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INTRODUCTION 

 

In exploited fish populations, large part of the variance in the stock size can be related to high 

variability in recruitment (Fogarty et al., 1991). Highly variable recruitment is a direct 

consequence of the life history strategy of many exploited marine species. Population fecundity 

and random variation in survival rates during the early life stages, provide the bases for 

recruitment fluctuations. 

Understanding temporal and spatial dynamics of recruitment and the role played by coupling 

physical and biological processes has been one of the main topics of interest for fisheries science 

during the last decades. Moreover, the study of the relationship of recruitment with the stock size 

and environmental variability has been made more difficult by the confounding effect of fishery. 

In this respect, European hake in the Mediterranean sea is relevant and of interest considering 

also the central ecological (Colloca et al., 2003; Carpentieri et al., 2005) and economic (FAO, 

2008) role played by this species in the demersal community. 

The European hake fishery in the Mediterranean is a very old story of exploitation started since 

the beginning of the 20
th

 century . As for most fisheries worldwide, the advent of steam trawlers 

in the „50s and „60s changed the hake exploitation in the Mediterranean that assumed very soon 

the characteristics of an unsustainable use of the resource. Furthermore, the common use of very 

small mesh size and a market able to appreciate small size individuals (much below the mean 

length of maturity) made the hake fishery in the Mediterranean mostly a juvenile fishery 

(Aldebert et al., 1993; Colloca et al., 2000). 

Although the hake population showed very soon clear signs of overexploitation such as a 

reduction in the adult portion of the stock (Abella and Serena, 1998), there are some key features 

in the biology of this species related to its high reproductive potentiality that make the hake 

fishery still productive and the species still a prime in the commercial landings in terms of 

quality, quantity and economic value. 

The lack of any evident decreasing trend in hake recruitment, as found for some other marine 

species, could represent a „recruitment paradox‟ (Rothschild, 1986) but at the same time a key 

aspect of the biology of this species worth of investigation to understand its high productivity. 

The large variability in hake recruitment is particularly evident in the Tyrrhenian and Ligurian 

sea (fig. 1) where some of the highest concentrations of the whole Mediterranean occur. 

Different studies showed the importance of the western coasts of Italy for the recruitment of hake 

in the western basin (Ardizzone and Corsi, 1997; Orsi Relini et al., 2002; Abella et al, 2005). 

Even though, there is a lack of data on the spatial migration pattern of hake from recruitment 

areas, we cannot exclude a spillover effect over a wider geographical area. 

Many species of the genus Merluccius show well defined ontogenetic phases across their life 

cycle (Alheit and Pitcher, 1995). Resolution of the temporal and spatial dynamics of these phases 

is the first step towards the understanding of the mechanisms and processes that determine these 



 

 

dynamics and can improve possibilities for management and conservation of resources (Sparre et 

al., 1989). 

 

The main objectives of this thesis can be summarised as follows: 

 

- identification of recruit and juvenile post-recruit stages in the European hake according to 

bathymetric preferences 

- modelling spatial distribution of hake recruits 

- identification of nursery areas 

- identification of the length of migration from nursery areas and its inter-annual variability 

- modelling temporal dynamics of hake recruitment in relation to key environmental variables 

- modelling hake population structure and dynamics 

- identification of no-take marine protected areas through a multi-species approach that 

includes specific conservation targets for hake and other commercial species 

 

 

Fig. 1 - Map of the study area. 



 

 

RECRUIT AND JUVENILE POST-RECRUIT LIFE STAGES OF HAKE 

 

In fish populations ontogenetic differences can be particularly strong and many species show 

several well defined phases during their life. The environment that fish occupy throughout their 

life history may involve large differences between different stages (Sullivan et al., 2000). The 

identification of these life stages that characterise the life history of exploited marine species is 

of fundamental importance in our understanding of fish behaviour and to improve possibilities 

for management and conservation of resources (Sparre et al., 1989). Particular attention has been 

spent to the so defined “crucial stages” during which fish are more vulnerable to natural and/or 

anthropogenic factors that can drastically modify their survival or potentiality to reproduce or to 

reach the reproductive age and finally to renewal and maintain the population throughout time. 

Although recruitment is widely recognised as one of these crucial phases (Fogarty et al., 1991), a 

great confusion still exists around the theoretical and practical definition of what a fish recruit is. 

The most diverse and ambiguous definitions can be found in literature on the concept of recruit, 

and also for a highly studied species like the European hake there is no consensus or accepted 

approach. 

If we consider that hake is highly exploited by the Mediterranean fisheries and that a large 

portion of landings, especially trawl-landing, is represented by juveniles or more generally by 

immature individuals, we can understand the importance of a proper definition of recruits of 

hake and the identification of the boundaries between different phases. 

Although no specific analysis was carried on the bathymetric preference of the European hake, 

indirect information came from studies on its spatial distribution (i.e. Abella et al., 2005; 

Fiorentino et al., 2003). An ontogenetic pattern of distribution was reported by Abella et al. 

(2005), with age0 fish that were distributed mostly at depths between 100 and 250 m, whilst 

age1 individuals were mainly concentrated in shallower waters on the shelf. But most of 

previous analyses are not specifically applied to identify different life stages and largely rely on 

growth estimations, thus introduce biases related to our ability to correctly estimate hake growth 

(growth rate estimation is under a strong debate of the scientific community, i.e. Garcia-

Rodriguez and Esteban, 2002). 

A new approach based on the use of thin plate spline was developed for this purpose (paper I). 

The great flexibility of this non-parametric regression technique made its application very easy 

and suitable for ecologists very often more interested in data analysis rather than formal 

statistical testing. 

The analysis is divided in three steps: 

- Calculation indices of abundance (n km
-2

) from autumn trawl survey data for each haul 

and 1-cm length class 

- Compilation a depth x length matrix based on the calculation of a relative depth 

preference index (Yl,d) 

- Fitting a two-dimensional surface over the length x depth matrix 



 

 

Hake showed a stable pattern of depth preference in the 6-year dataset examined, with two 

distinct depth-length clusters (fig. 2). Small hake below a certain threshold length were found 

over the continental slope, while large hake preferred shallower waters, on the shelf. 

Small hake below a certain threshold length had the highest preference for 170-220 m depth and 

appear to move slightly deeper when they reached 10 cm in length. Large hake persisted on the 

continental shelf with a preference for 70-100 m depth, especially when fish reached 18-20 cm in 

total length. 

 

Fig. 2 - Length-depth surface estimated for hake in 2002. 

 

Length and depth of migration have been defined as the length at which the minimum depth 

preference was shown and it ranged between 12.4 and 15.8 cm depending on the year. This 

length represents a clear and objective threshold between two immature stages of the life cycle of 

hake and was interpreted as the real end of the recruit phase (paper I). 

These outcomes well fit previous results on the trophic ecology of hake (Giuchet, 1995; 

Carpentieri et al., 2005) and allow a more clear interpretation of the ecology of this species (fig. 

3). Results from stomach data collected in the same area and analysed by our laboratory 

(Carpentieri et al., 2005) demonstrated an important shift in the diet of hake when fish reach 

approximately 15-16 cm in total length. Small hake are zooplanktivorous, feeding on euphausiids 

and mysiids (mainly Nictiphanes couchi and Lophogaster typicus) that are followed together 

with other epiplanktonic crustaceans during they wide nictemeral migrations (Casanova, 1970; 

Franqueville, 1971; Vallet and Dauvin, 2001). Sabatés et al. (1989) associated high 

concentrations and peaks of zooplankton with the existence of permanent frontal systems 

offshore that consequently can attract zooplanktivorous predators, such as recruits of hake. Shelf 

break bottoms along the Tyrrhenian coasts have been reported as areas characterized by the 

occurrence of large patches of macrozooplanktonic organism (Colloca et al. 2004). A similar 

dynamic was observed off the coast of California, near the shelf break, where large shoals of 

Pacific hake (M. productus) overlap large patches of euphausiids (Swartzman, 1999). 

 



 

 

Fig. 3 - hake recruits and post-recruits bathymetric segregation with migration from the 

continental slope (170-220 m) to the shelf (<120m) and the associated main preys. 

 

Above the 15-16 cm length, hake drastically change its diet mostly toward small pelagic fish 

preys (Carpentieri et al., 2005). Sardina pilchardus and Engraulis encrasicolus are the main 

preys and the bathymetric preference observed for hake larger than 15 cm strongly agrees with 

the clupeids behaviour of forming schools largely distributed on the coastal continental shelf 

(Fisher et al., 1987). 



 

 

SPATIAL DISTRIBUTION OF HAKE RECRUITS 

 

A geostatistical model was built to study the spatial distribution of hake recruits in the 

Tyrrhenian and Ligurian sea (paper II). Within a Bayesian framework, we implemented 

preliminary analyses on the distribution of hake for the same area based on ordinary kriging 

procedure (Colloca et al., 2006). Previous studies revealed a fairly complex spatial pattern in the 

distribution of hake recruits (i.e. Ardizzone and Corsi, 1997) and a strong localisation of areas 

with elevated concentration of recruits (Colloca et al., 2006; Abella et al., 2005). 

Because available data come from trawl surveys not specifically designed for geostatistical 

analyses (MEDITS and GRUND projects, for more details see respectively Bertrand et al., 2002 

and Relini, 1998) the development of high resolution models for recruits of hake had to face the 

problem of having sparse observations both in space and time. 

 

 

 

Fig. 4 - Bayesian estimation chain to map hake recruits distribution from 1994 to 2004. 

 



 

 

One of the main advantages of the Bayesian inference is related to the use of a biological prior 

information that can be used explicitly and quantitatively within the model. This important 

feature provided a way to integrate the data from the two annual surveys within the same 

analytical procedure allowing a better use of the information available. 

In practice the distribution of recruits estimated from the late spring-early summer survey was 

used as prior for the estimation on the autumn survey, through an estimation chain from 1994 to 

2004 (fig. 4). 

 

Identification of nursery areas 

The problem of identifying areas with high concentration of hake recruits was of primary 

importance in this research and the possibility offered by the Bayesian approach to have two 

annual estimations (one for each trawl survey) allowed to recognize seasonal hot-spots of 

aggregation. No biological threshold is currently known to define hake nurseries, also 

considering that in a variable environment and under strong recruitment fluctuations it would be 

impossible and meaningless defining a single density threshold for different years. Thus we tried 

to identify hot-spots looking at the spatial structure of the estimated surfaces using geostatistical 

aggregation curves (Matheron, 1981; Petitgas, 1997, 1998). 

Areas of major concentration of recruits (nursery areas) were identified at that point where the 

spatial distribution passed from an aggregated to a dispersed pattern through the development of 

a specific approach as presented in paper II (fig. 5). 

 

Fig. 5 - Relative geostatistical aggregation curve showing the tangent to the curve with 45° slope 

(left). Frequency distribution of estimated hake density with the related percentile (shade area) 

corresponding to the proportion of cells above the identified density threshold (right). 

 

Time series density maps of hake recruits obtained using the Bayesian kriging procedure 

revealed that the distribution of recruits is clearly characterized by patchiness which appear 



 

 

rather stable throughout the study period. A certain stability was also observed across the two 

season examined (late spring-early summer and autumn). The main temporal differences in the 

spatial distribution pattern are related to the dimension of the observed patches that increased in 

size in period of higher recruit density. 

 

Fig. 6 - Density map of hake recruits from the early summer survey (MEDITS) in 2001. 

 

The bathymetric preference of hake recruits for grounds deeper than 150 m (paper I) was 

confirmed by the spatial model (paper II) that located highest abundance of fish around the 

continental shelf-break and upper-slope (fig. 6). Hot-spots are found both in the northern 

Tyrrhenian Sea and Ligurian Sea (fig. 6) in agreement with previous studies (Colloca et al., 

2006; Abella et al., 2005). The importance of these areas for bottom settlement of  hake can be 

related to the northward pattern of current (fig. 8), that flows along the Tyrrhenian and Ligurian 

sea, and to the topography of the continental margin. 

In the north Tyrrhenian a very high density of recruits have been found around the shelf-break, 

with very localised hot-spots respectively off the north-west coast of Giglio island and the 

southern coasts of Elba island. In the Ligurian Sea two main areas appeared regularly, between 

150 and 300 m depth, north-east of Capraia island and off-shore the coast between La Spezia and 



 

 

Livorno. In the central Tyrrhenian the identified hotspots are smaller and scattered along the 

shelf-break. The main areas have been detected south-east the Argentario cape and between 

Gaeta and the Pontine islands. Other small areas appeared in some years off-shore the main 

capes along the shore between Anzio and Civitavecchia (see time series maps in paper II). 

The estimated average density of hake recruits showed large fluctuations throughout the period 

of study between 300 (Medits 1994) and 2479 (Medits 1998) fish km
-2

. Recruit density changed 

widely also in the same year between the two surveys, in agreement with the existence of 

multiple recruitment peaks throughout the year. 

The density threshold used to separate nursery from non-nursery areas varied between 246 and 

3390 fish km
-2

 for the late spring survey and between 568 and 2835 fish km
-2

 for the autumn 

survey. The identified nurseries covered a surface variable from survey to survey between 18 and 

30% of the total area. Years with higher recruitment were characterised by both higher densities 

and larger dimension of the main nursery area. 

 

Temporal persistence of nursery areas 

The method adopted allowed to classify each portion of the study area for its role as hake nursery 

during the study period (paper II). Results showed the occurrence of highly persistent nurseries 

(fig. 7), revealing their importance for the recruitment success of hake in the area (Table 1). 

 

Persistence %A %R 

I > 40% 20.6 82.9 

I > 60% 12.4 65.6 

I > 80% 5.3 39.2 

 

 

Table 1 - Estimated average proportion of nursery areas on the study area (%A) and mean 

proportion of recruits in the nurseries over the total estimated number of recruits (%R) for 

different levels of persistence. 

 

The seasonal and annual stability observed in the spatial distribution of the main hake nurseries 

can be interpreted as a result of the quite stable water circulation pattern (fig. 8) that 

characterises the Tyrrhenian and Ligurian sea (Artale et al., 1994). The occurrence of 

oceanographic features, such as thermal fronts and upwelling allow transport, retention and 

survival of fish larvae in well distinct and productive areas according to the „fundamental ocean 

triad‟ (Bakun, 1996, 1998; Agostini and Bakun, 2002; Abella et al., 2008). 

We can expect that these habitats, also characterized by very high densities of macro-epibenthic 

invertebrates, such as crinoids (Colloca et al., 2004), can have a significant impact on survival 

rates of hake recruits. 



 

 

During the study period nurseries generally expanded or contracted according to fluctuations in 

recruits abundance maintaining rather stable core areas. 

 

Fig. 7 - Temporal persistence of the estimated nurseries in the period 1994-2004. 



 

 

TEMPORAL DYNAMICS OF HAKE RECRUITS 

 

Evidences suggest that successful recruitment of European hake depends on the interaction of 

biological and physical processes, but few studies tried to evaluate the extent and nature of these 

relationships (i.e. Abella et al., 2005; Maynou et al., 2003; Morales-Nin and Moranta, 2004; 

Olivar et al., 2003). 

Some studies, mostly on other hake species and outside the Mediterranean, have found that 

temperature for instance can influence Merluccius spp. life history at various stages, i.e. larval 

growth and mortality (Palomera et al., 2005; Grote et al., 2007), growth (Steves and Cowen, 

2000), maturity (Alvarez et al., 2001), spawning patterns and regimes (Horne and Smith, 1997; 

Alvarez et al., 2001) and egg viability (Horne and Smith, 1997). Temperature is also known to 

influence the production and distribution of plankton (e.g. Beaugrand et al., 2002) and 

subsequently, the food resource for juveniles and adults. 

Hydrographical structures such as currents and eddies can have important effects on the 

displacement of either hake eggs and larvae (Sánchez and Gil, 2000; Olivar et al., 2003). These 

oceanographic features act as important processes in favour or against the recruitment success by 

controlling the drift of larvae to either nursery areas or offshore (Agostini and Bakun, 2002). 

Mesoscale oceanographic processes, driving the dispersion and retention of plankton, strongly 

affect ocean productivity patterns with a consequent effect on higher trophic levels (Harrison and 

Parsons, 2000). 

 

Oceanography of the study area 

In the northern and central Tyrrhenian Sea, the circulation is organized in a series of cyclonic 

(counter-clockwise) and anticyclonic (clockwise) gyres determined by the wind effect (fig. 8; 

Artale et al., 1994). Three main gyres, characterized by cold water inside, two cyclonic and one 

anticyclonic have been discerned. They undergo significant seasonal changes, particularly the 

central anticyclonic gyre that spreads over most of the basin in spring and summer and almost 

disappears in autumn and winter. 

Due to the occurrence of the gyres, the northern part of the basin exerts a crucial role in the 

general water mass budget on the Tyrrhenian Sea. A principal effect is that the related upwelling 

provides a mixing of the MAW (Modified Atlantic Water) and the LIW (Levantine Intermediate 

Water) below, with a corresponding modification of the water properties. Moreover, the northern 

part of Tyrrhenian Sea is one of the main places for concentration of the basin‟s chemical 

resources (Nair et al., 1992). 

 



 

 

 

Fig. 8 - Main circulation pattern in the western Mediterranean Sea (from Herbaut et al., 1997). 

 

The general pattern of phytoplankton seasonal dynamics was typical of subtropical areas with a 

maximum in cold season from October to April and a minimum in summer months (Longhurst, 

1995). Mediterranean intermediate (LIW) and deep waters (DMW) have a constant temperature 

between 12.8-13 °C, thus higher water turbulence (mainly driven by winds) and deeper 

convection during autumn-winter period enriched the upper layer with nutrients. Reduced wind 

mixing in March enhances thermocline formation allowing more intense phytoplankton bloom to 

occur. Moreover, the temperature and density profiles show that in years of rather warm and not 

windy March the seasonal thermocline was formed faster (Nezlin et al., 2004). A secondary but 

not less important effect of deepening of the mixed layer and the following high input of 

nutrients to the surface layer is represented by the storage of nutrients for the summer period (in 

favourable weather conditions) that results in higher phytoplankton production in deeper layers 

in summer despite strong stratification. Diatoms peaked in May (February-March in other 

western Mediterranean areas) and October (Nezlin et al., 2004). 

 

Effect of environmental variables 

Our results (paper III) suggested that sea temperature, probably at a medium regional scale is 

responsible for increasing or decreasing hake recruitment throughout the Tyrrhenian, but that 

other variables (wind driven processes) account for local patterns, too. 

A negative almost linear effect of maximum water temperature in summer was found to reduce 

deeply the abundance of recruits in autumn. Water temperature plays an important role in egg 

development and larval growth and survival of several hake species (Steves and Cowen, 2000). 

In the Mediterranean Morales-Nin and Moranta (2004) found the main abundance of recruits in a 

temperature interval of 13.5-14°C. 



 

 

The thermal anomaly that characterised summer months in 2003 has been particularly strong in 

the central Mediterranean and the Tyrrhenian basin was one of the most affected areas (Marullo 

and Guarracino, 2003). Along the Catalan coast strong vertical temperature and salinity gradients 

in autumn 1998, with sea surface temperatures higher than the seasonal mean, reduced water 

mixing and intrusion of warmer and less saline Atlantic waters, produced anomalous 

oceanographic conditions that indirectly affected hake recruitment (Olivar et al., 2003). 

It can be hypothesised that the summer anomalous oceanographic scenario observed in 2003, 

could negatively affect recruit abundance in autumn through the combination of different 

mechanisms: increasing mortality rates of eggs and larvae during higher temperature peaks, 

enhancing water stratification with relative lower phytoplankton production and modifying gyres 

and water circulation systems that are probably involved in larval transport and retention 

processes of hake larvae in the nursery areas. 

In the Tyrrhenian, sea surface temperature enhances a process of nutrient enrichment of water 

masses (Nezlin et al., 2004) with a positive effect of low late winter temperature on the late 

winter-early spring recruitment. 

A clear effect of wind driven water mixing processes on recruitment was observed only in the 

central Tyrrhenian. Elevated water mixing weakens the spring thermocline formation with a 

consequent negative effect on the spring productivity process. But the dome-shaped relationship 

(fig. 9) that we found suggests also a negative effect of sea conditions dominated by very low 

water turbulence during the same spring month that well fits the interpretation of “optimal 

environmental windows” firstly proposed by Cury and Roy (1989). Intermediate wind mixing 

situations can represent a compromise between enhanced spring phytoplankton production and 

appropriate larval drift to feasible recruit retention areas (nursery areas, see paper II). A similar 

functional response was found by Grote at al. (2007) for Merluccius capensis and Merluccius 

paradoxus in the Benguela upwelling region. 

 

 

Fig. 9 - Effect of water mixing on hake recruitment as found in the central Tyrrhenian model. 

 



 

 

In the northern Tyrrhenian the upwelling mechanism is more related to the main pattern of 

currents that is dominated by the northward Tyrrhenian current that moving parallel to the coast 

across the whole Tyrrhenian Sea to create a wide gyre over the large continental shelf southern 

Elba island (Nair et al., 1992). Thus, the northern Tyrrhenian works as a place of nutrient 

enrichment (Nair et al., 1992) and hake recruit abundance is less dependent on spring wind 

driven processes. This interpretation could also explain the elevated temporal stability of the 

hake nurseries in this area respect the smaller and less persistent ones that occur in the central 

Tyrrhenian sea. 

 

Population structure model 

An age-length structured model (paper IV) was built for hake in the central and north 

Tyrrhenian, using Gadget (Begley and Howell, 2004; Begley, 2006). Gadget is the Globally 

applicable Area Disaggregated General Ecosystem Toolbox developed to model marine 

ecosystems, and it is able to integrate species interaction and the impact of fisheries exploiting 

the stocks of that species (Taylor et al., 2007). As specified by Stefansson and Palsson (1998), 

Gadget has been developed as a forward simulation model using statistical estimation through 

weighted combinations of several log-likelihood criteria. 

Among the main advantages of Gadget there are its flexibility, through simulation low data-

demanding requirements, and possibility to integrate into the same model uncompleted time 

series of data at different aggregation level. All features that helped to implement the hake model 

in the Tyrrhenian sea and that allowed to combine different sources of information at quite 

different scale. 

The Gadget framework consists of three main parts: 

 

- simulation of a process or temporal dynamics 

- comparison of model output to the data 

- optimisation procedure for the estimation of model parameters 

 

A series of equations characterised by some parameters enclose most of the information that 

define the model (fig. 10). Gadget runs a model based on these equations and parameters, and 

then compares the outputs from the model to the observed data to get likelihood scores as a 

goodness of fit of each model component. Through a combination of different minimisation 

algorithms (Simulated Annealing, Hooke & Jeeves, BFGS) parameters are adjusted until a 

minimum in the overall likelihood score is found (best fit of the model to the data). A 

fundamental part of the parameter estimation procedure consists in assigning a weight to each 

source of information to define its contribute to the overall sum of squared error. We adopted the 

weighting method proposed by Stefansson (1998, 2003) where the importance assigned to each 

source of information or component is proportional to how well the model fits the data and to the 

size of the component itself. 



 

 

The basic conceptual model (paper IV) includes two stock components representing small (2-40 

cm in TL, age0-3) and large (40-100 cm in TL, age1-4+) hake. 

The growth process (fig. 11) was implemented on the base of a simplified version of the Von 

Bertalanffy growth equation as follow: 

 

 ∆𝐿𝑖 =  𝐿∞ − 𝐿𝑖 (1 − 𝑒−𝑘∆𝑡)  

 

∆𝑊𝑖 = 𝑞1[ 𝑖 − ∆𝐿𝑖 
𝑞2 − 𝐿𝑖

𝑞2 ] 

 

where L is fish length, t is time and W is fish weight. Growth parameters (L= 100 cm; k = 0.21; 

q1 = 0.59*10^5; q2 = 3.0595) were fixed according to the fast growing hypothesis proposed for 

hake (Garcia-Rodriguez and Esteban, 2002) on the base of recent results from tagging 

experiments (Pinero et al., 2004; de Pontual et al., 2006), reinterpretation of otholit rings (Belcari 

et al., 2006; Kacher and Amara, 2005; Morales-Nin and Moranta, 2004) and bioenergetic 

considerations (Jobling, 1994; Because, 2007). The effects of a new growth estimation, almost 

twice faster respect that generally used in previous assessments (i.e. SAC, 2003), represents an 

important improvement and change. 

 

 

Fig. 10 - Order of the main processes included in each timestep of the hake Gadget model. 



 

 

 

A natural mortality vector (M0=1.3; M1=0.8; M2=0.4; M3=0.3; M4+=0.2) was adopted to simulate 

more elevated values for the first age classes as a consequence of higher predation mortality and 

more intense density-dependent mechanisms affecting recruits and juveniles (Caddy, 1993; 

Caddy and Abella, 1999; SGMED, 2008). 

Maturation was simulated with a fixed length maturity function that determine the number of fish 

that in each timestep reach a specified length (40 cm) and can “move” to the mature part of the 

stock (in this case the large hake stock component). This approach assumes that the length of 

maturation is the same for each year. 

The model has a time aggregation in quarters for a time span of 14 years (from 1994 to 2007). 

Two recruitments are simulated in the first and second time step every year. They have the same 

pattern based on the number of recruits estimations from the spatial model (paper II) but 

different level (scale factor estimated within Gadget, fig. 11). 

Two fishing fleets are simulated in the model, the trawler and gillnet fisheries. Reduction of 

animals by fishing in the model is given by the combination of the fishing level (effort) and the 

suitability function (gear selection). Annual fishing levels for the two fleets were obtained from 

IREPA national statistics, and described the greater effort exerted by trawlers respect gillnets and 

a moderate reduction in the fishing effort during the last decade. Trawlers and gillnets displayed 

also a different pattern of selectivity (fig. 11), targeting different portion of the stock, that was 

approximated through gear-specific parameters. The suitability function for both the fishing 

gears was a combination of a Gamma and a constant function: 

 

𝑆 𝐿 = 𝛼 

 

𝑆 𝐿 =  
𝐿

(𝛼 − 1)𝛽𝛾
 
𝛼−1

𝑒
𝛼−1−𝐿

𝛽𝛾  

 

Estimation and monitoring of adult fish biomass is considered one of the most important aspect 

of fish stock assessment and management (Francis, 1997), because in spawner fish is 

concentrated the potentiality of a stock to renewal and persist in time (SSB paradigm), large fish 

often occupy higher levels of the trophic web, and because large fish are generally economically 

more valuable than small ones. Age2+ group, mostly composed by mature fish, shows a strong 

decrease during the time period investigated (1994-2007). A minimum is observed in 2003 with 

a spawning stock biomass approximately half of the initial value in 1994. 

Although deterministic models are known for producing only a single realisation and 

development of the system, also in the case of forward simulations, some sources of stochasticity 

can be still considered. Multiple sources of uncertainty have been recognised in modelling 

biological systems and processes (Charles, 1998; Harwood and Stokes, 2003) and simulations 

invariably include stochastic elements in which random variation around one or more model 



 

 

components can be included. Monte-Carlo simulations were used to explore forward projections 

of our hake model, to assess part of the uncertainty of the model and the implications of some 

management strategies. 

Resampling was carried out assuming recruitment as gamma distributed (Shelton, 1992; Taille et 

al., 1995) according to the recruitment variation observed in the previous years. 

Running the forward simulations a sufficient number of times (for computational reasons we 

limited the number of simulations to 100) we got a summary information of the confidence 

interval associated to the predictions, thus an estimation of uncertainty. 

8-years forward projections of the modelled hake stock, assuming a stable fishing effort based on 

2007, have been done (fig. 11). After a further decrease in 2008 and 2009, SSB is expected to 

have a progressive increase in the following years, possibly obtaining from 2014 values greater 

than the average biomass calculated over the observed recruitment. Few runs simulated multiple 

consecutive low recruitments that would produce a further decrease in SSB. 

 

 

Fig. 11 - Main parameters and function of the hake Gadget model, (from top left) selectivity 

pattern of the early spring survey (MEDITS), selectivity pattern of the autumn survey (GRUND), 

selectivity pattern of the commercial fleet (trawlers in black and gillnets in red), Von Bertalanffy 

growth function, number of recruits coming into the model, age structure of the initial population 

(timestep 1, year 1994). 



 

 

 

Fig. 12 - Annual estimated biomass (timestep 4) by age-class (age0, age1, age2, age3, age4+, 

age2+) from the hake Gadget model from 1994 to 2007 and boxplot of the SSB projections (100 

runs) up to 2015. 

 



 

 

MANAGEMENT 

 

Total Allowable Catch (TAC) has been the most commonly used tool to conserve fish stocks 

worldwide. In the last decade it has been realised that whereas the TAC can be a very effective 

management tool in the control of a single species fishery fished in isolation, it is less effective 

when it comes to mixed fisheries being fished by more than one country (Mercer, 1982; Holland 

and Maguire, 2003) hence the need for technical measures (Bjordal, 2002) to supplement the 

basic TAC regulations. 

Mediterranean fishery is strongly characterised for being mostly a multi-species fishery. 

Mediterranean trawlers and gillnets generally target a multitude of species that mostly reflects 

the high marine diversity of the Mediterranean basin. This aspect had important effects on the 

development of appropriate management measures and represented one of the main reasons of 

the limited success of traditional management tools (Tudela, 2004; Lleonart, 2005). Considering 

the high variability of hake recruitment it would be very difficult to set a reasonably precise and 

accurate TAC (Pope, 1983) in the Mediterranean. 

The recognition of the importance of high-quality habitats for the persistence of fish populations, 

introduced in the U.S. with the Magnusus-Stevens Act in 1996, and the introduction in 

management plans of Essential Fish Habitats (EFH) for each managed species, offered to the 

ecologists new perspectives to investigate the effects of habitat protection on fish populations 

and communities. 

 

Simulation of alternative management measures 

According to our geostatistical model (paper II) the closure of highly persistent nurseries (80-

100% persistence) would determine a small reduction of the exploitable fishery area (5.3%) and 

the protection of a consistent fraction (39.2%) of the total estimated recruits (Table 1). Such 

findings clearly show the potential of spatial measures for the reduction of fishing mortality on 

hake juveniles and to rebuild the hake stock, with an expected very limited effect on the fishing 

effort pattern in the area. 

The effect of alternative management strategies on the stock structure was also evaluate through 

the implemented hake Gadget model (paper IV). The ability of Gadget to model several sub-

processes and mechanisms combined with its flexibility, offered an extensive control of a large 

number of the model components. Medium term (8-years forward) projections allowed to 

simulate multiple scenarios based on different management strategies and the effects on the adult 

stock biomass (SSB) and on the landings were evaluated (fig. 12). 

The following management measures were tested: 

 

- establishment of no-fishery areas on hake nursery grounds, under different conservation 

scenarios as presented in the geostatistical model (a protection range between 39% and  

83% of recruits) 



 

 

- reduction of the fishing pressure (20% and 40% decrease) 

 

Although all our projections are characterised by extremely high variability as consequence of 

the high variability and uncertainty associated to the recruitment predictions, the expected mean 

effect on the mature part of the stock is largely different between the alternative management 

scenarios. Limited increase in SSB has been observed when a reduction in fishing mortality was 

restricted to recruits, as in the case of closed areas in correspondence the main hake nurseries. 

Also in the most conservative scenario (closure of 21% of area and protection of 83% of recruits) 

the estimated increase in SSB was only moderately affected by the simulated management 

strategy (in 2015 SSB under recruits protection scenario is only 6.4% greater than without 

management). 

The scenario based on a reduction of 20% of the fishing effort over all the length groups showed 

an important positive effect on the predicted SSB. Under no management scenario expected SSB 

in 2015 is approximately 6000 tons, while it exceed 9100 tons under 20% reduction of the 

fishing effort). The reduction in the effort has the immediate effect of decreasing the expected  

landing (2008 landing is 17% smaller in the management scenario), but the stronger increase in 

the stock size produces a progressive increase in the catch per unit effort and consequently a 

more rapid increase of landings. In the last three years (2013-2015) the highest quality of the 

catch under the management scenario produces a higher landed biomass although a 20% 

reduction in the fishing effort (2420 tons against 2190 tons in 2015). 

 

Fig. 12 - Average projections (up to 2015) of SSB and total commercial landing for the hake 

Gadget model under no management scenario (N1), with protection of 83% of recruits through 

the establishment of 21% closed areas over nurseries (ca0.83) and reducing total fishing effort of 

20% (f0.8). 

 



 

 

Although the current high levels of fishing mortality on recruits can be easily considered far 

from any sustainable exploitation scenario (SGMED, 2008) and moreover risky considering the 

possible occurrence of repeated failed annual recruitments, a reduction of F only for recruits 

would provide rather limited effects on the stock. Also the most precautionary scenario based on 

closed areas (protection of 83% of recruits) poorly performed in terms of fish that were able to 

grow up to the mature size. This can be explained mainly by the high natural mortality (M) that 

characterised the first year class. As a consequence the total mortality (Z) of age-0 hake is more 

strongly influenced by M rather than F. Thus, even if closed areas would provided positive 

results their effect alone would be as much limited as natural mortality is high compared fishing 

mortality: 

 

if M >> F   Z = M + F ~ M 

 

This result should not be interpreted as a reason against the implementation of closed areas to 

fishery, but it demonstrates that the positive effects that should be looked for in protecting hake 

nursery grounds are only limitedly related to a reduction in hake recruits fishing mortality. 

 

Hake within a systematic conservation plan 

A part from the portion of the population directly protected by the establishment of no-fishing 

areas, spatially based management measures offer the important advantage to extend their effects 

to entire communities of organisms and to habitats. Juvenile classes are often strictly related to 

specific seafloor habitat conditions for feeding and protection from predators (Diaz et al., 2003; 

Hook et al., 2003; Scharf et al., 2006). Moreover, according to the definition of EFH, specific 

grounds have fundamental importance during crucial phases of the life cycle of marine species, 

for instance during recruitment and spawning. Thus, the effects of protection of these habitats is 

generally hard to be predicted but their preservation has been strongly recommended for 

conservation purposes also in the Mediterranean (Council Regulation EC No. 1967/2006*). 

Although the biologically sound-based definition of EFH and the statement of their importance 

for management purposes in the Magnusus-Stevens Act, some objective difficulties exist behind 

the real application of the Act‟s principles. One of the main problem related to the management 

of marine resources within a multi-species fishery context, rely on the fact that the direct 

cumulative addition of habitats identified as important for different species would easily cover 

wide areas. A step forward a more rational choice of areas of interest for conservation and 

management is oriented toward those life-history stages that would benefit more from the habitat 

protection (Cook and Auster, 2005). 

* Council regulation (EC) No. 1967/2006 - concerning management measures for the 

sustainable exploitation of fishery resources in the Mediterranean Sea, amending Regulation 

(EEC) No 2847/93 and repealing Regulation (EC) No 1626/94. 



 

 

Systematic conservation planning (Margules and Pressey, 2000) represents a relatively new, 

structured and rational approach to conservation (paper V). Commercially exploited fish 

populations, such as hake, are among the natural resources that would be included within an 

ideal systematic conservation plan for the western Mediterranean. 

We developed a case study for the Tyrrhenian and Ligurian Sea, in which conservation targets 

for 10 species (Merluccius merluccius, Micromesistius potassou, Phycis blennoides, Pagellus 

erythrinus, Mullus barbatus, Nephrops norvegicus, Parapenaeus longirostris, Octopus vulgaris, 

Eledone cirrhosa and Illex coindetii) are fulfilled both minimising the area required for 

conservation and reducing the economic conflict with fishery activities. Rather than defining 

separate areas for potential conservation for each of the 10 species considered we selected the 

planning units (PUs) necessary for the conservation of all species using a multispecies approach 

based on the concept of irreplaceability (the likelihood that an area will be needed to achieve an 

explicit conservation goal; Pressey et al., 1994) and on the definition of species specific 

conservation targets. Irreplaceability values range from 1 (totally irreplaceable area that cannot 

be substituted by any other area in the conservation scheme) to 0 (area that does not contain any 

species in a density that is needed to achieve the conservation objective). 

Two conservation targets have been tested (paper V): 20% and 40% of protection of the 

individuals for each species. Taking into account also information on the spatial distribution of 

the trawler commercial fleet (Vessel Monitoring System data, VMS), we were able to include 

into two of the conservation scenarios presented a flexible measure to mitigate the potential 

conflict with fisheries (excluding a priori from the conservation scheme some of the 

commercially most important fishing grounds). 

 

 

 

Fig. 13 - Possible conservation plans obtained considering 20% representation target and no 

conflict with fishery (left) and considering 40% representation target and mitigating the conflict 

with fishery (right). 

 



 

 

Considering the wide ecological range given by the whole group of species included in the 

analysis, selected PUs were located both on the continental shelf and along the slope, in the 

Tyrrhenian as well as the Ligurian Sea (fig. 13). In the less conservative scenario (20% 

protection for each species and no compromise with the commercial fleet activity) 9 PUs were 

selected (12% of the whole study area) to achieve the conservation target. In the most 

conservative scenario (40% protection for each species and mitigation measure of the conflict 

with the commercial fleet) 27 PUs were selected (35% of the whole study area). 



 

 

CONCLUSIONS 

 

Two distinct post-planktonic life stages have been found to occur during the first year of life of 

immature juvenile hake. These two phases, representing the recruit and post-recruit stages, have 

been detected according to different bathymetric preferences. Hake recruits showed high 

preference for the continental slope (170-220 m depth), while juvenile post-recruits were more 

abundant on the continental shelf (70-100 m depth). This result is in agreement with the trophic 

ecology of the species and with bioenergetic considerations related to the maturation process. 

Length of migration between the two phases showed some inter-annual variations in the range 

12.4-15.8 cm in total length. 

Spatial distribution of hake recruits was mapped. Seasonal density hot-spots of recruits have 

been identified and interpreted as nursery areas. The distribution of nurseries across the shelf-

break showed a patchy pattern related to the main oceanographic features of the Tyrrhenian and 

Ligurian sea. The main identified nurseries showed also an elevated seasonal and annual 

stability. 

Temporal dynamics of recruitment was explained by late-winter, early spring oceanographic 

processes that enhance marine productivity and through „optimal environmental windows‟ 

promote exceptionally high recruitments in some years. On the other side, the stable feature of 

nutrient enrichment that characterises the northern Tyrrhenian well agrees with the high 

persistency of the large nursery area found southern Elba island. 

Survival of recruits was also putted in relation with thermal anomalies that occasionally occur 

during summer months, such as in 2003 summer. As expected for a cold species like hake 

particularly high temperature has been found to have a negative effect on its recruitment. 

A first length structured model of hake was built in the central and north Tyrrhenian. The model 

included new fast growth parameters for hake and simulates trawler and gillnet fleets. Some of 

the model parameters have been estimated within the optimisation step, fitting model outcomes 

with experimental survey and commercial landing data. 

Monte Carlo simulations were used to run short and medium term projections. Due to a 

progressive reduction in the fishing effort since 2000, an increase in the spawning stock biomass 

is expected in the next years. Simulations of alternative management options, such as closed 

areas specifically design to protect hake recruits and a further reduction in the fishing effort, 

demonstrated an improvement in the stock recovery process. The effects of a reduction of recruit 

fishing mortality would have limited effect on the stock due to the high natural mortality of hake 

recruits and to the partial selectivity of trawlers for very small fish. This outcome support the 

idea that spatially based management measures should be adopted in the Mediterranean to 

manage hake population, and other species with a high reproductive potentiality, mainly in 

relation to the importance that certain grounds (the so called essential fish habitats) have for 

some crucial stages of species life cycle. 



 

 

According to this idea, methodologies developed in systematic conservation planning have been 

adopted to define multispecies management scenarios including hake in the Tyrrhenian and 

Ligurian sea. Information on the fishing effort spatial distribution were taken into account to 

develop some management scenarios with a lower impact on fishing activities. 

 

 

Synthesis of the main results (in Roman numbers the related paper): 

 

- recruit and juvenile post-recruit stages have been identified in the European hake according 

to marked differences in their bathymetric preferences (I) 

- the spatial distribution of hake recruits has been modelled (II) 

- density hot-spots of hake recruits have been identified as nursery areas (II) 

- nursery areas showed elevated temporal persistence (II) 

- the proportion of recruits and area included in the nurseries for different levels of persistence 

was calculated (II) 

- inter-annual variability in the length of migration from the nursery areas have been identified 

(I) 

- late winter-early spring marine productivity and summer thermal anomalies have been found 

as two of the main key processes affecting hake recruitment (III) 

- a length-based model of hake was built for the central and north Tyrrhenian including a 

multi-fleet component (IV) 

- several management scenarios have been simulated, including closed areas, reduction of the 

fishing effort and alternative fishing selectivity patterns (IV) 

- identification of no-take marine protected areas through a multi-species approach that 

included specific conservation targets for hake and other commercial species (V) 

 

 

Future work and next developments should include: 

 

- Understanding of the importance of recruits migration from the nurseries to the continental 

shelf and the consequent trophic shift toward a highly energetic diet, based on small pelagic 

fish, especially in relation to the gonad development of post-recruit hake. 

- Development of spatial models that include a spawner-recruit relationship and environmental 

factors. 

- Implementation of the simple length structured model presented through the simulation of 

maturity process and predator-prey relationships, with particular regards to cannibalism and 

interaction with small pelagic fish. 

- Systematic conservation planning based on a larger number of species, including non 

commercial ones, and biologically sound-based species-specific conservation targets. 
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