative batch fecundity (Fbrel) ranged from 31 to
206 (125 ± 63). The total number of vitellogenic oocytes was positively related to female
size (TL) (F = 128, df = 14, p < 0.001). The relationship between TL and F is described by
the equation:

F = 0.8795 × TL3.95; r2 = 0.91

4. Discussion

The present study provides a comprehensive picture of the biological cycle of the
M. merlangus stock in the NAS, focusing on the population structure, growth parameters,
and reproductive traits. For this area, to our knowledge, the growth parameters and
fecundity values have never been reported before. Moreover, this is the first time that
populations sampled with a time-shift of 30 years from the same fishing ground are
compared in terms of population structure and growth.

4.1. Historical Comparison

The temporal comparison revealed a reduction of the mean size over the considered
period, with a higher proportion of large individuals in the 1990–1991 sample with respect
to the 2020–2021 ones. This finding confirms the declining trend in size reported for several
fish stocks at different latitudes mainly due to fishing exploitation [54]. Fishing affects
ecosystems by removing selectively larger specimens of commercial species, determining
short-term (e.g., removal of spawners from the stock) and long-term effects (e.g., selection
of fast-growing and early maturing specimens) [18,55,56]. Nevertheless, since fishing exerts
selective pressure by removing larger and, consequently, older individuals [57,58], it was
expected for the same difference in the age structure to be observed. Conversely, our data
revealed that in both populations, the maximum age was similar (30–32 months). An
effect on mean size-at-age was observed instead, with higher sizes per age class in the
1990–1991 sample compared to the 2020–2021 ones. These results together suggest that the
observed reduction in length classes is related to different growth performance, which may
be explained by metabolic or trophic constraints.
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The physiological performance of marine fish, with them being ectotherms, is tightly
controlled by water temperature, and their essential body functions (growth and reproduc-
tion) are optimal only within the thermal tolerance of the species [59]. Oxygen consumption
(i.e., metabolic rate) is higher in organisms living in warmer waters and it is proportional to
body size [60]. Thus, as the water temperature increases, the maximum body size decreases
to balance the increase in the metabolic rate [61,62]. Generally, the sensitivity to temperature
changes in temperate species is low but it may vary depending on the specific location
within its distribution range. Several studies have shown that under ocean warming,
sensible species have been shifting their distribution towards higher latitudes and deeper
waters to maintain physiological homeostasis [11,19]. However, sometimes a geographic
constraint may prevent poleward migration, as in the case of enclosed seas, such as the
Mediterranean Sea. Within this area, species distributions are highly clustered depending
on the local features of water masses, and it is possible to find a wide range of species along
the latitudinal axis: from the cold waters to the sub-tropical ones [63]. The coldest parts of
the Mediterranean Sea are the Gulf of Lion and the NAS. Being located in the northern limit
of the Mediterranean latitudinal range, these areas are defined as “cul-de-sacs”, from which
cold-water species will have no possibility of escaping. Recent observational data showed
that the AS, and in particular the NAS, is the sub-basin with the highest warming trend in
sea surface temperature in the Mediterranean Sea over the last 20 years [27,64] (Figure A2),
which could determine a strong reduction in cold-adapted species during the ongoing
century and, in the worst case scenario, even their local extinction [29]. This phenomenon
is probably occurring in the Adriatic population of whiting, whose distribution is restricted
to the central and northern parts of the sub-basin, showing high abundance only in the
northern part [39]. Here, land boundaries could allow only a southward shift, which is
prevented by the positive gradient of sea temperature and depth along the Adriatic latitu-
dinal axis, creating a physical barrier. In fact, besides thermal tolerance, another peculiar
feature of whiting is the preference for shallow waters, with the species being common
at depths lower than 100 meters [65]. It is possible, therefore, to explain the observed
difference in growth efficiency between populations in terms of a metabolic constraint due
to the thermal tolerance of this species, limiting the increase in body size [59]. Moreover,
the observed trend confirms what is expected from the gill–oxygen limitation theory [12],
according to which fish body growth is limited by the gills’ capability to provide oxygen
through their surface. As oxygen solubility in water decreases with temperature [66],
body size is expected to decrease, through phenotypic plasticity, to maintain the scope for
aerobic activity. This hypothesis is further corroborated by the reduction in the condition
factor, which is associated not only with low oxygen levels but also food limitations [67].
Furthermore, considering the potential effects of oxygen limitation on size at maturity, GSI,
and egg production as well [68], it can thus be suggested that reproductive functions have
undergone important changes over the last few decades. Unfortunately, no data about the
reproductive traits were available from the 1990–1991 samples to test this phenomenon.

One interesting finding is that the timing of otolith seasonal depositions revealed a
different pattern between the investigated periods. The edge-zone analysis pointed out
a difference in the opaque deposition timing over the warm season, showing an opaque
deposition rate > 90% from April to September in the 1990–1991 samples and from May
to July in the 2020–2021 samples (no samples in August), therefore with a reduction in
the length of the period. Several factors are known to influence the periodicity of opaque
and translucent zones in otoliths, such as geographical distributions, life-history events
(settlement and reproduction), food availability, and water temperature [69]. Nevertheless,
temperature is known to play a primary role in determining deposition patterns [41,70,71],
and consequently, the increased temperature may have affected the biomineralization
process negatively.

Another possible explanation for the decreased growth performance may be related to
another environmental driver, primary production, which has been recognized as one of the
main historical drivers in the Mediterranean ecosystem [72]. For example, this is noticeable
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in the AS, where forage fish population dynamics can be influenced by river discharge, and
consequently, by primary production [73]. As a result, the declining trend in freshwater
inputs observed in the Mediterranean Sea [74] could have played a significant role in the
observed pattern, reducing the prey quantity or quality for mesopredatory species such
as whiting.

We observed an unexpected outcome when comparing the LFDs by sex related to
the marked sexual dimorphism in size featuring in the 2020–2021 sample. While in the
1990–1991 sample, the modal distributions of the two sexes mostly overlap (except for the
largest length classes, dominated by females), a 5–6 cm gap was noticed between the sexes
in TL modal classes in 2020–2021. As already reported for other areas, whiting females
attain a larger size than males, showing higher L∞ and lower k [75–77]. The increased
difference in size may suggest a sex-dependent response related to the different energetic
investments in gamete production and the effect of body size for each sex [78,79]. Although
to our knowledge, a similar finding has never been pointed out in previous studies, we
hypothesize that the integrated effect of fishing and warming towards smaller sizes exerts
a stronger influence on males because of their lower reproductive cost with respect to
females. On the other hand, females, despite being subjected to the same conditions, are
less subjected to size decrease because their reproductive output (i.e., quantity and possibly
quality of offspring) is positively correlated with size [79]. Another possible explanation
could be related to modifications in energy uptake patterns between males and females,
controlled by sex-specific behaviour, as already reported for whiting by [76]. Females ingest
a significantly higher amount of food items and show lower percentages of empty stomachs
compared to males. Fishing and warming could have acted in enhancing the degree of
differentiation between these behavioral patterns, determining an increased dimorphism
in growth rates over three decades.

Consideration must be made about the timing of the sample collection. Even if the
same methodology was used, these results need to be interpreted with caution because
of the longtime shift between sampling collection and its related issues. First, the sam-
ples came from two discrete sampling activities, thus providing detailed pictures of two
restricted periods that were not appropriate to highlight a trend over three decades. The
adaptive phenotypic plasticity may influence population dynamics even on a short-term
scale, and it is favored by heterogeneous environments such as the AS [13]. Consequently,
populations that are subjected to environmental variability may have natural oscillations in
biological parameters in relation to external conditions. Finally, the skewed distribution
observed in 1990–1991 is probably due to the higher proportion of specimens coming from
the summer months, a period during which YOY are more abundant than adults [80]. In
addition, it may be also related to the high fishing pressure exerted in the late 20th century,
being the typical length structure featuring heavily exploited stocks [81].

4.2. Population Biological Traits

The size range found was smaller than that previously observed in the AS [31] and
similar to the Black Sea [82,83]. As already reported for other gadoids [84], the Mediter-
ranean maximum size was much smaller than the Atlantic one [76,85,86]. The presence
of the opaque margin during the warmer months in the otoliths analyzed confirms the
deposition pattern of the species, indicating that an opaque deposition is associated with
the fast growth season [84,87,88].

The age classes and maximum age estimated in the present study were similar to those
previously observed in the AS [30,80] and lower than those reported in the Atlantic Ocean
and Black Sea [76,82,85,89]. Surprisingly, despite similar length ranges, our age estimates
are lower than the Black Sea population, indicating faster growth and a shorter lifespan in
the AS population. Moreover, this result is noticeable by comparing the growth rate and
the growth performance between different areas, values of which in the AS population are
the highest reported in the literature [46,77] (Figure 9). In particular, our estimates of k were
higher than those previously reported probably because of the inclusion of the YOY data
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in the VBGF, whose age estimation (in months) was validated through the analysis of the
YOY LFDs collected between April and June (Figure A1). Generally, it is difficult to obtain
length-at-age data of juvenile stages (when the growth rate reaches its maximum), and this
often leads to an underestimation of k values [84]. Another explanation for the difference in
the age–length results could be attributed to the different methodologies used to perform
the age readings. After several attempts, we obtained consistent results with the “burnt and
broken” otoliths, but there is no general agreement about the best method to use, even if the
latest ICES guidelines [41] suggest using broken or sectioned preparations in this species.
Additionally, age reading studies often lack a validation step (e.g., edge/length–frequency
analysis, marking and recapturing, and tagging), limiting the comparability the results.
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Sexual maturity is reached within the first year of life in males and females at 16.1
and 16.8 cm TL, respectively. These estimates are lower than previous observations carried
out in the AS [30,80] and, as expected, in the Atlantic Ocean [85]; on the other hand, our
estimates were higher than those reported in the Black Sea [90]. The difference observed
between our updated data and the previous studies in the AS agrees with our expectations,
considering the reduction in L∞ and the positive relationship between L∞ and L50 [91].
Macroscopic observations on gonads and GSI trends indicated clearly that spawning
takes place in winter, showing a narrower spawning season compared to the Atlantic
Ocean and Black Sea, where it occurs from January to September and throughout the year,
respectively [65,90]. During the spawning peak (December), the mean GSI value of the
females (11%) is one order of magnitude higher than the males (1%), confirming the highly
different reproductive efforts between the sexes [30,90].

The present study has provided fecundity estimates for the first time for whiting in the
AS, which are within the range provided by previous studies carried out in the north east
Atlantic Ocean and the Black Sea [65,92]. Considering that whiting is a batch spawner [52]
and that the average F was 18.1 times higher than the average Fb, a female could potentially
lay 18 batches during the spawning season. Regarding the OFDs, the presence of at least
two separated modal groups was clear only in females in advanced ovarian developmen-
tal stages (with hydrated oocytes) and we often observed nonhomogeneous oocyte size
distributions, without any recognizable modal group. Although whiting is considered
to have a group-synchronous ovarian organization, our data suggest the possibility of
an asynchronous organization [52], but the low number (15) of females used may not be
adequate to infer the spawning pattern of this species.
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The differences in life history traits observed between the Mediterranean Sea and
Black Sea populations can be related to genetic divergence between them. Previous studies,
based on morphological and meristic features, revealed differentiation between the AS
and the Black Sea, raising a debate about the existence of two subspecies [93,94]. Recent
molecular analyses have attempted to answer this question, stating that, despite some
genetic differentiation between different sampling sites in the Black and Aegean Seas, there
is no evidence supporting the existence of the presumed subspecies [95].

5. Conclusions

The present study provides a comprehensive picture of the biological life cycle and
population parameters of the cold-water species M. merlangus in the AS. At the same time,
it describes for the first time what seems to be a process of decreasing growth performance,
depicting a current population composed of individuals with smaller sizes and lower body
conditions than in 1990–1991. This process, together with the reduction in reproductive
potential driven by the size dependency of fecundity values can lead to a more vulnerable
and less resilient population, whose long-term stability is threatened by climate change and
fishing exploitation. Surprisingly, we did not observe any difference in the age structure
over the period considered, suggesting that fishing did not play a significant role in the
observed species stock dynamics in the analyzed time period. On the other hand, our
evidence indicates that modified environmental parameters (first of all sea temperature)
may have led to the observed modification pattern, as already reported in several fish
stocks worldwide [96]. Nevertheless, several questions about this phenomenon remain
to be answered, for example, about the role of trophic ecology, which alone could explain
such a growth variation through prey–predator interactions.

The study contributes to our understanding of the biological responses of fish popula-
tions to climate change and fishery impacts. Even if our data on whiting support that the
main driver was represented by environmental pressures, it is well-known that interacting
effects of climate change and fishing may be present, speeding up the declining trend of
some groups of fish species, such as the cold-adapted ones living in the Mediterranean
Sea [97,98]. Management policies need to consider these dynamics not only at the basin
level but also at the local scale, providing adaptive measures based on the knowledge
of interactions between the environment and the biota, which is the only way to achieve
sustainable exploitation of fish resources.
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Table A1. Age–length for females, males, and unsexed juveniles based on otolith readings of Mer-
langius merlangus sampled in the 1990–1991 period. N = total number; SD = standard deviation.

Females Males

Age (Quarters) 6 9 12 15 18 21 24 27 30 33 N 6 9 12 15 18 21 24 27 30 33 N

Total length (cm)
12 1 1 2 0
13 6 2 8 5 5
14 12 6 18 8 7 15
15 2 4 6 4 4 2 10
16 3 4 7 2 4 2 8
17 3 4 2 9 4 4 2 10
18 3 4 2 9 4 4 3 2 13
19 4 4 2 1 11 4 4 4 2 14
20 3 4 2 2 11 2 4 6 2 14
21 2 4 4 2 12 2 4 5 4 1 16
22 2 3 4 2 11 1 4 3 3 1 12
23 1 3 4 2 10 4 4 4 2 1 15
24 3 3 2 1 9 1 3 3 1 3 11
25 1 2 2 1 6 1 2 1 2 2 2 1 11
26 3 7 3 13 1 1 2 2 3 1 10
27 1 3 5 2 1 12 1 2 1 2 1 7
28 1 2 2 1 1 7 2 1 1 4
29 1 2 1 4 1 1 1 3
30 1 1 2 1 1 6 1 1 2
31 1 2 1 1 5 0
32 2 2 3 1 8 0
33 1 1 2 0
34 1 1 2 0
35 1 1 0
37 1 1 0

N 42 52 39 25 14 10 6 1 1 - 190 37 45 35 23 15 8 11 3 1 2 180
TL mean (cm) 16.7 19.3 23.6 25.0 30.1 30.9 31.2 37.0 32.5 - 16.8 18.7 20.6 22.2 25.6 26.4 25.5 26.2 30.0 28.8
TL SD 3.0 4.1 3.4 3.1 2.7 3.4 1.2 - - - 3.0 3.2 2.9 2.3 2.7 1.8 1.3 1.0 - 1.1

Unsexed
juveniles

Age (quarters) 3 6 9 12 N

Total length (cm)
3 1 1
4 7 7
5 21 21
6 35 35
7 12 12
8 8 8
9 1 4 5
10 1 3 4
11 6 6
12 7 7
13 11 2 13
14 21 1 22

N 86 52 3 - 141
TL mean (cm) 6.3 12.8 13.5 -
TL SD 1.2 1.6 0.5 -

Table A2. Age–length for females, males, and unsexed juveniles based on otolith readings of Mer-
langius merlangus sampled in the 2020–2021 period. N = total number; SD = standard deviation.

Females Males

Age (Quarters) 3 6 9 12 15 18 21 24 27 30 33 N 3 6 9 12 15 18 21 24 27 30 33 N

Total length (cm)
6 1 1 4 4
7 1 1 4 1 5
8 3 2 5 3 3
9 1 1 2 2 2
10 2 2 2 2
11 1 1 2 2
12 0 6 6
13 5 5 5 1 6
14 5 2 2 1 10 4 2 2 8
15 2 2 2 3 9 3 5 8 7 2 25
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Table A2. Cont.

Females Males

Age (Quarters) 3 6 9 12 15 18 21 24 27 30 33 N 3 6 9 12 15 18 21 24 27 30 33 N

16 4 2 4 4 14 3 4 6 8 2 23
17 4 4 5 4 1 18 4 4 7 7 2 24
18 2 4 6 7 2 21 2 3 5 8 4 22
19 1 3 5 5 2 16 2 7 5 5 19
20 4 6 6 4 20 4 3 4 6 1 3 1 22
21 3 6 7 5 1 22 2 3 4 1 3 2 1 16
22 4 5 7 7 23 3 2 2 2 1 10
23 1 4 6 4 1 1 17 1 1 4 1 7
24 3 3 4 1 1 12 1 1 1 3
25 2 3 6 1 3 2 17 0
26 1 1 2 3 1 8 0
27 2 5 2 9 0
28 1 1 2 0
29 1 1 0
30 1 1 1 3 0
31 1 1 0
32 0 0
33 0 0
34 0 0
35 0 0
36 0 0
37 0 0

N 6 29 29 50 57 40 3 15 9 2 - 240 15 30 22 40 46 29 5 13 7 2 - 209
TL mean (cm) 8.1 14.5 19.1 20.0 20.5 22.9 23.3 28.0 25.8 28.8 - 8.1 14.4 17.7 17.6 17.7 19.7 22.2 22.1 22.2 22.2 -
TL SD 1.2 3.1 2.6 2.9 2.9 2.8 2.1 2.4 1.2 2.8 - 1.3 2.5 1.9 1.9 2.1 2.2 1.3 1.4 1.3 0.8 -

Unsexed
juveniles

Age (quarters) 3 6 9 12 N

Total length (cm)
4 1 1
6 8 8
7 10 10
8 5 5
9 2 1 3

N 26 1 - - 27
TL mean (cm) 7.4 9.3 - -
TL SD 1.1 - - -
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