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Extended Abstract

Extended Abstract

Understanding the biology, ecological interactions, and population trends of key marine
species is essential for comprehending ecosystem dynamics and achieving
sustainable marine resource management through an ecosystem-based approach.
This is particularly true for those basins characterised by high levels of anthropogenic
impacts (i.e., pollution, habitat degradation, and overfishing) and high susceptibility to
climate change, whose effects can be interactive, amplifying their negative
consequences. The response of species to stressors is influenced not only by the
characteristics of the stressor and the environmental context but also by species-
specific attributes, which ultimately determine varying levels of vulnerability. There is
increasing concern about the condition of numerous commercial species that have
shown spectacular declines in landings over the last decades, as in the case of cold-
water species inhabiting the northern sectors of the Mediterranean Sea. Among these,
the Adriatic Sea is the one showing the highest warming trend over the last 20 years,
although itis considered a cold refugium due to its unique combination of hydrographic
and environmental features. However, for most of the species with an affinity for cold
waters, data are not routinely collected, and there is a lack of knowledge about their

life cycles and the effects of sea warming on their population dynamics.

This thesis focuses on some commercial species belonging to the cold-water group of
Gadiformes in the Adriatic Sea and on their biological responses to increasing sea
temperatures and high fishing exploitation. | used an experimental approach to
investigate the life history traits of three key gadid species (whiting, blue whiting, and
poor cod) and compare them with samples collected between 1985 and 1991, to
investigate the presence of variations potentially related to fishing and/or climate
change. To complement and support the experimental part of the thesis, | then applied
a joint species distribution model to explore the influence of some environmental
factors (including sea bottom temperature) on the abundance of five Adriatic gadiforms
(whiting, blue whiting, poor cod, silvery pout, and European hake), using data from the
MEDITS surveys carried out between 1998 and 2020.

The experimental results provided novel and updated information on the biology of the
three species investigated in the Adriatic area, highlighting both common and species-
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Extended Abstract

specific variation patterns between recent and old samples. Whiting and blue whiting
exhibited a reduction in size and growth performances, which seem to be attributable
to the direct and indirect effects of climate change, respectively. In poor cod, the
decrease in size was instead coupled with an increased growth rate at the early stages
and trunked age structures, revealing a potential impact due to fishing exploitation. The
model results highlighted the significant influence of depth in determining the
occurrence pattern of gadiform species, while the abundance models revealed varying
contributions from all the environmental covariates. The comparison of models fitted to
two distinct thermal regimes allowed me to detect an increased influence of thermal
covariates in the most recent (and warm) period, suggesting an increase in the
sensitivity of species to temperature. Interestingly, the correlation pattern between
abundance and sea bottom temperature was species-specific, though almost all the
species showed a negative impact of increasing temperature except for European
hake, which showed a positive relationship. Moreover, the species-specific responses
to temperature resulting from the models indicated that whiting and blue whiting are
potentially more vulnerable to increasing temperature compared to poor cod,

confirming the hypotheses drawn from the experimental results.

In summary, this thesis integrates different methodological approaches and a
combination of intra- and inter-specific comparisons to provide a comprehensive
understanding of the impacts of fishing and climate change on gadiform species in the
northern-central Adriatic Sea. The different responses observed in both experimental
and modelling approaches indicate that even within a small group of closely related
species, there can be different levels of vulnerability to fishing and climate change.
European hake, an exception among the studied species, is the only species with the
adaptive potential to thrive in a warming scenario, and consequently, a possible
increase in its population is expected in the Adriatic area. The results of the present
study provide valuable insights into the adaptive mechanisms of these species and
underscore the importance of ecosystem-based management approaches for

sustainable marine resource management.



General Introduction

1 General Introduction

1.1 Evolution of life history traits and strategies

The life history traits encompass several aspects of the life cycles of organisms,
including growth mode, maximum size, reproductive investment, size and age at
sexual maturity, number and size of offspring, longevity, sexual pattern, maximum age
and type of sexual determination. These biological features represent the evolutionary
outcome of multiple environmental pressures under the driving force of natural
selection (Roff, 1992). The principles underlying this process are the fundamentals of
the theory of evolution: variability, inheritance of individual characters and natural
selection, which lead to evolutionary change in populations (Stearns, 1992). The
variability in life history traits among animals and plants is clearly observable in nature
at both intra-specific and inter-specific levels. Differences can be noticed in patterns of
growth cycle, lifespan, and reproduction at various levels of taxonomic organization.
For example, at the interspecific level, within the fish family Pleuronectidae, there are
species that reach maximum sizes of a few centimetres and are sexually mature within
the first year of life, and other species (e.g. Hippoglossus hippoglossus or halibut) that
exceed two metres and generally are sexually mature at around ten years of age.
Similarly, at intraspecific level, dwarf halibut populations in Scotland reach sexual
maturity at three years of age, while in Newfoundland the same species reaches
maturity at fifteen years of age. The differences observed are strongly influenced by

the environmental and ecological context (Roff, 2002).

The life history theory aims to explain how evolution shapes organisms to achieve the
survival and reproductive success (Darwin 1871), a concept that can be summarised
by the term ‘fitness'. Throughout evolution, natural selection has acted within the
genetic variability present in each population, favouring those traits that in a given
environment maximise the fitness of the individuals possessing them. Although the
classic approach used in the past was to study life history traits under the concept of
optimality, recently non-equilibrium approaches (involving frequency-dependence,
density-dependence, evolutionary game theory, adaptive dynamics, and explicit
population dynamics) have supplanted optimization as the preferred approach.
Moreover, looking at ecological studies, there is increasing evidence that population

dynamics and interspecific interactions have impacts on the evolutionary process
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(Stearns, 2000). In addition to the external constraints, there are also the internal ones,
determined by interactions between traits and physiology. Indeed, since the available
resources can be limited, investing energy in one trait implies less investment in
another, resulting then in a “trade-off”. Adaptive strategies can be described as sets of
trade-offs, which represent the linkages between traits that constrain their
simultaneous evolution. For example, delaying the age at sexual maturity allocates
more energy for juvenile growth or having low fecundity allows the production of large-
sized offspring (Fonseca and Cabral, 2007). In general, when the trade-off involves
genotypic characteristics, it is called "strategy"”, whereas, if the variation pattern is
shaped by phenotypic plasticity in response to environmental changes, it is called
"tactic." (Stearns, 1989).

The external factors can create intense selection pressures for certain life history traits
and strategies. For example, in areas with high predation pressure, organisms may
evolve faster growth rates and earlier reproductive ages to increase their chances of
survival and pass on their genes before being preyed upon. On the other hand, in
environments with limited resources, organisms with slower growth rates and delayed
reproduction may maximize their chances of survival and reproduction when resources
become available (Wilbur and Rudolf, 2006). Overall, the interplay between
environmental factors and life history traits is crucial in shaping the survival and
reproductive success of organisms. Since ecological conditions act as a selective
agent in favouring the type of reproductive strategy, similarities between some traits
are often observed in species living in the same environment. For example, in the
marine environment, a negative correlation has been observed between water
temperature and the size of eggs produced by many species (Laptikhovsky, 2006).
Egg size is generally species-specific, although it can vary intraspecifically depending
on the size of the female, food availability and breeding season. In general, while at
low and intermediate latitudes species producing eggs of different diameters are found,
in polar regions only species producing large eggs are observed (Laptikhovsky, 2006).
This trend was described and theorised in the 1940s, initially for marine gastropod
molluscs (‘Thorson's rule'; Thorson, 1936) and marine teleosts ('Rass's rule'; Rass,
1935). According to Thorson's theory, the tendency to produce larger eggs is linked to
low water temperature and consequently reduced water productivity, which limits the

growth and survival of many species with planktotrophic larval stages (feeding on
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plankton from their early life stages). Consequently, lecithotrophic larvae (which feed
on yolk in the early larval stages), which survive even in the absence of external
nourishment, have higher survival success compared to planktotrophic larvae. Rass's
rule explains the same phenomenon, but in other terms, and with particular reference
to marine fish. In fact, the size of the eggs is related to the temperature at which the
reproduction of a species takes place. In particular, the lower the temperature of the
water, the longer it takes for the stages of oogenesis and embryonic development to
occur. This causes the species-specific size of the eggs and the hatching size to
increase, as reported from the multiple comparisons within the family Carangidae and
Liparidae (Rass, 1986), where, in both cases, species living at higher latitudes produce
larger eggs. Although these trends have been demonstrated and extensively
discussed, temperature and trophic factors are currently considered to be only some
of the factors involved in determining egg size (Clarke, 1992; Levin and Bridges, 2001).

In fact, there are several exceptions to this general rule, which are the result of other

factors, such as biotic interactions.

Figure 1.1. Schematic representation of the typical effects of fishing and climate
change on marine fish populations, frequently leading to reduced biological productivity

and sizes in cold and temperate regions.
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1.1.1 Effects of climate change and fishing on fish populations and life history traits

The intricate interplay between climate change, fishing, and their consequential
impacts on fish life history traits represents a multifaceted ecological challenge that
demands thorough investigation. Human-induced climate change has emerged as a
global force, determining shifts in environmental parameters such as temperature,
precipitation, and oceanic conditions (IPCC, 2014a). These alterations profoundly
influence the physiological, behavioural, and reproductive dynamics of fish species,
ultimately shaping critical life history traits. Concurrently, intensified fishing practices,
driven by escalating global demand for seafood, subject fish populations to selective
pressures that induce evolutionary changes in their life history strategies (Heino et al.,
2013). As a consequence, these stressors interact to produce a complex network of
challenges, potentially leading to cascading effects throughout aquatic ecosystems
(Figure 1.1). Their simultaneous occurrence, often showing synergistic effects,
determines different outcomes and complexity scales depending on the local context
(Genner et al., 2010; Hidalgo et al., 2012; Engelhard et al., 2014; O’Connor et al.,
2015).

Over the last century, intensified fishing practices have led to a range of ecological
consequences worldwide. One of the most immediate impacts is overfishing, which
occurs when the rate of fish extraction exceeds the population's ability to replenish
resulting in the depletion of targeted species and disruptions in trophic cascades (Pauly
et al., 1998). This can lead to the collapse of entire fisheries, compromising the
livelihoods of communities dependent on marine resources. Currently, 35% of global
marine stocks are being overexploited, a trend that has been steadily increasing in
recent decades. Besides, 57% of the stocks are being exploited at the maximum
sustainable levels and only 7% of stocks are under-fished, a significant decrease from
the 40% observed in 1975 (FAO, 2022). Furthermore, certain fishing practices, such
as bottom trawling, can cause physical damage to seafloor habitats, impacting benthic
communities and reducing overall biodiversity (Watling and Norse, 1998). The
selective targeting of specific species can also trigger shifts in the composition of
marine ecosystems, potentially leading to the proliferation of certain species and the
decline of others (Jennings and Kaiser, 1998). Moving on a closer scale, the selective
harvesting of larger individuals, a prevalent practice in many fisheries, has been

identified as a driver of alterations in reproductive- and growth-related traits (Jgrgensen
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et al., 2007; Enberg et al., 2012). Reproduction and growth are among the most
important life history traits determining fish population dynamics and therefore
productive potential at different temporal scales. Firstly, the direct negative effects of a
reduction in age/size of fish populations induced by fishing are evident by considering
the positive relationship between fecundity and female size (Barneche et al., 2018).
Indeed, the relative fecundity (humber of eggs per unit of body mass) of fish increases
with their size, meaning that a population with larger individuals will have a higher
reproductive output compared to a population with smaller individuals, given the same
amount of biomass (Bohnsack, 1994). Moreover, if fishing artificially limits the
reproductive lifespan of fishes, their capacity for reproduction will not be fully achieved.
Secondly, at a longer temporal scale, it is worth mentioning that selective harvesting
has determined also evolutionary effects on fish populations, even if this process is
challenging to investigate in wild populations due to the difficulty of distinguishing it
from the effects of the phenotypic plasticity in response to both biotic and abiotic factors
(Heino et al., 2002). Well-known examples of fisheries-induced modification of life
history traits are related to size/age at maturity and growth rate, which were widely
investigated over the last decades. In the case of the maturation pattern, the common
trend reported is a decrease of size/age of maturity in harvested fish populations
(Mollet et al., 2007; Albo-Puigserver et al., 2021). On the other hand, although early
literature on fish-induced growth variation was dominated by the hypothesis that fishing
favours the slow-growing specimens (for which fishing mortality is lower), several
studies over the last two decades highlighted more complex dynamics, with more
factors involved, keeping the scientific debate still open (Enberg et al., 2012; Pauly,
2021).

While overfishing is widely recognised as the main factor behind the decline of marine
populations, there is mounting evidence indicating that climate change also plays a
significant role in influencing fish population dynamics. Climate change has profound
effects on the life history traits of fish species, impacting their physiology, behaviour,
and overall population dynamics. The consequences of climate change on fish life
history traits are complex and varied, with potential implications for fisheries,
ecosystems, and the livelihoods of communities dependent on marine resources.
Rising water temperatures, a direct consequence of climate change, have a direct

influence on the metabolic rates of fish. Warmer temperatures can accelerate growth
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rates and affect the timing of key life history events, such as hatching, larval
development, and age at maturity (Cheung et al., 2010). In addition, considering the
Gill-Oxygen Limitation Theory (Pauly and Cheung, 2018), fish body growth is
constrained by gill capability to supply oxygen through their surface. Consequently, in
a situation where sea temperature rises, it is expetced that the body size of fish will
decrease (Audzijonyte et al., 2020). This is because the solubility of oxygen in water
decreases as temperature increases (Forster et al., 2012). On the other hand, changes
in temperature and environmental cues can influence the timing and location of
spawning. Altered reproductive behaviours, including shifts in spawning grounds and
changes in the timing of reproductive events, have been observed in response to
climate-induced changes in the marine biota (IPCC, 2014b). Fish species often exhibit
specific thermal and habitat preferences. As climate change alters sea temperature,
fish may respond by shifting their distribution ranges and migration patterns to stay
within their thermal optima (Perry et al., 2005). Climate change can further influence
the abundance and distribution of plankton and prey species, affecting the availability
of food for fish. Changes in trophic interactions, such as mismatches between the
timing of fish spawning and the peak abundance of prey species, can impact the
survival and growth of fish populations (Hare et al., 2010). As already discussed for
fishing, fish populations may undergo adaptive responses and evolutionary changes
in their life history traits to cope with changing environmental conditions. Rapid
evolution in traits such as size at maturity and reproductive strategies has been
documented in response to climate-driven selective pressures (Sheridan and Bickford,
2011; Alvarez-Noriega et al., 2023).

Understanding the distinct effects of these stressors and their interactions is essential
for informed conservation and management strategies. Integrated approaches that
consider both fishing and climate change impacts are necessary to ensure the
sustainable use and preservation of fish populations and the ecosystems they inhabit
(Free et al., 2019).
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1.2 The unique features of the Adriatic Sea within the Mediterranean context

The Adriatic Sea, located in the centre of the Mediterranean Basin, represents a
dynamic and diversified ecosystem with ecological and oceanographic features that
are both distinct and closely linked with the broader Mediterranean context (Tortonese,
1964). This semi-enclosed sea, situated between the Italian and the Balkan
Peninsulas, extends approximately 800 kilometres from north to south and is
characterized by a remarkable mosaic of oceanographic processes, biological
diversity, and human activities. The distinctive set of oceanographic characteristics and
ecological phenomena arising from its geographical location and complex bathymetry
make it a unique microcosm within the Mediterranean Basin. The Adriatic Sea has
distinct morphological variations, with the western section characterised by a
predominantly uniform and sandy composition, with a gentle slope. In contrast, the
eastern coastline displays an irregular topography, characterised by numerous islands
and a steeply sloping bathymetry composed of rocky formations (Russo and Artegiani,
1996). Based on the bathymetric features, the basin is divided into three sub-basins

along its latitudinal axis (Figure 1.2).

Bathymetric
ranges {m)
~10-51
[ ]51-101
[ 101 - 150
> [l 150 - 200
I > 200




General Introduction

Figure 1.2. Map of the Adriatic Sea showing the bathymetric features, which serve as
the basis for dividing the area into three sub-basins (Russo and Artegiani, 1996). N =
northern sub-basin; C = central sub-basin; S = southern sub-basin.

The northern sub-basin extends from its northernmost point to a depth of 100 m and is
distinguished by a notably shallow average depth of approximately 30-50 m.
Additionally, it is marked by the presence of strong river runoffs. It is thought that Po
and other rivers in northern Italy contribute approximately 20% of the overall
Mediterranean river runoff (Hopkins, 1992). Conversely, the southern sub-basin is
characterised by a narrow continental shelf, measuring 20—30 km in width. Beyond this
point, there is a steep continental slope that descends to a depth of 1000 m. The area
then transitions into a relatively flat abyssal plain, with a maximum depth of 1270 m,
often known as the South Adriatic Pit. The middle Adriatic is a transition zone between
the northern and the southern sub-basins which shows some open sea conditions, with
an average depth of 100-150 m and characterised by two depressions (maximum
depth 270 m), known as Pomo/Jabuka Pits (Russo and Artegiani, 1996).

Strong salinity gradients are observable in all seasons, mainly along the western coast,
related to the river runoff. During the spring-summer period, the freshwater waters
entering the northern Adriatic Sea extend in a south-eastern direction, intruding into
the open sea. The highest salinity levels are observed in winter when homogeneous
values of about 38 psu are measured over all offshore areas of the whole basin. On
the other hand, in summer, minimum values are observed, due to stratification
processes that prevent the vertical mixing of fresh and salty waters (Artegiani et al.,
1997b). The temperature of the sea bottom exhibits a pronounced seasonal pattern,
with coastal waters experiencing a range of variation from 7 °C (winter) to 27 °C
(summer), while deeper places exhibit a range of variation from 10 °C (winter) to 18 °C
(summer) (Russo et al., 2012). The physical properties and circulation patterns of the
Adriatic Sea are significantly affected by atmospheric forces and in particular by wind
regimes (Russo and Artegiani, 1996), with strong differences between summer and
winter. During the cold season, low temperatures combined with the strong and dry
north-easterly wind (Bora) trigger the formation of cold and dense waters in the
northern sub-basin. The newly formed waters deepen and move southward, first
reaching the Pomo/Jabuka Pits and then the Adriatic Pit (Marini et al., 2016). Finally,

these waters reach the lonian Basin, from where they spread south and east close to
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the bottom, supplying the Mediterranean thermohaline circulation system (Roether and
Schlitzer, 1991). The Adriatic Sea, together with other northern (and cold) sectors of
the Mediterranean Sea (Gulf of Lions, north Aegean Sea) are key regions where
intermediate and deep-water convection is regularly observed, leading to vertical
recirculation, which is essential to sustain the Mediterranean thermohaline circulation
(Roether et al., 1996). Having the biggest contribution to the Mediterranean deep-water
formation, the Adriatic Sea plays a pivotal role, being the area where the eastern
Mediterranean Deep Water originates (Civitarese et al., 2005).

1.2.1 Vulnerability of the northern-central Adriatic Sea: trends of fishing and sea
warming over the last decades

Recent studies employing AIS (Automatic Identification System) technology have
identified the northern-central Adriatic Sea as the most heavily trawled region in the
entire Mediterranean Sea (Ferra et al., 2018; Merino et al., 2019), and potentially even
in the globe (Pitcher et al., 2022). Several are the reasons why this area is particularly
suited to the development of intense fishing activities, which date back, at least, to the
beginning of the 19" century (Botter et al., 2006). Firstly, the high nutrient inputs
characterising the northern and central parts of the Adriatic Sea promote the
development of short trophic chains and facilitate efficient energy transfer between
trophic levels, leading to high biological productivity (Fanelli et al., 2023). Secondly,
this area has one of the largest continental shelves of the Mediterranean Sea and,
being characterised by shallow waters and muddy/sandy bottoms, a large amount of
its surface is exploitable by trawled gears (i.e., otter trawls, hydraulic dredges, and
rapido trawls) (Pranovi et al., 2005). Here, fishing activities underwent an
industrialization process after the Second World War, thanks to the introduction of the
engine propeller. Concurrently, advanced fishing equipment (e.g., iron-teethed
dredges and mid-water pelagic trawls) and new technologies such as freezer trawlers,
radar, and echo sounding were adopted, further enhancing the efficiency of fishing
activities. Although by the end of the 19th century fishing exploitation was already
considered responsible for some stock declines, only at the beginning of the 20t
century was proved to be linked with some changes in the fish community (Fortibuoni
et al., 2010). Nowadays, fishing pressure is known to have played a primary role in

the local decline of fish resources and the strong reduction of some vulnerable species,
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such as the elasmobranch community (Barausse et al., 2011; Coll et al., 2009;
Fortibuoni et al., 2017; Lotze et al., 2011; Sqguotti et al., 2022).

Another factor recently recognised as a major threat to the Adriatic ecosystem is
represented by climate change. Indeed, in addition to the highest fishing exploitation
level, this basin shows the highest warming trend in the Mediterranean Sea (Garcia-
Monteiro et al., 2022). The main reasons for which this basin is considered highly
vulnerable compared to other areas are its geographical conformation and bathymetry.
Indeed, being a land-locked sea extended along the latitudinal axis, it gives few
migratory options to the sensitive species, i.e. the so-called cold-water species that are
more abundant in this area than in the other regions of the Mediterranean Sea
(Tortonese, 1964; Ben Rais Lasram et al., 2010). Distribution shifts poleward represent
one of the first biological responses of stenothermal organisms to climate change
(O’Connor et al., 2014) and the rapid increase of temperature, together with the
geographical conformation, represent a severe threat to the survival of these species.
Moreover, the northern-central Adriatic Sea, due to its shallowness, is strongly affected
by air temperature variations, showing the greatest seasonal thermal gradient in the
Mediterranean Sea (Russo and Artegiani, 1996; Bonacci and Vrsalovic, 2022). Recent
estimations of Sea Surface Temperature trends in the Mediterranean Sea between
2003 and 2019 highlighted an increase of 1.12 °C of the mean temperature value in
the Adriatic Sea, with the highest peaks observed in the northern part (Garcia-Monteiro
et al., 2022). Another effect of climate change in the northern-central Adriatic Sea has
been observed by investigating the frequency and intensity of winter storms, which
have undergone a decreasing trend over the second half of the 20th century (Lionello
et al., 2012). The occurrence of winter storms, associated with strong northerly winds,
is essential to maintain the dynamics of water circulation formation of cold and dense
waters, which contribute to the overall thermal balance not only at the Adriatic but also
at the Mediterranean scale (Schroeder et al., 2017). Consequently, climate variations
occurring in these regions can have huge impacts, with serious consequences for the
marine ecosystems, as already reported in other Mediterranean areas (Danovaro et
al., 2001).
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1.3 The Order of Gadiformes

The order of Gadiformes, also known as “gadoid” or “cod-like” fishes, is a taxonomically
diverse and biologically intriguing assemblage of aquatic species belonging to the
class Actinopterygii. Within the broader hierarchy of biological classification,
Gadiformes is classified under the subclass Neopterygii, which includes all the modern
bony fishes. This order comprises 500 species included in 85 genera representing
several morphologically divergent families: Ranicipitidae, Euclichthyidae, Macrouridae,
Moridae, Melanonidae, Lotidae, Bregmacerotidae, Muraenolepididae, Phycidae,
Merlucciidae and Gadidae (Van Der Laan et al., 2014). Each family exhibits unique
adaptations that have allowed them to thrive in some of the most challenging and
remote aquatic environments on Earth. From the well-known Atlantic cod to the bizarre
grenadiers found in the deepest ocean trenches, Gadiformes inhabit a wide range of
habitats (from deep-sea to shore, in estuarine and even freshwater habitats),
displaying an array of intriguing life history traits, and play vital ecological roles in
marine ecosystems (Cohen et al., 1990). The species within the Gadiformes order are
known for their similarities to cod and they are generally characterized by elongated
bodies and barbels on their chins (Figure 1.3A). The exceptional adaptability of
gadiform species is the key factor behind their success. These fish display a
remarkable range of physical and biological characteristics that have enabled them to
flourish in various habitats. From specialized jaw structures and sensory adaptations
to the capacity to withstand extreme pressures in the abyssal depths, the adaptations
within this order are a testament to the “evolutionary plasticity” of these species. Recent
studies, especially those using molecular phylogenetic techniques, have provided
deeper insights into the evolutionary relationships within Gadiformes. DNA analysis
has helped clarify the relationships between different species and genera, which were
previously ambiguous based on morphology alone (Figure 1.3B). This molecular
approach has revealed new evolutionary lineages and has helped in understanding

the timing and pattern of diversification within the group (Roa-Varon and Orti, 2009).
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Figure 1.3. A) Examples of gadiform fishes showing the morphological features of the
major taxonomic groups (modified from Howes 1991); B) Phylogenetic relationships of
some representative Gadiformes. The frames at nodes indicate the bootstrap values
for different methods of phylogenetic inference used in the analysis, respectively:
Maximum Parsimony (MP), Maximum Likelihood (ML), and Bayesian analysis and
(modified from Teletchea et al., 2006).

The first hypothesis on the biogeography of a relevant part of Gadiformes species
(gadids, merlucciids, ranicipitids, bregmacerotids and morids) was given by Svetovidov
(1948), based on the history of geological and climatic changes, time and place of
fossil records, and ecological information. Later on, the biogeography of “gadoids”
(Gadiformes minus Macrouridae and Macrouronidae) has been widely investigated
(Endo, 2002), and currently, the most credited hypothesis is that of Howes (1991),
which was later confirmed by Endo (2002). According to it, the discontinuous bipolar
distribution pattern observed among gadoids (focused on the Atlantic) is the outcome
of the fragmentation of a previously widespread distribution. The gadoids found in the

northern Pacific are the result of recent dispersals of derived taxa, while the
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circumglobal distribution primarily found in primitive taxa is considered to be a

plesiomorphic (ancestral) character.

Concerning the ecological role, Gadiformes, as predators and prey, play significant
roles within marine food webs. They serve as a critical link in the transfer of energy
within ecosystems, influencing the abundance and distribution of prey species.
Understanding the ecological roles and interactions of Gadiformes is crucial for
comprehending the dynamics of marine ecosystems, as changes in their populations
can ripple through entire food webs, affecting the abundance and distribution of
numerous species. Large-sized species, such as cod and haddock, are formidable
predators feeding on a variety of prey species (fish and invertebrates) and their
predatory activity helps to control the populations of these prey, preventing unchecked
growth that could disrupt ecosystem balance (Rudstam et al., 1994). In this way, large
Gadiformes play a regulatory role, helping to maintain the diversity and structure of
marine communities. On the other hand, small- and medium-sized species, occupying
an intermediate position in marine food chains, play a key role in converting energy
from lower trophic levels (e.g. small fish) into their biomass (Worm et al., 2009). This
energy transfer is a critical component of marine energy flow, as it allows energy to
move from primary producers (such as phytoplankton) up through the food web,

ultimately supporting larger predators, including marine mammals and seabirds.

Gadoid fisheries, targeting species such as cod, haddock, and pollock, hold profound
historical, economic, and ecological significance. These fisheries have played pivotal
roles in the cultural heritage of coastal communities, for example shaping the
exploration and settlement of North America (Kurlansky, 1997). Economically, they
contribute substantially to livelihoods worldwide, offering products ranging from fresh
fillets to fishmeal. Despite some gadoid stocks, such as Atlantic cod, have experienced
severe declines due to overexploitation and climate change, some species are still
among the most important fish resources worldwide. Indeed, according to the latest
FAO report (2022a), blue whiting and Atlantic cod are the sixth and the twelfth finfish
species in terms of global marine capture production, accounting for 1487 and 1078
thousand tonnes in 2020, respectively. In the Mediterranean Sea, the group identified
as “cods, hakes, haddocks” accounted for 27 thousand tonnes (3.7% of the total
landings) in the period 2018-2020. Out of this amount, 19 thousand tonnes (2.7% of

the total landings) were attributable to the sole contribution of the European hake,
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which is the most important finfish species caught by the Mediterranean bottom
trawlers (FAO, 2022b).

1.3.1 Study species

The gadiform families that inhabit the Mediterranean Sea are limited to Gadidae,
Phycidae, Lotidae, Merlucciidae and Moridae. Taking into consideration the ecological
and commercial value of this species group in the Adriatic Sea, this thesis focuses on
the following species: Merlangius merlangus (whiting), Micromesistius poutassou (blue
whiting), Trisopterus capelanus (poor cod) and Gadiculus argenteus (silvery pout) for
the family Gadidae; Merluccius merluccius (European hake) for the family Merluccidae.

It is worth mentioning that the genera Gadiculus, Trisopterus, Micromesistius and
Merlangius are regarded as the most primitive genera within the subfamily Gadinae
(family Gadidae), and they are the only species distributed both in Atlantic and
Mediterranean areas. It was hypothesised that the retention of a plesiomorphic trait for
a wider thermal range determined the spread of these species in the Mediterranean
Sea after the climatic crisis in the late Miocene about 6 million years BP (Endo, 2002).
On the other hand, the more recent genera of Gadinae (classification based on
stratigraphic ranges of gadoid fossil otoliths) show a strict Atlantic distribution. Although
their slightly warmer water preference than the others allowed these four genera to
successfully colonise the Mediterranean Sea, the primitive genera show cold-water
preference, likewise the other gadiform members (Svetovidov, 1948). This feature is
clearly noticeable when looking at the preferred temperature ranges of whiting, blue
whiting, poor cod and silvery pout (Froese and Pauly, 2023), whose upper limits are
close to the minimum winter value in the Mediterranean Sea, around 13 °C (Salat et
al., 2019). For this reason, they are considered cold-water species within the
Mediterranean context, as further supported by their spawning seasons, occurring
during the winter months. Among the study species, the only one showing a broader
thermal range is the European hake (Dulvy et al.,, 2008), which is the only
Mediterranean member of the family Merluccidae. The inclusion of this species as an
outgroup allowed us to compare the responses of some gadiform species with different

temperature sensitivities to the environmental variations caused by climate change.
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Whiting (Merlangius merlangus)

Preferred thermal range: 7 -11.9 °C

Preferred bathymetric range: 10 = 150 m

Figure 1.4. Whiting, Merlangius merlangus.

Whiting, Merlangius merlangus (Linnaeus, 1758) (Figure 1.4), is a benthopelagic
species widespread mainly in the northeastern Atlantic Ocean and in the northern sub-
basins of the Mediterranean and Black Seas (namely Adriatic, Aegean, Marmara, and
Azov Sea) (Figure 1.5). The restricted occurrence of whiting in the cold Mediterranean
area represents the living trace of the spread of Atlantic species in the Mediterranean
Sea during past glaciations (Panayotova and Todorova, 2015), after which there has
been a contraction of the distribution area coupled with the increase in temperatures.
The unigueness of the whiting distribution range is strictly linked to its thermal optimum,
which is the least heat-tolerant among the Mediterranean Gadinae (Froese and Pauly,
2023). The species is common on mud and gravel bottoms from 30 to 100 meters
depth, with juveniles inhabiting shallow waters. Whiting can grow up to 70 cm, but its
usual length in catches is from 30 to 40 cm. Females are usually bigger than males of
the same age (Jardas, 1996). The whiting spawns in the winter period, from December
to March (Giovanardi and Rizzoli, 1984; Jardas, 1996; Vallisneri et al., 2004), and the
larvae are pelagic. Sexual maturity occurs when the fish attain a length of 18-20 cm
(Vallisneri et al., 2004), after the first year of life (Giovanardi and Rizzoli, 1984).
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Figure 1.5. Distribution range of whiting. The colour intensity from yellow to red

indicates the probability of occurrence (source: Kaschner et al., 2022).

While for the Black and Aegean Sea official long-term landings data are available at a
Geographical Sub Area (GSA 17) level, in the Adriatic Sea the only data available at
this scale starts from 2005 (FAO, 2023), not allowing to track back the exploitation
history of whiting in the Adriatic area. Likewise, standardized estimations of its biomass
from the Italian MEDITS survey are available only from 1994, giving a partial picture of
the temporal trend of this species over the last decades (Figure 1.6B). The only data
series covering at least the last 50 years is represented by landings data from
Chioggia’s fishing fleet (Figure 1.6A), which operates in the northern Adriatic Sea and
represents the major Adriatic fleet and one of the most developed in the Mediterranean
Sea (FAO 2022b). Both data sources highlight a fluctuating pattern of
landings/biomass, which seemed to be stronger in landings before 1990. This pattern,
together with the absence of a clear directional trend suggests that this species is
strongly affected by environmental variability, which can, for example, favour the
recruitment success as already reported in other gadid species (Mir-Arguimbau et al.,
2022a).
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Figure 1.6. A) Temporal trend of the whiting landings (in tons) of the Chioggia port
from 1970 to 2021 (Clodia database, 2022); B) Temporal trend of the whiting biomass
index (in Kg/km?) from 1994 to 2021, based on the MEDITS surveys carried out in the
northern-central Adriatic Sea (Italian side). The grey dotted line indicates the year

1994, from which the temporal coverage of landing and survey data overlaps.
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Blue whiting (Micromesistius poutassou)

Preferred thermal range: 3.1 = 13.9 °C

Preferred bathymetric range: 150 — 1000 m

Figure 1.7. Blue whiting, Micromesistius poutassou.

Blue whiting, Micromesistius poutassou (Risso, 1827) (Figure 1.7), is a deep-water
mesopelagic species broadly distributed along the continental slope of the North
Atlantic and the Mediterranean Sea (Figure 1.8), inhabiting mainly the continental
slope and shelf from 150 to more than 1000 m (Bailey, 1982). It is known that this
species undergoes seasonal migration in the North Atlantic, moving towards the
northern edge of its distribution (Faroes, Iceland, and Norway) during the summer
(Cohen et al., 1990). In the Mediterranean Sea, there are no indications of seasonal
migrations, although it has been observed that the species performs diel vertical
migrations and is captured more efficiently during daylight when it is closer to the
bottom than at night (Martin et al., 2016). The spawning of this species occurs at
temperatures between 11-13 °C, which represent the minimum values in the
Mediterranean Sea. While in the North Atlantic, the spawning season starts in January,
showing a wide temporal lag in relation to the latitudinal temperature gradient (Bailey,
1982), in the Mediterranean Sea it is restricted between January and March (Froglia
and Gramitto, 1981; Serrat et al., 2019a). Despite cold-water species living in deep
habitats usually exhibit slow growth and late maturity (Lloret et al.,, 2021), the
Mediterranean blue whiting shows fast growth and early maturity, being sexually
mature at the end of the first year of life at around 20 cm TL (Froglia and Gramitto,
1981; Serrat et al., 2019a, Mir-Arguimbau et al., 2020).
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Figure 1.8. Distribution range of blue whiting. The colour intensity from yellow to red

indicates the probability of occurrence (source: Kaschner et al., 2022).

Landing data of the northern-central Adriatic Sea from 1970 to 2020 highlight relatively
stable landings with fluctuations until 1990. Then, a decline in landings started by the
beginning of the 1990s, with a slight recovery around 1999 followed by a persistent
decline from 2004 onwards, with landings always lower than 200 tons (Figure 1.9A).
Standardized estimations of its biomass from the Italian MEDITS survey, available
from 1994, give a partial picture of the temporal trend of this species over the last
decades (Figure 1.9B). Survey data show an oscillatory pattern in the biomass index,

which is stronger in the period 2010-2021.
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Figure 1.9. A) Temporal trend of the blue whiting landings (in tons) of the northern-
central Adriatic Sea from 1970 to 2020 (FAO, 2023); B) Temporal trend of the blue
whiting biomass index (in Kg/km?) from 1994 to 2021, based on the MEDITS surveys
carried out in the northern-central Adriatic Sea (Italian side). The grey dotted line

indicates the year 1994, from which the temporal coverage of landing and survey data
overlaps.
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Poor cod (Trisopterus capelanus)

Preferred thermal range: 7.2 = 13 °C*

Preferred bathymetric range: 15 - 400 m*

*values referred to T. minutus because no specific data were collected for T. capelanus (from the

Mediterranean Sea) after its identification as a distinct species.

Figure 1.10. Poor cod, Trisopterus capelanus.

Poor cod, Trisopterus capelanus (Lacepede, 1800) (Figure 1.10), is a benthopelagic
species widespread throughout the Mediterranean and along the western coasts of the
Black Sea (Figure 1.11). It is more abundant in the western basin, in the northern-
central Adriatic, and along the northern coast of the Aegean Sea (Sbrana, 2017). The
benthopelagic behaviour of poor cod is characterised by a close association with the
sea bottom, particularly for trophic purposes (Gramitto, 1999). From a depth of 20 m
to over 400 m, the species lives on muddy and sandy bottoms forming small shoals,
with greater abundances between 40 and 120 m. Likewise many other gadiform
species, the poor cod shows a peak of spawning during the winter, except for the
exception of having an extended residual spawning activity with a variable duration of
five to seven months after the peak (Politou and Papacostantinou, 1991; Vallisneri et
al., 2003). Poor cod shows fast growth and early maturity, being sexually mature at the
end of the first year of life at around 13 cm TL (Froglia, 1981; Politou and
Papacostantinou, 1991; Vallisneri et al., 2003). This species in the past was known as
Trisopterus minutus capelanus and considered a subspecies of the Atlantic species
Trisopterus minutus. The taxonomic revision of the genus done by Delling et al. (2011),
based on morphological and molecular analysis, recognised that Mediterranean
specimens belong to a distinct species, T. capelanus.
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Figure 1.11. Distribution range of poor cod (modified from Gaemers, 2016). Since the
recent recognition of the Mediterranean species of poor cod (Trisopterus capelanus),

specific data are not enough to build a detailed distribution map.

The only landings data available at the Adriatic scale starts from 2005 (FAO, 2023),
not allowing to track back the exploitation history of whiting in the GSA. The only data
series covering at least the last 50 years is represented by landings data from
Chioggia’s fishing fleet (Figure 1.12A), which operates in the northern Adriatic Sea and
represents the major Adriatic fleet and one of the most developed in the Mediterranean
Sea (FAO 2022b). Standardized estimations of its biomass from the Italian MEDITS
survey, available from 1994, give a partial picture of the temporal trend of this species
over the last decades (Figure 1.12B). Both data sources highlight a fluctuating pattern
of landings/biomass before 2000, followed by a striking decline in landings/biomass,
which remained at unusually low levels over the last 20 years (Figure 1.12B). The
observed consistent trend indicates that this species experienced a substantial

decrease in the Adriatic region over the last decades.
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Figure 1.12. A) Temporal trend of the poor cod landings (in tons) of the Chioggia port
from 1970 to 2021 (Clodia database, 2022); B) Temporal trend of the poor cod biomass
index (in Kg/km?) from 1994 to 2021, based on the MEDITS surveys carried out in the
northern-central Adriatic Sea (ltalian side). The grey dotted line indicates the year

1994, from which the temporal coverage of landing and survey data overlaps.
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Silvery pout (Gadiculus argenteus)

Preferred thermal range: 3.4 —13.9 °C

Preferred bathymetric range: 110 — 1000 m

Figure 1.13. Silvery pout, Gadiculus argenteus.

Silvery pout, Gadiculus argenteus (Guichenot, 1850) (Figure 1.13), is a deep-water
mesopelagic fish common over the edge of the continental shelf in the European North
Atlantic Ocean and the western Mediterranean Sea (Figure 1.14). It occurs in large
schools over mud, muddy sand, gravel, and rock bottoms, from 110 to 1000 m, but
mostly from 200 to 400 m in the northern Mediterranean and from 300 to 600 m off
Tunisia. The spawning season is from December to January in the Mediterranean, and
from mid-winter to spring in northern Europe. The major spawning grounds are located
in the western part of the Mediterranean, on both sides of the Straits of Gibraltar, in
deep waters. The silvery pout typically has a lifespan of less than 3 years. At its largest,
it can reach a length of 15 cm. In its northern distribution, it usually grows to about 13
cm, while in the Mediterranean Sea, it typically measures between 7 and 10 cm (Cohen
et al., 1990). As in the case of poor cod, a recent study recognised the existence of
two species within the genus Gadiculus: the northern silvery pout (G. thori),
widespread in the Northeast Atlantic at latitudes higher than 45°; the southern silvery
pout (G. argenteus), widespread in the East Atlantic and Mediterranean Sea at

latitudes lower than 45° (Figure 1.14) (Gaemers and Poulsen, 2017).
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Figure 1.14. Distribution range of silvery pout. The colour intensity from yellow to red
indicates the probability of occurrence (modified from Kaschner et al., 2022). According
to Gaemers and Poulsen (2017), the most probable distribution of Gadiculus argenteus
is at lower latitudes than 45° (black dashed line), while only Gadiculus thori would be

present in the northern sector.

Although most gadid species are economically important, silvery pout has limited
commercial value due to its small size (it is the smallest species of Gadidae) and
predominantly artisanal exploitation in some Mediterranean countries. For this reason,
official landing data on this species are not available from any source. Standardized
estimations of its biomass from the Italian MEDITS survey, available from 1994,
highlight a fluctuating pattern of biomass before 2008, followed by consistently low
values until 2020 (Figure 1.15).
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Figure 1.15. Temporal trend of the silvery pout biomass index (in Kg/km?) from 1994
to 2020, based on the MEDITS surveys carried out in the northern-central Adriatic Sea
(Italian side).

28



General Introduction

European hake (Merluccius merluccius)

Preferred thermal range: 6.9 —15.4 °C

Preferred bathymetric range: 30 — 1000 m

Figure 1.16. European hake, Merluccius merluccius.

European hake, Merluccius merluccius (Linnaeus, 1758) (Figure 1.16), is a demersal
species widely distributed across the eastern side of the North Atlantic and the
Mediterranean Sea (Figure 1.17), found from inshore water (30 m) to 1000 m. It is
known that this species performs diel vertical migrations, living close to the bottom
during daytime and moving away from the bottom at night (Cohen et al., 1990). The
spawning period is extended throughout the year and shows different seasonal peaks
depending on the area (Follesa and Carbonara, 2019). There are marked differences
in the life history traits of the Atlantic and Mediterranean populations in terms of size
and growth. For example, in the Atlantic populations, first maturity is reached at around
40 cmand 57 cm in males and females, respectively; in the Mediterranean populations,
males mature at around 26 cm, females at 36—40 cm. The Mediterranean populations
show slow growth (Cohen et al., 1990). European hake is a long-lived species and,
although in this species assessing the age by means of the otoliths is particularly
challenging, the use of radiocarbon dating allowed to estimate a maximum age of 25
years (Vitale et al., 2016).
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Figure 1.17. Distribution range of European hake. The colour intensity from yellow to
red indicates the probability of occurrence (source: Kaschner et al., 2022).

Among the Mediterranean gadiform species, the European hake is the most important
fish resource in terms of commercial value, and it has been an important food resource
for the European population throughout historic times (Cohen et al., 1990). Landing
data of the northern-central Adriatic Sea from 1970 to 2020 highlight relatively stable
landings with some peaks over the last 50 years (Figure 1.18A). Standardized
estimations of its biomass from the Italian MEDITS survey, available from 1994, show
the same pattern and a high degree of overlap with the landing data (Figure 1.18B).
Analysing more in detail the biomass temporal trend an oscillatory pattern is more

evident compared to the landings.
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Figure 1.18. A) Temporal trend of the European hake landings (in tons) of the northern-
central Adriatic Sea from 1970 to 2020 (FAO, 2023); B) Temporal trend of the
European hake biomass index (in Kg/km?) from 1994 to 2021, based on the MEDITS
surveys carried out in the northern-central Adriatic Sea (ltalian side). The grey dotted
line indicates the year 1994, from which the temporal coverage of landing and survey

data overlaps.
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1.4 Motivation and Aims of the Thesis

The stress experienced by marine fish species with an affinity for cold waters that are
being exploited may be exacerbated by the combined impacts of climate change and
overfishing. This condition is expected to be particularly severe in enclosed basins
where migration opportunities are reduced, such as the Adriatic Sea. Considering the
aforementioned statement, the main motivation behind this thesis is the limited
knowledge of the biological response to warming and the population status of cold-
water fish species that are exploited in the northern-central Adriatic Sea. In order to
fully comprehend the population state of species and their susceptibility to external
influences, it is crucial to have detailed data on some key life history traits.
Furthermore, given the significant fishing exploitation and rising temperatures
experienced by the Adriatic Sea in recent decades, it is crucial to compare some key
biological traits between current and past populations to determine if there have been

any adaptive mechanisms to mitigate their impact.

The overall aim of this thesis is to investigate some life history traits of commercial
gadiform species of the Adriatic Sea, performing a historical comparison of growth
performances (and thus stock productivity potential) and trying to relate the variation
patterns to the effects of environmental changes and fishing pressure. Moreover,
through the use of a modelling approach (joint species distribution models), it is
assessed how the occurrence and abundance of these species have been influenced
by some environmental factors. The outputs of biological evidence are integrated with
information coming from the spatio-temporal analysis and compared with the available
literature to investigate the occurrence of modifications in the population dynamics of
gadiform species over the last decades. By combining the information coming from the
experimental and modelling approaches, it is possible to gather new insights into
population resilience, adaptation, and vulnerability to external pressures. This is
essential for effectively managing and conserving cold-water species that are being
exploited (Lloret et al., 2013).

In order to achieve the overall aim, the following specific objectives are addressed

throughout the thesis:
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)

ii)

to describe the population dynamics and some reproductive parameters
(spawning season, size at sexual maturity, and fecundity) of whiting, blue
whiting, and poor cod for a better understanding of their life cycles, essential
to fishery management through an ecological approach (Case studies I, I,

Iy;

to analyse the current age/size structures and growth performances of
whiting, blue whiting, and poor cod, performing a comparison between
samples collected in comparable areas with a time shift of 30-35 years

(Case studies I, II, 111);

to investigate the spatio-temporal patterns of occurrence and how the
abundance of key gadiform species has responded to some environmental
factors, in particular, the increase in sea temperature over the last 20 years
(Case study IV);

to integrate data coming from different approaches (single-
species/experimental and multi-species modelling) to shed light on the
adaptive strategies ongoing in this cold-water species group, using a
comparative approach to evaluate their vulnerability to climate change and

fishing pressure (Case studies I, II, 1lI, IV).
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2 Case study | — Whiting (Merlangius merlangus)
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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 (Lwgo-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
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2.1 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 (Casini et al., 2010; Cheung et
al., 2013b; Micheli et al., 2013; Azzurro et al., 2019). The dramatic and long-term
effects of overfishing have been widely reported all over the world, leading to altered
and less productive ecosystems (Pauly et al., 1998; Barausse et al., 2011; Kuparinen
and Hutchings, 2012; Fortibuoni et al., 2017). 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 (Jackson et al., 2001). 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 (Pauly et al., 2002).
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 (Poloczanska et al., 2016; Pauly and Cheung, 2018). 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 (Hidalgo et al., 2014; Free et al., 2019; Moullec et al., 2019).
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 (Cheung and Pauly, 2016).
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 (Genner et al., 2010; Hidalgo
et al., 2012; Engelhard et al., 2014; O’Connor et al., 2015).

The Mediterranean Sea has been defined as a sea “under siege” (Coll et al., 2012),

because of its long history of exploitation and the higher rate of water warming
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compared to other marine regions (Colloca et al., 2017; Azzurro et al., 2019). It is
considered a biodiversity hotspot, hosting more than 17000 species, many of them
endemic to the Mediterranean area (Coll et al., 2012). 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 (Colloca et al.,
2017). In addition, rapid sea warming, combined with the expansion of non-indigenous
species, is modifying the habitat suitability for commercial species, with detrimental
effects on their resilience to fishing (Walther et al., 2002, 2009; Bazairi et al., 2010).
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, regulation of mesh size, and spatial/temporal closures),
Mediterranean resources have not shown signs of recovery (Colloca et al., 2017). 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 (Cardinale
etal., 2017). Moreover, increasing evidence is showing that climate change affects the
productivity potential of fish stocks at a global scale (Free et al., 2019), 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 (Moullec et al., 2019).

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 (Barausse et al., 2011; Moullec
et al., 2019; Garcia-Monteiro et al., 2022). This semi-enclosed basin represents the
northernmost part of the Mediterranean Sea; it is subjected to the cold Bora wind (north
east direction) and receives cold waters from many alpine rivers, determining a suitable
habitat for those species typical of the Atlantic waters, the so-called “boreal species”
(Tortonese, 1964; Ben Rais Lasram et al., 2010). An example is represented by the
whiting, Merlangius merlangus (Linnaeus, 1758) (Gadidae), a benthopelagic species

widespread mainly in the northeastern Atlantic Ocean and in the northern sub-basins
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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 (Vallisneri et al., 2004, 2006), 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 (Reynolds et
al., 2005). 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 the effect of fishing or environmental changes
on the growth performance 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.

2.2 Materials and Methods
2.2.1 Study area

The study area comprises the northern part of the AS, a semi-enclosed basin located

in the Central Mediterranean Sea (Figure 2.1). 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 (Russo and Artegiani, 1996). The northern sub-basin encompasses
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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, the Po
and the other northern Italian rivers are the source of about 20% of the total
Mediterranean river runoff (Hopkins, 1992; Ludwig et al., 2009). Primary productivity is
very high along the northwestern side and decreases southward and eastward due to
the scarcity of rivers along the Croatian coastline (Fonda Umani, 1996). The sea
bottom temperature shows a strong seasonal cycle in winter and summer, ranging from
710 27 °C and from 10 to 18 °C in coastal and deep waters, respectively (Russo et al.,
2012). The physical properties and dynamics of the area are strongly influenced by
atmospheric forces and river discharge, displaying marked temporal and spatial

variations (Russo and Artegiani, 1996; Supic¢ et al., 2004).

Northern
Adriatic Sea

~ Atlantic
.._?_‘ocean\.,;

terrenan Sea

f

Figure 2.1. Distribution range of Merlangius merlangus and study area (black square).
Colour intensity from yellow to red indicates the probability of occurrence (modified
from Kaschner et al., 2022). Top-right square: detailed map of the study area with
bathymetric lines, showing the location of the Chioggia’s harbour (%) and the Po River

Mouth.
2.2.2 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
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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 x? test
for proportions. The condition factor (K) was calculated using the following relationship,
K = 10 (TW/TLP), where b is 3 or #3 in the case of isometric or allometric growth,
respectively (Bolger and Connolly, 1989). 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 x 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.

2.2.3 Age estimation
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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 2.2).

Figure 2.2. 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 (Vitale et al., 2019), 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 ym 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
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the distal margin of the section. The sections were read using a stereomicroscope
(Leica MZ6) at low magnification (10x). 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 (Campana, 2001), the index
of average percent error (APE) (Beamish and Fournier, 1981) and the mean coefficient
of variation (CV) (Chang, 1982) were calculated by comparing readings within and
between readers. Given the low number of classes, the age was estimated in months,
establishing a conventional common birth date (1st January) according to the
reproductive period (Vallisneri et al., 2006) 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 — e7X("1p)

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
to 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 Il 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 (Kimura, 1980). The growth performance index (¢ =
logk + 2logL«) was calculated to allow for comparison among the growth parameters

estimated in different populations of whiting (Froese and Pauly, 2022).

2.2.4 Fecundity and maturity estimation
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Fecundity was estimated in spawning females (macroscopic stage 3; (ICES, 2008)) at
the beginning 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 (Murua et al., 2003),
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 (x? = 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%) (Choy, 1985) 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 (8x), keeping the
camera settings standard for all images. Then, the 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
threshold size of 150 ym, based on the histological analyses of ovaries. Following a
standard protocol, the ovaries were taken from Dietrich solution, dehydrated, and
embedded in paraffin wax (Paraplast®, Sigma-Aldrich, Burlington, USA). From each
sample, transverse serial thin sections (7 um) were mounted on slides and stained with
Harris hematoxylin and eosin (Pearson, 1985). 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 (Saber et al., 2015).

With this species being a batch spawner with a “determinate” fecundity type (Murua
and Saborido-Rey, 2003), it was possible to estimate the potential fecundity (F), the
relative potential fecundity (Fre), and the batch fecundity (F,). The potential fecundity,
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defined as the standing stock of vitellogenic oocytes (Hunter et al., 1992), 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 Fy was calculated as the number of
hydrated oocytes in the subsample multiplied by the ovary total weight. The Fr and
Forel 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 logio-transformed
data, applying the Shapiro—Wilk test to verify the assumptions of normality.

The size-at-first maturity Lso, 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 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.

2.3 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, x? =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 2.3. The LFDs were rather
differentin 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
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(Figure 2.3). 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 2.3; 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 (Supplementary Figure 2.1).

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).
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Figure 2.3. Length—frequency distribution (LFD) of the samples by sex. (A) 1990-1991
and (B) 2020-2021.

3.2 Growth
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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 2.4 and 2.5). 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.
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Figure 2.4. Monthly edge composition indicating the proportion of the population with
opaque margin otoliths (%, blue lines) and the number of individuals (bars) sampled.
(A) 1990-1991 and (B) 2020-2021.
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Figure 2.5. Transverse otolith section from a 2+ age class specimen (male, 28 cm TL)
of Merlangius merlangus caught in October 1990, showing two completely formed

annuli (black dots), consisting of one opaque and one neighbouring translucent ring.

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 2.1 and 2.2. In Supplementary Tables 2.1 and 2.2,
the age-length keys for males, females, 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 2.1. Age-length for combined sexes based on otolith readings of Merlangius
merlangus sampled in the 1990-91 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

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 17
26 4 8 5 2 3 23
27 1 4 5 4 2 2 19
28 1 2 2 3 2 11
29 1 3 1 1 7
30 1 1 3 1 1 1 8
31 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) 6.3 152 189 22.2 236 278 289 275 289 313 2838
TLSD 12 32 38 35 31 35 35 31 55 18 11
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Table 2.2. Age-length for combined sexes based on otolith readings of Merlangius
merlangus sampled in the 2020-21 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

4 1 1
5

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 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 38
22 4 5 7 10 2 2 2 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) 77 144 185 19 19.2 216 226 255 242 279 -

TLSD 12 28 24 28 29 3 16 36 22 5 -

51



Case study | Whiting — Merlangius merlangus

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 2.3 and 2.4). 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 2.6), 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 (Table 2.3, Supplementary Tables 2.1 and 2.2).
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Figure 2.6. Von Bertalanffy growth models for the whole 1990-91 (A) and the 2020—

21 (B) subsample of Merlangius merlangus collected in the Northern Adriatic Sea.
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Table 2.3. 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 (to) are expressed in years™ and

years, respectively. L. = asymptotic total length; ¢ = growth performance index.

L k to P
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
20202021 males 20.52 2.236 -0.02 2.97

Table 2.4. 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.

X2 p-Value
L 33.25 <0.01
1990-1991 vs. 2020-2021 k 11 0.29
Whole model 255.78 <0.01
L 19.23 <0.01
Females vs. males 2020-2021 k 25 0.11
Whole model 94.62 <0.01
L 42.39 <0.01
Females vs. males 1990-1991 k 13.21 <0.01
Whole model 80.07 <0.01
L 28.64 <0.01
Females 2020-2021 vs. 1990-1991 k 3.75 0.05
Whole model 175.78 <0.01
L 29.16 <0.01
Males 2020-2021 vs. 1990-1991 k 1.45 0.23
Whole model 177.69 <0.01

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
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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 2.7). Based on
the logistic model fitted to the proportion of sexually mature specimens, size-at-first
maturity Lso was estimated at 16.1 + 0.1 cm TL for males and 16.8 £ 0.5 cm TL for

females.
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Figure 2.7. Monthly variation of the gonadosomatic index for Merlangius merlangus
females (A) and males (B) across the 2020-21 sampling. Note the scale difference in

y-axes.

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
indicated the presence of two or three modes corresponding to oocytes in different
stages of vitellogenesis. The first mode ranged in diameter from 100 to 450 um, the
second one ranged in diameter from 450 to 700 uym, and the third one was > 700 ym,
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composed of hydrated oocytes. Different OFD patterns were observed in pre-spawning
females depending 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 2.8). The

maximum size of hydrated oocytes was 1300 um in a 25 cm TL female.
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Figure 2.8. Size frequency distribution of vitellogenic oocytes for an early spawning

female (macroscopic 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 (Fre)) ranged from 1362 to 3182 (2297 +
546) oocytes g1. Batch fecundity was calculated on nine females, in which the mode
of hydrated oocytes was markedly distinguishable from OFDs (Figure 2.8). Batch
fecundity (Fp) ranged from 1293 to 22,949 (10,220 £ 6940), and the relative batch
fecundity (Fore) 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 =0.8795xTL3%; r2=0.91.

2.4 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
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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.

2.4.1 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
(Fisher et al., 2010). 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) (Bianchi et al., 2000; Shin et al., 2005; Hidalgo et al., 2012). Nevertheless,
since fishing exerts selective pressure by removing larger and, consequently, older
individuals (Yemane et al., 2008; Edwards and Plaganyi, 2011), 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 performances,

which may be explained by metabolic or trophic constraints.

The physiological performance of marine fish, with them being ectotherms, is tightly
controlled by water temperature, and their essential body functions (growth and
reproduction) are optimal only within the thermal tolerance of the species (Portner and
Knust, 2007). Oxygen consumption (i.e., metabolic rate) is higher in organisms living
in warmer waters and it is proportional to body size (Atkinson and Sibly, 1997). Thus,
as the water temperature increases, the maximum body size decreases to balance the
increase in the metabolic rate (Pauly, 1998; Lindmark et al., 2022). 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

(Engelhard et al., 2014; Poloczanska et al., 2016). However, sometimes a geographic
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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
(Bianchi and Morri, 2000). 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 (Bonacci and Vrsalovic,
2022; Garcia-Monteiro et al., 2022) (Supplementary Figure 2.2), which could
determine a strong reduction in cold-adapted species during the ongoing century and,
in the worst case scenario, even their local extinction (Ben Rais Lasram et al., 2010).
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 (Kaschner et al., 2022). Here, land boundaries
could allow only a southward shift, which is prevented by the positive gradient of sea
temperature and depth along the Adriatic latitudinal 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
(Cohen et al., 1990). 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 (Pértner and Knust,
2007). Moreover, the observed trend confirms what is expected from the gill-oxygen
limitation theory (Pauly and Cheung, 2018), according to which fish body growth is
limited by gill capability to provide oxygen through their surface. As oxygen solubility
in water decreases with temperature (Forster et al., 2012), 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 with food limitations (Casini et al.,
2016). Furthermore, considering the potential effects of oxygen limitation on size at
maturity, GSI, and egg production as well (Kolding et al., 2008), it can thus be

suggested that reproductive functions have undergone important changes over the last
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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 (Panfili et al., 2002). Nevertheless, temperature is known to play a
primary role in determining deposition patterns (Choat and Axe, 1996; Fablet et al.,
2011; Vitale et al., 2019), 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 (Piroddi et al., 2017). For
example, this is noticeable in the AS, where forage fish population dynamics can be
influenced by river discharge, and consequently, by primary production (Santojanni et
al.,, 2006). As a result, the declining trend in freshwater inputs observed in the
Mediterranean Sea (Macias et al., 2014) 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 (Hussy
etal., 2012; Lauerburg et al., 2015; Yildiz and Saadet Karakulak, 2019). 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

58



Case study | Whiting — Merlangius merlangus

(Hayward and Gillooly, 2011; Barneche et al., 2018). 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 (Barneche et al., 2018).
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 Lauerburg et al. (2015). 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 samples 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 (Hidalgo et al., 2014). 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 (Giovanardi and
Rizzoli, 1984). 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 (Ottersen et al., 2006).

2.4.2 Population Biological Traits

The size range found was smaller than that previously observed in the AS (Vallisneri
et al., 2004) and similar to the Black Sea (Bilgin et al., 2012; Mazlum and Bilgin, 2014).
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As already reported for other gadoids (Mir-Arguimbau et al., 2020), the Mediterranean
maximum size was much smaller than the Atlantic one (Gerritsen et al., 2003;
Lauerburg et al., 2015; Timmerman et al., 2020). 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 (ICES, 1998; Ross and Hussy, 2013; Mir-Arguimbau et al., 2020).

The age classes and maximum age estimated in the present study were similar to
those previously observed in the AS (Giovanardi and Rizzoli, 1984; Vallisneri et al.,
2006) and lower than those reported in the Atlantic Ocean and Black Sea (Polat and
Gumics,1996; Gerritsen et al., 2003; Mazlum and Bilgin, 2014; Lauerburg et al., 2015).
Surprisingly, despite similar length ranges, our age estimates are lower than the Black
Sea population, indicating faster growth and 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 (Yildiz and Saadet Karakulak, 2019; Froese and
Pauly, 2022) (Figure 2.9). In particular, our estimates of k were higher than those
previously reported probably because of the inclusion of the YOY data in the VBGF,
whose age estimation (in months) was validated through the analysis of the YOY LFDs
collected between April and June (Supplementary Figure 2.1). 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 (Mir-Arguimbau et
al., 2020). 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 (Vitale et al., 2019) 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 of the results.
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Figure 2.9. Auximetric plot for Merlangius merlangus and other gadid species that
allows for comparison between the L~ and k estimated in this study (black) with other
estimates obtained for the same species (red), other gadids (green), and other bony
fish (yellow). Modified from (Froese and Pauly, 2022).

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 (Giovanardi and Rizzoli, 1984; Vallisneri et al., 2006) and, as
expected, in the Atlantic Ocean (Gerritsen et al., 2003); on the other hand, our
estimates were higher than those reported in the Black Sea (Yildiz et al., 2021). 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 Lso (Pauly, 2022). 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 (Cohen et al.,
1990; Yildiz et al., 2021). During the spawning peak (December), the mean GSI value

of the females (11%) is one order of magnitude higher than the males (1%), confirming
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the highly different reproductive efforts between the sexes (Vallisneri et al., 2006; Yildiz
et al., 2021).

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 (Cohen et al., 1990; Ismen, 1995). Considering
that whiting is a batch spawner (Murua and Saborido-Rey, 2003) and that the average
F was 18.1 times higher than the average Fp, 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 developmental
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 (Murua and Saborido-Rey, 2003), but the low number (15)
of females used may not be adequate to infer the spawning pattern of this species.

The differences in life history traits observed between the Mediterranean Sea and
Black Sea populations can be related to the genetic divergence process. 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 (Tortonese, 1970; Ungaro et al., 1995). 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 (Salcioglu et al., 2020).
2.4.3 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
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fishing did not play a significant role in the observed species stock dynamics in the
analyzed 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 (Cheung et
al., 2013a). 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
populations 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 (Lloret et al., 2015, 2021). 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.

Acknowledgements

We thank all of the staff of the National Research Council (CNR) and the
Hydrobiological Station Umberto D’Ancona (University of Padova), as well as the
fishers involved for their essential contribution to the data collection and interpretation.
The research leading to these results was conceived under the International Ph.D.
program “Innovative Technologies and Sustainable Use of Mediterranean Sea Fishery
and Biological Resources” (www.FishMed-PhD.org, accessed on 1 June 2023). This
study represents partial fulfilment of the requirements for the Ph.D. thesis of Federico
Cali.

63



Case study | Whiting — Merlangius merlangus

Supplementary material

April

20+

154

M Iul

] n I. _ =rn Il |IIII
May

_IIIIIIIII _— llIIIIIIIIll_

June

_|I||IIIII.I.|||IIIIII||
10 15 20

Total Length (cm)

- = N
o O O

o o,

N° of specimens

= = N
g O O O

o

Supplementary Figure 2.1. Monthly length—frequency distribution of Merlangius
merlangus in the springtime of 2021. The bimodal distribution is due to the joining of

the young-of-the-year (YOY) in the sampled population.
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Supplementary Figure 2.2. Historical trend of the mean annual values of surface

temperature in the Adriatic Sea. Modified from Garcia-Monteiro et al. (2022).
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Supplementary Table 2.1. Age—length for females, males, and unsexed juveniles

based on otolith readings of Merlangius 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 33N |6 9 12 15 18 21 24 27 30 33 N

Total length (cm)

12 1 1 2 0

13 6 2 8 b 5

14 12 6 188 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 1 114 4 4 2 14
20 3 4 2 2 112 4 6 2 14
21 2 4 4 2 122 4 5 4 1 16
22 2 3 4 2 111 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 1 2 2 2 11
26 3 7 3 13 1 2 2 3 10
27 1 3 5 2 1 12 2 1 2 7

28 1 2 2 1 1 7 2 1 4

29 1 2 1 4 1 1 3

30 1 1 2 1 1 6 1 1 2

31 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 - 19037 45 35 23 15 8 11 3 1 2 180

TL mean (cm) 16.719.323.625.030.130.931.237.032.5-

TL SD 30413431273412- - -

16.818.720.622.225.626.425.526.230.028.8

3.0 32 29232718 1310- 11

Unsexed juveniles

Age (quarters) 3 6 9 12 N
Total length (cm)

3 1 1
4 7

5 21 21
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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 8 52 3 - 141

TL mean (cm) 6.3 12.813.5-
TL SD 1.2 16 05 -
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Supplementary Table 2.2. Age—length for females, males, and unsexed juveniles

based on otolith readings of Merlangius merlangus sampled in the 2020—-2021 period.

N = total number; SD = standard deviation.

Females

Males

Age (quarters)

36 9 12 15 18 21 24 27 30 33N

3 6 9 12 15 18 21 24 27 30 33N

Total length (cm)

6

7

8

9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
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P AN W W

P P NDN R
5658 b

O O O O OO O O OO0 O o o w N

N

TL mean (cm)

6 29 29 50 57 40 3 15 9 2 - 240

8.114.519.120.020.522.923.328.025.828.8-
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TL SD 1231 26 29 29 28 2.1 24 1.2 2.8 - 1.325 1919 21 22 1314 13 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 21 3
N 261 - - 27

TL mean (cm) 7493 - -

TL SD 1.1- - -
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Abstract

Although fishing is considered the primary cause of the decline in fish populations,
increasing evidence of the significant role of climate change has been provided
recently in the Mediterranean Sea, which shows one of the highest warming trends in
the world. In this area, the most important environmental driver is represented by the
increase in seawater temperature. Though several studies have addressed the effects
of sea warming on thermophilic species, little attention has been paid to cold-water
species. Among these, blue whiting (Micromesistius poutassou) constitutes one of the
most important traditional fisheries resources in the northern part of the basin,
particularly in the central Adriatic Sea. This area has experienced intense fishing
exploitation by the Italian and Croatian fishing fleets. Since 2015, the Pomo/Jabuka
Pits area, the fleets’ main fishing ground, has been subject to a series of fishing

regulations over time and space.

In the present study, we investigated the age structure and growth performance (by
means of otoliths) of blue whiting, comparing samples collected during 1985-86 and
2020-21 in the Pomo/Jabuka Pits. Our results show that the 2020-21 blue whiting
specimens had a lower length-at-age compared to 1985-86. The asymptotic length
estimate decreased from 29 cm TL in 1985-86 to 25 cm TL in 2020-21. The pattern
observed might be related to a modification in the cold and dense water formation
dynamics in the northern Adriatic Sea, as a consequence of climate change, resulting
in higher temperatures and lower nutrient and oxygen exchange, which may have
hampered the optimal growth of the species. Moreover, data on the historical trend of
landings from the Adriatic Sea reveals a clear decline in catches starting from 2000
onwards. Although the introduction of a fishing ban in the Pomo/Jabuka Pits was an
important milestone, the abundance of this species in the area remains at low levels,
highlighting a potentially alarming situation for the stock of blue whiting in the central
Adriatic Sea.

Keywords: Adriatic Sea, Pomo Pits, climate change, growth, blue whiting, cold-water

species
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3.1 Introduction

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

The blue whiting is the most important commercial species among gadids in the
Mediterranean Sea and one of the most important traditional fishery resources in the
northern areas of the basin (Gulf of Lions, Catalan, Ligurian, Adriatic, and Aegean
Seas). The northern sectors of the Mediterranean Sea are key regions where
intermediate and deep-water convection is regularly observed, leading to vertical
recirculation, which is essential to sustain the Mediterranean thermohaline circulation

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

recovery (Cardinale et al., 2017).

The main fishing ground for blue whiting is located in the Pomo/Jabuka Pits,

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

Based on these premises, this study aims at 1) determining whether differences are
present in the age structure and growth performance between samples of blue whiting
collected in the Pomo/Jabuka Pits area with a time interval of 35 years; 2) updating
and providing new insights into the biological cycle of blue whiting in the Adriatic Sea;

3) discussing the potential effects of fishing and climate change on this species.

3.2 Materials and Methods
3.2.1 Sampling

The sampling activity was carried out in the central Adriatic Sea at depths between 100

and 250 m around the western side of the Pomo/Jabuka Pits. Samples were collected

in 2020-21 from landings of the San Benedetto Del Tronto and Giulianova fishing fleets

(Figure 3.1) (Italian-type bottom otter trawl, 40 mm mesh size at the codend) and in
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1985-86 from research cruises on board the research vessel S. Lo Bianco (Italian-type
bottom otter trawl, 30 mm mesh size at the codend). The former sampling was carried
outin July, October, November, December 1985, and July 1986; the latter in November
2020, February, March, April, July, and December 2021, and aimed to obtain at least
40-60 specimens per sample (representative of the whole size range). Samples were
stored in cooling containers and transferred to the laboratory for further processing. In
April 2021, an extra sampling activity was performed in the same area onboard the
research vessel G. Dallaporta during the “Monitoraggio Pomo 2021” survey (Martinelli
et al., 2021) to collect exclusively juveniles coming from the latest reproductive event,
the so-called young-of-the-year (YOY), using an experimental bottom otter trawl (12

mm mesh size at the codend).

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

Sex was assigned macroscopically in specimens >16 cm TL.
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Figure 3.1. Map of the Central Adriatic Sea with bathymetric lines (100 and 200
meters), showing the location of the Pomo/Jabuka Pits Fishery Regulated Area (red

dotted line) and blue whiting fishing ground (grey dotted area).
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3.2.2 Age estimation

To enhance the contrast between translucent and opaque zones, otoliths were soaked
in fresh water for at least 12 hours before reading. Both sagittae of each specimen
were analyzed immersed in water over a black surface under reflected light. The sulcus
acusticus was set facing downwards and the axis from the nucleus to the posterior
margin of the otolith was used to count the annual rings. Readings were performed
using a stereomicroscope (Leica MZ6) at low magnification (10x) connected to an
image analysis system (Leica Flexacam C3 camera and Leica Application Suite
software). Since the presence of up to two false rings in the sagittal otoliths within the
first year of life was reported in this species (ICES, 2017), the diameter of the first
annual ring and the diameter of false inner rings (when present) were measured, using
the criterion proposed elsewhere (Mir-Arguimbau et al., 2020) to identify them and
considering as true rings the ones between 8.3 and 9.3 mm. Age was estimated as the
number of completely formed annuli, consisting of one opaque and one neighboring
translucent ring (Figure 3.2). Samples were blindly read twice and in random order by
two operators independently, without any indication of the date of capture, sex, or size
of the specimens. The age and edge type (translucent or opaque) of each otolith
sample were recorded and, in case of disagreement between readers, the sample was
excluded. The edge condition (percentage of otoliths with an opaque margin for each
month available) was analyzed to determine the periodicity and timing of ring
formation, to verify the annual formation of the rings. To evaluate the aging precision
(Campana, 2001), the index of average percent error (APE) (Beamish and Fournier,
1981) and the mean coefficient of variation (CV) (Chang, 1982) were calculated by
comparing readings between readers. The age was estimated in years, establishing a
conventional common birth date (1st February) according to the reproductive period of
this species, from December to March (Serrat et al., 2019), and considering the capture
date and the edge type. Since we observed only the opaque deposition in fish smaller
than 12 cm, they were considered Young of the Year (YOY), and their age was

calculated as a year fraction taking into account only the month of capture.

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

population:

TL = L. (1 — et0)
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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
to is the theoretical age at which length is zero. The von Bertalanffy growth function
was fitted to the estimated age-length data set and the VBGF parameters were
estimated for males, females, and sex combined. Unsexed juveniles smaller than 16
cm TL were included in both female and male growth curves to improve the model fit
in the first period of growth. Differences in growth between sampling periods and sexes
were tested by applying the Likelihood-ratio test (Kimura, 1980), while mean length-at-
age was compared using the Wilcoxon signed-rank test (Wilcoxon, 1945). The Growth
Performance Index (¢’ = logk + 2logL~) was calculated to allow comparison among the
growth parameters estimated in different populations of blue whiting and other gadids
(Froese and Pauly, 2022). Growth statistical analyses were conducted using R (R Core
Team, 2022), RStudio (Posit Team, 2022), and the packages FSA and car (Fox and
Weisberg, 2019; Ogle et al., 2022).

2.5mm

Figure 3.2. Micromesistius poutassou sagittal otoliths (distal side up) under reflected
light, showing four completely formed annuli (black dots). Female specimen of 26 cm
TL captured in April 2021. D = dorsal axis; A = anterior axis; V = ventral axis; P =

posterior axis.
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3.2.3 Reproductive cycle

Reproductive traits were investigated only from the 2020-21 samples as these data
were not available from the 1985-86 samples. The gonad maturity stage was
evaluated using the standard ICES six-point scale proposed for whiting (M. merlangus)
(ICES, 2008): 1) Immature; 2) Maturing; 3) Spawning; 4) Spent; 5) Resting/Skip of
spawning; 6) Abnormal. The GW was used to calculate the gonadosomatic index (GSI
= GW/TW x 100), to assess the reproductive investment and its temporal trend. The
size-at-first sexual maturity Lso, i.e. the size at which 50% of individuals are mature,
was estimated by considering 173 females and 261 males collected between
November (when individuals in early maturation gonadal stages were observed) and
March (when still a few spawning individuals were detected among post-spawner
ones). Data on size and maturity stage were coupled to fit a predicted proportion of
mature individuals (namely at stages 3 and 4) at size using a logistic model using R (R
Core Team, 2022), RStudio (Posit Team, 2022), and the package FSA (Ogle et al.,
2022). The Condition Factor (CF) was calculated using the following relationship, CF
= 102 (TW/TLP), where b is 3 or # 3 in the case of isometric or allometric growth,
respectively (Bolger and Connolly, 1989). Differences in CF values between sexes and

sampling periods were tested by the Mann-Whitney test.

3.3 Results

3.3.1 Fish samples

The size ranges of the samples were between 12—-38 cm TL and 6—32 cm TL in 1985—
86 and 2020-21, respectively. The total number of specimens analyzed was 193 (83
females, 85 males, 25 unsexed) in 1985-86 and 453 (173 females, 261 males, 19
unsexed) in 2020-21. The length-frequency distributions (LFDs) were different in the
two sampling periods (two samples Kolmogorov—Smirnov test, p < 0.05), showing a
higher proportion of individuals larger than 28 cm TL in 1985-86 (Figure 3.3A). In
2020-21 the modal class was comparable between males and females at around 22
cm TL (Figure 3.3B). Comparing the mean CF calculated for the same size classes (in
cm) in both sexes and sampling periods, CF was higher in the 1985-86 sample (mean
+ SD =1.04 £ 0.13) compared to 2020-21 (mean + SD = 0.98 + 0.07) (Mann-Whitney
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test, p < 0.05), while no difference was found between sexes (Mann-Whitney test, p =

0.29) in both samplings.
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Figure 3.3. Length-frequency distribution (LFD) of Micromesistius poutassou from the

Pomo/Jabuka Pits. F = females; M = males; U = Unsexed. (A) 1985-86; (B) 2020-21.

3.3.2 Growth and age structure

The otolith edge-zone analysis over the months covered by both sampling periods
revealed that the opaque zone was laid during the warmer months, while the hyaline
zone was observed during winter and early spring (Supplementary Figure 3.1),
confirming the annual deposition of one opaque ring plus one translucent ring. The
highest percentage of opaque deposition was observed in July, reaching values above
90% in both samplings (but it should be noticed that there were no samples in May-
June and August-September). The average percentage error (APE) and the coefficient
of variation (CV) were low, respectively 0.7% and 1.0%, indicating high precision of

age readings. The age classes obtained from otolith readings of the selected
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subsamples were seven and 10 in 1985-86 (age range 0-8) and 2020-21 (age range
0-9), respectively. Significant differences were found in the mean length-at-age
calculated for the two populations in both sexes, particularly in ages classes between
0 and 3 years (Wilcoxon signed-rank test; Z = 2.02, p < 0.1), with the 1985-86 samples
showing higher values than 2020-21 across the groups (Supplementary Figure 3.2).
The age-length keys of males, females, and unsexed specimens are reported in Tables
3.1 and 3.2.

Based on the likelihood ratio test on the estimated VBGF parameters, the 1985-86
sample showed higher values of L» and lower values of k compared to 2020-21 (Table
3.3 and Supplementary Table 3.1; Figure 3.4). Males attained lower L. than females
in both populations, as expected considering the sexual dimorphism in size, which was
barely noticeable in the 2020-21 sample compared to 1985-86 (Table 3.3; Figure 3.4).
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Figure 3.4. Von Bertalanffy growth curves for Micromesistius poutassou females (A)
and males (B) sampled in 1985-86 (red) and 2020-21 (blue).
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Table 3.1. Age-length key for females, males, and unsexed specimens based on otolith readings of Micromesistius poutassou

sampled in 1985-86 from the Pomo/Jabuka Pits. N = total number; TL = total length; SD = standard deviation.

Females Males
Age (years) 0 1 2 3 4 5 6 7 8 9 N 0 1 2 3 4 5 6 7 8 9 N

Total Length
(cm)

16 - 1 1
17 - -
18 -
19 1 1
20 5 1 6
21 2 7
22 - -
23 1
24
25
26 1
27
28
29
30
31
32 - 1
33 - -
34 - -
35 1 1 -
36 - -
37 - -

N N W -

1

3 11
1 11
8
9
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38 1 1 -

N 9 33 22 16 1 - - 1 1 - 83 9 41 28 6 1 - - - - - 85
21. 26.

TL mean (cm) 2 4 289 300 316 - - 351 38 - 20.2 24.4 274 288 322 - - - - -

TL SD 22 27 19 11 - - - - - - 1.8 20 15 18 - - - - - -
Unsexed

Age (years) 0 N

Total Length

(cm)

12 3 3

13 7 7

14 11 11

15 4 4

N 25 25

TL mean (cm) 14,
1

TL SD 0.7

94



Case study Il

Blue whiting — Micromesistius poutassou

Table 3.2. Age-length key for females, males, and unsexed specimens based on otolith readings of Micromesistius poutassou

sampled in 2020-21 from the Pomo/Jabuka Pits. N = total number; TL = total length; SD = standard deviation.

Females Males
Age (years) 0 1 2 3 4 9 N 0 1 2 3 4 5 6 7 8 N
Total Length
(cm)
16 1 1 1 1
17 1 1 2 4 1 5
18 4 4 8 9 17
19 9 9 16 16
20 8 8 29 29
21 10 10 42 3 1 46
22 36 6 42 16 19 35
23 12 18 2 32 3 11 9 23
24 4 18 2 24 9 25 34
25 9 2 11 22 1 24
26 2 7 1 10 3 4 2 2 15
27 1 3 1 5 2 1 2 1 1 2 9
28 3 4 8 2 1 3
29 1 3 1 3
30 1 3 1
31 - -
32 1 -
33 - -
34 - -
35 - -
36 - -
37 - -
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38 - -

N 6 80 54 19 8 1 1 1 3 - 173 13 116 44 62 6 6 1 6 6 1 261
21.

TLmean(cm) 179 9 242 26.3 283 293 30 306 298 - 179 20.8 23.2 248 272 269 273 273 27.7 29.5

TL SD 07 14 11 15 1.2 - - - 2.2 - 07 12 10 09 09 05 - 19 14 -

Age (years)

Unsexed
0 N

Total Length
(cm)

6 5 5
7 3 3
8 5 5
9 3 3
10 3 3
N 19 19
TL mean (cm) 8.1

TL SD 15

96



Case study Il Blue whiting — Micromesistius poutassou

Table 3.3. Von Bertalanffy growth parameters estimates and their standard errors (SE) of Micromesistius poutassou from the
Pomo/Jabuka Pits and growth performance index (¢’) for combined sexes, females and males of both sampling periods. The growth
rate coefficient (k) and theoretical age at which the average length is zero (to) are expressed in years™ and years, respectively. L. =
asymptotic total length.

L~ (cm) SE k SE to SE 0}
Combined sexes 1985-86 31.11 0.36 0.95 0.05 -0.22 0.03 3.06
Males 1985-86 29.31 0.25 1.08 0.08 -0.18 0.02 2.97
Females 1985-86 32.06 0.28 0.94 0.07 -0.19 0.02 2.98
Combined sexes 2020-21 25.63 0.16 1.31 0.04 -0.06 0.02 2.94
Males 2020-21 25.38 0.17 1.22 0.05 -0.08 0.02 2.89
Females 2020-21 26.16 0.26 1.38 0.08 -0.03 0.02 2.97
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3.3.3 Reproductive cycle

Based on the macroscopic observation of gonad maturation and GSI monthly pattern,
the spawning season of blue whiting in the study area took place from December to
March, with a peak in February. The maximum GSI values were 8% and 3% in females
and males, respectively, showing a marked difference in reproductive efforts between
the sexes (Figure 3.5). Fitting the logistic model to the proportion of sexually mature
specimens, size-at-first maturity (Lso) was estimated to be 18.9 = 0.1 cm TL for males
and 19.8 + 0.3 cm TL for females (Supplementary Figure 3.3).
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Figure 3.5. Temporal trend of the gonadosomatic index (GSI) for Micromesistius

poutassou females (A) and males (B). Note the different scales in y-axes.
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Table 3.4. Population parameters of Micromesistius poutassou from different areas of the Mediterranean Sea and North Atlantic.

Lmat= Size-at-first sexual maturity; Agemat = age-at-first sexual maturity; k = growth rate coefficient; to = theoretical age at which the

average length is zero; L. = asymptotic total length.

TL
Source Area range  Age range (years) L~ (cm) k (years?) to (years) Lso (cm) Agemat (years)
(cm)
F M F M F M F M F M F M
Adriatic
Present study 1985-86 Sea 12-38 0-8 04 321 293 094 1.08 -0.19 -0.18 - - - -
Adriatic
Present study 2020-21 Sea 6-32 0-8 0-9 262 254 138 1.22 -0.03 -0.08 19.8 18.9 1 1
Adriatic
Mediterranean Froglia and Gramitto, 19812 Sea 8-32 0-2* 31.9* 1.03* -0.11* 21* 1*
Sea Gulf of
Mir-Arguimbau et al., 2020 Lions 3-39 0-8 0-7 38 33 0.73 0.80 -0.20 -0.30 18 18 1 1
Ligurian
Orsi-Relini and Peirano, 1985 Sea 5-37 0-7 0-5 40.5* 0.23* -1.27* - 2 2
Gulf of
Serrat et al., 2019 Lions 13.4-38 - - - - - - - - 19 19 - -
off
Silva et al., 1996 Portugal 14-39 0-10* - - - 19* 2*
East
North Post et al., 2019 Greenland  22-40 0-12* 114.7% 0.02* -8.18* - -
Atlantic West
Raitt, 1968 Scotland  16-39 1-10+* 39.9* 0.15* -3.51* 20* 2-4*
Raitt, 1968 Faroe 17-35 1-10+* 33.4* 0.23* -2.94* 20* 2-4*
Raitt, 1968 Iceland 15-36 1-10+* - - - - -

* unsexed; 2based on length-frequency distributions.
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3.4 Discussion

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

differences between the present and the late 1980s.
3.4.1 Biological parameters

Overall, the size ranges of blue whiting were smaller than previously observed in the
same area (Froglia and Gramitto, 1980) and in comparison with other studies carried
out in the Mediterranean Sea (Orsi-Relini and Peirano, 1985; Sartor, 1995; Serrat et
al., 2019; Mir-Arguimbau et al., 2020) (Table 3.4). The possible explanations for the
size reduction are discussed in the next section. As already reported for other gadids,
the maximum size in the Mediterranean Sea is much smaller than in the North Atlantic
(Mahe et al., 2016; Goncalves et al., 2017; Mir-Arguimbau et al., 2020) (Table 3.4). To
our knowledge, this study provides for the first time the VBGF parameters estimated
through otolith readings in the Adriatic Sea. The maximum age estimated in the 2020—
21 sample was far higher than that estimated in previous studies in the Adriatic Sea,
which used LFDs to estimate VBGF parameters and reported only three age classes
(Froglia and Gramitto, 1980). Conversely, our estimates of maximum lifespan were
similar to those based on otolith readings reported from other areas of the
Mediterranean Sea (Ligurian Sea, Orsi-Relini and Peirano 1985, and Gulf of Lions,
Mir-Arguimbau et al., 2020), but smaller than those reported from the North Atlantic
(Raitt, 1968; Post et al., 2019) (Table 3.4). The high proportion of opaque otolith
margins observed in July of both sampling periods confirms that opaque deposition is
associated with the fast-growing season, which occurs during warmer months.
Although our samples did not cover the whole year, the analysis of the edge condition
agrees with previous studies in the Mediterranean Sea (ICES, 2017; Mir-Arguimbau et
al., 2020), allowing us to corroborate the annual ring formation. It is worth noting that
the estimated k values were the highest and to the closest to O ever reported from the
Mediterranean Sea (Maiorano et al., 2010; Mannini and Lanteri, 2017; Mir-Arguimbau
et al., 2020) and North Atlantic (Bailey, 1982; Monstad, 1990; Magnussen, 2007;
Froese and Pauly, 2022) (Table 3.4). The presence of juveniles caught in early spring-

summer allowed a good fitting of the VBGF at the origin and contributed to the

100



Case study Il Blue whiting — Micromesistius poutassou

estimation of more accurate values of these parameters. Usually, data regarding the
length-at-age during the early life stages (when growth is fastest) is not available. A
lack of data may lead to an underestimation of k values and could explain the
discrepancies in growth parameter estimates between the present and previous
studies (Supplementary Figure 3.4).

According to the analysis of samples from 2020-21, sexual maturity is reached within
the first year of life in males and females, at 18.9 and 19.8 cm TL, respectively. Our
estimates agree with previous observations carried out in the Adriatic Sea (Froglia and
Gramitto, 1981) and are slightly higher compared to those of other areas of the
Mediterranean Sea (Silva et al., 1996; Serrat et al., 2019; Mir-Arguimbau et al., 2020)
(Table 3.4). As expected, they are lower than those estimated in the North Atlantic
(Bailey, 1982; ICES, 2004). The difference observed in the comparison of maturity size
with other Mediterranean areas could be related to a bias in the sampling strategy, as
we were not able to collect samples during the spawning peak in January and we also
had a limited number of specimens < 20 cm TL. Macroscopic observations on gonads
and GSI trends indicated clearly that spawning took place in winter, in agreement with
the pattern observed in general in the Mediterranean Sea (Froglia and Gramitto, 1981;
Serrat et al., 2019; Mir-Arguimbau et al., 2020). The highest mean values of GSI were
reached in February, 5% for females and 1% for males, confirming the different

reproductive efforts between sexes (Serrat et al., 2019).

3.4.2 Historical comparison

The historical comparison highlighted some differences in the growth performance and
age structure between the 1985-86 and 2020-21 samples. In particular, the 2020-21
sample was characterized by specimens with a lower mean length-at-age across the
age classes (Figure 3.5), and a higher proportion of older age classes (9% was 4 or
more years old), compared to 1985-86. Comparing the age-length key, a stronger
slowdown in growth seemed to occur after the Year Class four in 2020-21. The lack
of old specimens in the 1985-86 sampling prevented us from making robust
assumptions for the comparison over the entire lifespan of this species. However, the
length-at-age data of the only two specimens older than four years from the 1985-86
sample allows us to hypothesize a possible decrease in the growth potential of blue

whiting over the total investigated period. It is worth noting that the age readings of
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both sampling periods were performed by the same expert readers, making data
comparison reliable and maximizing the reduction of methodological biases. The
decrease in growth efficiency is further supported by comparing the CF between the
sampling periods, indicating a higher energetic investment in body growth in 1985-86.
A growing body of knowledge has linked a wide range of biological responses of marine
organisms to climate change/environmental anomalies and fishing (Engelhard et al.,
2014; Poloczanska et al., 2016; Diaz Pauli and Sih, 2017; Charbonneau et al., 2019)
and it is well-known in literature that they played a primary role in the recent
interdecadal dynamics of the Adriatic resources (Coll et al., 2009; Conversi et al., 2009;
Barausse et al., 2011; Lotze et al., 2011; Fortibuoni et al., 2015, 2017; Sguotti et al.,
2022). Body condition in harvested fish is known to be affected by the combined effects
of environmental features, population density and fishing impact, with a species-
specific and ontogenetic variation (Rueda et al., 2015). Similarly, the growth potential
of a population may be strongly influenced by environmental factors, such as food
supply and temperature (Magnussen et al., 2007), and/or by fishing exploitation (e.g.,
through the removal of larger/older individuals or the selection of fast-growing and early
maturing specimens) (Bianchi et al., 2000; Shin et al., 2005; Hidalgo et al., 2012).
Although the historical comparison is limited just to two sampling periods, our findings
nevertheless raise intriguing questions regarding the nature of the changes in growth
patterns observed, as they could be explained by one or a combination of the above-

mentioned factors.

Given the positive correlation between primary productivity and forage fish abundance
in the Adriatic Sea (Santojanni et al., 2006), as well as the gradual decrease in nutrient
inputs over the last four decades (Marini and Grilli, 2023), a possible explanation for
the decrease in growth performance could be related to a decrease in prey availability
for blue whiting, which feeds on zooplankton and small planktivorous fish (Sartor et al.,
1995). Another environmental change driver is represented by the rise in sea
temperature in the Adriatic Sea (Supplementary Figure 3.5), which could have had
direct negative effects by creating unfavorable thermal conditions that interfere with
the metabolic functions of this cold-water species, as reported by Trenkel et al. (2015).
This mechanism has recently been linked to a decrease in landings and abundance of
blue whiting in other Mediterranean areas (Sbrana et al., 2019). Finally, the possible

effect of fishing activity must be considered when explaining the reduction of length-
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at-age and specimens larger than 28 cm TL across our study-period (Supplementary
Figures 3.2 and Figure 3.3), taking into account the long history of exploitation of the
area as a fishing ground for the European hake and Norway lobster (Chiarini et al.,
2022). Fishing is a size-selective process, determining higher mortality rates for the
larger/older specimens and modifying the size structure of fish assemblages (Bianchi
et al., 2000; Shin et al., 2005). As a result, it can determine evolutionary responses in
harvested populations towards favoring a smaller maximum size and size/age at
maturity, and therefore a higher probability of reproducing before being caught (Trippel,
1995).

As stated, these data must be interpreted with caution because we used two punctual
sampling periods, that are not representative of a real trend over the last decades.
Indeed, the adaptive phenotypic plasticity may determine changes in population life
history traits even on a short-term scale, depending on the environmental context
(Hidalgo et al., 2014). Such natural oscillations occur not only in biological parameters
but also in abundance as a result of environmental variations and fishing exploitation
(Martin et al., 2016; Mir-Arguimbau et al., 2022). Another limitation of this study is
represented by the small sample size of the 1985-86 sample (not fully representative
of the population) and the different methodologies used in the two periods. The
different selectivity of the net due to different mesh sizes represents a limit to properly
compare the LFDs and size structure of the samples, even if we can assume a
comparable selectivity on adult specimens since it was reported that juveniles smaller
than 20 cm TL account for a large proportion of catches in otter bottom trawler

deploying a 40 mm mesh size at the codend (Mir-Arguimbau et al., 2022).

Despite the noted constraints, the decrease of length-at-age and asymptotic length
together with the decline observed in the landing trend in the Adriatic Sea
(Supplementary Figure 3.6) support the idea of a poor health status for the blue whiting
population in the Adriatic Sea, which is likely due to fishing exploitation and/or
environmental constraints and is worthy of closer attention. Despite the restrictive
measures established in 2015 in the Pomo/Jabuka Pits, there has been no evidence
of a positive effect on the abundance of blue whiting (Chiarini et al., 2022). It could be
possible that unfavorable environmental factors hamper the recovery of the stock and
could threaten its long-term maintenance. Nevertheless, the presence in the 2020-21

sample of specimens close to the known maximum age for Mediterranean Sea
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populations (Fiorentino et al., 2003; Tsikliras and Stergiou, 2015) could represent an
early signal of a recovery process made very slow by unfavorable environmental

conditions, but further studies are needed to confirm or dismiss this hypothesis.
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Supplementary material

Supplementary Table 3.1. Likelihood ratio test comparing the von Bertalanffy growth

parameters estimated for sexes and sampling periods of Micromesistius poutassou

from the Pomo/Jabuka Pits. Statistics are based on four null hypotheses, assuming

that each parameter or a combination of them do not differ between sexes or sampling

years. K = growth rate coefficient; to=theoretical age at which the average length is

zero; L. = asymptotic total length; df = degrees of freedom; * significant at a = 0.05; **

significant at a = 0.01; ns = not significant.

Parameter X2 df p-value
all 51.5 3 *x
L 15.9 1 *x
Females vs males 1985-86
k 1.6 1 ns
to 0.02 1 ns
all 46.2 3 *x
Lo 5.6 1 *
Females vs males 2020-21
k 2.6 1 ns
to 2 1 ns
all 201.9 3 *x
Females 1985-86 vs 2020- L- 97.6 1 b
21 K 11.5 1 ok
to 8.6 1 *x
all 247.9 3 *x
Lo 82.1 1 *x
Males 1985-86 vs 2020-21
k 15 1 ns
to 3.7 1 ns
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Supplementary Figure 3.1. Monthly proportion of Micromesistius poutassou

individuals showing otoliths with opaque (O; grey) or hyaline margin (H; black).
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Supplementary Figure 3.2. Boxplots of length-at-age of Micromesistius poutassou
females (A) and males (B) sampled in 1985-86 (red) and 2020-21 (blue).

107



Case study Il Blue whiting — Micromesistius poutassou

A

<
b

Proportion Mature
0.5

0.0

10 15 20 25 30
Total Length (cm)

1.0

Proportion Mature
0.5
|

0.0

10 15 20 25 30
Total Length (cm)

Supplementary Figure 3.3. Sexual maturity ogives of males (A) and females (B) of
Micromesistius poutassou. The dotted vertical blue line intercepting the x-axis

indicates the size at which 50% of individuals are mature (Lso).
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Supplementary Figure 3.4. Auximetric plot for Micromesistius poutassou allowing to
compare the asymptotic length (L.) and growth rate coefficient (k) parameters
estimated in this study (black) with other estimates obtained for the same species (red),
other gadids (green), and other bony fish (yellow). Modified from Froese and Pauly,
2022.
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Supplementary Figure 3.5. Temporal trend of the mean annual (black) and winter
(grey; between January and March) values of surface temperature (SST) in the
Pomo/Jabuka Pits area from 1982 to 2021. Satellite data from Copernicus Marine
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Service, Mediterranean Sea - High Resolution L4 Sea Surface Temperature
Reprocessed. https://doi.org/10.48670/moi-00173.
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Supplementary Figure 3.6. Landing temporal trend of Micromesistius poutassou from
the Adriatic Sea, obtained from FAO official landings (FAO, 2020).
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Abstract

The poor cod (Trisopterus capelanus) is a gadoid endemic species of the
Mediterranean and Black Seas showing fast growth and early sexual maturity. It
accounted for 3 to 10% of the total catch biomass of the Italian trawling fleet until the
21st century. However, its abundance has decreased significantly over the past two
decades, with most of the landings occurring in the Adriatic Sea. The aims of the
present study are to update information about the biological parameters of poor cod in
the northern Adriatic Sea, to compare the size/age structure and growth performance
of populations sampled with an interval of 34 years, to discuss the outcomes of the
comparison taking into account the potential effects of fishing pressure and climate
change. Fish samples were collected monthly from commercial bottom trawlers of the
northern Adriatic Sea in 2020—2021 and the growth performance of this population was
compared with data coming from a previous sampling carried out in a comparable area
in 1986—1987. Age estimations were performed using data from age readings of thin
otolith sections. The size at first sexual maturity (assessed in the recent samples) was
achieved within the first year of life, at around 12 cm TL for males and 13 cm TL for
females. The growth and age structure of the poor cod from the northern Adriatic Sea
revealed some differences in the growth trajectories between the sampling periods,
showing a reduction in the asymptotic length in both sexes. We hypothesize that the
decreased growth performance might be related to a metabolic constraint, possibly
related to the increased temperature and its consequences, but it could be also
explained as a response to the high levels of fishing exploitation or as a combination

of both stressors.

Keywords: Adriatic Sea, age and growth, poor cod, sea warming, fishing exploitation
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4.1 Introduction

The poor cod, Trisopterus capelanus (Lacepede 1800), is a gadoid species
widespread throughout the Mediterranean and along the western coasts of the Black
Sea. It is more abundant in the western basin, in the northern-central Adriatic, and
along the northern coast of the Aegean Sea (Sbrana, 2017). The benthopelagic
behaviour of the poor cod is characterised by a close association with the sea bottom,
particularly for trophic purposes (Gramitto, 1999). Stomach content analyses revealed
that its diet is mainly composed of small benthic crustaceans (Peracarida, Decapoda,
and Brachyura) and teleosts (Gobidae), showing a generalistic feeding strategy, with
different prey items depending on the local availability (Sartor, 1995; Gramitto, 1999;
Morte et al., 2001). From a depth of 20 m to over 400 m, the species lives on muddy
and sandy bottoms forming small shoals, with greater abundances between 40 and
120 m. Likewise many other gadiform species, the poor cod shows a peak of spawning
during the winter, although it exhibits an extended residual spawning activity with a
variable duration of five to seven months after the peak (Politou and Papaconstantinou,
1991; Vallisneri et al., 2003). The poor cod shows fast growth and early sexual
maturity, being mature at the end of the first year of life at around 13 cm total length
(TL) (Froglia, 1981; Politou and Papaconstantinou, 1991; Vallisneri et al., 2003). With
the availability of new genetic data on the family Gadidae, numerous specific studies
have been devoted to the taxonomy of this family since the beginning of the 215t
century, stimulating the scientific debate about the evolution of this important bony fish
group (Gaemers, 2016). In the past, the poor cod was known as Trisopterus minutus
capelanus and considered as a subspecies of the Atlantic species Trisopterus minutus.
The taxonomic revision of the genus, based on morphological and molecular analyses,
recognised that Mediterranean specimens belong to a distinct species, T. capelanus
(Delling et al., 2011). Moreover, Mattiangeli et al. (2003), using allozymes and
minisatellites, found a high degree of genetic differentiation between individuals
sampled in the western Mediterranean Sea (Gulf of Lion and Ligurian Sea) and those
from the eastern part (Aegean Sea). Consequently, these findings suggest the
existence of a minimum of two reproductively isolated populations in the Mediterranean

Sea.

Although not significant in terms of commercial value, the poor cod is a common

endemic fish species that frequently appears in the northern Mediterranean fish
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markets (Cohen et al., 1990). Until the beginning of the 215 century, this species
accounted for 3 to 10% of the total catch biomass of the Italian trawling fleet (Biagi et
al., 1992), representing in some seasons more than one-third of commercial catches
of the Adriatic bottom trawlers (Froglia, 1981). With over 65% of the total landings of
poor cod in Italy occurring in the Adriatic Sea, this region has a great share in terms of
landings at the Mediterranean scale (Sbrana, 2017). This is due to the high productivity
of the Adriatic Sea and a favourable bottom type for the poor cod (and for the trawling
activities). Despite its relevancy at a local scale for several Adriatic fisheries, there is
little information about the state of exploitation of this resource, and the scanty
information available suggests that the abundance of this species has decreased
significantly over the past two decades. By analysing the historical data series of the
GRUND survey (1982—-2003) and the MEDITS survey (1994-2009) carried out in the
Adriatic Sea, it has been observed a decreasing trend of the density and abundance
indexes, which remained at extremely low levels after the year 2000 (Ciavaglia et al.,
2006). The same negative trend is noticeable from the historical landing data series of
one of the most important Italian trawling fleets, located in the northern Adriatic Sea
(Mazzoldi et al., 2014). The poor cod landings of the Chioggia trawling fleet declined
at the end of the 20" century (from 70 tons in 1996 to 5 tons in 2002), maintaining
consistently low values (less than 5 tons) until now. Unfortunately, official landing data
for the entire Adriatic area are available only from 2005 onward (FAO, 2022), not
allowing us to track back the exploitation history of this resource. The few attempts to
investigate the state of its exploitation indicated that the resource was overfished in
several Mediterranean areas (Politou and Papaconstantinou, 1991; Metin et al., 2008;
Sbrana, 2017). Yet, Froglia (1981) reported that between the 70s and 80s, during the
late spring, the Italian Adriatic trawlers used to catch great quantities of poor cod
juveniles, which were frequently discarded on board because of their low size and

commercial value.

Several aspects of the biology of the Adriatic population of poor cod have been
investigated by various authors (Froglia, 1981; Tangerini and Arneri, 1983; Giannetti
and Gramitto, 1993; Gramitto, 1999; Vallisneri et al., 2003); nonetheless, little attention
has been paid to the study of this species over the last two decades and the only data
available come from the Croatian area (éantic’; et al., 2010, 2015). In addition,

considering the serious decline of the poor cod population and that data on this species
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have not been collected consistently in the past years within fishery data collection
programs (i.e., EU - Data Collection Framework), urgent attention is required to shed
light on its population dynamics. Moreover, as the poor cod shows an affinity for
relatively cold waters (as its congeneric species), it could also have been affected
negatively by the severe sea warming trend occurring in the area (Garcia-Monteiro et
al., 2022; Sguotti et al., 2022). Drawing from these premises, the present study aims

to

i) update the information about the biological parameters of poor cod in the northern
Adriatic Sea;

i) compare the size/age structure and growth performance of poor cod Adriatic

populations sampled with a time interval of 34 years;

iii) discuss the outcomes of the historical comparison taking into account the potential
effects of fishing pressure and climate change.

4.2 Materials and Methods
4.2.1 Study area

The study area encompasses the western side of the northern Adriatic Sea, which is
situated in the central Mediterranean Sea. This semi-enclosed basin is one of the most
productive and heavily fished areas in the Mediterranean Sea (Russo et al., 2015). The
basin has distinct morphological variations, with the western section characterised by
a predominantly uniform and sandy composition, with a gentle slope. In contrast, the
eastern coastline displays an uneven topography, characterised by numerous islands
and a steeply sloping bathymetry composed of rocky formations (Artegiani et al.,
1997). The northern sub-basin extends from its northernmost point to a depth of 100
m and is distinguished by a notably shallow average depth of approximately 30 m
(Figure 4.1). Additionally, itis marked by the presence of strong river runoffs. According
to Hopkins (1992) and Ludwig et al. (2009), it is widely thought that Po and other rivers
in northern Italy contribute approximately 20% of the overall Mediterranean river runoff.
The temperature of the sea bottom exhibits a pronounced seasonal pattern, with
coastal waters experiencing a range of 7 °C (winter) to 27 °C (summer), while deeper

waters exhibit a range of 10 °C (winter) to 18 °C (summer) (Russo et al., 2012). The
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physical properties and dynamics of this subarea are significantly impacted by
atmospheric forces and river discharges, resulting in considerable temporal and spatial
fluctuations (Russo and Artegiani, 1996; SupiC et al., 2004). Optimal conditions for
fishing activities are generated by the combination of shallow waters, sandy-muddy
seafloors and high nutrient inputs, which contribute to high productivity and suitability
for trawling purposes. Indeed, recent studies employing AIS technology have identified
the northern-central Adriatic Sea as the most heavily fished in the Mediterranean Sea
(Amoroso et al., 2018; Ferra et al., 2018; Merino et al., 2019).

Jo9T
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m

Bosnia and
Herzegovina

Figure 4.1. The northern-central Adriatic Sea and location of the Chioggia harbour ().
The white dotted area indicates the sampling area of the current study, while the grey
dotted area indicates the sampling area of the 1986-1987 samples (Giannetti and

Gramitto, 1993), whose raw data were used in this study for comparative purposes.
4.2.2 Sampling 2020-2021

Monthly fish samples were obtained from trawlers of the Chioggia fleet operating in the
fishing ground off the mouth of the Po River from October 2020 to December 2021. No
samples were collected in August, as a result of the annual summer trawl fishing ban.
Fish specimens were captured utilising an Italian-type otter trawl net, known as a

tartana, towed at depths ranging from 20 to 40 m (mesh size of 40 mm at the cod-end).
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Furthermore, in cases where sampling on board was not feasible, samples of poor cod
were obtained from the landing sites of the Chioggia trawling fleet. These samples
were collected from local fishers who were operating in the same fishing grounds. The
length frequency distributions (LFD) of each sample were obtained by measuring all
the sampled individuals to the nearest half cm (total length, TL). A monthly subsample
consisting of 40-60 specimens, which were chosen randomly in order to represent the
entire size range, was selected to undergo biological examinations. The
measurements included TL to the nearest mm, total weight (TW) to the nearest 0.1 g,
and gonad weight (GW) to the nearest 0.01 g. Sex was determined by macroscopic
examination of gonads in specimens larger than 10 cm TL and the maturity stage of
the gonads was assessed using the standard ICES (2008) six-point scale: 1)
Immature; 2) Maturing; 3) Spawning; 4) Spent; 5) Resting/Skip of spawning; 6)
Abnormal. Individuals smaller than 10 cm TL were considered unsexed juveniles
because the sex could not be determined macroscopically. The sagittal otoliths were
extracted, cleaned, and preserved dry in vials for age determination. The
gonadosomatic index (GSI = GW/TW x 100) was calculated to evaluate the
reproductive investment in gonads. Gonad subsamples of all the specimens whose
macroscopic evaluation of maturity stage was doubtful were preserved in Dietrich
solution (900 ml of distilled water, 450 ml of 95% ethanol, 150 ml of 40% formaldehyde,
and 30 ml of acetic acid). This preservation method was employed in order to facilitate
subsequent histological analyses used to validate the macroscopic assessment of
gonadal maturity (Follesa and Carbonara, 2019). The condition factor (Kn) was
obtained as the ratio of the corresponding predicted TW (expressed as a*LP) for a fish
of the same length (Le Cren, 1951):

Kn=TW /ax*LP"

where a and b are coefficients estimated from a linear regression logTL/logTW of the

specimens collected in 2020-2021.

4.2.3 Sampling 1986-1987

To perform a historical comparison of growth parameters, data collected from the
2020-2021 sampling were integrated with the data from a previous sampling carried
out in 1986-1987, whose research outcomes were partially published in Giannetti and

Gramitto (1993). The old samples were collected in April, June, December 1986, and
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June, October 1987 from a coastal area north of Ancona, which is approximately 100
km from the sampling area of 2020-2021 (Figure 4.1). Fish specimens were captured
during trawl fishing utilising an Italian-type otter trawl net, towed at depths around 50
metres (mesh size of 35 mm at the cod-end). Having obtained access to the
unprocessed data from the previous sampling, we subsequently applied a
standardised methodology to both samples to conduct statistical analysis, with the aim
of mitigating methodological bias.

4.2.4 Growth

A representative subsample was chosen from the entire samples, with specimens
grouped into 1 cm total length (TL) classes. Age readings were conducted on an equal
number of males and females (when available) within each length class in every
monthly sample, in order to comprehensively capture the entire range of population
sizes. To obtain comparable age readings between the 2020-2021 and the 1986—1987
samples, we used the same preparation technique described in Giannetti and Gramitto
(1993), consisting in obtaining thin cross-sections of the otoliths. Indeed, determining
the age of poor cod from the whole sagittal otoliths is challenging due to the thickness
and the presence of bumps (Figure 4.2A). In order to obtain thin sections (0.25-0.40
mm thickness), otoliths were embedded in resin (Crystalbond 509 Amber, Aremo
products Inc.), ground from both sides using an abrasive paper and polished on a
lapping film with 0.05 um alumina powder. Particular attention was paid 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
subsequently immersed in fresh water against a dark background to increase the
contrast between translucent and opaque zones. Otolith readings were performed
under reflected light, and the rings were counted from the nucleus to the distal margin
of the section (Figure 4.2B). The sections were observed under a stereomicroscope
(Leica MZ6) at low magnification (10x). The age of the specimen was determined by
counting the number of fully developed annuli, which are composed of an opaque ring
and an adjacent translucent ring. The samples were read twice by two operators using
a blind and randomised approach. The operators independently conducted the
readings without any knowledge of the date of capture, sex, or size of the fish. The age
and edge type (translucent or opaque) of each otolith sample were assigned and, in

case of discrepancy between readers, the sample was excluded from the analysis. By
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analysing the edge condition (the monthly percentage of otoliths with an opaque
margin), the periodicity and timing of ring formation were determined, enabling
confirmation of the annual formation of the rings. To evaluate the ageing precision
(Campana, 2001) the index of average percent error (APE; Beamish and Fournier,
1981) and the mean coefficient of variation (CV; Chang, 1982) were calculated by
comparing readings within and between readers. The estimation of age was conducted
in years, by establishing a conventional common birth date (1st January) based on the
reproductive period of this species, which takes place from December to March
(Froglia, 1981), and taking into account the capture date and edge type. Given that in
fish smaller than 10 cm we only observed a single deposition (opaque), they were
classified as Young of the Year (YOY), and their age was calculated as a year fraction
using only the month of capture and the birthdate. The von Bertalanffy growth function
(VBGF) was used to describe the growth of the population:

TL = L= (1 — e,

where TL is the length at age t, L~ is the asymptotic total length, k is the Brody growth
rate coefficient which determines how fast the fish approaches L, and to is the
theoretical age at which the average length is zero. The observed length at age data
pairs was fitted with the VBGF. The VBGF parameters were calculated in each
sampling for males and females separately. Unsexed juveniles smaller than 10 cm TL
sampled in spring were included in both female and male growth curves to improve the
model fit in the first period of fast growth. Differences between periods and sexes were
tested by applying the Likelihood-ratio test (Kimura, 1980) for the growth parameters,
while mean length-at-age was compared using the Wilcoxon signed-rank test
(Wilcoxon, 1945). The Growth Performance Index (¢’ = logk + 2logL-) was calculated
to allow comparison among the growth parameters estimated in different populations

of poor cod and other gadids (Froese and Pauly, 2022).
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Figure 4.2. Left otolith of a female specimen of poor cod (18.6 cm TL), whole (A, distal
side view) and after thin-sectioning (B). Four completely formed annuli visible in the
thin section are marked with black dots (reflected light). D = dorsal axis; V = ventral
axis; A = anterior axis; P = posterior axis; | = inner axis (proximal); O = outer axis
(distal).

4.2.5 Reproductive traits 2020-2021

Reproductive traits were investigated only from the 2020-2021 samples as these data
were not available from the 1986-1987 samples. The size-at-first sexual maturity Lso,

i.e., the size at which 50% of individuals are mature, was estimated based on 203
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females and 157 males, collected between December (when individuals in early
maturation gonadal stages were observed) and May (when still a few spawning
individuals were detected among post-spawner ones). Data on size and maturity stage
were coupled to fit a predicted proportion of mature individuals (namely at stages 3
and 4) at size using a logistic model. To estimate accurately the Lso, histological
analyses of gonads were carried out on the specimens whose macroscopic maturity
stage was doubtful and on males < 13 cm TL during the spawning season. Indeed,
since males showed gonads of smaller size compared to females, the macroscopic
evaluation of male gonads could not be effective in identifying small mature specimens.
Gonad samples preserved in Dietrich solution for at least 20 days were dehydrated,
embedded in Paraplast, cut into a series of transverse Sections (7 yum) and mounted
on slides. The slides were then stained with Mayer’s haematoxylin and eosin (Pearse,
1985). The histological sections were then examined under a light microscope (Leica
DM LB) and imaged using a digital camera (Leica DFC 420). The following criteria
were employed to ascertain the maturity of a specimen: presence of spermatids and
spermatozoa in the testis lobules for males; presence of vitellogenic oocytes in
different stages within the ovarian lamellae for females (although the later stages of
development are clearly visible macroscopically). We used as a reference for the
histological examinations of gonads the study of Brown-Peterson et al. (2011).
Statistical analyses were conducted using R (R Core Team, 2022), RStudio (Posit
Team, 2022), and the packages FSA and car (Fox and Weisberg, 2019; Ogle et al.,
2022).

4.3 Results
4.3.1 Population parameters 2020-2021

A total of 580 specimens were collected, including 228 males, 341 females, and 11
undetermined sex specimens. Males ranged in size from 7.9 to 19.6 cm TL, females
from 6.6 to 24.8 cm TL, and undetermined from 6.3 to 10 cm TL. The LFDs were
different between sexes (two samples Kolmogorov—Smirnov test, p < 0.05), showing a
higher proportion of females above the size of 16 cm TL (Figure 4.3). Looking at the
LFDs of the total catches of the poor cod of the Chioggia trawling fleet is clear that

YOYs (modal size 7.5 cm TL) were recruited to the fishery in May. As a consequence,
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it was possible to observe throughout the warm season a bimodal distribution in the
LFD of the total catch, which became almost unimodal in September, indicating a rapid
increase in size during the summer months (Supplementary Figure 4.1).
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Figure 4.3. Length-frequency distribution (LFD) of poor cod sampled from trawling
fishery of the northern Adriatic Sea during 2020-2021, by sex.

4.3.2 Growth and age structure 2020-2021

Age readings by means of otolith thin sections were carried out on 454 (189 males and
265 females) specimens out of 580 specimens. The maximum age was 3 years for
males and 4 years for females, respectively. Approximately 90% of aged specimens
were within the 0+ and 2+ age class, with a modal age of 1 year (40% of the
population). The annual periodicity of annulus deposition was confirmed by the edge-
zone analysis, suggesting that translucent and opaque zones are generated annually.
The hyaline zone was laid mainly from the end of the summer to the mid-winter,
specifically from August to January. In contrast, the opaque zone underwent deposition
for nearly the entire year, exhibiting an unequivocal predominance from February to
July (Figure 4.4).
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Figure 4.4. Monthly edge composition (%), indicating the proportion of the poor cod
specimens with hyaline (black) or opaque (grey) margins in the otolith edge.

Age readings between readers were precise, supporting the reliability of otolith
sections for ageing poor cod. The average percentage error (APE) and the coefficient
of variation (CV) were low (6.4% and 9.1%, respectively), with a percent agreement
between readers of 92%. When examining the age-length keys of both sexes, females

exhibited not only greater size but also older age than males (Table 4.1).
4.3.3 Comparison samples 2020-2021 vs 1986-1987

The comparison of the age-length keys between the periods highlighted a higher
proportion of large-sized (> 20 cm TL) and old specimens in 1986—1987 compared to
20202021 (Tables 4.1 and 4.2). Although no significant differences were found in the
mean length-at-age between sexes and samplings (Wilcoxon signed-rank test; Z =
1.281, p > 0.01), the 2020—-2021 specimens showed a higher mean size during the first
two years of life compared to 1986-1987. However, the growth rate of the 2020-2021
specimens decreased afterwards, and the trend was reversed in older age groups
(Figure 4.5). The comparison of the von Bertalanffy growth curves confirmed the
differences in growth patterns, highlighting different growth trajectories between
individuals from the different sampling periods (Figure 4.6). Based on the results of the
Kimura likelihood ratio test (Supplementary Table 4.1), the estimated VBGF

parameters indicated that the 1986—-1987 samples exhibited greater values of L~ and

132



Case study Il Poor cod — Trisopterus capelanus

lower values of k in comparison to the 2020-2021 ones (Figure 4.6). Males showed a
significantly lower L~ compared to females only in 2020-2021 (as expected,
considering the sexual dimorphism in size), a difference not found in the 1986-1987
samples, even if the male L-was lower compared to the female one (Table 4.3).
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Figure 4.5. Boxplots of length-at-age of poor cod females (A) and males (B) sampled
in 1986-1987 (elaborated from raw data of Giannetti and Gramitto, 1993) and in 2020—

2021 (present study). Horizontal lines identify the mean value of each age class.
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Figure 4.6. Von Bertalanffy growth curves for poor cod females (A) and males (B)
sampled in 1986—-1987 (elaborated from raw data of Giannetti and Gramitto, 1993) and
in 2020-2021 (present study).
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Table 4.1. Age-length key for females and males based on otolith readings of poor cod sampled in 2020—2021 (present study) in

the northern-central Adriatic Sea. N = total number; SD = standard deviation; TL = total length.

Females Males
Age class
(years) 0+ 1+ 2+ 3+ 4+ N 0+ 1+ 2+ 3+ 4+ N
TL class (cm)
6 5 5 3 3
7 5 5 4 4
8 7 7 5 5
9 6 6 4 4
10 3 3 3 3
11 4 4 4 4
12 4 4 8 5 13
13 7 2 9 12 31 43
14 12 9 21 5 30 6 41
15 6 28 4 38 25 11 1 37
16 1 20 13 1 35 8 10 5 23
17 15 23 42 10 2 12
18 3 22 11 37 2 1 3
19 9 7 17 1 1
20 6 9 16 -
21 2 5 7 -
22 2 -
23 1 1 -
24
25
N 60 77 79 39 4 259 48 99 39 10 - 196
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TL mean (cm) 114 16.0 18.0 195 20.2 11.2 14.4 16.1 17.3 -
TL SD 3.0 11 1.4 14 20 2.5 1.0 11 11 -
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Table 4.2. Age-length key for females and males based on otolith readings of poor cod sampled in 1986-1987 (elaborated from raw

data of Giannetti and Gramitto 1993) in the northern-central Adriatic Sea. N = total number; SD = standard deviation; TL = total length.

Females Males
Age class
(years) 0+ 1+ 2+ 3+ 4+ 5 N 0+ 1+ 2+ 3+ 4+ 5 N
TL class (cm)
6
7
8
9 1 1
10 4 5 4 9
11 14 14 7 21 28
12 17 4 21 2 20 22
13 15 4 19 3 28 9 40
14 14 13 1 28 1 15 20 36
15 6 15 9 30 12 14 26
16 1 21 17 39 4 8 12
17 12 24 36 8 2 13
18 14 17 31 1 5 6
19 11 22 1 34 1 5
20 8 20 5 33 1 1 4
21 2 17 3 22 2
22 8 1 18 4
23 1 3 4
24 4 5 9
25 2 2
N 72 104 137 24 6 2 345 18 108 66 5 3 7 207
TL mean (cm) 12.6 165 185 21.8 237 25.0 11.3 129 152 184 193 214
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TL SD 15 22 21 15 0.8 0.0 13 1.7 1.7 1.3 06 0.8

Table 4.3. Von Bertalanffy growth parameters estimates and their standard errors (SE) of poor cod from the northern-central Adriatic
Sea and growth performance index (¢’) for combined sexes, females and males of both sampling periods. The growth rate coefficient
(k) and theoretical age at which the average length is zero (to) are expressed in years™ and years, respectively. L. = asymptotic total

length.
L~ (cm) SE k SE to SE o'
Females 1986-1987 24.08 0.28 0.58 0.07 -0.28 0.02 2.53
Males 1986-1987 23.46 0.25 0.34 0.08 -0.76 0.02 2.27
Females 2020-2021 19.15 0.26 1.29 0.08 -0.04 0.02 2.67
Males 2020-2021 16.32 0.17 1.8 0.05 0.04 0.02 2.68
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4.3.4 Reproductive cycle 2020-2021

The spawning season occurred from December to June, with increased activity at the
onset of winter, as supported by macroscopic observations of gonad maturation and
the GSI monthly pattern (Figure 4.7 A, B). The GSI mean value for females during the
spawning peak in December was 8% (maximum 11%), while for males it was 0.7%
(maximum 1.6%), indicating a substantial difference in reproductive effort between
sexes. The peak in GSI was followed by a slow decrease to minimum values of
reproductive activity from July onwards. Kn values started to decrease at the spawning
period onset, showing higher values before and at the end of the spawning season
(Figure 4.7 C, D). Outside the spawning period, low average values of Kn were
observed in September and October in males and females, respectively.

During the spawning period, sexually mature specimens were clearly recognizable
through microscopic observation of histological samples, from the presence of active
vitellogenesis and spermatogenesis processes in females and males, respectively. In
active spawning females ovaries showed a high proportion of oocytes in advanced
developmental stages, although all the oocyte stages were present (Supplementary
Figure 4.2 A). In active spawning males, the testes exhibited large lobule lumina filled
with spermatozoa, with the other cellular types restricted to the lobule walls
(Supplementary Figure 4.2 B). Based on the logistic model fitted to the proportion of
sexually mature specimens, size-at-first maturity Lso was estimated at 13.2 + 0.4 cm
TL for females and 12.6 + 0.1 cm TL for males (Figure 4.8).
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Figure 4.7. Monthly variation, along with their corresponding standard error bars, of
the mean Gonadosomatic Index (GSI) and Le Cren Condition Factor (Kn) for females
(dark grey; A, C) and males (light grey; B, D) poor cod. Note that GSI values are

expressed in different scales. Horizontal bold lines identify the monthly mean value.
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Figure 4.8. Sexual maturity ogives of females (A) and males (B) poor cod. The dotted
vertical blue line intercepting the x-axis indicates the size at which 50% of individuals
are mature (13.2 + 0.4 cm TL and 12.6 £+ 0.1 cm TL for females and males,

respectively).
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4.4 Discussion

The current investigation offers an updated insight into some relevant life history traits
of poor cod from the northern Adriatic Sea. Moreover, by analysing the growth rates
exhibited in samples obtained from the northern Adriatic Sea with a time shift of 34
years, we detected some differences in growth and size/age structures between the
current and the late 1980s population.

4.4.1 Sampling 2020-2021

The size range of the poor cod was smaller than previously observed in the same area
(Froglia, 1981; Tangerini and Arneri, 1983; Giannetti and Gramitto, 1993; Gramitto,
1999; Vallisneri et al., 2003) and in comparison, with other studies carried out in the
Mediterranean Sea (Politou and Papaconstantinou, 1991; Sartor, 1995; Morte et al.,
2001; Metin and llkyaz, 2008; Santi¢ et al., 2015). Likewise, the age range we found
was smaller than the observed one in previous studies (based on age readings from
otolith thin-sectioning) in the Adriatic Sea (Giannetti and Gramitto, 1993; Santi¢ et al.,
2015) and comparable with those reported in the Mediterranean Sea (Politou and
Papaconstantinou, 1991; Righini et al., 1995; Metin and Ilkyaz, 2008). Comparing the
results obtained in studies with the application of the thin-sectioning technique with
those that used only LFD trend data or age readings on the whole otoliths (Froglia,
1981; Tangerini and Arneri, 1983), there is a clear difference in the age range found,
always greater applying the thin-sectioning technique. It is evident that the other two
methodologies do not allow the identification of the older age classes and then
obtaining accurate information on the population age structure (Polat and Gumucs,
1996). In fact, using the progression of LFDs throughout the year it is possible to follow
only the modal classes numerically abundant (namely 0+ and 1+ age class), making
assumptions on the growth of only a part of the life cycle (Froglia, 1981) (Fig. A.1). On
the other hand, as already mentioned in section 2.4, the age reading of the whole
otolith is not feasible because of their thickness and irregular surface, leading to a

misinterpretation of the annual pattern.

It is noteworthy to mention that the estimated values of k and to were the highest and
the closest to O, respectively, ever reported in the Mediterranean Sea (Politou and
Papaconstantinou, 1991; Giannetti and Gramitto, 1993; Metin and llkyaz, 2008; Santi¢

et al., 2015; Sbrana, 2017). The sampling of juveniles during the spring allowed us to
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properly fit the VBGF at the initial growing stages, thereby aiding in the estimation of
more accurate values for these parameters. Typically, information concerning the
length-at-age during the early stages of life, when growth occurs at its peak, is difficult
to obtain. The insufficiency of data (i.e., juveniles sampled only once during the spring)
may result in an underestimation of k values, which could account for the
inconsistencies observed in the estimates of growth parameters between the current
study and prior research. The same results in terms of differences with the available
literature on gadid species were highlighted in recent growth studies in which a good
number of small specimens was included in the sample collection to fit the VBGF (Mir-
Arguimbau et al., 2020; Cali et al., 2023a, 2023b). However, it is not possible to
exclude that the differences we observed are attributable to the different environmental
conditions in the investigated areas, which could strongly affect the growth rate (ICES,
2017; Kutsyn, 2024). The high proportion of opaque otolith margins observed from
February to July confirms that opaque deposition is associated with the fast-growing
season, which occurs during the period of increasing water temperatures. The analysis
of the edge condition agrees with previous studies in the Adriatic Sea (Giannetti and

Gramitto, 1993), allowing us to corroborate the annual ring formation.

The analysis of reproductive traits in 2020—-2021 samples indicates that both males
and females attain sexual maturity at the end of the first year of life (at 12.6 and 13.2
cm TL, respectively), in agreement with previous studies in the Adriatic (Froglia, 1981,
Tangerini and Arneri, 1983) and the Mediterranean Seas (Politou and
Papaconstantinou, 1991; Sbrana, 2017). Our estimates are slightly lower compared to
the maturity size reported in the same area by Vallisneri et al. (2003) (14-15 cm TL),
which used only macroscopic examination of gonads. The use of histological
techniques to validate the macroscopic examination allowed us to perform a more
accurate evaluation of the gonadal development, reducing misinterpretation occurring
using only macroscopic observations (Follesa and Carbonara, 2019). Macroscopic
observations on gonads and GSI trends indicated clearly that the peak of spawning
takes place in winter and continues through the spring until June, in agreement with
the general pattern observed in the Mediterranean Sea (Froglia, 1981; Tangerini and
Arneri, 1983; Politou and Papaconstantinou, 1991; Santi¢ et al., 2010; Sbrana, 2017).
The highest monthly mean values of GSI were reached in January, 8% for females and

0.7% for males, confirming the highly different reproductive efforts between sexes
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already observed in other gadid species (Vallisneri et al., 2006; Serrat et al., 2019; Cali
et al., 2023a, 2023b). The monthly trend of Kn values can be used as an indicator of
food energy fluctuations and, consequently, the overall health of the fish. Seasonal
variation in the Kn of poor cod may be associated with gonadal fluctuations (Serrat et
al., 2019). The decline in Kn in correspondence with the spawning peak suggests that
this fish had a high reproduction cost, as already reported by Politou and
Papaconstantinou (1991). In fact, the protracted spawning period of the poor cod,
which is characterised by several reproductive events (Ragonese and Bianchini,
1998), likely results in the depletion of energy reserves in muscle and mesenteric fat
and could explain the lower Kn values observed during the extended spawning period
(Lloret et al., 2013). Interestingly, we found a different trend of Kn between sexes
during the pre-spawning period (October and November), with females showing a
decline in Kn values, which was not observed in males. This finding could be related
to the fact that females, having a higher energetic cost in gonadal development,
undergo stronger oscillation in consumption of energy reserves and therefore could be

more sensitive to environmental and prey availability variations.
4.4.2 Historical comparison

The comparison of population structures and growth trajectories between 1986-1987
and 2020-2021 samples revealed some interesting differences. As highlighted by
comparing the age-length keys, the 1986-1987 sample was composed of a higher
number of large-sized specimens (> 20 cm TL), showing also one age class more (5+)
compared to 2020-2021. Moreover, the comparison of VBGF models and mean
length-at-age suggests the possible occurrence of a shift in the poor cod growth
trajectory over the last decades, with a consistent pattern observed in both sexes. In
fact, our results indicate that 2020—-2021 specimens grew faster during the first two
years of life (age classes 0+, 1+) but then stopped the somatic growth, attaining a
smaller maximum size. Although the present results must be interpreted with caution
because of several limitations (discussed below), they are significant in at least two
major respects. Firstly, the reduction in body size could represent an example of one
of the most common adaptative responses to sea warming, reported worldwide and
supported by both theoretical and empirical studies (Cheung et al., 2013; Baudron et
al., 2014). Indeed, as expected by the Gill-Oxygen Limitation Theory (Pauly and
Cheung, 2018), body growth is limited by the gills' capability to provide oxygen through
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their surface and the lower oxygen available due to the increase in temperature triggers
(through phenotypic plasticity) a reduction of body size to maintain the scope for
aerobic activity. Another interesting result to be linked with environmental changes
(i.e., sea warming) is evinced by comparing the temporal window of opaque deposition
between 1986-1987 and 2020—-2021. In the recent sampling, it seems to start and end
before compared to what was observed by Giannetti and Gramitto (1993), which
reported a high proportion of opaque depositions between April and November. This
difference could be explained by the inherent difficulties in evaluating the edge type in
thin sections since these evaluations were made by different operators using different
instrumentations (i.e., light and stereomicroscopes). However, since Cali et al. (2023b)
reported similar differences in the edge deposition pattern between whiting specimens
collected in the northern Adriatic Sea with a comparable time shift and evaluated by
the same expert operators, it is possible to consider this discrepancy another
adaptative response to the sea warming occurred between the two samplings.
Secondly, the potential impact of fishing pressure must be taken into account when
attempting to elucidate the variations observed. Considering that the northern Adriatic
Sea has undergone high levels of fishing exploitation over the last decades (Barausse
et al., 2014; Sguotti et al., 2022), itis possible to consider these differences attributable
to fishing activity. The reduction in size and age structure is the most common effect
in fish stocks that have been subjected to overexploitation (Bianchi et al., 2000; Shin
et al., 2005; Hidalgo et al., 2012), giving a possible explanation for the reduced age
range resulted from the historical comparison. Moreover, being the fishing harvest a
size-selective process that determines higher mortality rates for the larger/older
specimens, it may determine evolutionary responses favouring specimens with higher
growth rate and earlier sexual maturity (having higher probabilities of reproducing
before being caught) (Trippel, 1995). Therefore, the difference in growth trajectories
between 1986—-1987 and 2020-2021 could be explained as an adaptive response to
the fishing pressure exerted on poor cod, whose adaptive response has led the
specimens to grow faster and mature earlier at the expense of long-term somatic
growth. Unfortunately, no data about the reproductive traits was available from the
1986-1987 samples and information from previous work is not enough detailed to
validate this hypothesis. However, additional support to the hypothesis that fishing

exploitation could have triggered adaptative responses in poor cod is given by the
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increased sexual dimorphism in size (AL»1986—-1987 = 0.9 cm; AL-2020-2021 = 2.8
cm). This more pronounced difference in size may indicate a sex-dependent response
to the size-selectivity of fishing related to the different energetic investments in gamete
production and to the stronger influence of body size on the reproductive potential of
females (Hayward and Gillooly, 2011). Indeed, it could be hypothesized that in females
(having a much higher reproductive effort than males in gadids) the adaptative value
of a size reduction induced by fishing would be lower because of the reduction in the
reproductive output (fecundity increases exponentially with body size) and thus the
fitness of the population (Barneche et al., 2018). Lastly, it is not possible to exclude
that both sea warming and fishing exploitation have contributed to the pattern of
change observed, acting either synergistically or in parallel. When this happens, the
outcomes can show a wide range of variation depending on the local ecological context
and disentangling their effects is often difficult (Genner et al., 2010; Hidalgo et al.,
2012; Engelhard et al., 2014; O’Connor et al., 2015), besides being outside the scope
of this study.

Yet, our approach has some limitations and the results of the historical comparison
should be interpreted with caution. Firstly, because our hypotheses are based on two
punctual sampling periods that are not representative of the actual trend over the past
decades. As a matter of fact, changes in population life history traits may be
determined even on a short-term scale by adaptive phenotypic plasticity, contingent
upon the environmental context (Hidalgo et al., 2014). Secondly, we compared slightly
different sampling areas, which are at a distance of about 100 km and present different
bathymetric features. However, Tangerini and Arneri (1983), analysing the age and
size structure of poor cod samples collected in the whole northern and central Adriatic
Sea, did not find any difference between the areas, supporting the hypothesis of the
existence of a single population widely distributed in the area. The only difference
regarding the size of specimens was found in areas characterized by depth values
higher than 100 m, which were not considered in this study. Although the specimens
compared were caught using a net with a slightly different selectivity (mesh size 5 mm
smaller in 1986-1987), we believe that this difference does not affect the validity of the
comparison because juvenile specimens of 7 cm TL are fully caught using a codend

with a mesh size of 35 mm (Froglia, 1981). Consequently, any difference in selectivity
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would affect only the proportion of young specimens, which are not relevant in the

comparison.
4.4.3 Conclusions

In conclusion, the present study provides updated and detailed information on some
important life history traits of poor cod in the northern Adriatic Sea, cautiously
advancing the hypothesis that the differences observed by comparing samples with a
time shift of 34 years could be related to the effect of sea warming and/or fishing
pressure occurred in the Adriatic Sea during the last decades. Indeed, recent studies
on other commercial gadid species from the Adriatic Sea, using the same
methodological approach, reported similar results and a general trend of reduction in
the maximum size, giving support to the results of the present study. Moreover,
considering these findings altogether and the different environmental niches of gadid
species in the Adriatic area (Sbrana, 2017), it could be hypothesised that some
adaptative processes (e.g., through phenotypic plasticity) occurred and are still
ongoing in this cold-water family as a result of external stressors. Despite these
promising results, several questions remain unanswered at present about the drivers
of the trend observed, posing the need for additional research to elucidate the

underlying mechanisms.
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Supplementary material

Supplementary Table 4.1. Likelihood ratio test comparing the von Bertalanffy growth
parameters estimated for sexes and sampling periods of poor cod from the northern-
central Adriatic Sea. Statistics are based on four null hypotheses, assuming that each
parameter or a combination of them do not differ between sexes or sampling years. K
= Brody growth rate coefficient; to =theoretical age at which the average length is zero;
L. = asymptotic total length; df = degrees of freedom; * significant at a = 0.05; **

significant at a = 0.01; ns = not significant.

Parameter X2 df p-value

all 352.7 3 *x
L 0.4 1 *

Females vs males 1986—1987
k 10.6 1 ns
to 21.7 1 ke
all 137 3 *x
Lo 36.3 1 *x

Females vs males 2020-2021
k 4.9 1 *
to 14 1 ns
all 86.5 3 *x
Females 1986—1987 vs 2020— L 43.5 1 *
2021 k 26.5 1 *
to 5.8 1 *x
all 215.5 3 *x
Lo 58.0 1 *x

Males 1986—-1987 vs 2020—2021

k 63.3 1 *x
to 37.5 1 *x
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Supplementary Figure 4.1. Length-frequency distribution of poor cod captured from

bottom trawlers of the Chioggia fleet between spring and early autumn 2021. The

bimodal distribution is due to the joining of the young-of-the-year in the sampled

population in spring, which disappears in September when they join the adult

population. No samples were collected in August, as a result of the annual summer

trawl fishing ban.
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Supplementary Figure 4.2. Histological sections of gonads (stained with
haematoxylin and eosin) showing microscopical features and of poor cod mature
specimens with doubtful macroscopic stage assignment. (A) Ovary section of a female
specimen (17.5 cm TL) caught in February showing oocytes in different developmental
stages (active vitellogenesis); (B) testis section of a male specimen (11.8 cm TL)
caught in November showing active spermatogenesis and testis lobules filled with
spermatozoa. Magnification: ovaries = 100x; testicles = 200x. Abbreviations: Po =
previtellogenic oocyte, Vo = vitellogenic oocyte (early and late stages), Ib = lobule, Sz

= spermatozoa.
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Abstract

Overfishing is a major factor affecting marine ecosystems, reducing the natural
capacities of fish populations to cope with short- and long-term environmental
variability. On top of these impacts, climate change has diverse ecological effects,
including changes in the production, phenology, and distribution of living marine
resources. The species inhabiting in semi-enclosed seas are among the most
vulnerable, due to limited migratory options and high levels of cumulative
anthropogenic impacts such as pollution, habitat degradation, and overfishing with
complex interactions. This is the general case of the Mediterranean area, but even
more pressing in the Adriatic Sea, one of the last cold refugia due to its unique
combination of hydrographic and environmental features, resulting in a higher
abundance of cold-water species such as Gadiformes. This study aims to estimate
spatial and temporal changes of five gadiform fish, namely European hake, whiting,
blue whiting, poor cod, and silvery pout, in the Adriatic Sea using a multispecies
hierarchical model applied to fisheries-independent trawl survey data. We compare
two known thermal regimes, 1998-2010 vs 2011-2020, in order to assess a potential
differential effect of depth, chlorophyll, and temperature between periods on both the

occurrence and the abundance patterns of gadiform species.

Depth was the main factor influencing the occurrence pattern of gadiform species in
the whole period considered, while the abundance models revealed species-specific
and between-periods varying effects from all the environmental covariates. In
particular, we show a significative increase in the influence of the thermal covariates
in the most recent period, suggesting an increased sensitivity to temperature. Almost
all the species showed a negative impact of increasing temperature, except for
European hake, which showed the opposite pattern. Considering that the Adriatic Sea
shows the highest warming trend in the Mediterranean area, our results underline a
worrying situation for almost all the cold-water species analysed, evidencing the need
to further understand how ... investigation to understand these dynamics and set up
proper adaptive management measures on time to ensure the long-term persistence

of these populations.

Keywords: cold-water species, Adriatic Sea, joint species distribution models, sea

warming, Gadiformes
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5.1 Introduction

Although overfishing is widely acknowledged as the principal factor affecting marine
ecosystems (Pauly et al., 1998; Barausse et al., 2011; Kuparinen and Hutchings, 2012;
Fortibuoni et al., 2017), there is mounting evidence in recent decades that
environmental modifications play an increasingly significant role in affecting the
dynamics of fish populations. The ecological effects of climate change include changes
in the production, phenology, and distribution of living marine resources (Poloczanska
et al.,, 2016; Pinsky et al., 2018; Free et al., 2019). Among the most vulnerable
ecosystems, it is possible to identify not only the cold regions (i.e., polar areas) but
also the semi-enclosed seas (Hidalgo et al., 2022). This vulnerability is mainly due to
the limited migratory options available to species, but also to the contemporary
presence of high levels of anthropogenic impacts such as pollution, habitat
degradation, and overfishing. These stressors can interact synergistically with climate
change, amplifying its negative effect on the ecosystem (Hoegh-Guldberg et al., 2014).
Temperate species generally exhibit a low sensitivity to temperature fluctuations, but
the magnitude of the response can vary considerably depending on the location within
their distribution range. Multiple studies have demonstrated that temperature-sensible
species have shifted their distribution towards higher latitudes and deeper waters in
response to ocean warming in order to maintain physiological homeostasis (Engelhard
et al., 2014; Poloczanska et al., 2016). Nevertheless, migration towards higher
latitudes can be hindered by geographical limitations, as is the case with enclosed
seas. The Mediterranean Sea is the largest and deepest enclosed sea on earth,
hosting a high percentage of endemic species and being defined as a “hotspot” for
global marine biodiversity (Coll et al., 2010). Temporal trends indicate that
overexploitation and habitat loss are the main human drivers of historical changes
(Lotze et al., 2011) and recently, climate change is threatening the Mediterranean
biodiversity (Costello et al., 2010; Hidalgo et al., 2022). Within this context, the northern
sectors are the ones undergoing the highest warming trend (Garcia-Monteiro et al.,
2022), giving the possibility to investigate in advance the ecological consequences on
a more local scale. In these areas (Gulf of Lion, Adriatic Sea, and Aegean Sea), the
formation of cold and dense water is consistently observed during the winter and plays

a key role in facilitating vertical recirculation, which is essential for the maintenance of
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the Mediterranean thermohaline circulation (Roether et al., 1996; Schroeder et al.,
2017).

In particular, the Adriatic Sea, being the major source of the Eastern Mediterranean
Deep Water (Orlic et al., 1992), provides the most representative example of this
phenomenon. In this sub-basin, the winter season is characterised by the convergence
of low temperatures and the presence of a strong and dry north-easterly wind known
as “Bora”. These climatic conditions, together with significant freshwater inputs
accounting for one-third of the total Mediterranean inflow (Vodopivec et al., 2022),
trigger strong evaporation and cooling of surface waters. Hence, water masses,
becoming colder and denser, sink in the lower layers and subsequently migrate
southwards following the distinctive bathymetric latitudinal gradient. During the
southward cold and dense water migration, essential elements such as oxygen and
nutrients are transferred to the deeper strata. These elements are then delivered to the
middle Adriatic depression (known as Pomo/Jabuka Pits), before progressing further
to the Bari Canyon located in the southern Adriatic Sea (Orlic et al., 1992; Marini et al.,
2016). Waters outflowing from the Adriatic finally arrive at the bottom layers of the
lonian Sea, from where they spread south- and eastward, supplying the Mediterranean
thermohaline circulation system (Roether et al., 1996). The dynamic circulation
patterns and hydrographic characteristics of the Adriatic Sea influence not only its role

in the Mediterranean thermohaline circulation system but also its biota.

The Adriatic Sea can be considered a cold refugium due to its unique combination of
hydrographic and environmental features (Ben Rais Lasram et al., 2010), which
determines a slightly different species composition compared to the other
Mediterranean areas (Lipej et al., 2022), showing a higher abundance of the so-called
cold-water species (Tortonese, 1964; Pranovi et al., 2013). A paradigmatic example is
provided by the order Gadiformes, whose members are mostly widespread in
temperate and cold regions of the world (e.g., the North Atlantic). Currently, there are
21 species of gadiform fish that are known to exist in the Adriatic Sea (Lipej et al.,
2022). However, only a few of these species are commercially valuable and have been
traditionally exploited by fishing activities. (genera Merluccius, Merlangius,
Micromesistius, Trisopterus, and Gadiculus). Several studies have reported examples
of the effects of sea warming on cold-water Mediterranean species (Debes et al., 2008;
Ben Rais Lasram et al., 2010; Genner et al., 2010; Lloret et al., 2015; Serrat and
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Mufioz, 2022), but little attention has been paid to the cold-water species inhabiting the
Adriatic Sea. Recently, Sguotti et al. (2022) reported that the northern Adriatic Sea
demersal community has undergone several regime shifts over the last 40 years under
the interactive effects of fishing pressure and sea warming. Furthermore, a decline in
growth performance and size has been observed in two gadid species inhabiting
distinct areas of the Adriatic Sea. This change has been attributed to the warming trend
and climate-induced environmental modifications that have occurred in recent decades
(Cali et al., 2023a, 2023b). However, there is still a lack of knowledge regarding the
effects of temperature on the spatio-temporal dynamics of gadiform species in the
Adriatic Sea. Given the recent rapid warming of the Adriatic sea surface temperature
(Garcia-Monteiro et al., 2022) and the predicted general decrease of species richness
in the area (Albouy et al., 2013), there is an urgent need to understand how gadiform
species respond to climate change and if they could be considered as early warning

indicators of impending climate change effects on the entire ecosystem.

In this study, we estimate spatial and temporal changes in the occurrence and
abundance pattern of five gadiform species in the northern-central Adriatic Sea (FAO
Geographical Sub Area-GSA 17) using a multispecies distribution model and fisheries-
independent trawl survey data from 1998 to 2020. This model is employed to evaluate
how some environmental variables affect the spatial distribution and the temporal
variation of gadiform species. In particular, two different means of sea bottom
temperature were included as covariates to investigate the potential effects of climate
change. We applied a Hierarchical model of species communities (HMSC; Ovaskainen
et al.,, 2017; Ovaskainen and Abrego, 2020), which is a Bayesian joint species
distribution model that has been recently developed to be applied for the study of
different communities in a variety of contexts, such as studying phenological changes,
community assembly processes, and the effects of life history traits on spatio-temporal
dynamics (Weigel et al., 2021; Maioli et al.,, 2023; Montanyes et al., 2023). The
hierarchical structure of this model allows for highlighting environmental response
patterns both at the species and at the community level, improving the detection of
such relationships in rare species (Ovaskainen and Soininen, 2011; Norberg et al.,
2019; Poggiato et al., 2021). Thus, considering the peculiar environmental conditions

making the northern-central Adriatic Sea a cold refugium, and the recent shift in the
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thermal conditions, we selected five species of gadiform as a study model in order to

address the following questions:

1) What are the primary environmental factors influencing the distribution and
abundance patterns of gadiform species in the northern-central Adriatic Sea?

2) Are the species' responses to temperature different in magnitude and direction?

3) Is it possible to identify a shift in the temporal trend of temperature and consequently
in species' response to the thermal covariates?

5.2 Materials and Methods
5.2.1 Study area

The study area is the western part of the central and northern Adriatic Sea (GSA 17,
Figure 5.1), whose continental shelf, which is one of the largest of the Mediterranean
and Black Seas (Marini et al., 2016), gently slopes down southward and eastward. The
seabed is characterised by sandy-muddy bottoms and low values of depth on average.
Nevertheless, the central and northern Adriatic Sea show different bathymetric
features, having an average depth of 140 m and 35 m, respectively. Moreover, the
central Adriatic Sea is characterised by the presence of mid-Adriatic depressions
collectively called Pomo/Jabuka Pits, spanning across the West-East axis and
reaching a depth of 260 m (Santelli et al., 2017). These depressions constitute the only
deep-water habitat in this area, whose stable bottom temperatures (12-15°C) and low
bottom currents make this spot one of the main nursery areas of the Mediterranean
Sea (Druon et al., 2015). This area, which is also profitable for fish spawning and
feeding, has been identified as an essential fish habitat (de Juan and Lleonart, 2010).
Primary productivity shows high values in the Adriatic area, mainly on the north-
western side, thanks to the presence of abundant river runoffs, which are thought to
be around 20% of the whole Mediterranean freshwater input (Hopkins, 1992). The
combination of nutrient inputs and shallow waters favours short trophic chains and high
efficiencies of energy transfer between trophic levels (Fanelli et al., 2023), determining
high biological productivity and creating optimal conditions for fishing activities. As a
matter of fact, recent AlS-based studies have recognised this area as the most trawled

in the entire Mediterranean Sea (Ferra et al., 2018; Merino et al., 2019) and possibly

165



Case study 1V Multispecies model Adriatic Gadiformes

in the world (Pitcher et al., 2022). Sea bottom temperature shows a strong seasonal
cycle, ranging from 7 °C (winter) to 27 °C (summer) in coastal waters and from 10 °C
(winter) to 18 °C (summer) in deeper areas (Russo et al., 2012). The physical
properties and dynamics of the area are strongly influenced by atmospheric forces and
river discharges, displaying marked temporal and spatial variations (Russo and
Artegiani, 1996; Supic et al., 2004).
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Figure 5.1. Study area and sampling stations (green circles) of the Italian MEDITS
trawl surveys carried out in the period 1998-2020. Numbers indicate the values of the

bathymetric lines.
5.2.2 MEDITS survey data

Data on gadiform species were collected during the scientific survey Mediterranean
International Trawl Survey (MEDITS) (Spedicato et al., 2020) by the Laboratory of
Marine Biology and Fisheries of Fano (University of Bologna), carried out usually
during the late spring-summer period (May to September) on an annual basis since
1994, although in some years sampling has been extended to the autumn period. This

survey used a stratified sampling design based on depth strata covering 10 to 500 m.
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The sampling gear utilised was the GOC-73 experimental bottom otter trawl, which
featured a horizontal opening of 16—22 m, a vertical opening of approximately 2.4 m,
and a codend with a 20 mm (stretched) diamond mesh (Bertrand et al., 2002). The
dataset included occurrence and abundance indexes (i.e., the number of fish per km?
of trawled area) of five gadiform species, as well as depth data for each haul.

5.2.3 Environmental covariates, species traits, and phylogeny

Two different mean values of sea temperature, chlorophyll, and log-transformed depth
were chosen to explain the environmental contribution to the occurrence pattern and
variation of the abundance index. Considering the demersal nature of the study
species, we extracted the monthly mean of Sea Bottom Temperature (SBT, in °C) from
the Copernicus Marine Service Data with spatial resolution of 4 km? (Escudier et al.,
2021) and then calculated the winter (January—March, SBTw) and the annual mean
(SBTy) values to take into account the possibility that these covariates may explain
different processes (e.g., abundance and/or occurrence pattern). Indeed, considering
that the study species are mostly winter spawners and most of the hauls were carried
out during the spring, we assumed the winter mean to be a reliable predictor of
spawning and recruitment success (Hidalgo et al., 2019). Chlorophyll-a satellite data
in ug 1"t were obtained from the Copernicus Marine Service Data with a spatial
resolution of 1 km? (Volpe et al., 2019). Considering the relationship between
phytoplankton blooms (mainly in springtime) and recruitment success (Platt et al.,
2003), we calculated the spring average value (April-June) of chlorophyll-a and used
it as a proxy for primary production and thus resource availability. In order to use data
with the same spatial resolution, all environmental data were aggregated to a spatial
resolution of 4 km? using the raster package (Hijmans and van Etten, 2018) in the
software R (R Core Team, 2022). The environmental variables were then integrated
with the haul data, coupling the data from each haul with the nearest spatial point of
the variables and matching the temporal scale of the data. Depth data for each haul
was obtained directly from the data collected onboard during the MEDITS survey. All
the above-mentioned covariates were tested for multi-collinearity, ensuring they were

not strongly correlated with each other (- 0.7 <r < 0.7) (Supplementary Figure 5.5).

We included in the model framework information about some life history traits to

investigate their influence on the spatio-temporal dynamics and responses to

167



Case study 1V Multispecies model Adriatic Gadiformes

environmental variability of the community, selecting seven traits to represent species’
growth, reproduction, and diet patterns. Trait values for each species were collected
from the available literature and authors’ unpublished data, giving priority to the one
collected in the Adriatic Sea (Table 5.1). To account for the possible influence of
phylogenesis in determining the species’ responses, we included the phylogenetic
relationships of the included species, building a phylogenetic tree based on their
taxonomic structure including order, family, genus, and species, and assuming an
equal branch length between each node. This step was done using, as a reference,
the gadiform phylogenesis of Teletchea et al. (2006) and the R-package ape (Paradis
and Schliep, 2019).

Table 5.1. Life history traits of the species included in the study. Fecundity values are
expressed on a logarithmic scale. k = growth rate (year?); Lmax = maximum size (TL,

cm); Lint = Asymptotic length (cm).

Trophic Lifespa Age

Species level k Lmax n maturity Fecundity  Linf
1.8

Merlangius merlangus 4.36 9 37 3 1 12.21 23
1.3

Micromesistius poutassou 4.13 3 35 9 1 11.46 26
0.7

Trisopterus capelanus 3.56 0 28 4 1.3 11.49 20
0.1

Merluccius merluccius 4.42 5 82 20 25 12.89 70
0.2

Gadiculus argenteus 3.60 0 13 4 1.3 9.08 12

5.2.4 Modelling framework

We used the Hierarchical Modelling of Species Community (HMSC) (Ovaskainen et
al., 2017; Tikhonov et al., 2020) model framework to investigate the spatio-temporal
pattern of abundance of gadiforms in response to environmental variations and
compare the two time series, including information on traits and phylogeny. We
employed the R-package Hmsc (Ovaskainen and Abrego, 2020; Tikhonov et al., 2020),
which allows for quantifying the proportion of variation explained within the community
by including a given group of environmental covariates as well as through random
effects. The inclusion of random effects allows for quantification of the residual

variation not explained by the selected covariates, e.g., the one that comes from the
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spatial and temporal stochasticity of the data or underlying ecological processes
(positive or negative interactions between species). By including spatial and temporal
variation as latent variables, Hmsc creates matrices representing pair-wise species co-
occurrence patterns in space or time in addition to information about the species’
responses to the covariates (Montanyes et al., 2023). Since the study species showed
different frequencies of occurrence and hence proportions of zero observations, we
applied a hurdle model (Maunder and Punt, 2004). This modelling approach has been
successfully applied to deal with zero-inflated data (Ciannelli et al., 2008; Pulcinella et
al., 2019; Maioli et al., 2023). Occurrence probability was modelled using a binary
response variable through probit regression in the presence-absence (PA) model,
while data from haul with positive values of abundance, log-transformed, were

modelled through a log-linear regression in the abundance (ABU) model.

To investigate the temporal trend of sea temperature and successively potential
variations in species response to sea warming, we used the sequential t-test analysis
of regime shift (STARS v. 6.3), first developed by Rodionov (2004). In particular, we
aimed to detect potential abrupt changes in the annual mean of Sea Surface
Temperature (SST) in the GSA 17 between 1998 and 2020. The cut-off length was set
at 10 years, the significance level at 0.05, and Huber’s weight parameter at 2. Then,
we decided to split the whole dataset into two time series (henceforth called “before
thermal shift” - BTS and “after thermal shift” - ATS, respectively) to compare their model
outputs in terms of species responses to environmental covariates. For each model
type, we considered two sub-models in relation to the thermal difference highlighted
through the STARS analysis, thus fitting a total of four models: PA-BTS, PA-ATS, ABU-
BTS, and ABU-ATS. The linear fixed effects in our analysis included SBTw, SBTy,
chlorophyll-a concentration, and depth. As for the random variables, we included year
as a temporal unstructured random effect and cell ID (spatial resolution of 4 km?), as
a spatially explicit random effect. The models were fitted assuming the default Hmsc
priors (Tikhonov et al., 2020) and sampling the posterior distribution resulting from
eight Markov chain Monte Carlo (MCMC) simulations, each collecting 250 samples
and being run for 370,500 iterations, of which the first 125,000 were discarded as burn-
in and applying a thinning of 1000. After the model fitting, we evaluated quantitatively
the convergence of the Markov Chain Monte Carlo (MCMC) simulations in terms of

sample sizes and potential scale reduction factors (Supplementary Figures 5.6 and
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5.7) (Gelman and Rubin, 1992; Brooks and Gelman, 1998). The explanatory power of
the model was evaluated by computing the coefficient of discrimination Tjur's R? (Tjur,
2009) together with the Area Under the Curve (AUC) (Pearce and Ferrier, 2000) for
the PA model and by computing the R? for the ABU model. We then summarized the
overall explanatory power of each model using a mean value of explanatory power
across species. The proportional variance partitioning among fixed and random factors
of both the PA models and the ABU models was calculated, following Ovaskainen et
al. (2017). We explored how species and traits respond to environmental variables
through a visual representation of the so-called beta and gamma parameters,
respectively, applying a threshold of statistical support of 95% posterior probability. We
also investigated the phylogenetic correlation, denoted as parameter rho, which is
constrained between 0 and 1. The greater the value of rho, the stronger the correlation
between environmental niches and the evolutionary history of the species (i.e., species
distribution patterns are influenced mainly by their phylogenetic affinity rather than
selective pressures due to environmental variability). Finally, we assessed species co-
occurrence patterns at the levels of the spatial and temporal random effects included
in the model, which could be useful to highlight pairs of species that co-occur more (or
less) frequently than by random after accounting for their environmental preferences.
However, since our model structure is spatially explicit, attention is needed in
interpreting the results because the highlighted patterns could also represent spatial
variation of unobserved covariates. Statistical analyses were performed in R version
4.1.0.

5.3 Results

A total of 2866 hauls carried out between 1998 and 2020 were considered in our
analyses, after removing the first 4 years of the MEDITS data series because of the
unavailability of satellite chlorophyll data until 1998 from the Copernicus Marine
Service Data. The application of the STARS method to the SST annual mean in the
GSA 17 allowed us to detect two dominant thermal regimes, identifying a thermal shift
that occurred between 2010 and 2011. The SST mean value between these years

changed abruptly from 17.7 to 18.3 °C, remaining steadily above 18 °C after 2011.
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Accordingly, we identified as BTS and AFS the periods 1998-2010 and 2011-2020,

respectively.
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Figure 5.2. Trend of the mean annual values of sea surface temperature (SST) in the
northern-central Adriatic Sea from 1998 to 2020. The red dotted line indicates the year
of the thermal shift identified using the sequential t-test analysis of regime shift
(STARS) method. Satellite data from Copernicus Marine Service, Mediterranean Sea
- High Resolution L4 Sea  Surface  Temperature  Reprocessed.
https://doi.org/10.48670/moi-00173.

5.3.1 Model evaluation

The MCMC convergence was considered satisfactory, as evidenced by the mean (and
standard deviation) of the potential scale reduction factor for both beta, gamma, and
omega parameters being very close to 1. These values reflect the species and traits
(community-weighed) responses to the environment and the co-occurrence patterns,
respectively (Supplementary Figures 5.6 and 5.7). Assuming that the effective sample
size of the MCMC was approximately equal to the number of posterior samples, the
autocorrelation of the samples can be considered not significant (Supplementary
Figures 5.6 and 5.7). Both PA and the ABU models showed a satisfactory fit to the
data, showing values of mean Tjur's R? (AUC) of 0.61 (0.97) for the PA models, while
the explanatory power (R?) of the ABU models was 0.52.
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5.3.2 Influence of environmental covariates

The species ABU and PA patterns were both affected by environmental variables,
although we found a different pattern in the proportion of variance explained by the
fixed vs dynamic covariates. Variance partitioning over the explanatory covariates
highlighted that a high amount of variation was explained by fixed effect accounting for
around 63% and 55% of the total variance explained by the PA and ABU models,
respectively (averaged values between the BTS and ATS periods) (Figure 5.3). While
in the PA models, depth explained around 90% of the variance explained by the fixed
covariates, in the ABU models, all the fixed covariates contributed to explaining the
variation of species abundance. Random effects at the spatial level (cell ID) explained
on average 35% and 36% of the variance in PA and ABU models, respectively; at the
temporal level, the random effects explained only a small share of the variance, on

average accounting for 2% and 8% in PA and ABU models, respectively.

Depth was the main factor influencing the occurrence pattern of gadiform species,
explaining most of the variance in blue whiting, European hake, and silvery pout, while,
in whiting and poor cod the contribution of depth as an explanatory variable was lower.
The contribution of chlorophyll-a in both PA and ABU models was only observable in
the deep-water species blue-whiting and silvery pout. Comparing the BTS and ATS PA
models, we observed a consistent pattern in the proportions of variance explained,
with small differences in the species-specific share of proportion between spatial
random factor and depth. The only difference noticeable is related to the increase in
the variance explained by chlorophyll-a in blue whiting and silvery pout. On the other
hand, the comparison of the BTS and ATS ABU models highlighted a common pattern
of variation among gadiform species, with an overall reduction of the variance
explained by the random factors (from 55% to 34%) and the increase of components
explained by the fixed covariates (from 45% to 66%). Interestingly, this variation was
mainly driven by the temperature covariates, which increased their share of variance
from 5-8% to 21-22%.
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Figure 5.3. Variance partitioning among the explanatory variables included in the

presence-absence (PA; A, B) and abundance (ABU; C, D) models. The average
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proportions of variance across all species are indicated between brackets and the
legend. Chl = chlorophyll-a; SBTy = annual mean Sea Bottom Temperature; SBTw =
winter mean Sea Bottom Temperature; Random: grid.cell = spatial random effects at
the cell ID level; Random: year = temporal random effects.

The species-specific responses to the environmental covariates, considering the
results with a high level of statistical support (posterior probability > 0.95) showed a
different scale of variation comparing the PA and ABU models, with some differences
between BTS and ATS periods. In the PA models, the key role of depth was confirmed,
with almost all the species responding positively to higher depth values, except for
whiting. Despite their low importance overall, in all the species only negative responses
were observed with chlorophyll-a and bottom temperature. In the ABU models, the
environmental-related responses showed a higher degree of variability depending on
the species and the time series. The only species not showing a relationship between

abundance and environmental variability was the silvery pout (Figure 5.4 C, D).

The species-environment relationships derived from the occurrence data of the BTS
and ATS time series revealed some differences in species responses, both in the PA
and ABU models (Figure 5.4 B, D). Among the different species-specific variations in
response to environmental covariates, the most intriguing aspect is that all the species
showed variations in their response to the temperature covariates. In particular,
whiting, blue whiting, and poor cod showed negative variations in their response to
increasing temperature; on the other hand, European hake showed a positive influence

with temperature in both BTS and ATS time series.
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Figure 5.4. Estimated (3 parameters for the presence-absence (PA; A, B) and

abundance (ABU; C, D) models, showing the responses of species to environmental

covariates, represented as a heatmap. Using a minimum 95% posterior probability of
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support, red squares indicate positive responses and blue squares indicate negative
responses. White squares indicate responses that did not receive substantial statistical
support. Asterisks indicate a meaningful variation in the response between the 1998—
2010 and 2011-2020 time series. Chl = chlorophyll-a; SBTy = annual mean Sea
Bottom Temperature; SBTw = winter mean Sea Bottom Temperature.

5.3.3 Influence of life history traits and co-occurrence/co-variation patterns

As regards the traits included in the model, we found that, on average, they explained
40% and 57% of the total variance in species responses to environmental covariates,
respectively. Despite the substantial proportion of variance explained by traits in
determining species responses to different environmental features, we only found a
significant positive relationship (posterior support > 0.95) between lifespan and depth.
However, we did not find strong support for phylogenetic niche conservatism, as the
rho parameter (indicating the phylogenetic signal) was 0.30 and 0.50 in the PA and
ABU models, respectively. This indicates that, despite the phylogenetic closeness
between gadiform species, their response patterns were diversified and species-
specific. Considering that the spatial random factor accounted for a significant
proportion of variance in both models, we investigated the residual species
associations at the spatial scales (cell ID). In addition, we investigated the temporal
random effect only for the ABU models, taking into account its contribution to explaining
abundance variations. The co-occurrence pattern of the PA model showed that all
species are strongly correlated in space among them, with the exception of the
European hake, which showed a lower correlation, albeit present, with all the other
species (Figure 5.5 A, B). No differences were found between the BTS and ATF
periods, confirming that the occurrence pattern of gadiform species did not show any
particular trend over the last decades. Looking at the species association matrices of
the ABU models, a high degree of variability is observed between the species pairs
when comparing the time series (Figure 5.5 C, D). Species associations, potentially
explained by biotic interactions or other unaccounted variables, varied at the level of
both spatial and temporal random effects. Co-occurrence patterns between species at
the spatial level changed mainly in their intensity but also in their direction (i.e., the
onset of negative interactions between poor cod with European hake and blue whiting).
At the temporal level, we observed differences in all the interactions between species

pairs, which were mainly negative both in the BTS and ATS periods.
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Figure 5.5. Residual species correlation matrices at the random levels: spatial random
effects (cell ID) in presence-absence models (PA; A, B); spatial and temporal random
effects in abundance models (ABU; C, D) models. The red and blue colours show
species with positive and negative pair-wise associations (with at least a posterior
probability of 0.95), respectively.
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5.4. Discussion

We applied a joint species distribution model framework over a fish group more prone
to cold thermal habitats but with high intra-group diversity, with the integration of data
on life history traits and phylogeny. The analysis allowed us to identify both consistent
and species-specific environmental factors influencing the occurrence and abundance
pattern of the gadiform community in the northern-central Adriatic Sea over the last 20
years. Moreover, the comparison of model results related to the periods before (BTS)
and after (ATS) the thermal shift of SST values that occurred in the area highlighted
some differences in the species' responses to the temperature covariates and co-
occurrence patterns. While the gadiform species occurrence was mainly driven by
depth, the variation in abundance was explained by different combinations of the other
covariates. The comparison of PA models between BTS and ATS did not highlight
significant differences, suggesting that species occurrence patterns in the area are
mainly under the control of conditions associated with bottom depth. On the other hand,
comparing the factors involved in the abundance variations between BTS and ATS,
we observed an overall increase through the time of the variance explained by the
temperature covariates that we interpreted as an increase in the species' sensitivity to
the temperature. Another significant result coming from the comparison is that
gadiform species showed different responses to increasing temperature, allowing us

to determine their potential vulnerability to the warming process.

The use of the STARS method on the SST data of the northern-central Adriatic Sea
allowed us to identify the existence of two different thermal regimes in the period
between 1998 and 2020, with a transition phase between 2010 and 2011. This result
is consistent with Sguotti et al. (2022), which identified in 2011, through a Bayesian
Change Point Analysis (Barry and Hartigan, 1993), the presence of an abrupt change
in the landing trend of one of the major fishing fleets of the Adriatic Sea. The demersal
community shift of the northern Adriatic Sea was thought to be linked to the combined
effect of high levels of fishing pressure in the area (historically acting as a stressor),
but also to the step-like increase of SST of nearly 1°C between 2010 and 2011 that
occurred in the northern Adriatic Sea. Increasing values of SST have been widely
reported in the whole Mediterranean Sea, with the Adriatic Sea being one of the most
relevant hotspots, with an increase in the mean value of SST of more than 1 °C
(Bonacci and Vrsalovi¢, 2022; Garcia-Monteiro et al., 2022; Cali et al., 2023a, 2023b).
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There are multiple factors potentially contributing to explaining this phenomenon.
Firstly, the peculiar shallowness and geographical positioning of the northern-central
Adriatic Sea make it more susceptible to temperature variations. In this sub-basin,
which has a mean depth lower than 100 m, the sea temperature is strongly linked to
the seasonal cycle of air temperature, showing a wider range of variation compared to
the other Mediterranean areas (Russo and Artegiani, 1996). Considering that higher
warming trends were observed at higher latitudes (Fossheim et al., 2015; Bonacci and
Vrsalovi¢, 2022), the shallowness of the northern-central Adriatic Sea, together with its
northern positioning in the Mediterranean context, determines an overall high

susceptibility to warming.

Secondly, observational data based on the frequency and intensity of winter storms in
the northern part of the Adriatic Sea suggested a decreasing trend over the second
half of the 20" century (Lionello et al., 2012). The occurrence of winter storms,
associated with strong northerly winds, is essential to maintain the dynamics of water
circulation in this basin and to allow for the formation of cold and dense waters, which
contribute to the overall thermal balance not only of the Adriatic Sea but also at a
Mediterranean scale (Schroeder et al., 2017). Hence, it is plausible to hypothesise that
less severe and frequent storms may have contributed to higher rates of heat retention
in this area. Thirdly, another possible explanation is related to the effects of the overall
reduction of freshwater inputs, mainly driven by the negative trend that occurred over
the last 50 years of the largest tributary river Po (Marini and Grilli, 2023). The Adriatic
Sea circulation and hydrology are strongly influenced by weather conditions and
freshwater inputs (Vodopivec et al., 2022), which have a key role in controlling the heat
balance as they have a cooling effect during the winter season (Gaci¢, 1997).
Therefore, the decreased cooling effect of the river inputs may have acted as an

additional factor contributing to the warming trend of the area.

The proportion of variance explained by the fixed factors (63% and 55% in PA and
ABU models, respectively) clearly indicates that the environmental covariates
incorporated in our models are highly relevant in explaining variations in occurrence
and abundance of gadiform species in the northern-central Adriatic Sea. Our results
show that their occurrence pattern is strongly affected by depth, confirming the results
obtained in previous studies on spatial patterns of gadiform species (Kerby et al., 2013;

Post et al., 2019; Mir-Arguimbau et al., 2020) and on spatio-temporal dynamics of
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demersal species in the Adriatic Sea (Maioli et al., 2023; Panzeri et al., 2023).
Interestingly, gadiform species showed different bathymetric ranges of occurrence,
with some species showing some similarities. Overall, the occurrence probability of all
the species increases with depth, within the range explored by our data. The only
species showing a completely different pattern is the whiting, which is a typical shallow-
water species whose catch is rare to be observed at depths > 150 m (Cohen et al.,
1990). Over the period considered in the present study, we found whiting specimens
at a maximum depth of 120 m in the southernmost part of the study area. Even if our
aim was not to evaluate the occurrence of temporal shifts in depth, we observed a
slight difference in the depth range of almost all the species, showing a higher
variability in the ATS compared to the BTS period (Supplementary Figure 5.1 A, B).
Moreover, the estimation of the importance of environmental factors is probably
conservative due to the inability to rule out the potential influence of unaccounted
environmental variables that could be incorporated into the model's random

component (Ovaskainen et al., 2017).

The most important result emerging from this work was the difference in the variance
explained by the temperature covariates between the two thermal regimes in the ABU
models. Indeed, the increase in the proportion of variance explained by the fixed effect
observed, at the expense of the random component, can be attributed to their
contribution. Both annual and winter mean values of SBT contributed to the observed
variation, confirming the importance of including seasonal mean values to highlight
some features of the population dynamics of the study species (Hidalgo et al., 2012,
2019). In our study, the use of both winter and annual means of SBT allowed us to
disentangle their effect, as in the case of European hake, where almost all the variance
explained by the temperature covariates in the BTS abundance model is related to
SBTw. To properly discuss the implications of these results, it is necessary to take into
account the species-specific relationship between abundance and temperature.
Almost all the gadiform species showed a negative effect of increasing temperature on
abundance values (with different slopes), except for European hake, which showed a
positive pattern (Supplementary Figure 5.2). Silvery pout was the only species not
showing a significant trend, probably in relation to the low number of records as it is
considered rare compared to the other gadiform species. The negative response

observed in whiting, blue whiting, and poor cod put in evidence their cold-water
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preference and the increased negative response to higher temperatures could be
related to the fact that the populations inhabiting the Adriatic Sea are at the trailing-
edge of their latitudinal range (Pinsky et al., 2020). Indeed, along the edges of their
distribution ranges, species are expected to respond more strongly to climate change,
as hypothesised by Rijnsdorp et al. (2009) and reported in several studies (Engelhard
et al., 2011, Olafsdottir et al., 2019). On the other hand, European hake, showing a
wider distribution and being abundant in the whole Mediterranean basin, resulted in
being an outgroup member of the study group and showed a positive response of
abundance values to increased temperatures, which was significant in the ATS period.
It is worth noting that around 40% of the variance explained in this species is related
to SBTw. Considering that this species shows the highest thermophilic attitude within
the study group (Froese and Pauly, 2022), it is therefore possible to hypothesise that
the winter temperature in the Adriatic area could have acted as a limiting factor before
the thermal shift. This result is supported by experimental results on the effect of
temperature on the development of European hake eggs, reporting that 12.7 °C is the
threshold temperature below which the egg mortality rate increases significantly
(Guevara-Fletcher et al., 2016). Indeed, before 2011, the mean sea temperature was
rarely higher than this threshold (Supplementary Figure 5.3), providing a

straightforward explanation of the positive response of this species.

Chlorophyll-a values showed a significant contribution in explaining the variation
patterns only in the strict deep-water species blue whiting and silvery pout, both in ABU
and PA models. Almost all the species showed a correlation with the strength of
primary production in spring, except for the whiting abundance, which was positively
correlated. This negative relationship between primary production and marine resource
production has already been observed in the Mediterranean and is attributed to inter-
specific competition (Puerta et al., 2015). Therefore, it can be hypothesised that years
characterised by high productivity in the deep areas of the Adriatic Sea (which are
usually poor in nutrients) during the spring season lead to an overall increase in the
abundance of the nektobenthic community. This heightened abundance subsequently
intensifies the competition between gadiform species, potentially resulting in food
scarcity and reduced survival rates. The opposite pattern observed in whiting supports
this hypothesis, being the only species having highly productive areas as favourable

habitats and being more abundant in the northern sector of the Adriatic Sea (Cali et
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al., 2023b). Thus, the low overlap of whiting with other gadiform species may prevent
the triggering of inter-specific competition and resource limitation dynamics, explaining
the positive relationship between its abundance and primary productivity (which can

be considered a proxy of prey availability).

Although the traits included explained 40% of the variation in species occurrence and
57% of the variation in species abundance in response to environmental covariates,
only the positive relationship between lifespan and depth in both ABU models was
significant. This finding is consistent with the general trend observed when comparing
fish species inhabiting different bathymetric ranges, with deep-water species showing
clear “K-selected” life history characteristics, for example, high longevity, slow growth,
and low fecundity (Koslow et al., 2000; Lloret et al., 2021). This gradient is noticeable
in our study group even if we considered a small number of correlated species,
showing the highest predicted value (community-weighted) in the Pomo/Jabuka Pits
area (Supplementary Figure 5.4). The variance explained by the random effect in our
models (35-40%) was lower compared to previous studies applying the same model
framework (Weigel et al., 2021; Maioli et al., 2023; Montanyes et al., 2023), indicating
that the fixed covariates we selected were appropriate to explain most of the variation
in occurrence and abundance patterns. However, the presence of the random
component indicates the existence of additional spatially-dependent and stochastic
processes beyond those accounted for by environmental drivers that influence species
distribution and occurrence. Despite the fact that the processes affecting the random
parts can be linked to other unaccounted environmental variables, the main part of
these patterns can presumably be attributed to interactions between species
(Montanyes et al., 2023). The residual species association matrices, which were
obtained from the spatial random effect (PA and ABU models) and the temporal
random effect (ABU models), highlighted some interesting and significant patterns. For
example, from the spatial co-occurrence pattern of the whole period considered, it is
possible to observe that European hake was the only species showing a lower value
in the positive correlation with the other species. Even if more specific research is
needed to better understand species co-occurrence patterns, the overall positive
correlation between all the species might be related to their peculiar trophic ecology.
Indeed, although they show a certain degree of overlap in their trophic spectra (being

considered generalist predators), the characteristics of each trophic niche are species-
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specific (Sartor, 1995). Thus, as a general rule, they can coexist (after accounting for
species niches) and exploit the same resources without incurring competitive
phenomena. Finally, the lower positive correlation of European hake with all the other
species could be explained by considering that this species, having the highest size
and trophic level within the study group, can prey upon the other ones, as reported by
Riccioni et al. (2022).

5.4.1 Conclusions

In conclusion, the present study presents significant findings regarding the impact of
some environmental factors on the distribution and abundance of five cold-water
species. Notably, the analysis revealed that while species occurrence is predominantly
influenced by depth, the variance in abundance is affected by a combination of other
covariates, especially temperature. The distinct responses of gadiform species to
increasing temperatures highlight the varying vulnerabilities of these species to climate
change. This is particularly evident in the increased sensitivity to temperature changes
in the period after the thermal shift, suggesting a potential risk of alteration in the

species' population dynamics due to warming waters.

The implications of these findings are substantial for conservation and fishery
management in the Adriatic Sea. The differential vulnerability of gadiform species to
increasing temperatures indicates the need to consider species-specific responses
when setting conservation strategies to counteract the effects of climate change. The
present study underscores the importance of monitoring and adapting to ongoing
climatic shifts, particularly in ecologically sensitive areas like the northern-central
Adriatic Sea. Furthermore, the insights gained about species-specific depth
preferences and responses to temperature and other environmental variables can
guide sustainable fishing practices and habitat protection efforts. The variability in
species' responses to environmental factors within a small group of related species
exemplifies the complexity of marine ecosystems and the need for multi-faceted
approaches to marine conservation and resource management. As climate change
continues to impact marine environments, studies like ours provide crucial data for
predicting and mitigating its effects on marine biodiversity and the fisheries that depend

on it.
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Supplementary Figure 5.1. Marginal effects of depth on the probability of occurrence

of gadiform species in the northern-central Adriatic Sea. Shaded areas represent 95%

credible intervals. Effects in the manuscript are only reported and discussed with

probabilities > 0.95.
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Supplementary Figure 5.2. Marginal effects of annual mean of Sea Bottom
Temperature (SBTy) on the abundance (log-transformed) of gadiform species in the
northern-central Adriatic Sea. Shaded areas represent 95% credible intervals. Effects
in the manuscript are only reported and discussed with probabilities > 0.95.
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Supplementary Figure 5.6. Model diagnostics for the abundance (ABU) models. The
panels correspond to the beta (species-environment relation) and gamma (trait-
environment relation) parameters. The panels on the left measure MCMC in terms of
the effective sample size (ess) and the panels on the right in terms of the potential

scale reduction factor (psrf).
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Supplementary Figure 5.7. Model diagnostics for the presence-absence (PA)
models. The panels correspond to the beta (species-environment relation) and gamma
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6 General Discussion and Conclusions

It is important to know in detail about the biology, ecological interactions, and
population trends of the key marine species not only to improve our comprehension of
ecosystem functioning but also to achieve sustainable management of marine
resources through an ecosystem-based approach (Pauly et al., 2002). The cold-water
group of Gadiformes plays important ecological and socio-economic roles in the
Adriatic Sea, whose northern-central part is considered a cold refugium offering
suitable environmental conditions for these cold-water species (Ben Rais Lasram et
al., 2010). In the current scenario of increasing sea temperatures, in-depth knowledge
of these species would enable us to better understand the effects of climate change
on fish species exploited by fishing. In this thesis, | investigated the biological
responses of some commercial gadiform species to fishing exploitation and climate
change. Specifically, | have provided new findings on the life history traits of three gadid
species of the Adriatic Sea, highlighting some changes that occurred in their population
structures and growth patterns over the last 30 years. Moreover, by applying a joint
species distribution model (HMSC framework), | included in the analysis two additional
species, extending the investigation to a total of five gadiform species exploited by
fishing, in order to explore their occurrence and abundance change over time and
space in the northern-central Adriatic Sea. The combination of different methodological
approaches and the comparison of closely related species allowed me to take a step
forward in disentangling the effects of fishing and climate change, which represent
challenging but fundamental information to implement effective management policies
(Claireaux et al., 2021; Jones et al., 2023).

6.1 Life history traits of whiting, blue whiting, and poor cod (Case studies |, I,

1)

This thesis provides a detailed picture of some key life history traits of three important
commercial gadids (M. merlangus, M. poutassou, and T. capelanus) collected from the
main Italian fishing fleets of the northern-central Adriatic Sea (GSA 17) during 2020
and 2021. The size ranges observed in all the species were comparable to the other
areas of the Mediterranean Sea and lower compared to previous studies from the same

area and to the Atlantic Ocean (if included in the species distribution range). This
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observation, at the Adriatic scale, is explainable through the ongoing process of
decrease in maximum size, discussed in detail below (section 6.2). On the other hand,
the size difference between the Atlantic and Mediterranean populations was commonly
found in other gadoid species (Mir-Arguimbau et al., 2020; Cali et al., 2023a; Froese
and Pauly, 2023) and can be attributed to several factors. Firstly, the Mediterranean
Sea has higher water temperatures compared to the Atlantic Ocean. Warmer waters
can limit the availability of oxygen and reduce the overall energy supply for fish. This
can lead to smaller fish sizes as they may have limited energy for growth (Pauly and
Cheung, 2018). Secondly, the Mediterranean Sea is a semi-enclosed sea with a
relatively smaller surface area and fewer resources compared to the Atlantic Ocean.
Limited space and resources can lead to increased competition among fish species for
food, habitat, and breeding sites. In such competitive environments, fish may have
lower energy resources, resulting in reduced body growth (Rueda et al., 2015). Lastly,
the Mediterranean Sea has a long history of intense fishing activity, often characterised
by the presence of several countries sharing the same resources and weak
management policies, which lead to overfishing of the stock and subsequent reduction
of the fish size through selective harvesting of the larger individuals. On the opposite,
the Atlantic fish stocks are generally better managed and undergo lower levels of
fishing pressure (Cardinale et al., 2013, 2017). The age range found in the three gadid
species showed the same dissimilarity between the Adriatic (Mediterranean) and the
Atlantic populations, showing a higher lifespan in whiting and blue whiting populations
inhabiting higher latitudes (Froese and Pauly, 2023). In addition to the already
discussed difference in fishing pressure that causes a stronger age truncation in
Mediterranean populations, it should also be considered the latitudinal variation in
lifespan within ectotherm species, which is related to the temperature and explained
by the metabolic theory of ecology (Brown et al., 2004). The validity of this theory has
been proven in a wide range of ectotherms in both controlled laboratory experiments
and free-living populations, showing that several species tend to live longer at higher
latitudes (Munch and Salinas, 2009). On the Mediterranean scale, the age ranges
found were comparable to those reported in other areas. The only exception was found
in whiting, whose Black Sea population seems to have a longer lifespan compared to
the Adriatic one, despite similar length ranges (Giovanardi and Rizzoli, 1984; Polat and
Gumucs, 1996; Mazlum and Bilgin, 2014; Cali et al., 2023b). In the interspecific
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comparison of lifespan, one interesting finding is the relationship between the
bathymetric range and the maximum age of the three species. Indeed, whiting, which
is a shallow-water species, shows the shortest lifespan, while, the deep-water species
blue whiting has the longest one. Poor cod can be considered the intermediate species
between them. Despite the low number of species considered and the limited
bathymetric range of the study area (0-280 m), this finding supports the general
bathymetric trend observed in fish life history strategies, for which deep-water species
tend to have “K-selected” strategies, showing high longevity, late maturity, and slow
growth compared to the shallow-water ones (Koslow et al., 2000; Lloret et al., 2021).
However, despite different lifespans, these three species share an early sexual
maturity, being mature within the first year of life. Comparing them to the other species
of Gadiformes, all of them can be considered early-maturing species, and it is possible
to hypothesise that their common phylogenetic history determined the same adaptive
response in the acclimation process to the Mediterranean Sea (characterised by
warmer waters promoting higher growth rates) in the late Miocene (Endo, 2002). The
seasonal otolith deposition pattern showed common features in the three species,
agreeing with the previous studies. Otolith growth is characterised by the formation of
a wide opaque ring during the warm season (spring and summer, fast growth) and a

narrow hyaline ring during the cold season (autumn and winter, slow growth).

Interestingly, the current Adriatic populations of whiting, blue whiting, and poor cod
showed consistently the highest values of growth rate (k) and performance index (')
e the lowest asymptotic length (L) ever reported in the literature. There are two likely
causes for this result: the first is related to the peculiarity of the Adriatic context, and
the second is related to the data used to estimate the VBF growth parameters. Firstly,
it is possible that the high biological productivity typical of the Adriatic Sea naturally
promotes higher growth rates thanks to high prey availability (Fanelli et al., 2023); at
the same time, the long-time history of fishing exploitation could represent another
factor that has driven the local populations to grow faster at expenses of the maximum
size, to increase the probability of reproducing before being caught (Trippel, 1995).
Secondly, this might be a result of the inclusion in the analyses of the spring juveniles,
which allowed a good fitting of the VBGF at the origin and contributed to the estimation
of more accurate values of these parameters. Therefore, it may be possible that the

parameters estimated in this thesis are higher compared to the literature because
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usually the data on early life stages and juveniles are not available, resulting in an
underestimation of VBF growth parameters, especially the Brody growth rate
coefficient (Mir-Arguimbau et al., 2020). In addition to the use of a wide range of sizes
and ages, the use of the edge analysis method to validate the age readings together
with species-specific otolith processing methodologies allowed me to provide high-
guality data, serving as a reference for further studies on the growth of the investigated

species.

As well as most gadiform fishes, the data collected in 2020-2021 confirmed that the
study species are winter spawners (Cohen et al., 1990). The only species showing a
more extended spawning season was T. capelanus, which spawns from December to
June (though the spawning peak is in winter). Comparing the onset and duration of the
spawning process between the Atlantic and Mediterranean populations of whiting and
blue whiting, it is possible to observe that the spawning duration is shorter and
restricted to mid-winter in the Mediterranean populations of the species. In the Atlantic
Ocean, spawning generally starts in mid-winter and ends in spring (blue whiting) or
summer (whiting), showing a longer duration (Bailey, 1982; Gonzalez-Irusta and
Wright, 2017). Therefore, it could be hypothesised that the timing of spawning in the
Mediterranean population is strongly influenced by sea temperature, reaching the
optimal values for the onset of spawning and the development of the planktonic early

life stages only during winter.

6.2 Historical comparison of size/age structures and growth performances of

whiting, blue whiting, and poor cod (Case studies I, II, )

Overall, the results of this thesis suggest a decrease in body size over the last three
decades that was observed consistently in the investigated species, though each
species showed a different variation pattern in age structures and growth trajectories.
The application of a comparative approach allowed me to make inferences about the
influence and relative contribution of fishing and climate change in determining

biological responses.

In case study | (whiting), the reduction in large individuals was not coupled with a
reduction in old individuals, as expected to be found in populations subjected to high

fishing pressure, which determines both size and age truncation (Barnett et al., 2017).
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In fact, fishing exerts selective pressure by removing larger and, consequently, older
individuals (Yemane et al., 2008; Edwards and Plaganyi, 2011). Surprisingly, despite
the difference in the number of large individuals, no differences were found between
the age structures and maximum age of samples collected in 2020—-2021 and in 1990—
1991. The comparison of the mean length-at-age revealed larger sizes per age class
in 1990-1991 compared to 2020-2021, suggesting that the observed reduction in large
individuals is related to a decrease in growth performances, which may be explained
by metabolic constraints. Considering that whiting is a cold-water species restricted to
the coldest areas of the Mediterranean Sea (which represent the southern limit of its
distribution) and that a severe increase in sea temperature has occurred in the
northern-central Adriatic Sea over the last decades (Garcia-Monteiro et al., 2022;
Sguotti et al., 2022), it is possible to hypothesise that the decrease in growth
performance and size is the adaptative response to increased metabolic rates
determined by temperatures above the thermal optimum for this species.
Consequently, due to the increased energy required to maintain homeostasis in

warmer temperatures, the amount of energy available for body growth is reduced.

The historical comparison in blue whiting (case study II) highlighted a similar trend of
decline in the number of large individuals and mean length-at-age. On the contrary,
the age structures in this species were different between individuals sampled in 1985—
1986 and 2020-2021. In fact, the 2020-2021 sample was characterised by a wider
age range and a higher proportion of old specimens (9% were 4 or more years old)
compared to 1985-86 (2% were 4 or more years old). While the only two old specimens
from 1985-86 were close to the maximum size known for the Mediterranean
populations of blue whiting (40 cm; Froese and Pauly, 2023), the old specimens from
2020—-2021 measured between 25 and 30 cm TL and among them, many were close
to the maximum age found in the Mediterranean Sea (Fiorentino et al., 2003; Mir-
Arguimbau et al., 2020). This result strongly supports the idea that the fish's body size
and growth potential have shrunk over the period considered. It is worth noting that the
blue whiting study case exemplifies the impacts of both fishing and climate change on
fish populations, even if in this case the specific effect of each stressor was observed
in different periods. The trunked size/age structure of 1985-86, composed primarily of
young individuals, was probably the result of the high fishing effort exerted by Italian

trawlers in the central Adriatic Sea, which increased continuously from the 1960s to
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the 1980s, leading to an oversized fishing fleet compared to the available fish
resources (Froglia, 1993). On the other hand, the effects of fishing were much lower in
2020-2021 because of the fishing regulations in the Pomo/Jabuka Pits area (from
which blue whiting samples were collected). The effects of a reduced level of fishing
exploitation are represented by the presence of old specimens in 2020-2021.
Therefore, the observed reduction in size could be linked to environmental variations
that occurred in the area and are attributable to climate change. In particular, it is
known that the cold-water generation process in the northern Adriatic Sea, which is
strongly influenced by environmental factors, regulates the oxygen and nutrient supply
in the Pomo/Jabuka Pits (Marini et al., 2016). Since this process is triggered by strong
northerly winds blowing during the winter, the weakening of winter storms reported in
the area (Lionello et al.,, 2012; Nissen et al.,, 2014) could have reduced the
frequency/amount of cooling events, which are essential to renew the water masses in
the Pomo/Jabuka Pits and thus the trophic and metabolic resources available for blue
whiting. The reduction of cold-water formation events is an ongoing process reported
at a wider spatial and temporal scale that has determined detectable anomalies in the

thermohaline circulation in the Mediterranean Sea (Bethoux et al., 1990).

Case study Il focused on poor cod and highlighted some common features but also
differences from the other intraspecific comparisons. In this case, the reduction in large
individuals (a common pattern in all case studies) was coupled with a reduction in old
individuals (not observed in whiting and blue whiting). Moreover, the individuals
sampled in 2020-2021 seemed to grow faster during the first two years of life but
attained a smaller maximum size compared to 1986-1987. These results could
represent clear examples of the effect of fishing exploitation, which has acted at
different temporal scales. Indeed, the reduction in size and age is the most common
short-term effect observed in fish populations subjected to overexploitation (Bianchi et
al., 2000; Shin et al., 2005; Hidalgo et al., 2012). On the other hand, as a result of the
significant and continuous fishing activity in the study area over the past few decades
(Sguotti et al., 2022), coupled with the selective nature of this process, it is likely to
lead to evolutionary changes (long-term effects). This selective pressure tends to
favour individuals with faster growth rates and earlier sexual maturity, increasing their
chances of reproducing before being caught (Trippel, 1995). Therefore, the difference

in growth trajectories between 1986-1987 and 2020-2021 could be explained as an
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adaptive response of poor cod to fishing exploitation, which caused specimens to grow
faster and mature earlier at the expense of long-term somatic growth (a result of the
evolutionary trade-off). This hypothesis is further supported by the more evident
dimorphism in size observed in the 2020-2021 sample, which may indicate a sex-
dependent response to the size-selectivity of fishing. The potential difference in
response between sexes may be related to the different energetic investments in
gamete production and to the stronger influence of body size on the reproductive
potential of females (Hayward and Gillooly, 2011). Given that the decrease in size
would primarily affect the reproductive production of females (Barneche et al., 2018),
it is plausible to hypothesise that the size reduction is more advantageous for male
individuals, as it provides them greater adaptive benefits (i.e., decreased fishing
mortality). The overall higher growth performance and the faster growth at the early
stages of the 2020—2021 specimens suggest that this species may not have been
negatively affected by the ongoing warming process. This finding is consistent with
what is expected when taking into account the distribution range and the presumed
thermal range of this species. In fact, poor cod is exclusively found in the
Mediterranean region and is likely to have a greater tolerance for warm waters. In
addition, it is worth noting that the prolonged spawning season of poor cod supports
the hypothesis of a wider thermal optimum (and therefore metabolic adaptability)
compared to whiting and blue whiting. Unfortunately, no specific data are available on
the preferred thermal range of T. capelanus and the only data available are referred to
its closest relative T. minutus, which has an Atlantic distribution (Froese and Pauly,
2023).

Although the results of the historical comparisons need to be interpreted with caution
(the limitations of the approach used are discussed in section 6.4), by comparing the
results at an interspecific level, it is possible to hypothesise that the differences
observed between old and current samples represent the adaptive responses to
specific combinations (in time and space) of disturbance levels exerted by fishing and
climate change. Moreover, it is worth mentioning that, since each species shows a
different level of vulnerability depending on its physiology and life history traits (Dulvy
et al., 2003), it is possible to observe differences in responses to the same external
stressors. In summary, from the evidence of the three case studies, it is possible to
conclude that (Table 6.1):
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) climate change (i.e., sea warming) played a major role in determining the
growth and body size reduction in whiting;

i) the effects of both fishing and climate change were presumably observed,
even if they succeeded in time, determining differences in the age structures
of the samples and the growth and body size reduction in blue whiting,
respectively;

iif) fishing played a major role in determining the age/size truncation and the

modification of growth trajectories in poor cod.

Species
Whiting Blue whiting Poor cod
Size ™, ™ 8 Y
Age = =4 g

"” young
\"\ old

Table 6.1. Summary of the effects observed in the intraspecific historical comparisons

Life history trait

Growth \'\\ & \'\\ &

between samples of whiting, blue whiting, and poor cod. The upward and downward
arrows indicate increasing and decreasing values, respectively, between 1985-1991
and 2020-2021. Blue and grey indicate climate change and fishing exploitation,

respectively, as potential main contributors to explain the trait differences. “=” indicates

no variations.

6.3 Using multispecies distribution models to complement the experimental
results and shed light on the adaptive responses of Gadiformes (Case studies |,
I, 11, 1V)

The last step of this thesis was the application of a modelling approach through the
use of a Hierarchical model of species communities (HMSC). In case study IV,
standardised data from the Italian MEDITS survey carried out in the period 1998-2020
were used to test the influence of some environmental factors on spatio-temporal

variations of the occurrence and abundance of five gadiform species. As environmental
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covariates, | included chlorophyll-a, depth, and sea bottom temperature. Chlorophyll-a
is a widely used proxy for primary production and thus resource availability, potentially
having a strong influence on the recruitment success of fish species (Platt et al., 2003).
Depth is a key factor in determining the distribution patterns of the study species, as
can be observed by looking at their different preferred bathymetric ranges (Froese and
Pauly, 2023). This factor assumes patrticular ecological significance in a context such
as the Adriatic, which is characterised by a pronounced bathymetric gradient along its
latitudinal axis (Russo and Artegiani, 1996). Considering the demersal nature of the
study species and the potential link between sea warming and the difference observed
in the historical comparisons of gadid species, | chose to include in the analysis two
different mean values of sea bottom temperature. In particular, | calculated the winter
mean and the annual mean (correlation coefficient < 0.4) to take into account the
possibility of explaining different processes. In fact, considering that the study species
are mostly winter spawners and most of the hauls were carried out during the spring,
we assumed the winter mean to be a reliable predictor of spawning, recruitment
success, and then abundance (Hidalgo et al., 2019). On the other hand, the annual
mean could be a good predictor of habitat preferences or thermal niches, influencing
the species distribution. In addition to the species covered by the first three case
studies, in case study IV | extended the scope of my investigation to silvery pout (G.
argenteus) and European hake (M. merluccius), two gadiform species showing

interesting thermal preferences to compare the species responses to sea warming.

The results of the presence-absence models showed that depth had a significant
influence on the occurrence pattern of gadiform species in the northern-central Adriatic
Sea, with temperature covariates having little effect (Figure 5.3 A, B). This finding is in
agreement with the species-specific preferred bathymetric ranges, which determine

the distribution patterns of the study species in the area (Figure 6.1).
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Figure 6.1. Bathymetric features of the northern-central Adriatic Sea (A) and heatmaps

of abundance data (N/km2) of gadiform species from the Italian MEDITS surveys
carried out between 1998 and 2020 (B—F). Darker colours indicate higher abundance.

On the other hand, the output of the abundance models highlighted a remarkable
influence of environmental covariates and a low contribution of depth in explaining the
abundance variation patterns, particularly in the period 2011-2020 (Figure 5.3 C, D).
One interesting finding was represented by the identification of two thermal regimes in
the period 1998-2020. This finding was used to fit and compare two different models,
aiming to investigate the presence of differences in species responses to
environmental covariates during the different thermal regimes. Indeed, the comparison
of the variance partitioning among the explanatory variables of the abundance models
highlighted a significant increase in variance explained by both thermal covariates
(Figure 5.3 C, D). This finding suggests that the species' response to the temperature
(in terms of abundance variation) increased after the thermal shift (2011-2020). In
particular, almost all the species showed negative correlations between their
abundance and the sea bottom temperature, except for European hake, which showed
the opposite trend (Supplementary Figure 5.2). Moreover, the intensity of the
responses (indicated by the slopes of the abundance-temperature relationships)
increased in the period after the thermal shift, suggesting that the same temperature
variation determined stronger responses in 2011-2020 compared to 1998-2010.

Overall, the abundance model results demonstrate clearly how, among a small group
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of related species, the responses to temperature variations (and therefore climate
change) can be different. This implies that each species has different levels of
vulnerability to the warming process caused by climate change (Moullec et al., 2019).

It is worth noting that, despite the use of different data sources, there are similarities
between the hypothesis proposed to explain the historical variations in case studies I,
lI, and 1l (Table 6.1) and the species-specific responses to temperature of the
abundance models (Supplementary Figure 5.2). Whiting and blue whiting, which are
the species whose decrease in size and growth performance was linked to the climate
change effects, showed evident negative correlations between their abundance and
temperature. On the other hand, poor cod, which was the species that exhibited a
variation pattern similar to that expected for species highly exploited by fishing, showed
a weak negative correlation between its abundance and temperature. Regarding the
additional species, the model results suggested that silvery pout abundance is
negatively correlated with temperature, as expected from belonging to the cold-water
group of Gadidae. European hake was the only species showing a positive (and
increasing over the two periods) correlation between its abundance and temperature.
Results regarding silvery pout were not strongly supported because of the low number
of records (this species showed the lowest value of R?). On the contrary, European
hake results showed strong statistical support and indicated a marked contrast in
comparison with the other species. This species is considered to have a cold thermal
preference, but it shows a broader thermal range compared to the other study species
(Dulvy et al., 2008; Froese and Pauly, 2023). Nevertheless, such a strong positive
correlation between abundance and temperature, together with the increased slope
after the thermal shift, was unexpected and suggests that the European hake
represents an exception within the study group, showing a high adaptative potential in
the current scenario of increasing sea temperature. In addition to the slightly higher
thermal optimum, this species shows particularly advantageous life history traits, which
may have a strong influence on the resilience and adaptive capability of exploited
species. Indeed, its larger size guarantees high fecundity rates, as is known from the
positive relationship between the fish size and the number of eggs produced (Barneche
et al., 2018; Serrat et al., 2019b). Moreover, the spawning period of this species is
extended throughout the year, with two peaks of reproductive activity observed in the

northern-central Adriatic Sea: one during winter and another during summer (Follesa
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and Carbonara, 2019). Recently, Serrat et al. (2019b) reported that European hake
from Galician waters shows even three different spawning peaks per year, and their
onset is under the control of photoperiod, food availability, and temperature. In contrast
to the Adriatic gadids, whose spawning is restricted to the winter period (in
correspondence with the temperature minimum), European hake spawning occurs
over a wide range of environmental conditions, proving a high degree of metabolic
adaptability. Hence, it could conceivably be hypothesised that the positive correlation
between abundance and temperature is the result of the natural predisposition of the
species to adapt its metabolism within a wide range of temperatures. A possible
explanation for the higher adaptive capability of European hake compared to the
Adriatic gadids is linked with the lifespan. In fact, in European hake, the greater
phenotypic plasticity could be interpreted as an adaptative response to a slower
evolutionary rate due to the long lifespan (up to 25 years) and relatively late maturity
(3-4 years) (Vrgoc et al., 2004; Vitale et al., 2016). This high plasticity may increase
the biological performance (and then fitness) of European hake individuals, making
them less vulnerable to short-term environmental anomalies (Chirgwin et al., 2018). In
the other gadid species, which have shorter lifespans and generation times, it should
be expected to observe a faster adaptation process throughout the action of natural
selection across several generations (Pinsky et al., 2020). However, the combined
impact of the ongoing warming process and fishing exploitation may have caused an
imbalance so great that it cannot be recovered through across-generational adaptative
mechanisms, providing a possible explanation for the decline of some of these species
(Lloret et al., 2021; Serrat and Mufioz, 2022; Cali et al., 2023a). Therefore, it could be
hypothesised that the landing declines observed in blue whiting and poor cod (Figures
1.8A and 1.11A) are the consequence of this process. The absence of this trend in the
landings of whiting, which is the species with the coldest thermal preference, could be
a result of a trailing-edge contraction (Pinsky et al., 2020) of the population in the
northern sub-basin, which may have increased the local population exploited by
fishing, masking the decline of this species in the whole Adriatic Sea. Indeed, the
northern sector, being the coldest part of the Mediterranean, is expected to become a
cold-water species refugium in the future (Ben Rais Lasram et al., 2010). In contrast,
European hake landings show a quite stable fluctuating trend over the last 50 years,

despite being the primary and specifically targeted species for fishing activities (FAO,
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2022b). These results support the idea that M. merluccius could have the highest
adaptive potential among the study species, enabling it to better withstand the impacts
of fishing and climate change.

The most novel aspect of this research is the integration of various approaches and
data sources, along with an interspecific comparison of closely related species. This
approach allowed for validating the hypotheses of the case studies and attempting to
disentangle the effects of fishing from those of climate change. Indeed, using the
findings from all the case studies, it has been possible to build a comprehensive
framework capable of providing new insights useful to explain the variations that
occurred in gadiform populations of the northern-central Adriatic Sea over the last
decades.

6.4 Limitations of the study and future steps

While this study has provided valuable insights into the ecological responses of
gadiform fish populations in the northern-central Adriatic Sea to climate change, it is

essential to acknowledge certain limitations that may have influenced our findings.

Firstly, the historical comparison of case studies I, I, and Ill has been possible using
samples collected with slightly different methodologies between the two periods
sampled. All the 2020-2021 samples were collected using a fisheries-dependent
approach (from bottom trawlers) in the northern-central Adriatic Sea. On the other
hand, the samples collected between 1985 and 1991 were gathered during research
cruises (fishery-independent approach), even if the sampling areas were comparable
and the gear used was always a commercial gear type (Italian-type bottom otter trawl).
The main difference in the gears used between the two periods was the codend mesh
size, which was slightly smaller in the 1985-1991 samplings (30—35 mm versus 40
mm). However, in each intraspecific comparison, it is reasonable to assume
comparable selectivity on adult individuals because it has been reported that a 40 mm
mesh size at the codend fully selects juveniles smaller than 10 cm TL (Mir-Arguimbau
et al., 2022b). Fisheries-dependent data, although valuable, may not capture all
aspects of fish ecology and population dynamics. In fact, this kind of data can provide
long time series and wide spatial coverage but they can be affected by the fishing

strategy, which is commercially driven. On the other hand, fishery-independent data
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are usually carried out over relatively short periods and are not well suitable to study
in detail the seasonal patterns (i.e., reproductive cycle, recruitment dynamics)
(Pennino et al., 2016).

Another source of uncertainty shared by all the intraspecific historical comparisons is
due to the fact that the conclusions drawn were based essentially on two discrete
sampling periods with a long time shift (30-35 years). This kind of data can provide
detailed snapshots of two restricted periods but could not be appropriated to describe
multidecadal trends. Hypothetically, using data from only two spot samplings, it is
possible that the biological variations found are exclusively attributable to the
difference in fishing and/or environment in those particular periods, which could have
been characterised by anomalies and then they are not useful to highlight long-term
variations. Nevertheless, the agreement of some variation patterns (i.e., decrease in
size) observed with the trend reported in several studies (Forster et al., 2012;
Kuparinen and Hutchings, 2012; Albo-Puigserver et al., 2021; Lindmark et al., 2022)
suggests that the data used were appropriate to describe the processes investigated.
As regards the life history traits, | explored in detail only the historical differences in
growth-related traits, because no data on the reproductive aspects were available for
the samples collected between 1985 and 1991. The lack of this data represents one
of the main limitations because growth and reproduction are closely related processes
that can be influenced by both fishing and environmental variations (Lambert, 2008).
Indeed, as somatic growth slows upon maturation, it is plausible that a shift towards
early maturation could have determined the decrease in maximum size in the three
gadid species. The results of this thesis support the hypothesis that in whiting and blue
whiting the variation in size and growth was mainly due to climate change.
Nevertheless, it cannot be excluded that fishing played a significant role. The
availability of comparable data on the maturity size is fundamental to understand the
impact of fishing on fish populations. Indeed, if there had been a decreasing trend in
the maturity size of all the species, it would have indicated that fishing likely exerted a
selective pressure on fish species, causing them to mature earlier and at lower sizes
over time (Hunter et al., 2015). Furthermore, the lack of a long-time series of spatialised
data on fishing pressure, due to the relatively recent implementation of VMS and AIS
technologies (2009 and 2011, respectively), prevented the inclusion of fishing level as

a covariate in the model. The inclusion of both climate- and fishing-related covariates
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would have allowed for clearer discrimination of their effects. For this reason, it is
important to bear in mind that the use of the modelling approach did not provide any
further information on the impact of fishing but only on the effect of the sea warming

process.

An additional limitation, which emerged when combining the results of different
approaches, was represented by the limited temporal coverage of the survey data used
to fit the models. In fact, the analysis was limited to the period 1998—-2020 because the
MEDITS survey data collection started in 1994 and some environmental data (i.e.,
chlorophyll) were available only starting from 1998. Thus, although the model results
supported the experimental hypotheses, it was not possible to include a wider time
series that would have allowed for a comprehensive historical understanding of the
observed trends, increasing also the explanatory potential of the models. Furthermore,
our study focused on a small number of gadiform species, and their responses may
not fully represent the ecological diversity of the order Gadiformes, which accounts for
at least 21 species in the Adriatic Sea (Lipej et al., 2022). As highlighted in the present
thesis, variability in species-specific responses to environmental changes is common
even in closely related species, and future research may benefit from including a
broader range of species. As already discussed above, one of the main limitations of
the fishery-independent data is the short temporal coverage of the annual sampling
activity. In particular, the MEDITS survey is usually carried out in late spring-summer
(Spedicato et al., 2020) and the data resulting from this sampling cannot be adequate
to represent the whole population dynamics and/or seasonal processes. In the specific
case of gadids, for example, recruitment mainly occurs during the spring-summer
period and the high percentage of juveniles caught could determine the overestimation
of the abundance/biomass indexes. This stage undergoes high mortality rates and is
the most impacted by bottom trawl fisheries in the Mediterranean (Colloca et al., 2013),

thus increasing the risk of producing unreliable estimates of the values.

In order to improve the knowledge acquired from this thesis and overcome its
limitations, future research attempts should explore several pathways. Firstly, the
inclusion of additional environmental variables and more species when modelling
spatio-temporal dynamics could improve our understanding of the factors influencing
gadiform fish populations in the Adriatic Sea. Then, investigating how other ecological

variables, such as prey availability and predation pressure, interact with temperature
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and fishing effort changes is crucial. In this context, it could be important to gain
updated information on the trophic ecology of prey and predatory species of the study
area and compare them with old data available, to investigate the variation of the
dietary aspects. Doing so would help to understand in detail the factors involved in the
reduced growth potential observed, given the primary role of the availability of food
resources in determining growth performances (Ross et al., 2018). Experimental
studies aiming to elucidate the physiological processes behind the variations we
observed could be useful in the future to better understand the potential effect of
warming on the metabolic performances of the study species. Moreover, considering
that most of the cold-water species inhabiting the Mediterranean Sea show spawning
peaks occurring in correspondence with the thermal minimum, a comparative study of
the relationship between sea temperature and the reproductive traits (i.e.,
gametogenesis, fecundity) could be used to obtain essential information for evaluating

the vulnerability of these species.

Further modelling efforts are essential for assessing how gadiform populations may
respond to ongoing climate change in the Adriatic Sea. Incorporating predictive
modelling techniques can help forecast potential future scenarios and inform adaptive
management strategies. At present, the assessment and management of gadiform
species is not a priority at the Mediterranean scale but, to achieve an ecosystem-based
management, gaining information from the species not routinely evaluated will become
increasingly important in the near future. Finally, collaboration with stakeholders and
fisheries management authorities will be imperative to develop and implement effective
management measures aimed at safeguarding climatically vulnerable species in the
face of climate change. In summary, while this thesis has shed light on the biological
responses of some commercial gadiform fish populations to climate change and fishing
in the Adriatic Sea, there is a need for continued research and collaborative efforts (as
most of the Adriatic stocks are shared between different countries) to ensure the long-
term resilience and sustainability of these valuable marine resources in a changing

environment.
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