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1. INTRODUCTION

Fishing is a human activity that has been practiced for thousands of years, as a
source of livelihood, especially for populations who lived near the coast or along
rivers or lakes. The tools and equipment used, such as fish baskets, hooks and nets,
initially rudimentary, have gradually become more specialized and efficient,
capable of maximizing the catch of the species for which they were built. Yet, only
in recent decades fishing has developed so much and in such a way as to cause
profound changes in biodiversity and ecosystems (Cushing, 1988; Pauly et al.,
2002).

Jean Baptiste de Lamarck and Thomas Huxley, two of the foremost thinkers of the
18th and 19th centuries, believed that humanity could not cause the extinction of
marine species. Their opinions reflected a widespread belief that the seas were an
inexhaustible source of food and wealth of which people could barely use a fraction.
Such views were given weight by the abundant fisheries of the time. Additionally,
the incredible fecundity and wide distributions of marine fishes, combined with
limited exploitation, provided ample justification for optimism (Roberts &
Hawkins, 1999).

The fishing process became industrialized in the early 19th century (Pauly et al.,
2002) and further intensified over time, with the introduction of engines on fishing
boats, as well as the replacement of plant fibers with synthetic ones for the
construction of the nets, the introduction of deck auxiliaries (winches, windlasses,
pole haulers, haulers, net winding drums) and electronic instruments (radar, GPS).
Fisheries in the early 1950s were at the onset of a period of extremely rapid growth,
both in the Northern Hemisphere and along the coast of the countries of what is
now known as the developing world. Everywhere that industrial-scale fishing
(mainly trawling, but also purse seining and long-lining) was introduced, it
competed with small-scale, or artisanal fisheries (Pauly et al., 2002).

Today, the evolution of sophisticated technologies still continues, also based on the
greater knowledge of the behavior and biology of species of commercial interest.
Jackson et al. (2001) recognized three different but overlapping periods of human
impact on marine ecosystems: aboriginal, colonial, and global. Aboriginal use
refers to subsistence exploitation of near-shore, coastal ecosystems by human
cultures with relatively simple watercraft and extractive technologies that varied
widely in magnitude and geographic extent. Colonial use comprises systematic
exploitation and depletion of coastal and shelf seas by foreign mercantile powers
incorporating distant resources into a developing market economy. Global use
involves more intense and geographically pervasive exploitation of coastal, shelf,
and oceanic fisheries integrated into global patterns of resource consumption, with
more frequent exhaustion and substitution of fisheries. In some geographical areas,
especially Africa, Europe, and Asia, these three cultural stages are strongly



confounded in time and space, so their differential significance is difficult to
establish and a clear separation between these phases is difficult to implement.
The persistent and indiscriminate exploitation of marine resources, fueled by the
growth of the world population and the increased demand for these goods on the
market, has led over time to the decline, sometimes to the collapse, of entire fish
stocks. In fact, reported world fisheries landings have been declining slowly since
the late 1980s, by about 0.7 million tonnes per year (Pauly et al., 2002).

The sharp decline in the abundance of some fish populations has therefore begun to
manifest itself after years of overfishing. One of the most striking cases of
commercial stock collapse involved Atlantic cod (Gadus morhua) in the early ‘90s,
when most of the cod stocks off New England and eastern Canada collapsed, ending
fishing traditions reaching back for centuries (Pauly et al., 2002) and causing
massive socio-economic damages. Abundance was so low for six of seven cod
stocks that fishing bans of unspecified duration were imposed on commercial
exploitation in 1992 and 1993. The causes were recognized in the overestimation
of abundance and underestimation of fishing mortality, as well as the ability to catch
fish efficiently at low abundance levels. The increase in fishing mortality was also
associated with an underreporting fishery of older, legal-sized individuals (Myers
etal., 1997). Based on FAQO’s assessment (2020), the fraction of fish stocks that are
within biologically sustainable levels decreased from 90% in 1974 to 65.8% in
2017. In contrast, the percentage of stocks fished at biologically unsustainable
levels increased, especially in the late 1970s and 1980s, from 10% in 1974 to 34.2%
in 2017. In 2017, among the FAO 16 Major Fishing Areas, the Mediterranean and
the Black Sea had the highest percentage (62.5%) of stocks fished at unsustainable
levels, followed by the Southeast Pacific (54.5%) and Southwest Atlantic (53.3%)
(Figure 1).

Pacific, Eostern Central
Pacific, Southwest
Pacific, Northeast
Atlantic, Northeast

Pacific, Western Ceniral

Indion Ocean, Eostern

Indian Ocean, Western

Atlantic, Southeast

Tunas

Pacific, Northwest

Atlantic, Western Central
Atlantic, Eastern Central
Atlanic, Northwest

Atlanic, Southwest

Pacific, Southeast
Mediterranean and Bluck Sea

PERCENTAGE

I Biologically susiainable I Biologically unsustainable

Figure 1. Percentage of stocks fished at biologically sustainable and unsustainable levels in 2017,
by FAO statistical area (FAO, 2020).



1.1 Fishing in the Mediterranean and northern Adriatic Sea

The Mediterranean Sea is a complex region where ecological and human influences
meet and strongly interact. While in the past the biodiversity of this basin has been
shaped by geological and physical variations, today these are compounded by
human activities and threats of different origin. The most important threats in this
region are habitat loss, degradation and pollution, invasion of species, climate
change and exploitation of marine resources, still the oldest and one of the most
important maritime activities carried out by humans (Coll ef al., 2010). Evidence
of negative effects of the Mediterranean resources exploitation dates back to very
ancient times, firstly reported in the fourth century B.C. by Aristotle, who
mentioned the disappearance of scallops from the main Greek fishing ground (Gulf
of Kalloni, in Lesvos Island) since fishermen began using an instrument scratching
the sea bottom (Voultsiadou et al., 2010). The first records of overfishing and
coastal resource depletion date back to Roman and medieval times, driven by the
growth of the human population and the commercialization of food and products
(Lotze et al., 2006; Gertwagen et al., 2008).

The current high demand for marine resources continues and has resulted in high
levels of fishing or harvesting intensity (Coll et al., 2010). A fleet of about 73,000
vessels is operating along the Mediterranean coasts (Colloca ef al., 2017). In areas
exploited more sustainably (e.g., Gulf of Gabes, Eastern Ionian, and Aegean Sea)
fishing pressure was characterized by either a low number of vessels per unit of
shelf area or the large prevalence of artisanal/small-scale fisheries. Conversely,
GSAs in the Western Mediterranean Sea and the Adriatic Sea showed very low
ecosystem sustainability of fisheries that can be easily related to the high fishing
pressure and the large proportion of overfished stocks obtained from single-species
assessments. According to the General Fisheries Commission for the Mediterranean
(GFCM, 2016) data, the temporal trend in annual production of demersal fish,
crustaceans, cephalopods and small pelagics showed a rapid increase from the 70s
to the beginning of the 90s followed by a declining trend since then.

Looking at the state of the area considered for this thesis and at the exploitation of
its fish stocks, the northern Adriatic Sea is undergoing several anthropogenic
pressures and high environmental variability. It is considered the most exploited
basin of the Mediterranean Sea (Caddy et al., 1995; Barausse et al., 2009), given
its shallowness (max 35 m), the semi-enclosed geographical configuration, the
characteristic presence of incoherent sediments, and its high productivity. These
elements make it a flat trawlable platform, where more than 15% of the Italian
fishing activities are concentrated (Pranovi et al., 2015).

Time series of fishery landings can provide indications of changes in both
community abundance and composition (Fiorentino et al., 1997; Pauly et al., 1998,
2002) and are, therefore, useful tools for understanding the impacts of
anthropogenic and natural factors on marine ecosystems. However, it is important



to remember that these data can reflect actual changes in stocks only partially, as
several factors can influence landing trends.

In the northern Adriatic Sea, the local landings of the Chioggia fleet can give some
indications about the stock state in this area. It seems that even if the total landings
increased during the last decades, the ratio of total landings to fishing capacity
showed a negative trend. Moreover, the evenness of the landings decreased over
the last few years, indicating the dominance of a few species, and community life-
history traits changed: landings revealed a general decline in maximum age and
size, and in age and size at sexual maturity, as well as an increase in fecundity. The
observed trends are likely to mirror a relative decrease in large-sized, long-lived,
late- and large-sized-maturing species, and a relative increase in more fecund ones.
The total landings and landing composition were influenced also by environmental
factors. In fact, river runoff may change salinity or enhance nutrient loads, and
exceptional events, such as anoxic phenomena, and eutrophication trends, have
probably also been involved in these observed shifts in landing composition
(Barausse et al., 2011).

There is an increased concern about the status of the Mediterranean ecosystem in
relation to the sustainability of the current level of fisheries exploitation (Colloca et
al., 2017). The rapid warming, combined with the expansion of non-indigenous
species is definitely changing the suitability of the habitats for traditional
commercial species, with effects on their resilience to fishing (Libralato et al.,
2015).

1.2 Life-history traits and population dynamics

The ways how evolution designs organisms to achieve reproductive success is what
life-history theory tries to clarify. It aims to explain variation in size at birth, growth
rates, age and size at maturity, clutch size and reproductive investment, mortality
rates and lifespan — all defined as life-history traits (or ‘tactics’ [Stearns, 1976]).
The evolutive processes of life histories are related to the environment and to how
it affects the survival and reproduction of organisms of different ages, stages, or
sizes (Stearns, 2000). This theory is based on optimization models and on fitness
maximization. To better understand this concept, longevity and attainment of big
sizes or, on the contrary, a very short life can be seen as different consequent
strategies for responding to environmental pressures, for instance to heavy
predation exposition. A short life span means precluding the attainment of large
size, requiring early maturity, probably a higher birth rate, and increasing the
possibility of mortality from physiological exhaustion. As another example, within
this framework, iteroparity may be considered an evolutionary response to
uncertain survival from zygote to first maturity (Murphy, 1968), therefore a strategy
aimed at increasing the probability that at least a certain number of individuals may
reach the sexual maturity and reproduce.



Overfishing has caused dramatic changes in the structures of exploited populations
as well as ecosystems (Hsieh ef al., 2010). The vulnerability to fishing pressure of
different species is strictly related to their life-history traits. Jennings et al. (1998)
pointed out that fish stocks’ tendency to decline more than expected from their rates
of fishing mortality is especially in those species having high ages at maturity, large
maximum size, and low potential rates of population increase. Larger and later
maturing species are less able to withstand a given rate of fishing mortality than
smaller earlier maturing ones. This suggests that small and early maturing species
would increase in relative abundance in an intensively exploited multispecies
fishery. However, also in these cases, the shorter reproductive lifespans of these
species may lead to instability in population size, placing the species in the same
danger of decline. It is also important to underline that maturity and growth
parameters of fishes are closely interrelated because of the trade-offs among life-
history traits allocations (Stearns, 1976), and the overall output of these trade-offs
influences the response to exploitation.

Fishing pressure, overexploitation of populations as well as environmental changes
determine modifications on life-history traits too, modifying the structure of the
exploited population. Fishing, in addition to simply removing biomass, also
truncates the age and size structure of fish populations, often resulting in localized
depletions, because fisheries usually target and/or selectively remove large and
therefore old individuals (Berkeley et al., 2004). A long-tailed age structure (a long
tail of old individuals in the age distribution) certainly provides a higher
reproductive output (Hsieh et al., 2010). In addition to this reason, other biological
effects associated with a long-tailed age structure include (1) age-related
differences in spawning locations and time, and (2) increased quantity and/or
quality of eggs produced by older (experienced) or larger fish (Hsieh et al., 2010).
A larger population of shorter-lived fish requires a higher intrinsic rate of growth;
the population must produce more surviving offspring per capita per year to
compensate for the shortened life span (Hsieh et al., 2010).

So, the average age (size) of a targeted and overexploited population is usually
reduced (Hsieh et al., 2010) and this seems to have further consequences on
populations’ structure. For instance, an analysis carried out by Anderson et al.
(2008) suggested that the increased temporal variability in the of Californian
exploited fish stocks does not arise from variable strength of the exerted
exploitation pressure, nor does it reflect direct environmental tracking: more likely,
it comes from an increased instability in population dynamics. This has implications
for resource management, as selective harvesting can alter the basic dynamics of
exploited stocks, and lead them to unstable booms and busts that can precede
systematic declines.

Knowing the age of fish populations is essential to understand the dynamics of fish
stocks (Cooper, 2006; Haddon, 2011; Maunder & Piner, 2014). Fish ages are



routinely used, together with measurements of length and/or weight, in determining
population/stock composition (in respect of size and age), age at maturity,
maximum life span/longevity, mortality, and production. Performing an age
structure analysis is also important for examining variations in growth rate within
a population and across a species’ range, and as a key parameter in population
dynamics estimates. With age analysis studies it is possible to better model the
current and future impacts of fishing pressures and environmental stresses on the
species’ different life stages; the impacts on adult spawning populations and those
on recruitment phase, being of particular importance to manage the stocks (Proctor
et al., 2021). The basic population dynamics model assumes that mortality, both
natural and fishing-related, affects all fish equally. Actually, fish of different ages
experience different rates of mortality. When appropriate data, such as valid length-
age keys, are available, the population can be separated into age classes. In an age-
structured model, separate mortality rates exist for each age class, and the number
of recruits is only relevant to the first age class (Figure 2; Cooper, 2006).

Age 0 Age 1 Age 2 Age 3+
Recruits 1-year 2-year 3-year

Year 1 year 1 olds olds olds & up
Recruits 1-year 2-year 3-year

Year 2 year 2 olds olds olds & up
Recruits 1-year 2-year 3-year

Year 3 year 3 olds olds olds & up

Figure 2. Diagram illustrating an age-structured population dynamics model, with a plus-group that
starts at age 3. The plus group contains all fish age 3 and older (Cooper, 2006).

The structures most commonly used to age fish are otoliths, vertebrae, scales and
spines. Otoliths are the most widely used structure for ageing fish, primarily
because, in general, the growth zones are more clearly defined and hence more
easily ‘read’ than those in vertebrae, scales and spines. Some studies have shown
that ageing by scales or spines can yield under-estimates in age for older fish
compared to those obtained from otoliths. Otoliths are generally more easily
removed from the fish and easier to prepare for reading compared to vertebrae.
Scales, and perhaps to a lesser extent spines, have a significant disadvantage of
being structures that can be lost, eroded or damaged and replaced during the lifetime
of a fish and therefore ages determined from scales may not reflect the full age of



the fish. In contrast, otoliths are internal structures growing in size during the entire
fish’s lifetime (Proctor ef al., 2021).

1.3 Otoliths
1.3.1 General description

The inner ear, which is found in all jawed Vertebrates, functions both as an auditory
system, that detects sound waves, and a vestibular system, which detects linear and
angular accelerations, enabling the organisms to maintain balance. In fish, the inner
ear is a paired structure embedded in the cranium on either side of the head, close
to the midbrain. Each ear is a complicated structure of canals, sacs, and ducts, filled
with endolymph, a fluid with special viscous properties. In Osteichthyan species
the inner ear presents three otic sacs, each containing a calcareous structure, an
otolith, that acts as a mechanoreceptor stimulating the kinocilia (“hair” cells) of the
macula. The three otic sacs are the sacculus, utriculus and lagena, which contain
the sagitta, lapillus and asteriscus otoliths, respectively. Each otolith is fixed over
the macula by an otolithic membrane, into which sensory cilia project. The otoliths
of the three otic sacs differ in size and shape (Figure 3; Panfili et al., 2002).
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Figure 3. Left: Dorsal view of the vestibular apparatus in a typical Teleost species. The top of the
cranium is cut away (frontal section). Right: Otoliths within the labyrinth systems of typical Teleost
fish (Panfili et al., 2002).

Otoliths are formed extracellularly from the crystallization of the aragonite form of
calcium carbonate onto an organic matrix template composed largely of a keratin-
like protein called otolin. The otoliths accrete by the addition of concentric layers
of proteins and calcium carbonate (Panfili ef al., 2002).



1.3.2 Periodic increments and age estimation

Calcified structures in fish, as otoliths, grow throughout the life of the individual
and act as a permanent record, a trace of episodic patterns of growth at different
timescales. So, it is possible to relate these processes to time, for example
determining length-at-age, fishing mortality by year, maturity-at-age, etc., all
important parameters for stock assessment. In particular, otoliths exhibit a range of
incremental structures that are often formed regularly over time scales ranging from
sub-diurnal to annual. They appear to be highly suitable for age estimation, which
depends on visible changes in otoliths' growth (Panfili ef al., 2002).

The growth patterns of most interest are at four levels of resolution:

- Primary increments, permitting a resolution of days;

- Seasonal zones, permitting a resolution of several months or a growth
season;

- Annual increments, permitting a resolution of years;

- Discontinuities in the otolith (ultra)structure, which correspond to various
stresses that were not necessarily regular during the life-history of the
individual.

Seasonal increments, also termed seasonal zones, marks, rings or annuli, are often
distinguishable on otoliths, in both whole/untreated otoliths or after some form of
preparation (Panfili ef al., 2002), as an alternation of hyalin and opaque bands.
Seasonal zones can reach a few hundred microns in width and are therefore visible
to the naked eye or at low magnifications (10x-40x). The difference in the organic
matrix content of the two zones can be underlined after burning which turns the
organic matrix a rich opaque brown, or after staining, which colours the
chromophilic organic zones (Panfili et al., 2002).

The identification of seasonal increments, however, can be difficult due to the
presence of false or split rings and discontinuities, that correspond to non-seasonal
events (migrations, spawning). Identification is based on their distinctiveness, their
continuity around the otolith, their thickness and their relative width. These should
decrease in width from the central parts to the edge of the otolith, in line with the
fall in rates of growth with age.

A reader can establish the age of the fish by simply counting the number of seasonal
increments on an annual basis. As in the case of specific age estimation, other
information should also be taken into account: date of capture; the peak spawning
period for a given population (precise or average or standard population date of
birth); main periods of seasonal increment formation; the nature of the otolith edge
(Panfili et al., 2002).

In order to be able to establish the age group/class to which the fish belongs, it is
necessary to count the number of annual increments from the centre towards the



outer edge of the otolith. If the date of capture is known, it is possible to calculate
the year in which the fish was born. The ability to estimate the age of the fish from
otolith may directly support the determination of lifespan or longevity in individual
fish populations and species.

Indications about life-history events can be found studying otoliths or other
calcified structures: age at maturity and reproduction event, lifespan/longevity, and
migration.

Reproduction places a severe energy demand on fish, and after the onset of sexual
maturity there may be a reduction in somatic growth in favour of energy storage for
reproductive activity. This affects the growth of calcified structures, and the
influence of reproductive activity is often recorded permanently in scales and
otoliths (called “spawning checks” by Williams & Bedford, 1974). However, since
translucent formation is mineral-rich and protein-poor and since feeding activity in
several species is also reduced during the final stages of gonad maturation and
spawning, this may influence the rate of protein synthesis available for otoliths as
well as for other tissues and result in the observed translucent structures (Panfili et
al., 2002).

Many fish species move between different water masses during their ontogeny
undergoing severe habitat shifts (eg. seasonal migration), that consist of a long-term
or permanent move into new waters. Information about the timing of these
migrations can be found through the examination of the changes in the appearance
of increments in otoliths. For instance, the pattern of otolith increments is often used
to identify the timing of catadromous migrations in eels. The composition of
otoliths also changes when fish move into new environments and this can be used
to obtain detailed data about fish age at migration and the duration of the transition
between different environments (Panfili ez al., 2002).

Finally, otoliths have a species-specific shape and size. This makes them useful
tools for species identification in some peculiar cases, such as during the study of
stomach contents, when fish preys result partially or mostly digested.

1.3.3 Validation methods

The temporal meaning of the observed patterns must be determined in order to
evaluate the closeness of the estimated age to the accurate age of the fish (Panfili et
al., 2002). Validation studies are fundamental in fish age estimation because they
provide accurate mortality and growth rate estimates for stock assessment.
Moreover, validation is important to avoid errors in age estimation, which will
especially affect the estimates of recruitment, fishing mortality, and spawning-stock
biomass. To validate the age estimation method (i) the increments must be laid
down with a periodicity that can be related to a regular timescale (i.e. accuracy) and



(i1) the age estimation structure must have a consistent interpretable pattern of
increments (i.e. precision) (Vitale et al., 2019).

There are several validation methods that can be used and it is possible to classify
them as 1) direct validation method, that is individual-based technique which makes
use of precise temporal reference marks on the calcified structure. In this case the
validation is based on tag and recapture of the same individual, and this can be done
with different techniques and markers. An alternative direct method is to rear the
individuals in captivity. The 2) semi-direct validation methods are based on the
observation of the otolith marginal zones evolution over time. Marginal increment
analysis, edge-zone analysis, daily increment analysis, microchemistry (tracking
the seasonally varying incorporation rates of different microconsituents and stable
isotopes) are all methods belonging to this category and differ from the 3) indirect
validation methods, which are based on length-frequency information. Length-
based methods analyse the length composition of catch landings in order to identify
the various age-groups present, based on the assumption that each age group has a
normally distributed length composition and a different modal length. So, age 0
corresponds to the smallest mode present in the sample obtained after the spawning
period, while subsequent modes correspond to age 1, etc (Panfili et al., 2002; Vitale
etal.,2019).

The edge-zone analysis and the marginal increment analysis (MIA) are among the
most frequently employed validation methods (Campana, 2001; Goldman, 2005).
These methods focus on incremental patterns of growth rings throughout one whole
year. They assume that, if growth bands are formed annually, the width or the
density of the edge increment will exhibit a yearly sinusoidal cycle when plotted
against the month of capture. The edge-zone analysis, used for this work, is a
qualitative assessment of the relative opacity and translucency of the edge of the
age structure (Okamura et al., 2013). Edge analysis does not assign a state of
completion to the marginal increment, but rather records its presence as either an
opaque or translucent zone. When the relative frequency of each edge zone is
plotted across months or seasons, the cycle frequency should equal one year in true
annuli (Campana, 2001).
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1.4 Study species: Whiting, Merlangius merlangus, L., 1758

1.4.1 Biology of whiting

Figure 4. Merlangius merlangus. © Scandinavian Fishing Year Book.

Phylum: Chordata

Class: Actinopterygii

Order: Gadiformes

Family: Gadidae

Genus: Merlangius

Species: Merlangius merlangus

Whiting, Merlangius merlangus (Figure 4), the only species of the genus
Merlangius, 1s a fish distributed in the north-eastern Atlantic, in the North Sea, in
the Mediterranean (limited to the coasts of the north Aegean, the Adriatic and the
Tyrrhenian Sea) and in the Black Sea (Vallisneri ef al., 2004).

Morphologically, the body appears rather tapered and compressed at the sides. The
chin barbel is absent or very small and the upper jaw slightly projects. On the top,
three dorsal fins are present and separated by small spaces. Two anal fins touch
each other or nearly so; the anterior anal fin base results elongate, one-half or more
of preanal distance; the pectoral fins reach well beyond the origin of the anal fin;
the pelvic fins have a slightly elongated ray. The lateral line is continuous along its
entire length. Lateral-line canals are also present on head with pores. The colour is
variable, often a small dark blotch at upper base of pectoral fin is visible (Cohen et
al., 1990).

It is a benthopelagic species, usually living at depths from 10 to 200 m, but more
common from 30 to 100 m, mainly on mud and gravel bottoms, but also on sand
and rocky bottoms. Juveniles are found in shallower waters, from 5 to 30 m depth.
Only after the first year of life whiting usually migrates, leaving the nursery areas
for the open sea (Cohen et al., 1990).

This species prefers cold waters, so that its distribution is — in the Mediterranean
Sea — more northerly than other species of Gadidae. It is indeed very common in
the northern and central Adriatic Sea, where in winter the shallowness and the cold
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Bora wind, make the mean temperature of the water very low. In this sense, the
Adriatic Sea is quite different from the other Italian seas and Mediterranean areas
for the presence of species with a northernmost distribution areal which are absent
elsewhere, for example whiting, sprat (Sprattus sprattus), and European flounder
(Platichthys flesus). These and other species might be the proof of Atlantic fauna
penetration in the Mediterranean Sea from temperate-cold climates that happened
during the glaciations (Pleistocene). These species would have survived in the north
Adriatic Sea thanks to the peculiar features of this basin (Bombace & Lucchetti,
2002).

The diet of adults includes small crustacea (mainly decapods), molluscs, small fish,
polychaetes, and cephalopods (Cohen et al., 1990; Stagioni et al., 2008). This
species shows sexual dimorphism in the growth rate, which is higher in females,
being able to reach bigger sizes compared to same-aged males (Vallisneri et al.,
2004). The maximum size ever reported is 91.5 cm, in the North Sea (Wilhelms,
2013), whereas in the Adriatic Sea the maximum size reported in literature is 42 cm
(Bolognini et al., 2013).

Probably, in the Adriatic Sea, sexual maturity is reached at the end of the first year
of life, corresponding to a total length of about 20 cm (Giovanardi & Rizzoli, 1984).
Whiting is a batch spawner species: the reproductive period recorded for this
species in the Adriatic Sea is wide, lasting from November to May, with a peak in
December (Vallisneri et al., 2004). The spawning area corresponds to the adults’
distribution area (Giovanardi & Rizzoli, 1984).

Beyond the population of the Adriatic Sea, it is necessary to consider the other ones,
mainly distributed in the Black Sea, North Sea, and northeast Atlantic Ocean.
Among these populations, there are some significant differences in the growth rate,
maximum size, maturity size, spawning periods, and number of age classes of the
population. At higher latitudes, the whiting appears to reach sexual maturity at
larger sizes than the Adriatic population. In particular, Cooper (1983) reported a
length of first sexual maturity of 27.5 cm for females and 25.5 cm for males in the
Scottish Atlantic Ocean. In the North Sea, most whiting mature by age 2 (Gonzales-
Irusta & Wright, 2017). In the Black Sea, instead, the sexual maturity seems to be
reached at a smaller size, namely at 13.9 cm for females and 12.5 cm for males, as
reported by Yildiz et al. (2022).

In the North Sea, multiple spawning peaks occur during the spawning period, that
extends from January until June (Gonzales-Irusta & Wright, 2017). In the Atlantic
Ocean, along the Scottish coasts, spawning is more limited in time and begins later,
occurring between March and June (Cooper, 1983). In the Black Sea, Mazlum &
Bilgin (2014) reported an extended period of spawning throughout the whole year,
with three peaks in February, April and November.

As a commercial species, in the Mediterranean Sea whiting is caught mostly by
trawling, even if the bigger individuals can be captured with longlines. The highest
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catches are attained in the north Adriatic Sea, at the mouth of the Po River,
especially in winter, when the new recruits join the adult stock. Whiting is generally
captured in association with other species, such as the poor cod, Trisopterus
capelanus (Bombace & Lucchetti, 2011).

M. merlangus is intensively captured especially in the North Sea. In this area it
becomes a target species only in some part of the year, but generally, it represents
only a by-catch species of bottom trawling activities (Bombace & Lucchetti, 2011).
It is usually marketed fresh, as chilled fillets, frozen, dried-salted, and also used as
feed for the Black Sea-trout (Cohen et al., 1990).

1.4.3 Whiting ageing

In M. merlangus the otoliths are of large size, with a typical lanceolate shape, and
characterized by the presence of bumps (Figure 5). The latter are particularly
evident in some specimens, and typically more accentuated in the small ones. On
the convex, proximal side of the otolith, a slight depression is visible corresponding
to the sulcus acusticus.

Figure 5. Whiting's otoliths. Above: proximal side of the otolith, it is visible the sulcus acusticus.
Below: distal side of the otolith.

In the cross sections, the acoustic sulcus is configured as a structure with a
triangular shape. It is to be noted that this study species and, more generally, the
species belonging to the Gadidae family usually present large-sized otoliths which
continuously thicken as they grow. The thickness and the opacity of these otoliths
make it very difficult to read them as a whole, especially hindering the observation
of the nucleus or the early growth zones (Panfili e al., 2002). For this reason, inner
structure readability may be further improved processing the otolith by several
techniques, as staining (Richter & McDermott, 1990), cross sectioning (Tomas,
2006; Polat & Giimiis, 1996, Dufour et al., 2020), sagittal sectioning (Ross &
Hiissy, 2013), burning (Polat & Giimiis, 1996). About burning the otoliths, heating
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until their protein denatures turns brown in colour. This renders the winter,
translucent growth zones more visible (Panfili et al., 2002), intensifying the contrast
between the rings and facilitating the age estimation.

It is possible in some cases to identify, exclusively at the level of cross section, in
the dorsal part of the otolith, depositions similar to the opaque ones within a hyaline
ring. These depositions are called "Humphries shadows" and are typical features of
whiting otoliths. The appearance is not the same as that of the "real" rings: the
outline is less defined, the shape is that of an inverted "C", and the observations of
the color camera show that the color is not the same as that of a matte ring. The
problem is that these Humphries shadows are in the reading axis and fit between
the real rings, creating issues during the age readings. However, they are only
detectable in the dorsal part of the otolith (the longer and thinner of the cross
section), unlike the rings which are visible anywhere in the section (except at the
acoustic sulcus). Their distinctive appearance and position usually avoid confusion
during age reading (Dufour et al., 2020).

1.4.2 Whiting landings

FAO landings data related to this species in the Mediterranean Sea (available from
1970 to 2018) show a general decrease after the two successive peaks reached in
the late 70s and 80s (Figure 6). It is important to note that almost all of the landings
came from the Black Sea (about 76% of the total landings in 2018). Furthermore,
the data relating to the Adriatic Sea unfortunately only began in 1998 and data
collection was scanty until 2005, even if the species has a quite commercial
relevance in some local markets.
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Figure 6. Landing data of the whiting (M. merlangus) from all the Mediterranean Sea, from 1970
to 2018. Source: FAO.
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Looking at the northern Adriatic Sea, the Clodia database provides a long time
series of landing data, collected from the official statistics of the fish market of
Chioggia, whose fishing fleet is the major operating in the area, and one of the
biggest of the Mediterranean Sea (Barausse ef al., 2009; Mazzoldi et al., 2014). The
database permits to evaluate the landing trend resulting from the activities of the
local fleet, from 1945 to 2021.

In the case of whiting, it is to be noted a peak of catches in 1977, equal to 505.708
tons, followed by a rapid decrease. In the last thirty years, the landings seem rather
constant, despite annual fluctuations (Figure 7).
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Figure 7. Landing data of the whiting (M. merlangus) from Chioggia Fish Market from 1945 to
2021. Source: Clodia database.

2. AIMS

The aim of this thesis is to study the population structure of M. merlangus in the
northern Adriatic Sea, where this species is commercially exploited. Basing on a
monthly sampling from fishing landings the study will provide: age estimations by
otoliths reading, updated biological data, that will be used together with age data to
estimate the growth rate in the study species.

Thanks to the availability of old otolith samples, these data will be used to perform
a historical comparison of the population sampled in the year 2020-2021 with that
sampled in 1990-1991, to investigate the presence of any differences in the structure
that may have occurred over the span of thirty years.
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3. MATERIALS AND METHODS

3.1 Study area

The Adriatic Sea is a semi-enclosed elongated basin of the Mediterranean Sea
(Figure 8), surrounded by Italy on the west, Croatia and Slovenia on the east. Its
main axis NW-SE has a length of 800 km and a mean width of 180 km. The
morphological differences along both the longitudinal and the transversal axis of
the basin allow its division into three sub-basins (Russo & Artegiani, 1996).
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Figure 8. Orography and bathymetry of the Mediterranean region. The inset shows the Adriatic
basin (Russo et al., 2012).

The northern sub-basin extents from the northernmost coast (NW) to the 100 m
bathymetric line. It is characterized by a shallow mean depth of about 30 m and a
very weak bathymetric gradient along the longitudinal axis. The Po and the other
northern Italian rivers are responsible for a strong river runoff in this basin (~ 3000
m?/s) and the source of about 20% of the total Mediterranean river runoff. The
largest proportion of the river Po input in this basin flows south along the coast, but
significant eastward freshwater fluxes are also present in all seasons, more
markedly in winter. The coastal belt south of the Lagoon of Venice is the most
eutrophic area, mainly due to river inputs, while oligotrophic conditions prevail
along the eastern part of the basin (Solidoro ef al., 2009). The middle Adriatic is a
transition zone between the northern and the southern sub-basins, extending from
the 100 m bathymetric line to the Pelagosa sill. It is characterized by two
depressions, the two Pomo (or Jabuka) Pits, reaching about 270 m as maximum
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depth. The southern sub-basin extends to the Strait of Otranto. It reaches the greatest
depth of all the three sub-basins, with a maximum depth of 1270 m (often referred
to as the south Adriatic Pit). Both the western and eastern coasts have a narrow
continental shelf and a steep continental slope. The western coast is generally sandy
and quite regular, with a moderate slope; the eastern coast is irregular, characterized
by many islands, and a rocky sharply sloping bathymetry (Russo & Artegiani,
1996).

The sediment grain-size composition is heterogeneous: sands and silty clays are
prevalent, followed by silty sands and loams. Clayey sands and clays are scarcely
present. It is possible to find fine sediments along the northern and the central
Adriatic coastline of Italy, whereas sandy sediments occur along the Croatian coast.
Intermediate compositions are present in between (De Lazzari et al., 2004).

Some of the Adriatic water masses originated inside the basin and some others come
from outside the basin. The Levantine Intermediate Water (LIW) are
distinguishable by the intermediate salinity maximum in the water column. They
originate in the Levantine basin and enter the Adriatic Sea through the Otranto
Straits. Also entering in the Adriatic Sea through the Otranto Straits are the Ionian
surface waters and a northward sub-branch of the Atlantic Surface Waters, entering
the Mediterranean Sea through the Gibraltar Strait, then following the African
coast. The ASW along its path is distinguishable by a subsurface salinity minimum.
The most important water masses originating in the Adriatic Sea are the bottom
waters. A certain amount of the Adriatic bottom waters is formed in the northern
sub-basin, the NAADW (Northern Adriatic Deep Water), characterized by a very
low temperature, relatively low salinity and high density. Superficially, a main
current moves up along the eastern coast - Albania, Croatia - and then descends
along the western Italian one. The flow along the western coast results from three
gyres, one for each sub-basin, that only in autumn are connected with each other
(Figure 9). The three sub-basins exhibit, with a certain seasonal variability, a
cyclonic circulation (Russo & Artegiani, 1996).
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Figure 9. Surface water circulation in the Adriatic Sea (Russo & Artegiani, 1996).
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The position of the northern Adriatic Sea and the shallowness of the bathymetry
concur to characterize its peculiarity. Besides topographic features, atmospheric
forcing, such as wind stress, heat fluxes and freshwater inputs from the main rivers
along the Italian coast s are the main processes that define the physical properties
and the dynamics of the northern Adriatic (Solidoro et al., 2009).

Wind regime strongly influences the Adriatic Sea circulation, with significant
differences between summer and winter. In summertime, besides local breezes, the
dominant wind is the Maestrale, coming from the northwest. During winter season,
the Scirocco, warm and humid, from the southeast, and the Bora wind, dry, cold
and strong, from the north and the north-east, blow over the Adriatic Sea (Russo &
Artegiani, 1996). Because of intense evaporation during winter, caused by these
winds blowing over the northern Adriatic, dense water is formed (Artegiani et al.,
1989; Gaci€ et al., 1999).

The Adriatic Sea has the greatest observed seasonal thermal gradient in the
Mediterranean Sea, especially in the northern Adriatic, where near the coast the
surface temperature ranges from about 5° C in winter to 27° C in summer.
Variations are more limited offshore, with a range of 10-12° C. In winter, a thermal
gradient at 5 m depth is pronounced along the longitudinal axis, while during
summer this gradient is almost flat. This is due on one hand to the strong heat loss
of the northern Adriatic during autumn-winter, and on the other hand to the extreme
shallowness of the northern Adriatic sub-basin: it becomes extremely cold in winter
because the vertical convection is limited by the shallow sea bottom, while in
summer, despite the scarce heat fluxes, the temperature reaches high values,
because the mixed layer is thin, due to the sub-basin shallowness, and the thermal
stratification is enhanced by the hyaline one. During winter and autumn, especially
in the northern and middle sub-basins, a transversal thermal gradient is also present,
so that the waters near the western coast present a lower temperature than those of
the eastern coast. During the summer period this gradient almost disappears (Russo
& Artegiani, 1996).

Salinity variations are much pronounced near the western coast than offshore and
are strongly influenced by Po and other northern rivers’ outflow in the surface layer
(Russo & Artegiani, 1996). An inverse gradient, from the Italian coast towards the
middle of the basin, is instead detected in the case of nitrates, phosphates and
silicates, whose presence is strictly related to the riverine inputs. The same gradient
can be noticed for the chlorophyll, which shows the highest concentrations in the
western coastal area in winter and in the southern coastal area in spring, with
average values higher than 2 and 3 ug/1, respectively (Solidoro ef al., 2009).
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3.2 Data collection

Two sampling activities were conducted to collect the samples used for this work,
one approximately 30 years after the other.

The first one was carried out in the months of March, June, July, October, and
November of 1990 and in the months of January, April, July, September, October
and December of 1991. Fish samples were collected from trawling activities in the
fishing area in front of the Po river mouth, by means of an Italian-type bottom otter
trawler (‘“Tartana”) aboard of the R/V "Salvatore Lo Bianco" of the Institute for
Research on Maritime Fishing (CNR) of Ancona.

The second sampling activities were carried out monthly from November 2020 to
December 2021. Samples were gathered by otter trawlers at landing sites, from
fishing vessels that are part of the Chioggia’s fleet, selecting the ones that usually
fish in the area of interest to obtain a representative sample. Some specimens from
long-line captures were added in order to increase the size range of the sampled
population with the aim of obtaining an accurate evaluation of the maximum
lifespan of the species. In fact, the specimens’ size from this fishing gear is meanly
bigger in comparison to those caught by trawled gears because of its higher
selectivity. However, these specimens were not used for the comparison with the
older samples, coming exclusively from trawling activity.

For each individual, the total length (TL) to the nearest millimeter was measured
using a specific ruler and the weight to the nearest 0.1 g was determined using a
precision balance (RADWAG PS 4500/C/1, d = 0.01 g). Sex and maturity stages
were determined by macroscopic examination of the gonads using the MEDITS
scale, proposed for gadid species (Micromesistius potassou, Follesa & Carbonara,
2019), once the specimens were dissected. Both left and right otoliths (sagittae)
were extracted from each individual by making a cut along a frontal plane, starting
from the front of the head above the eyes and continuing towards the back of the
head, using a box cutter. Once exposed and identified, the otoliths were extracted
with the help of a tweezer, cleaned with ethanol 70% and stored dry in test tubes in
numbered vials.

3.3 Age estimation

From the whole fish sample, representative subsamples were selected for each
sampling period, grouping specimens in 1 cm total length (TL) classes. The otoliths
of max. 2 individuals per month per TL class were selected for the successive age
determination and statistical analysis, to have a comparable sample in terms of sex,
size and sampling period.
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3.3.1 Otolith preparation

In order to highlight seasonal pattern of increments and make the age estimation
easier and more accurate, the otoliths were burned and transversally sectioned
(Tomas, 2006; Polat & Giimiis, 1996, Dufour ef al., 2020, Polat & Giimiis, 1996).
The peculiar conformation of the otoliths of this species, in fact, made the direct
(on untreated otoliths) age estimation difficult, due to the thickness assumed by
these structures as the deposition goes on, and the characteristic presence of bumps.
Furthermore, a marked opacification of the samples was noted with storing time
(Figure 10), so that the otoliths of the individuals sampled in 1990-91 were
homogenously white and impossible to read from the outside.

Figure 10. Comparison between the same otolith after the extraction (/eff) and after six months
(right). A marked opacification is visible.

Several attempts (immersion in alcohol, immersion in sea water, trasversal
sectioning, longitudinal sectioning, and burning) were made in order to obtain
samples that were as much readable as possible, especially with opacified ones.
Finally, the burning and sectioning techniques were considered as the more
appropriate and time-effective methods to use.

Selected otoliths were burned in a muffle (Prederi ME320), at 320° C x 4 mins. The
left otolith was always chosen in order to standardize the procedure and, in case the
left one was lacking or damaged, the right otolith was used.

Each previously burned otolith was fixed to a microscope slide with CrystalBond
mounting adhesive and ground (Figure 11) with the planar grinding/polishing
machine Remet LS2, with water-based abrasive paper (granulometry P400, P800
or P1200, according to the otoliths’ size and brittleness) to form a base for the
section. Once ground, the resin was heated again and the otolith moved vertically
to the center, in such a way as to be able to smooth the opposite side and create the
cross section to be read. To be sure to reach the best possible reading plane, where
the core is clearly visible, the sulcus acusticus is deepened toward the core center
and the rings are well distinguishable, the samples were progressively and gradually
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ground and observed with a stereomicroscope under reflected light (Leica S6).
Finally, each section was polished by means of a polishing cloth impregnated with
Allumina powder 0.05 p.

Figure 11. Above: otolith fixed through the resin to a microscope slide. Below: grinding procedure
during the samples' preparation.

Samples were blindly read in random order, not knowing either the date of capture
or the sex or the size of the specimen. Sections were observed and read using a
stereomicroscope (Leica MZ6) using a magnification between 10-20x, immersed
in water over a black surface under reflected light. A digital camera connected to
the microscope together with an image analysis software (Leica Application Suite
4) was used for taking pictures of the samples and measuring the first annulus. The
reading was performed by two operators twice, independently. The age was
estimated as the number of completely formed annuli - one opaque and one
translucent ring sequentially (Figure 12).

The age and the edge type (translucent or opaque) of each otolith sample were
determined. For this work, the edges were considered as translucent/opaque in
formation if the marginal increment was clear and distinguishable on the section
margin. As for the age determination, also the marginal increment definition was
carried out by two operators independently. In case of disagreement, the sample
was not used for the validation. The edge condition (percentage of otoliths with
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an opaque margin each month) was analysed in order to determine the
periodicity and timing of ring formation. This method allowed the annual
formation of the rings to be determined.

Figure 12. Example of burnt and sectioned otolith. In this photo is visible the first annulus
completed (arrow). The marginal increment is translucent.

3.3.2 Age class assessment

In order to assign each specimen to one of the age groups, a single conventional
date of birth for the entire population has been established. Given the low number
of classes, the age was estimated in months, based on both the date of birth and the
date of capture of the specimen. This also allowed a better fitting of the Von
Bertalanffy growth model, and a more precise estimate of the growth rate.

The age estimation was therefore carried out according to the conventional date of
birth, set on January 1, and established on the basis of the readings previously made
and the nature of the marginal increments. The age, expressed in months, relative
to the specimens with TL greater than 12 cm was assigned by dividing the year into
quarters and considering both the age classes (0, 1, 2) and the margin (opaque, OP;
translucent, TR) assigned. Age 0 and opaque edge were assigned to all the
specimens smaller than 12 cm, as after several attempt of age estimation, it was
seen that the smallest specimens had completely opaque otoliths. Thus, the size
was used to infer the age so that they could undoubtedly be assigned to the first age
class (age 0). Their age in months was always estimated as M-1.

The table below (Table 1) summarizes the age estimation method used. The quarters
refer to the month of capture. So, a fish captured in February belongs to the Quarter
1, one caught in June to the Quarter 2, and so on.
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ciilss EDGE |QUARTER 1|QUARTER 2|QUARTER 3| QUARTER 4
0+ op M-1 M-1 M-1 M-1
0+ TR | 12+M-1) | 12+M-1) M-1 M-1
1+ OP | 12+M-1) | 12+M-1) | 12+M-1) | 12+ M-1)
1+ TR | 24+M-1) | 24+M-1) | 12+ M-1) | 12+(M-1)
2+ OP | 24+M-1) | 24+ (M-1) | 24+ M-1) | 24+ M-1)
2+ TR | 36+M-1) | 36+(M-1) | 24+M-1) | 24+ M-1)

Table 1. Method of assigning the age in months for the three age groups recorded in the study
population. 0, 1, 2 = estimated age. OP = opaque edge; TR = translucent edge; M = month of capture.

3.4 Data Analysis

Both the length-frequency distribution (LFD) and the edge-zone analysis were
performed with R software. In order to estimate the accuracy of age estimation
between the two operators, the Average Percentage Error (APE) and the Coefficient
of Variation (CV) were computed as:

1. ¢vrR 1Xij-X]|
= K o— 3 A L A—.
APE =100 * — Dict 7
\/ZR_ (Xij~X])2
v = 100 * Y——_R-1

XJ

where Xij is the ith age determination of the jth fish, Xj is the mean age estimate of
the jth fish, and R is the number of times each fished is aged (Panfili ef al., 2002).

For each subsample the age-length keys were created using Microsoft Excel.
Statistical analyses were performed using the Growth II software (PISCES
Conservation Ltd, Lymington, UK). To describe the growth of the considered
whiting sub-samples, the following Von Bertalanffy growth equation was
implemented:

Li=Loo (1 - e k(E=t0))

where Li is the length at age ti, Loo is the maximum asymptotic length obtained from
the individual average in the population, k is the growth coefficient (instantaneous
growth rate), influencing the curvature of the function, and to is the theoretical age
when size is zero. In both females and males growth curves, created using R, the
unsexed juveniles were included in order to improve the fitting of the model in the
first period of growth. The differences between the growth models of the
subsamples and the derived parameters were tested using the Kimura Likelihood-
ratio test (Kimura, 1980), which allows to compare the values obtained in the
growth models and determine their statistical significance.
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4. RESULTS
4.1 Population structure

The total number of samples (N) selected for this analysis is 511 (180 males, 190
females, 141 unsexed) out of 1895 from 1990-91, and 480 (210 males, 243 females,
27 unsexed) out of 742 samples from 2020-21. The sex ratio (M/F) of the entire
samples was equal to 0.93 in 1990-91 and to 0.83 in 2020-21, slightly biased
towards females.

The Length-Frequency Distribution (LFD) of the sampled population, sorted by
sex, is reported below (Figure 13). In the sample from 1990-91 (Figure 13a) the
distribution is unimodal around 18 cm for both sexes, because male and female
distributions mostly overlap, while in the 2020-21 curve (Figure 13b), the
distribution is bimodal because the two distributions detach and the most abundant
length classes are 16 cm for males, 22 cm for females. Furthermore, the maximum
size (TL) is greater in the case of individuals fished between 1990-91 (males: 30
cm, females: 37 cm) compared to individuals from 2020-21 (males: 24 cm, females:
31 cm). Individuals below 12 cm in size were excluded from this analysis because
in 1990-91 they were not sexed, probably due to the difficulties of sex determination
in small and immature individuals. Even if some sexed juveniles (<12cm) from
2020-21 were present, they were not considered for this graph, to make the
comparison fairer.
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Figure 13. Length-Frequency Distribution (LFD) of the sampled population. a: samples from 1990-
91. b: samples from 2020-21.

4.2 Ageing

As for the otoliths’ readings, the edge-zone analysis showed an annual sinusoidal
curve, which confirms that only one annulus is laid throughout the year. A slight
difference in the width of the deposition timing of the opaque ring (Figure 14) was
detected. The latter, in fact, seems to be wider in the past (a), roughly from April to
September, with a higher percentage of samples showing the opaque edge-zone in
September. In the case of the sample from 2020-21 (Figure 14b), the time-window
in which most of the otoliths have an opaque edge narrows from May to the end of
the summer, with a peak in July.
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Figure 14. Timing of the opaque marginal increment of the whiting otoliths in a year. The graphs
represent the percentage of samples in which an opaque edge-zone was recorded (dark blue line)
and the number of individuals processed (light blue bars) (a: samples from 1990-91; b: samples from
2020-21).

After the otoliths’ reading, the average percentage error (APE) and the coefficient
of variation (CV), indices for age precision, were calculated between the ages
estimated by the two operators. For the age estimation of the sample from 1990-91,
the APE was equal to 1%, the CV equal to 1.4%. For the age estimation of the
sample from 2020-21, the APE and the CV were 0.9% and 1.3%, respectively. For
both samples’ age estimation, the indices resulted very low, indicating high
precision of readings.

The age classes obtained from otolith readings of the selected subsamples were only
3 (age 0, 1, 2). For this reason, to represent more clearly the age distribution of the
population, age values were estimated in months rather than years. The age-length
keys synthetize the population structure divided by TL and age classes. They allow
understanding the relation between the age of the individuals and their size, so they
are useful to evaluate the mean growth rate of individuals. In Figure 15 the age-
length keys of the two whole subsamples are reported. In Annex A the keys for
females (Annex A, Figure 19-20a), males (Annex A, Figure 19-20b), and unsexed
juveniles (Annex A, Figure 19-20c) are reported. The year was divided into quarters
to better visualize the population structure (January, February, March: Quarter 1;
April, May, June: Quarter 2; and so on). In both subsamples, the greatest number
of individuals has 15 months of age or less. While in 1990-91 the modal value is 6
months, in 2020-21 it is 15 months.

Also, it has to be noted that in 1990-91 at the same age, females reach bigger size
than males (females 37 cm, males 30 cm, both 2 years old). The same size-based
sexual dimorphism, but with smaller sizes in both sexes, is clearly visible in the
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2020-21 subsample, in which the oldest male and female reach 22 cm and 29 cm

respectively.
a.
ALL 90-91 QUARTER
TL1cm 3 6 9 12 15 18 21 24 27 30 33 36 N
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 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
b.
ALL 20-21 QUARTER
TL1cm 3 6 9 12 15 18 21 24 27 30 33 36 N
4 1 1
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
21 3 8 10 9 2 3 2 1 38
22 4 5 7 10 2 2 2 1 1 34
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 1 10
28 1 1 1 3
29 1 1 2
30 1 1 1 3
31 1 1
N 47 60 51 90 103 69 8 28 16 4 - 4 480

Figure 135. Age-length key of the whole 1990-91 (a) and 2020-21 (b) subsamples.

The values of the asymptotic length (L), growth coefficient (k) and the theoretical
age when fish size is 0 (to) estimated for the von Bertalanffy growth curve are
reported in the table below (Table 2):
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Loo k to 9
1990-91
9091 | 9 47 1.633 0052 | 3.1517465
population
202021 ) o4 1889 | -0.043 | 29936242
population
1990-91 1 <14 1219 0.045 | 3.1776072
females
202021 1o, 1.663 004 | 3.0205857
females
199091 6 1.831 0.059 | 3.1157109
males
202021\ 05y | 2236 002 | 29738265
males

Table 2. Values of asymptotic length, k, to and ¢’, estimated for the von Bertalanffy curve.

The curves here reported (Figure 16a and 16b) refer to the two entire subsamples,
while the ones referring to females and males are reported in Annex B (1990-91:
Figure 21a, b and 2020-21: Figure 22a, b).
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2020/2021 All
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Figure 16. Von Bertalanffy curves for the whole 1990-91 (above) and 2020-21 (below) subsamples.

The Kimura test applied to Von Bertalanffy growth curves indicates that individuals
sampled in 1990-91 reached larger sizes than those sampled in 2020-21, with Loo
value significantly larger in the 1990-91 samples. This result is showed both in the
comparison of the entire population in the two periods considered (y*=33.25,
p<0.01) and in the comparison between males (¥*=29.16, p<0.01) and between
females (¥*>=28.64, p<0.01). Moreover, the k values comparison shows a
statistically relevant difference (y*=13.2, p<0.01) between males and females from
the 1990-91 sample. Even if increased compared to the past (Table 2), the k value
of the most recently sampled population did not show a statistically significant
difference when compared with the 1990-91 samples, nor in the comparison
between males and females (Table 3). The value of to so close to 0 indicates that the
model fit to the data is good, even in the early stages of growth.

The phi-prime index calculated for the entire populations indicates that the growth
performance slightly decreases compared to the past, and this is true also comparing
singularly past and present females and past and present males.
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© p-value Significance
Loo 33.25 <0.01 *oE
Pop 90-91 vs Pop 20-21 k 1.1 0.29 ns
all 255.78 <0.01 *ok
Lo 19.23 <0.01 woE
Fem 20-21 vs Mal 20-21 k 2.5 0.11 ns
all 94.62 <0.01 *E
Lo 42.39 <0.01 o
Fem 90-91 vs Mal 90-91 k 13.21 <0.01 *E
all 80.07 <0.01 o
Loo 28.64 <0.01 *E
Fem 20-21 vs Fem 90-91 k 3.75 0.05 ns
all 175.78 <0.01 *E
Lo 29.16 <0.01 *E
Mal 20-21 vs Mal 90-91 k 1.45 0.23 ns
all 177.69 <0.01 ok

Table 3. Kimura test resulting values of chi-square and p-value for the asymptotic length (Loo),
growth coefficient (k) and the whole model (a/l); p<0.01.

Through the monthly sampling activities carried out in 2020-21, it was possible to
identify the juveniles’ cohort, following its growth during the early stages (Figure
17). Three months are reported below (April, May, and June 2021) to highlight the
increasing size of the young-of-the-year, before they reach the same size as the
adults, so they are not distinguishable anymore. The modal value of the length is 8
cm in April, 10.5 cm in May, 14 cm in June.

It was not possible to carry out the same analysis for the population sampled in
1990-91 due to the sample size of the considered months. The samples from April
were very low in number, while there were no samples from May.
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Figure 17. Monthly length-frequency distribution. The cohort of the young-of-the-year (2021) are
clearly distinguishable.
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5. DISCUSSION

In this work, the structure of the North Adriatic population of whiting was analyzed
estimating the age classes by mean of otoliths’ readings, defining the age-size
relationship and building up the growth curve model. Furthermore, it was possible
to make a comparison with the same population sampled in 1990-1991. Since
whiting is a species of commercial interest for the north and central Adriatic Sea,
and as there are few existing studies regarding this species in this area, the aspects
concerning possible impacts of fishing pressure and/or environmental variations
were - although not exhaustively - investigated.

Looking at the comparison between the two length-frequency distributions (LFD;
TL 1 cm classes), divided by sex, a difference is appreciable in the maximum size
sampled, that in both sexes is reduced compared to the past. As for the right tail of
the distributions, the biggest sizes are reached by females, mirroring the known
sexual dimorphism in size (Vallisneri et al., 2004, 2006). In both cases, the higher
number of individuals is gathered between 15 and 25 cm. Many fish species show
sexual dimorphism in body size (Parker, 1992; Karin et al., 2012; Kousteni et al.,
2019; Aydin et al., 2011). Generally, somatic growth differences between males
and females could result from several factors, often occurring simultaneously:
dissimilarities in metabolic costs, different energy allocation patterns or unequal
energy uptake levels between female and male specimens. The energy uptake level
in turn could be influenced either by the quantity or the quality of the food ingested,
or by different energy assimilation capacities. This means that, in the physiology or
ecology of M. merlangus, there are differences between the sexes that favour higher
growth performance in females. Moreover, in this species, different energy
allocation patterns between sexes could result from the earlier onset of the sexual
maturation of males (Lauerburg et al., 2015), and in general a decrease in growth
rate occurs in fish after attaining sexual maturation (Roff, 1983).

From the comparison between the two studied samples, a significant decrease in the
asymptotic length (L) emerged. Moreover, the growth coefficient (k), indicating
the speed at which L« is reached, showed a statistically relevant difference between
males and females from the 1990-91 sample, mirroring the known intersexual
growth difference. However, the most recently sampled population did not show
the same difference in &k values between males and females, even if a difference is
present and it is reflected in the length-frequency distribution. Although not
statistically significant, the k& value of the 2020-21 population has increased
compared to the past, in both males and females, and this, together with a
significantly reduced Lo value, may indicate a slight trend towards a higher growth
rate.

The asymptotic length may be decreased as a consequence of the fishing pressure
exerted on this population. In fact, it is well-known that the largest sizes are those
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most intensely removed from the population, which is therefore truncated and
usually composed by fewer age classes and smaller individuals on average
(Berkeley et al., 2004; Hsieh et al., 2010). These changes related to overexploitation
occur when fishing pressure levels are so high to threaten fish stocks’ maintenance.
Indeed, one of the consequences of the strong fishing pressure is the decrease in the
maximum size of the population, as a result of the constant removal of the larger
and therefore older individuals. Also, the effects of this phenomenon are reflected
in other important demographic aspects. For example, it is known the positive
relationship between female size and fecundity (Ismen, 1995; Longhurst, 2002;
Mehault, 2010). The latter can be drastically reduced due to the removal of larger
females from the population and this can have unfavorable consequences on the
reproductive capacity of the stock. As a consequence of size truncation, the
reproductive output could be reduced (Murawski et al., 2001), or there could be a
reduction in sustainable yield (Heino & Godo, 2002). Several examples suggest that
fishing-induced size truncation may lead to serious consequences for stocks’
maintenance. For instance, this was likely to be the cause (or one of the causes) of
the collapse of the Atlantic cod stock off Newfoundland (Olsen et al., 2004, 2005),
as well as the recruitment failure of the Arcto-Norwegian cod stock (Ottersen et al.,
2006), the declined lifetime egg production for rockfishes (O’Farrell & Botsford
2006a, 2006b), and the reduced reproductive output of several marine fishes
(Venturelli et al., 2009). However, even in these empirical studies it is difficult to
separate fishing impacts from environmental effects (Hsieh et al., 2010).
Therefore, another plausible explanation to be considered for the decrease of the
asymptotic length and for the difference in the growth rate is represented by
variations of environmental conditions. In this regard, interesting data comes from
a case study in the North Sea, in which a sample of whiting was taken in 2007 and
subsequently another in 2012. Sexual dimorphism (in terms of Loo), stomach
contents and growth rate were investigated and then compared. In 2007, the whiting
showed 4 cm (females) and 2 cm (males) smaller Loo compared with 2012. These
differences between the samples of the two years were less evident in juveniles and
mainly resulted in fish larger than 25 cm TL. There was not, however, an
appreciable decrease in the condition (in terms of body mass at age) of M.
merlangus in 2007 compared with 2012. So, in this case, it is assumed that the
observed discrepancies, to some extent, resulted from differences in the availability
of prey fish in those two years in the North Sea. This is because M. merlangus
during prolonged periods with low food availability might respond with reduced
growth rates (Lauerburg et al., 2015). In other words, variations in preys’ or
predators’ abundance could influence periodically the biomass of the whiting. This
aspect must be considered in the investigation regarding the causes of the different
asymptotic lengths of the samples obtained in the present study.
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Moreover, it is worth considering the hypothesis that the differences found at the
level of asymptotic length could be attributed to cyclical population fluctuations,
linked to the water warming trend consequent to the climate changes. In particular,
M. merlangus is a typically cold-water species, therefore it must be considered, on
one hand, its ideal temperature-related physiological range and, on the other hand,
how climate change is increasing the sea temperature, and how this can affect the
metabolism of marine species (Forster et al., 2012). Unfavorable conditions can act
as factors that lead the species towards modifications of life-history traits as
adaptations. More likely, the observed changes in the population might be the result
of the combination of all these factors.

Another significant feature to underline is that, in the data collected from the
literature, there is a substantial difference in several life-history traits of the
different whiting populations. The differences seem to be linked to the geographical
distribution, therefore to the latitude or to the environmental characteristics of the
areas inhabited by this species and are evident mostly between the Adriatic and the
other basins that are part of the whiting distribution area. The Adriatic Sea seems
to represent an exception compared to the other basins considered here, probably
for the difference in the mean temperature that characterizes the waters of the North
Sea and the adjacent basins. Moreover, the bathymetry, the trophic levels
composition, the amount of nutrients deriving from the rivers’ runoff, make the
Adriatic ecosystem unique. Compared to the rest of the Mediterranean Sea, the
northern Adriatic has the greatest quantity of phytoplankton biomass and it is
consequently one of the most productive basins. A terrigenous supply of nutrients
in some semi-enclosed bays and channels of the Croatian coast and all along the
Italian coast via run-off, influences productivity in the north Adriatic coastal belt
(Fonda Umani, 1996). The presence of these nutrients of riverine origin is strictly
related to the path of the currents and masses of water that move from the mouth of
the Po River towards the open sea, creating a gradient from the northwest coast to
the south-southeast (Solidoro et al., 2009). The greater availability of food and
energy in the ecosystem might lead several species that inhabit the northern Adriatic
Sea to grow faster, compared to populations that inhabit oligotrophic waters.

In the case of whiting populations living at higher latitudes, such as those of the
North Sea and the Irish Sea, adult specimens can reach 40-50 cm TL at around 5-7
years of age (Lauerburg et al., 2015; Gerritsen ef al., 2003); in the Baltic Sea, there
are specimens up to 58 cm TL and 13 age groups (Ross ef al., 2018). In the case of
the Black Sea population, however, the specimens reach smaller sizes in the same
period, growing up to around 25 cm TL at about 6 years of age (Mazlum & Bilgin,
2014). In the Adriatic Sea, on the other hand, the growth rate seems to be much
higher: although the number of age groups is very low, the sizes reached are equal
to those recorded in adult subjects from other populations. In this basin, in fact, it
seems that the specimens are able to grow on average up to 20 cm TL after the first
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year of life (19.4 cm males, 21.5 cm females), and that they reach on average about
25 cm TL (23.1 cm males, 26.9 cm females) at the end of the second year of life
(Giovanardi & Rizzoli, 1984). These data are confirmed by the present thesis work,
in which the recorded female specimens presented a size greater than 35 cm at the
end of the third year of life.

Below is reported a summary table of some important life-history traits relating to
the different whiting populations studied so far and on which there are data in the
literature, to summarize the main differences (Table 4). Size-based sexual
dimorphism is typical of all the considered populations.

S z
Area Sex TLmax (cm)| Lmat (cm) p;\:;lkmg Age groups| References
d 28 16.1 Vallisneri ez al.,
Adriatic Sea December 3(0-2) 2006; Cal,
Q 33 16.8 unpublished data
3 20.4 13.9 February, Mazlum & Bilgin,
Black Sea April, 7 (0-6)  [2014;Bilgin etal.,
9 30.7 14.6 November 2012
3 35.7 19.3 averbure et
North Sea April 8 (0-7) |"ereetats
Q 40.8 22
8 33.4 22 Gerritsen et al.
Irish Sea March, April| 8 (0-7) 2003
Q 50.2 19

Table 4. Available data about maximum total length (7L,.), length at maturity (Ly«), spawning
peak and age classes in different geographical areas, divided by sexes.

As it can be seen, compared to the others, the population of the Adriatic Sea has a
much smaller number of age groups, although reaching similar or only slightly
lower sizes than those of the other seas considered in a shorter period of time.
Moreover, the maximum size measured in 1990-91 was 37 cm for females and 30.5
for males, both aged as two years old. In the 2020-21 sample, the maximum size
was 35.8 cm for females and 24.8 cm for males, also in this case both aged as two
years old. These data highlight a difference in the growth of this population, which
is undoubtedly faster, with a reduced maximum size compared to basins outside the
Mediterranean Sea. Additionally, the computed phi-prime results higher for the
Adriatic population compared to both that of the whiting population from the Black
Sea (Yildiz & Karakulak, 2018) and to that of other Gadidae, as the poor cod
(Trisopterus capelanus; Kog et al., 2021). This indicates the higher growth
performance of the whiting residing in the northern Adriatic Sea.

The differences in growth and the greater number of age classes in the populations
other than the Adriatic one are also clearly identifiable in the otoliths. Below are
showed the images of otoliths of individuals of the same length, one from the
Adriatic Sea and the other taken from North Sea samples, which, by way of
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example, highlight these inequalities. Beyond the evident difference in age, it is to
be noted the differences regarding the shape of the otolith itself, which in this
specific population appears to have an even more pronounced lanceolate shape and
a reduced presence of the typical bumps (Figure 18).

Figure 148. Comparison between northern Adriatic Sea (/eff) and North Sea (right) whiting otoliths.
North Sea specimens came from landings in Chioggia wholesale fishmarket.

The case of whiting is not the only one in which a species inhabiting both the
northern Adriatic Sea and basins at higher latitudes, shows an inter-population
difference in the growth rate and that the latter is higher precisely in this
Mediterranean basin. An example is represented by the north Adriatic population
of turbot (Psetta maxima, L. 1758). The latter was compared with those of the North
Sea and the Baltic Sea in the study by Arneri ef al., 2001. In the Adriatic Sea, the
growth rate is slightly higher than in the North Sea (Mengi, 1963; Jones, 1974) and
considerably higher than in the Baltic Sea (Szlakowski, 1990) and in the north-
western Mediterranean Sea (Robert & Vianet, 1988). Adriatic turbot appears to
belong to the population group with the fastest growth rates. Another example is
represented by black goby (Gobius niger), which, in the Adriatic Sea, has a higher
growth rate and attains a bigger size (Fabi & Giannetti, 1985) than in the West Coast
of Ireland (King et al., 1980) and in the Veerse Meer of Holland (Vaas et al., 1975).
It is known in the literature that warming increases growth and development rates,
reducing maximum or adult size at the same time (Lindmark ef al., 2022). This can
happen between different species but also between populations of the same species
living at different latitudes, as in the case of the whiting. Therefore, it is worth
considering that the differences in some life-history traits, both inter-population and
inter-annual of the same population, could be attributable to the different
anthropogenic pressures, that is to the fishing pressure exerted by human on stocks,
as well as to ecological-environmental variations, in terms of temperature and/or
availability of prey and the consequent adaptive strategies of the species to different
external inputs.

35



On the other hand, variations in terms of prey availability could be a direct
consequence of changes in the ecological structure of the Adriatic basin. The latter
has been influenced in recent years by a trend towards oligotrophy in the northern
Adriatic Sea (Penezi¢, 2022), also due to various factors, including mainly the
decrease of the Po River rich-in-nutrients freshwater inputs (Gasparovi¢, 2012).
The difference in the life-history traits among the different populations and above
all the differentiation of some traits particularly in the Adriatic population compared
to the others, however, raises the question of a possible genetic differentiation.
Given the distance and the geographical separation between the Adriatic Sea and
the northeast Atlantic, the connectivity between these populations after settling in
the different areas may have been scarce, if at all, and the different environmental
conditions may have influenced this divergence. The hypothesis of the presence of
two different subspecies of Merlangius merlangus had already been advanced, with
the Atlantic subspecies, M. merlangus merlangus, and the subspecies Merlangius
merlangus euxinus typical of the populations of the Black Sea, Marmara Sea, and
Azov Sea. The Adriatic population was believed to consist of both subspecies
(Milii¢ & Kraljevi¢, 2011). The temporal pattern of divergence between the two
presumed subspecies is related to the Last Glacial Maximum (219 Kya), whereas
the expansion of the Black Sea and the Turkish Straits System occurred after the
flooding of the Black Sea by salt water from the Mediterranean (5 Kya), following
a period of stability (Salcioglu et al., 2020). In the literature, we can find some
investigations concerning the possible genetic variation of the Atlantic and
Mediterranean populations. As far as the Mediterranean is concerned, however, no
such investigation has been carried out in the Adriatic. Instead, the populations of
the Black Sea, the Marmara Sea and the North Aegean Sea were considered. No
clear distinction between the two presumed subspecies was detected. The lower
genetic variability of the eastern Mediterranean M. merlangus, when compared to
the Atlantic ones, might be due to a potential population bottleneck before the last
glacial period, a trend that is commonly found in these waters (Salcioglu et al.,
2020). A significantly heterogenic level of genetic structuring of whiting has been
recorded within the North Sea. It appears that the North Sea is composed of at least
three distinct population units (Southern Bight, Flamborough Head and a third unit
grouping the Dogger Bank and the southern Norwegian coast), while the Celtic Sea
to the western Hebrides encompasses a single metapopulation. In this second case,
the genetic homogeneity may result, at least in part, from the widespread dispersal
of the young pelagic stages through passive drift with the current systems (Charrier
et al., 2007). Spatial genetic analysis reveals genetic uniformity across long
geographic distances suggesting a high level of gene flow (Eiriksson & Arnason,
2014).

Given the geographic conformation of the Adriatic basin and the scarcity of
information in the literature regarding the whiting’s population genetics in this area,

36



further investigations in this regard are deemed necessary. This need is supported
by some evidence detected in several species present in the Mediterranean Sea. It
has been observed a genetic differentiation between the northern-central Adriatic
population e the southern one in the Atlantic mackerel (Scomber scombrus, Papetti
et al., 2019), as well as in the European anchovy (Engraulis encrasicolus, Bembo
et al., 1996; Borsa, 2002). The reason of these differentiations could be ascribed to
physical barriers to migrations and/or to larval dispersal, among which the presence
of a stable gyre dividing the northern and southern Adriatic waters (Russo &
Artegiani, 1996), a bathymetric incoherence corresponding to the deep Jabuka
(Pomo) Pits, and the strong spatial and temporal variability of trophic conditions in
the northern — central Adriatic (Fonda Umani ef al., 1992). Additional analysis of
population genetics and structure of the whiting would help to better define the
boundaries of the different populations of this species and would be of great support
in the definition of fisheries management policies in this area of the Mediterranean
Sea.

6. CONCLUSION

This work aimed to analyze the population structure of the Merlangius merlangus
species, to understand if external pressures, both human and environmental, may
have caused changes that require attention. A significant difference was highlighted
in the asymptotic length of the individuals that make up the population, therefore it
was observed a reduction in the maximum sizes reachable by both males and
females, beyond the known size-based sexual dimorphism. The stock is likely
undergoing fishing pressure or environmental changes: it is a coldwater species in
a sea that is warming and in which, additionally, a high fishing pressure is exerted.
An exhaustive study of this population is necessary as very little is present in the
literature about whiting in the northern Adriatic basin, although it is a highly
exploited area, in which this species is fished for commercial purposes.

The reduction of the maximum size of this population can have serious
consequences on the population structure, affecting the size of maturity, the
fecundity and the renewal capacity of the stock. Studies like this can form the basis
for proper stock management and appropriate fisheries regulation.

On the other hand, climate change and the constant increase in both atmospheric
and sea temperatures are threatening these populations on another front. This
species adapted to cold waters (Maximov et al., 2011) and subsequently settled in
some areas of the Mediterranean Sea could suffer the effects of this overheating in
the long term. In addition to this, strong interactions exist between the effects of
fishing pressure and the effects of climate. Fishing reduces the age, size, and
geographic distribution and diversity of populations, besides the biodiversity of
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marine ecosystems, making both more sensitive to additional stresses such as
climate change (Brander, 2007).

Further studies would be necessary, in order to investigate the population genetics
of this species in the Adriatic Sea and to evaluate its vulnerability. Differences in
meristic and morphometric characters between whiting populations in the Atlantic
Ocean, Black Sea and the Adriatic have been detected. These could be the result of
spatial segregation and/or exposure to different environmental conditions. Further
research is required to determine whether a subspecies of whiting exists and what
is its status, as well as its real area of distribution. Finally, the phylogeny of this
species should be investigated through genetic analysis techniques, which are less
prone to subjective interpretation (Milii¢ & Kraljevi¢, 2011).
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ANNEX A - Age-length Keys

1990-1991

a.
FEMALES QUARTER
TL1cm 3 6 9 12 15 18 21 24 27 30 33 36 N
12 1 1 2
13 6 2 8
14 12 6 18
15 2 4 6
16 3 4 7
17 3 4 2 9
18 3 4 2 9
19 4 4 2 1 11
20 3 4 2 2 11
21 2 4 4 2 12
22 2 3 4 2 11
23 1 3 4 2 10
24 3 3 2 1 9
25 1 2 2 1 6
26 3 7 3 13
27 1 3 5 2 1 12
28 1 2 2 1 1 7
29 1 2 1 4
30 1 1 2 1 1 6
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 - 42 52 39 25 14 10 6 1 1 - - 190
b.
MALES _ QUARTER
TL1cm 3 6 9 12 15 18 21 24 27 30 33 36 N
13 5 5
14 8 7 15
15 4 4 2 10
16 2 4 2 8
17 4 4 2 10
18 4 4 3 2 13
19 4 4 4 2 14
20 2 4 6 2 14
21 2 4 5 4 1 16
22 1 4 3 3 1 12
23 4 4 4 2 1 15
24 1 3 3 1 3 11
25 1 2 1 2 2 2 1 11
26 1 1 2 2 3 1 10
27 1 2 1 2 1 7
28 2 1 1 4
29 1 1 1 3
30 1 1 2
N - 37 45 35 23 15 8 11 3 1 2 180
C.
UNSEXED QUARTER
TL1cm 3 6 12 N
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 13
14 21 22
N 86 52 - 141

Figure 19. Age-length keys of 1990-91 females (a), males (b) and unsexed juveniles (c).
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2020-2021
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Figure 20. Age-length keys of 2020-21 females (a), males (b) and unsexed juveniles (c).
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ANNEX B - Von Bertalanffy curve

1990-91
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Figure 21. Von Bertalanffy curves for 1990-91 females (a) and males (b).
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Figure 22. Von Bertalanffy curves for 2020-21 females (a) and males (b).
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