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Abstract 

This PhD thesis contributes to the sustainable management of marine resources in Sardinian waters by 

addressing critical knowledge gaps in the assessment of key commercial species: red mullet (Mullus 

barbatus), red coral (Corallium rubrum) and spiny lobster (Palinurus elephas). These resources represent 

both ecological keystones and economic pillars for regional small-scale fisheries, yet have historically 

suffered from insufficient scientific evaluation. 

The first part of the research presents the inaugural stock assessment of red mullet in Geographical Sub-

Area 11 (GSA 11), using data-rich, age-structured models (Extended Survivors Analysis, XSA). The results 

revealed a sustainably exploited stock, suggesting opportunities for adaptive management and 

compensation for effort restrictions under the Western Mediterranean Multiannual Management Plan. 

The second part focuses on red coral, applying a suite of data-poor models (CMSY, SPiCT and LBSPR) to two 

distinct populations in northern and north-western Sardinia. This novel application highlighted key 

biological differences and unsustainable exploitation under current legal size limits. Area-specific 

management recommendations, including revised minimum conservation reference sizes and effort 

reductions, were proposed to promote long-term sustainability. 

The third part delivers the first stock assessment of spiny lobster in the Asinara Marine Protected Area 

(MPA), revealing overexploitation driven by a mismatch between capture size and maturity. This 

assessment establishes a critical baseline for future MPA performance evaluations and highlights the utility 

of length-based methods in data-limited contexts. 

Overall, this thesis integrates modern stock assessment approaches with local monitoring data to deliver 

actionable insights for management. It reinforces the value of combining biological evidence and adaptive 

strategies in Mediterranean fisheries. The outcomes support the development of sustainable, resilient 

fisheries policies in Sardinian waters, aligning ecological conservation with socio-economic viability. 
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Questa tesi di dottorato contribuisce alla gestione sostenibile delle risorse marine nelle acque sarde 

affrontando lacune conoscitive critiche nella valutazione di specie commerciali chiave: la triglia di fango 

(Mullus barbatus), il corallo rosso (Corallium rubrum) e l'aragosta (Palinurus elephas). Queste risorse 

rappresentano sia elementi ecologici chiave che pilastri economici per la pesca artigianale regionale, ma 

storicamente hanno sofferto di un'insufficiente valutazione scientifica. 

La prima parte della ricerca presenta la prima valutazione in assoluto dello stock di triglia di fango nella 

Sottoarea Geografica 11 (GSA 11), utilizzando modelli strutturati per età di tipo data-rich (Extended 

Survivors Analysis, XSA). I risultati hanno rivelato uno stock sfruttato in modo sostenibile, suggerendo 

opportunità per una gestione adattativa e la compensazione per le restrizioni allo sforzo nell'ambito del 

Piano di Gestione Pluriennale del Mediterraneo Occidentale. 

La seconda parte si concentra sul corallo rosso, applicando una serie di modelli poveri di dati (CMSY, SPiCT 

e LBSPR) a due distinte popolazioni nella Sardegna settentrionale e nord-occidentale. Questa nuova 

applicazione ha evidenziato importanti differenze biologiche e uno sfruttamento insostenibile con gli attuali 

limiti di taglia legale. Sono state proposte raccomandazioni di gestione specifiche per area, tra cui una 

revisione delle taglie minime dello sbarco e riduzioni dello sforzo, per promuovere la sostenibilità a lungo 

termine. 

La terza parte presenta la prima valutazione dello stock di aragosta nell'Area Marina Protetta (AMP) 

dell'Asinara, rivelando uno sfruttamento eccessivo guidato da una discrepanza tra la taglia di cattura e la 

maturità. Questa valutazione stabilisce una linea di base critica per le future valutazioni delle prestazioni 

dell'AMP ed evidenzia l'utilità dei metodi basati sulla lunghezza in contesti con dati limitati. 

Nel complesso, questa tesi integra moderni approcci di valutazione dello stock con dati di monitoraggio 

locali per fornire informazioni utili per la gestione della pesca in Sardegna, rafforzando il valore della 
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combinazione di evidenze biologiche e strategie adattative nella pesca mediterranea. I risultati supportano 

lo sviluppo di politiche di pesca sostenibili e resilienti nelle acque sarde, allineando la conservazione 

ecologica con la sostenibilità socio-economica. 
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Acronyms 

Acronym 
Description 

ADAPT ADaptive framework for the Analysis of 

Pooled Time series Gavaris (1988) 

BD Basal Diameter 

BDM Biomass Dynamic Model 

BEMTOOL Bio-Economic Modelling TOOL (Rossetto et 

al., 2015; Russo, Bitetto et al., 2017) 

BMSY See Table 1 

BSM Bayesian Schafer Model 

CAPAM Center for the Advancement of Population 

Assessment Methodology 

CFP Common Fishery Policy 

CI Confidence interval (e.g. 95%) 

CL Carapax length 

CMSY Catch - Maximum Sustainable Yield (Froese et 

al., 2017) 

CPUE Catch-per-unit of effort 

CRAN Comprehensive R Archive Network 

CREA Consiglio per la Ricerca in Agricoltura e 

l'Analisi dell'Economia Agraria 

CV Coefficient of Variation 

DCAC Depletion-Corrected Average Catch 

DB-SRA Depletion-Based Stock Reduction Analysis 

DCF Data Collection Framework 

DCRF Data Collection Reference Framework 

EU European Union 

FAO Food and Agriculture Organization 

FDI Fishery Dependent Information 

(https://stecf.ec.europa.eu/data-

dissemination/fdi_en)  

https://stecf.ec.europa.eu/data-dissemination/fdi_en
https://stecf.ec.europa.eu/data-dissemination/fdi_en
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Acronym 
Description 

FLBRP Fisheries Library Biological Reference Points 

FLR Fisheries Library in R 

FMAX See Table 1 

FMSY See Table 1 

GFCM General Fisheries Commission for the 

Mediterranean 

GSA Geographical Sub-Area 

ICES International Council for the Exploration of 

the Sea 

IPCC Intergovernmental Panel on Climate Change 

ISTAT Istituto Nazionale di Statistica 

IUCN International Union for Conservation of 

Nature 

LBB Length-Based Bayesian Biomass (Froese et 

al., 2016) 

LBSPR Length-Based Spawning Potential Ratio 

(Hordyk et al., 2015) 

MAP WestMed Plan 

MCRS Minimum Conservation Reference Size 

MEDITS Mediterranean International Trawl Survey 

MPA Marine Protected Area 

MSFD Marine Strategy Framework Directive 

MSY Maximum Sustainable Yield 

OSA one-step ahead 

PPVR prior/posterior variance ratio 

ROV Remote Operated Vehicle 

SAC Scientific Advisory Committee on Fisheries 

(GFCM) 

SCAA Statistical Catch at Age 

SCAL Statistical Catch at Length 

SPICT stochastic surplus production model in 
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Acronym 
Description 

continuous time 

SPR Spawning Potential Ratio 

SSB Spawning Stock Biomass 

SSCF Small Scale Coastal Fleet 

STECF Scientific, Technical and Economic 

Committee for Fisheries 

VME Vulnerable Marine Ecosystem 

VPA Virtual Population Analysis 

WFD Water Framework Directive (Directive 

2000/60/EC) 

WGREDCORAL GFCM working Group on red coral 

WGSAD GFCM working Group on demersal species 

stock assessment 

XSA Extended Survivor Analysis 

YPR Yield per Recruit 
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Introduction 

General context: the global fishery ecosystem 

Fisheries play a fundamental role in global food security, economic development and the livelihoods of 

Ƴƛƭƭƛƻƴǎ ƻŦ ǇŜƻǇƭŜΦ !ŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ CƻƻŘ ŀƴŘ !ƎǊƛŎǳƭǘǳǊŜ hǊƎŀƴƛȊŀǘƛƻƴ όC!hύΣ ǘƘŜ ǿƻǊƭŘΩǎ ŎŀǇǘǳǊŜ ŦƛǎƘŜǊƛŜǎ 

and aquaculture produced approximately 214 million tonnes of fish in 2020, of which about 179 million 

tonnes were used for direct human consumption (FAO, 2022). Fish provides over 3.3 billion people with at 

least 20% of their average per capita intake of animal protein, making it an essential component of global 

nutrition. In economic terms, fisheries and aquaculture are vital to the livelihoods of more than 58 million 

ǇŜƻǇƭŜΣ ƘƛƎƘƭƛƎƘǘƛƴƎ ǘƘŜ ǎŜŎǘƻǊΩǎ ǎƛƎƴƛŦƛŎŀƴǘ ŎƻƴǘǊƛōǳǘƛƻƴ ǘƻ ƛƴǘŜǊƴŀǘƛƻƴŀƭ ǘǊŀŘŜ ŀƴŘ ǘƘŜ ŜŎƻƴƻƳƛŜǎ ƻŦ Ŏƻŀǎǘŀƭ 

nations (FAO, 2020 and 2022). 

Nevertheless, fishing can have significant negative impacts on marine ecosystems, especially if the fishing 

gears do not allow to exploit in a sustainable way the marine populations.  

Overfishing is one of the primary threats of fishing, leading to the depletion of target species and 

compromising their ability to reproduce and recover. This not only reduces biodiversity but can also trigger 

cascading effects throughout the food web. Moreover, certain fishing methodsτsuch as bottom trawlingτ

cause physical damage to benthic habitats, including seagrass beds and coral reefs, which are essential for 

the survival of many marine species (Books et al., 1999; Dieter et al., 2003). Bycatch, the unintentional 

capture of non-target species (e.g. juvenile fish), further exacerbates ecological imbalance.  

The sustainability of a fishery, meaning the capacity to preserve fish stocks and ecosystems over time while 

supporting economies and dependent communities, is essential to ensure that marine resources are 

harvested at a rate that allows populations to replenish naturally, while minimizing environmental harm 

and preserving the health of ecosystems for future generations (FAO, 2022). 
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Nowadays, the sustainability of fisheries remains a key concern. The State of World Fisheries and 

Aquaculture (FAO 2022) report notes that 35.4% of fish stocks are fished at biologically unsustainable 

levels, a trend that has continued to rise in recent decades. Overfishing, habitat degradation and climate 

change pose serious challenges to the long-term viability of marine ecosystems and the communities that 

depend on them (IPCC, 2019; Pauly et al., 2002). 

To address these challenges, stock assessment plays a critical role in the sustainable management and 

conservation of marine fisheries (Hilborn and Walters, 1992). Indeed, the stock assessment is the scientific 

process of evaluating the status and trends of a fish population respect to reference levels (reference 

points) of fishing pressure and biomass considered sustainable for the stock. It serves as the scientific 

foundation for evaluating the status of fish populations and informing the managers about how much can 

be harvested without compromising the long-term stocks and fisheries viability.  

Mediterranean Sea: status of resources and how they are managed 

The Mediterranean Sea, though rich in biodiversity and cultural heritage, presents one of the most complex 

systems ƛƴ Ǝƭƻōŀƭ ŦƛǎƘŜǊƛŜǎΦ 5ŜǎǇƛǘŜ ǊŜǇǊŜǎŜƴǘƛƴƎ ƻƴƭȅ м҈ ƻŦ ǘƘŜ ǿƻǊƭŘΩǎ ƻŎŜŀƴ ǎǳǊŦŀŎŜΣ ƛǘ ƛǎ ƘƻƳŜ ǘƻ ƴŜŀǊƭȅ 

10% of global marine biodiversity and sustains the livelihoods of thousands of coastal communities. 

However, the status of fisheries in this semi-enclosed and politically diverse region remains critical, with 

many fish stocks subject to high exploitation rates and the marine ecosystem under growing pressure (Coll 

et al., 2010; Underwood et al., 2009). 

Fishing represents a vital economic and social pillar in the Mediterranean. Over 250,000 people are directly 

employed in the fisheries sector, particularly in small-scale fisheries, which represent about 80% of the 

fishing fleet (GFCM, 2020). These fisheries are deeply embedded in the cultural and economic fabric of 

coastal communities and often represent a valuable historical heritage for the local populations.  



12 

 

The General Fisheries Commission for the Mediterranean (GFCM) is a regional body, established under the 

FAO, responsible for promoting the sustainable management of fisheries and aquaculture in the 

Mediterranean and Black Sea. The Mediterranean Sea is divided in management units, named Geographical 

Sub-Areas (GSA, GFCM sensu, Figure 1) through the GFCM Resolutions GFCM/31/2007/2 and 

GFCM/33/2009/2. 

 

Figure 1 ς Map reporting the Geographical Sub-Areas defined by the GFCM in the Resolutions GFCM/31/2007/2 and 
GFCM/33/2009/2. Figure downloaded at: https://www.fao.org/gfcm/data/maps/gsas/en/   

According to the General Fisheries Commission for the Mediterranean (GFCM) and FAO's assessments, 

more than 75% of assessed fish stocks in the Mediterranean are fished at unsustainable levels (GFCM, 
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2022a and b). Key commercial species such as European hake (Merluccius merluccius), red mullet (Mullus 

barbatus) and deep-water rose shrimp (Parapenaeus longirostris) are subject to overfishing and stock 

depletion across several GSAs. 

Fisheries in the Mediterranean Sea are managed through a combination of regional, sub-regional, and 

national frameworks aimed at ensuring the sustainable exploitation of marine resources. Over the past two 

decades, there has been a significant shift towards more structured and science-based fisheries 

management, particularly under the coordination of the GFCM, playing a central role in designing, 

recommending and monitoring management strategies to address the growing concerns related to 

overfishing, habitat degradation and socio-economic vulnerability in the region (GFCM, 2022a and b). The 

GFCM also plays a key role in supporting small-scale fisheries, improving data collection, and fostering 

regional cooperation among member countries to ensure the long-term sustainability of marine resources 

and the livelihoods that depend on them.  

Among the most prominent instruments currently in use in Mediterranean are the so-called Multiannual 

Management Plans (MAPs). These plans are designed as long-term frameworks that aim to rebuild and 

maintain fish stocks within biologically sustainable levels. They typically rely on the best available scientific 

advice, incorporating regular stock assessments and indicators of stock productivity, spawning biomass, 

and fishing mortality (Hilborn & Walters, 1992). MAPs define management objectives and include a set of 

regulatory tools such as effort and capacity controls, gear restrictions, closed seasons, and minimum 

conservation reference sizes. Importantly, these plans are adaptable along the years, allowing for revisions 

based on updated scientific evidence and environmental changes. 

Several multiannual plans have been implemented by European Commission and by GFCM in recent years 

across different parts of the Mediterranean (Figure 2). One of the most notable examples is the Western 

Mediterranean MAP (WestMed Plan), adopted by the European Union to manage demersal fisheries 

targeting species such as European hake, red mullet and deep-water rose shrimp. This plan includes annual 



14 

 

reductions in fishing effort, technical measures to enhance selectivity, and a regional closure period during 

peak spawning to protect recruitment (European Commission, 2019). Other examples of management 

Plans are the one regulating the demersal fisheries in the Strait of Sicily, the MAPs regulating the small 

pelagic and demersal fisheries operating  in the Adriatic Sea.  

In addition to plans focused on finfish and crustaceans, the GFCM has also adopted a Multiannual 

Management Plan for red coral (Corallium rubrum, Linneaus, 1758; Gorgonacea, Octocorallia) in all 

Mediterranean areas (GFCM Recommendation GFCM/36/2012/1, Recommendation GFCM/41/2017/5). 

In parallel to multiannual plans, spatial conservation tools such as Fisheries Restricted Areas (FRAs) have 

emerged as critical components of fisheries governance. FRAs are geographically defined zones in which 

certain fishing activities are prohibited or heavily restricted to protect vulnerable ecosystems and critical 

habitats. These areas are often designated based on habitat mapping, fishing effort data and stock 

assessment outcomes. These areas are essential in promoting stock recovery and preserving benthic 

habitats from destructive gear impacts, such as bottom trawling (GFCM, 2022a and b). 

 



15 

 

 

Figure 2 ς Infographics of the GFCM management Plan currently in force in Mediterranean and Black Sea. Available at: 
https://gfcmsitestorage.blob.core.windows.net/website/6.News/SOMFI%202023/Inforgraphics/Infographic_7.jpg  

In addition to regionally coordinated management efforts, individual Mediterranean countriesτboth EU 

Member States and non-EU coastal nationsτimplement national fisheries management plans. These plans, 

often tailored to the specific ecological and socio-economic context of each country, focus particularly on 

small-scale and local fisheries. While approaches vary across countries, there is increasing convergence 

toward harmonizing national policies with GFCM recommendations and the principles of the EUΩǎ /ƻƳƳƻƴ 

Fisheries Policy (CFP) (EU, 2013; GFCM, 2021). 

Fishery data collection in the Mediterranean Sea is essential for sustainable management and is 

coordinated at national, regional and EU levels. National authorities collect data on catches, effort, fleet 

activity, and socio-economic indicators through port sampling, onboard observers and surveys. For EU 

countries, the Data Collection Framework (DCF, https://dcf.ec.europa.eu/index_en?prefLang=i) 

standardizes methods and ensures data quality, supporting scientific analysis and policy-making. Regionally, 

https://gfcmsitestorage.blob.core.windows.net/website/6.News/SOMFI%202023/Inforgraphics/Infographic_7.jpg
https://dcf.ec.europa.eu/index_en?prefLang=i
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the GFCM coordinates data collection through its Data Collection Reference Framework (DCRF, 

https://www.fao.org/gfcm/data/dcrf/fr/ ), ensuring consistency across EU and non-EU countries. 

At the Mediterranean level, ad hoc experts working groups integrate the collected fishery data on specific 

mathematical models to provide an updated evaluation of the stock status, through the stock assessment 

process. These working groups, organized under the framework of the GFCM and the STECF (scientific body 

of European Commission), play a crucial role in providing the scientific basis for sustainable fisheries 

management (GFCM 2022b; GFCM 2022c; GFCM 2023; GFCM 2024; STECF 2020, STECF 2021a).  

In the Mediterranean Sea, the number of stock assessments has increased in recent years, reflecting 

growing efforts to support science-based fisheries management. According to the General Fisheries 

Commission for the Mediterranean (GFCM), over 80 stock assessments are currently conducted annually, 

covering a range of demersal and small pelagic species such as European hake, red mullet, deep-water rose 

shrimp, anchovy and sardine. However, despite this progress, the overall coverage remains limited. As 

reported by GFCM (2022b), stock assessments are available for less than 30% of the commercially exploited 

stocks in the region. Moreover, only about 40% of the Geographical Sub-Areas (GSAs) in the Mediterranean 

have consistent and up-to-date stock assessments. This uneven coverage, particularly in the eastern and 

southern Mediterranean, hinders comprehensive management and highlights the need for expanded data 

collection, regional collaboration and capacity building to improve scientific coverage across the entire 

basin. 

Stock assessment models: tools to inform managers on stock status 

A stock assessment is a scientific process used to evaluate the status and trends of a fish population (or 

"stock") in order to inform sustainable fisheries management (Hilborn and Walters, 1992). It involves the 

analysis of the collected biological, catch and effort data to estimate key parameters such as: population 

https://www.fao.org/gfcm/data/dcrf/fr/
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size or spawning stock biomass (SSB), mortality due to fishing (fishing mortality, F), recruitment (new 

individuals entering the population).  

Stock assessments help determine whether a stock is sustainably exploited, overfished (biomass of the 

stock has been reduced below a biologically sustainable level), or subject to overfishing (fishing mortality 

higher than the level considered sustainable) and provide the evidence needed to set appropriate 

management measures to reduce the risk of stock collapse.  

In the stock assessment process reference values for SSB and F are defined to evaluate the status of the 

stock, namely reference points (Sparre & Venema, 1998). The reference points are essential benchmarks 

used in fisheries management to assess stock status and guide sustainable exploitation according to the 

fishing pressure and the biomass level, while defining thresholds or targets based on stock productivity and 

resilience.  

Table 1 reports the main reference points utilized in the STECF and GFCM working groups on stock 

assessment, including the definition and the bibliographic reference. 

Table 1 ς Summary of the main reference points used in the stock assessment process, including definitions and references. 
 

Reference Point Definition Reference 

BMSY Biomass that produces the Maximum 
Sustainable Yield (MSY); used as a target for 

stock biomass. 

Hilborn & Walters (1992);  
Cadrin et al. (2015) 

B/BMSY Ratio of current biomass to BMSY; indicates 
stock status relative to the MSY benchmark. 

Cadrin et al. (2015) 

Blim Biomass limit reference point; below this 
level, the stock is at high risk of reproductive 

impairment. 

Cadrin et al. (2015) 

Bpa Biomass precautionary threshold; set above 
Blim to account for uncertainty and avoid 

critical depletion. 

Cadrin et al. (2015) 

FMSY Fishing mortality rate that leads to MSY; used 
as a limit or target to ensure sustainable 

fishing pressure. 

Hilborn & Walters (1992); 
Cadrin et al. (2015) 

F/FMSY Ratio of current fishing mortality to FMSY; 
indicates whether fishing pressure is 

sustainable. 

Cadrin et al. (2015) 

SPR / SBR Spawning Potential Ratio or Spawning 
Biomass per Recruit; proportion of unfished 

reproductive capacity remaining under 
current fishing pressure. 

Hordyk et al. (2015);  
Froese et al. (2016) 

MSY Maximum average catch that can be 
sustainably harvested over the long term. 

Hilborn & Walters (1992) 



18 

 

Reference Point Definition Reference 

Fmax Fishing mortality rate that maximizes yield 
per recruit; often used as an upper reference 

point in management. 

Beverton & Holt (1957); Quinn & 
Deriso (1999) 

F0.1 Fishing mortality rate at which the slope of 
the yield-per-recruit curve is 10% of the 

slope at the origin; considered a conservative 
proxy for FMSY. 

Beverton & Holt (1957);  
Cadrin et al. (2015) 

 

Stock assessments use two main types of data: fishery-dependent and fishery-independent. Fishery-

dependent data come directly from monitoring activities of commercial and recreational fishing, including 

catch records, effort and size or age of fish caught. This data reflects the impact of fishing on the 

population. In contrast, fishery-independent data are collected through scientific surveys that do not rely 

on commercial fishing, such as trawl or acoustic surveys. These provide unbiased information about fish 

abundance, distribution and biological characteristics, helping scientists to estimate stock health more 

accurately. Both types of data are essential for reliable stock assessments and sustainable fisheries 

management. 

Stock assessment models can be broadly classified into data-rich and data-limited approaches, depending 

on the amount and quality of data available for the stock being assessed. 

In the next session a general overview, including the main stock assessment models reviewed in the 

context of this thesis, is provided, with a final synthesis. A more detailed description is provided for the 

models applied in chapters 1, 2 and 3. 

Data-rich stock assessment models 

In data-rich fisheries, where long-term series of commercial catch data, survey data, effort and biological 

data are available, analytical models are widely used.  

These include models such as: 

¶ Virtual Population Analysis (VPA) and Cohort Analysis; 
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¶ Statistical Catch-at-Age (SCAA) and Statistical Catch-at-Length (SCAL) models; 

¶ Biomass Dynamic Models (intermediate complexity). 

Virtual Population Analysis (VPA) 

Virtual Population Analysis (VPA), also known as Cohort Analysis, is a widely used analytical deterministic 

method in fisheries science for reconstructing the historical population dynamics of exploited fish stocks 

(Gulland, 1983). VPA estimates the abundance and mortality rates of age-structured populations by 

working backward from catch-at-age data, assuming that all individuals are removed from the population 

through natural mortality or fishing. One of the core assumptions is that natural mortality (M) is known and 

that catch data are accurate and representative (Gulland, 1983). These models are typically applied to 

species with well-defined age structures and long lifespans, such as European hake, which are landed in 

large volumes and subject to systematic age reading (GFCM, 2022b, GFCM 2023; GFCM 2024).  

One of the main advantages of VPA is its relatively simple model structure, that allows to apply quite easily, 

utilizing existing freely available tools; the integration of fishery dependent and fishery independent 

information allows to take advantage of the information provided by the survey data on the age structure 

population, not only relying on the fraction exploited by the fishery. Finally, this tool is compatible with 

many stock assessment frameworks, providing information on the fishing mortality reference points. 

One of its limitations includes the algorithm nature, working backward (from the most recent years to the 

past ones); indeed, this element makes the final stock assessment results more susceptible to last year of 

data than the whole time series. Another critic aspect is the assumption that the catch data are exact, 

without observation errors; for this reason the tool cannot provide confidence intervals around the status 

of the stock.   These limitations make this tools less suitable for short-lived or poorly monitored species 

(Pope, 1972; Gulland, 1983). Despite these limitations, VPA remains a foundational tool in fisheries science 

and continues to inform key management decisions worldwide (ICES, 2005). 



20 

 

The Extended Survivor Analysis (XSA) is a widely used age-structured stock assessment method within the 

family of Virtual Population Analysis (VPA) models. It was developed to improve traditional VPA by 

incorporating statistical tuning procedures that adjust population estimates using external data sources, 

such as scientific surveys or catch-per-unit-effort (CPUE) indices. Unlike classical VPA, which relies solely on 

catch-at-age data and assumes perfect knowledge of fishing mortality, XSA applies a statistical shrinkage 

technique to stabilize estimates of fishing mortality in the oldest age groups, where data are often sparse 

or uncertain (Shepherd, 1999). This makes it particularly useful for long-lived demersal species, such as 

European hake, where accurate assessment of older age classes is critical. Its application has become 

standard practice in European fisheries assessments, especially under the GFCM framework (GFCM, 2022b, 

GFCM 2023, GFCM 2024). 

Statistical Catch-at-Age (SCAA) and Statistical Catch-at-Length (SCAL) models 

Statistical Catch-at-Age (SCAA) and Statistical Catch-at-Length (SCAL) models are advanced analytical 

frameworks used in fisheries stock assessments to estimate population dynamics using both fishery-

dependent and fishery-independent data. Unlike traditional Virtual Population Analysis, which is 

deterministic and retrospective, SCAA and SCAL are forward-projection, likelihood-based models that 

incorporate uncertainty and variability in observations and processes (Methot & Wetzel, 2013). These 

models integrate multiple data sources, including catch-at-age or catch-at-length compositions, indices of 

abundance (e.g. trawl surveys) and biological parameters such as growth, natural mortality and selectivity. 

The main hypotheses include known or estimable selectivity patterns and observation errors and they 

assume the availability of reliable and structured data over time. SCAA is especially suitable for species 

where age data are available and regularly sampled (e.g. hake, cod, or sea bream), while SCAL is preferred 

in cases where length composition is easier to obtain or more representativeτoften the case for tropical or 

small-scale fisheries where ageing is difficult or expensive (Maunder & Punt, 2013). 
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The advantages of SCAA and SCAL include their statistical rigor, ability to estimate parameters 

simultaneously and capacity to account for uncertainty and missing data. However, their disadvantages are 

related to increased computational complexity, sensitivity to model structure and priors and the need for 

extensive, high-quality datasets. These models form the basis of integrated stock assessment frameworks 

such as Stock Synthesis (SS3), widely used in global fisheries science and endorsed by regional fisheries 

management organizations (Methot & Wetzel, 2013; GFCM, 2022b; GFCM 2023; GFCM 2024). 

Biomass Dynamic Models 

Biomass Dynamic Models (BDMs) are among the simplest and most widely used tools in fisheries stock 

assessment, being in the group of data-rich models, the ones requiring the catch and survey information 

aggregated and not by age class. Indeed, they are less data-intensive than age-structured models but still 

require time series of catch and effort. For this reason they are considered as intermediate-complexity 

models. 

These models describe the overall changes in biomass over time in relation to fishing effort or catch, using 

population-level parameters such as intrinsic growth rate (r) and carrying capacity (K) (Hilborn & Walters, 

1992). The most well-known BDM is the Schaefer model, a logistic surplus production model that assumes a 

compensatory growth response in the stock to reductions in biomass due to fishing. Key assumptions 

include that the population follows a predictable growth curve, that catches are accurately reported and 

that recruitment and mortality are implicitly captured in the biomass trend. BDMs are typically applied to 

long-lived, aggregated stocks for which detailed biological data (e.g., age or length composition) are not 

available, such as small pelagics, tuna or mixed-species tropical fisheries (Prager, 1994). 

The advantages of BDMs lie in their simplicity, minimal data requirements and ease of use, especially in the 

early stages of management. However, they are limited by their oversimplified nature, inability to model 

age or size structure and their sensitivity to assumptions about equilibrium conditions and the accuracy of 

historical catch and effort data. They are best used as exploratory or interim models and often serve as a 
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foundation for more complex assessments or management strategy evaluations (Froese et al., 2017; GFCM, 

2022b; GFCM 2023; GFCM 2024).  

The Stochastic Production model in Continuous Time (SPiCT) is a biomass dynamic model designed for 

fisheries stock assessment, particularly in data-limited and data-moderate contexts and widely used in ICES 

and GFCM context. SPiCT builds upon classical surplus production models by introducing a Bayesian 

framework and modeling biomass and fishing mortality as stochastic processes in continuous time, rather 

than using discrete time steps (Pedersen & Berg, 2017). This formulation allows SPiCT to account for both 

process error (natural variability in population dynamics) and observation error (in data such as catches and 

abundance indices), providing more realistic uncertainty estimates around key parameters such as biomass, 

fishing mortality, and MSY-based reference points. The model typically requires time series of total catch 

and at least one abundance index, such as a CPUE or survey-derived index. 

SPiCT assumes that population dynamics follow a Pella-Tomlinson surplus production model, which 

generalizes the logistic growth function to allow for different shapes of the production curve. Its main 

advantages include the ability to quantify uncertainty rigorously, flexibility in model fitting and the 

generation of probabilistic outputs useful for risk-based management. Moreover, it provides diagnostics for 

stock status relative to reference points like B/BMSY and F/FMSY. However, limitations include sensitivity to 

short or highly uncertain data series, computational intensity and the need for prior information on key 

parameters, which may be challenging in poorly studied fisheries. The model is widely used in ICES, GFCM 

and STECF working groups (STECF 2021a; STECF 2020; GFCM 2022b; GFCM 2022c; GFCM 2023; GFCM 

2024), with a series of dedicated meetings at ICES level to provide advice based on this model (ICES, 2024). 

Data-poor stock assessment models 

Data-poor assessment models are analytical approaches designed to evaluate the status of fish stocks when 

traditional, data-rich methods are not applicable due to a lack of detailed biological, fishery or survey data. 

Unlike full analytical stock assessmentsτwhich typically rely on long time-series of catch-at-age, 



23 

 

abundance indices, and life-history parametersτdata-poor methods operate with minimal information, 

often using only catch time series, basic life-history traits (e.g., growth rate, longevity), or expert judgment 

(Carruthers et al., 2014).  

These models include: 

¶ Yield per Recruit; 

¶ Catch-MSY and CMSY; 

¶ Length-based models, such as Length-Based Spawning Potential Ratio (LB-SPR); 

¶ Depletion-based methods. 

Yield per recruit 

Yield per recruit (Y/R) models are a fundamental tool in fisheries science used to evaluate how fishing 

mortality and age at first capture affect the expected yield from a single recruit over its lifetime (Beverton 

and Holt, 1957; Quinn and Deriso, 1999). These models are particularly useful for understanding the trade-

offs between harvesting fish at younger versus older ages. By incorporating growth (usually via the von 

Bertalanffy growth function), natural mortality, and fishing mortality, Y/R models estimate the yield 

produced by an average recruit under various fishing scenarios. A key strength of this approach is its ability 

to inform decisions about optimal exploitation strategies, such as identifying the fishing mortality rate that 

maximizes yield per recruit and assessing the effects of size or age limits on catches. Although they do not 

account for population dynamics like recruitment variability or stock-recruitment relationships, Y/R models 

are still valuable for data-limited fisheries or as a component of more complex assessments. They are 

especially relevant for long-lived demersal species, where delaying capture to older ages can significantly 

increase yield and reproductive output. 

Catch-MSY and CMSY  
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Catch-MSY and its Bayesian extension CMSY (Catch-MSY with Monte Carlo simulation) are widely used 

data-poor stock assessment methods developed to estimate Maximum Sustainable Yield (MSY) and other 

reference points using only catch data and basic information on species productivity. These models operate 

by simulating thousands of possible population trajectories based on surplus production models, while 

filtering those consistent with observed catches and known biological resilience (Froese et al., 2017). The 

key assumptions include that the population follows a logistic growth curve (i.e., Schaefer model), that 

catch data reflect true removals, and that reasonable estimates of intrinsic growth rate (r) and carrying 

capacity (K) can be inferred from life-history traits or expert input. 

Catch-MSY and CMSY are typically applied to data-limited stocks, including small pelagic species, tropical 

multi-species fisheries and coastal demersal stocks where traditional stock assessments are infeasible. 

These models are especially valuable for developing-country fisheries or artisanal sectors, where systematic 

biological sampling is limited.  

Their advantages include low data requirements, intuitive implementation and transparent assumptions, 

which make them accessible and useful for rapid assessments and management advice.  

Limitations include sensitivity to input assumptions (especially priors for r and biomass depletion levels), 

inability to account for age or size structure and reduced accuracy for short time series or heavily 

misreported catches (Martell & Froese, 2013; Rosenberg et al., 2014). Despite these caveats, CMSY has 

been adopted in several international frameworks, including GFCM, as a pragmatic tool for precautionary 

management in data-poor fisheries (GFCM 2022b; GFCM 2022c; GFCM 2023; GFCM 2024). 

Recent advancements in this family of models have led to the development of CMSY++ (Froese et al., 2023), 

which incorporates important methodological enhancements. These include improved treatment of catch 

uncertainty, refined priors for resilience, and expanded diagnostic tools, all of which contribute to more 

robust and transparent stock assessments. This thesis applies the original CMSY approach and the new 

developments CMSY++ in the assessment of the red coral stock (Chapter 2), acknowledging the 
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developments introduced with CMSY++ offers a more complete picture of current methodologies available 

for data-limited fisheries. 

Length-Based Spawning Potential Ratio (LB-SPR) and the Length-Based Bayesian (LBB) models  

Length-based assessment models, such as the Length-Based Spawning Potential Ratio (LB-SPR) and the 

Length-Based Bayesian (LBB) model, are increasingly used in data-poor fisheries to estimate stock status 

from simple length-frequency data. These models bypass the need for age data, making them highly 

suitable for species where age determination is often limited due to logistical or economic constraints 

(Hordyk et al., 2015; Froese et al., 2016). LB-SPR estimates the Spawning Potential Ratio (SPR)τa proxy for 

reproductive capacityτby modeling the equilibrium distribution of lengths in the catch, assuming known 

growth parameters (von Bertalanffy growth function), natural mortality (M) and size at maturity. It 

compares the current SPR with reference values (e.g., 40%) to infer whether the stock is overfished. LBB, on 

the other hand, is a Bayesian length-based model that fits observed length frequencies to estimate 

ǇŀǊŀƳŜǘŜǊǎ ǎǳŎƘ ŀǎ Cκa όŦƛǎƘƛƴƎ ǘƻ ƴŀǘǳǊŀƭ ƳƻǊǘŀƭƛǘȅ ǊŀǘƛƻύΣ [қ (asymptotic length) and relative biomass 

(B/BMSY), while incorporating uncertainty and priors (Froese et al., 2016). 

These models are particularly well-suited for slow-growing species or those with limited age data, such as 

groupers, snappers, or invertebrates like lobsters.  

Their advantages include minimal data requirements, cost-effectiveness and rapid diagnostics for 

management, especially when integrated with precautionary frameworks.  

Limitations include sensitivity to incorrect growth and mortality estimates, assumption of steady-state 

conditions and potential biases when size-selective fishing or recruitment variation is high (Hordyk et al., 

2015). Despite these constraints, both LB-SPR and LBB are commonly applied in GFCM working groups, as 

part of a toolbox for data-limited fisheries (GFCM 2022b; GFCM 2022c; GFCM 2023; GFCM 2024). 
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Depletion-based methods 

Depletion-based methods, such as the Depletion-Corrected Average Catch (DCAC) and Depletion-Based 

Stock Reduction Analysis (DB-SRA), are tools developed for use in data-limited fisheries where traditional 

stock assessments are not feasible due to the absence of detailed time series on abundance or age 

structure. These models aim to provide sustainable catch advice by incorporating historical catch data, 

estimates of natural mortality (M), productivity and assumptions about stock depletion levels (MacCall, 

2009; Dick & MacCall, 2011). DCAC calculates an allowable catch level that balances long-term yield with 

conservation, by adjusting the average historical catch for estimated depletion and productivity 

parameters. DB-SRA, a more sophisticated extension, uses a stochastic approach to simulate thousands of 

biomass trajectories consistent with catch history and biological parameters and selects those that do not 

result in implausible population collapse. 

These methods are particularly applicable to moderately to highly exploited stocks where the only reliable 

data are long-term catch records and expert knowledge on stock status. They are commonly applied to 

coastal demersal species, elasmobranchs or invertebrates such as lobsters and crabs, especially in small-

scale fisheries lacking systematic monitoring. The advantages of DCAC and DB-SRA include their 

adaptability to limited data conditions, ease of implementation, and ability to incorporate uncertainty in a 

precautionary way. However, their limitations include high sensitivity to assumptions about depletion levels 

and natural mortality, limited capacity to detect recent trends, and inability to provide detailed insights into 

population structure or dynamics (Carruthers et al., 2014).  

In this group of models, the Leslie-Lewis method (Hilborn and Walters, 1992) by length approach is used to 

estimate the size structure and potential abundance of a stock using length-frequency data. This adaptation 

applies the same principles as the original methodτtypically used with CPUE and cumulative catchτbut 

uses average length or length class frequencies over cumulative removals to estimate stock size and 

exploitation patterns. It is particularly useful in data-limited fisheries where aging is difficult or not 
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available, such as in tropical or artisanal contexts. The data required are catch length-frequency 

distributions over time, along with estimates of effort and, ideally, length-specific selectivity. 

Advantages include its simplicity, low data requirements and ability to provide initial estimates of stock 

status without detailed biological or age data. However, the method has several limitations: it assumes 

constant selectivity, no growth or recruitment during the sampling period and a linear relationship between 

cumulative removals and average size, which may not hold in dynamic systems. It is also sensitive to 

sampling bias and variability in gear selectivity.  

Synthesis of stock assessment methods 

A synthesis of the stock assessment models described in the previous section has been made in Table 2, 

summarizing the type of model, the data needed, the advantages and disadvantages, the species on which 

the model was generally applied and the bibliographic reference.    

 

 

 



28 

 

Table 2 ς Synthetic table reporting the main models applied in the stock assessment process; the models indicated with light green background are the data-rich and intermediate models, the 
ones with white background are data-limited. 

 

Model Type Data needed Advantages Disadvantages Applicable on Reference 

VPA Age-structured 
(deterministic) 

Catch-at-age, natural mortality, 
selectivity 

Simple to apply, widely 
used, provides reference 
points 

Sensitive to M, assumes 
reliable catch-at-age data 

demersal species with age 
data 

Pope (1972);  
Gulland (1983);  
ICES (2022) 

XSA Age-structured (VPA with 
statistical tuning) 

Catch-at-age, survey tuning 
indices, natural mortality 

Simple to apply, widely 
used; improves VPA with 
external indices, provides 
reference points 

Sensitive to M, assumes 
reliable catch-at-age data 

long-lived demersal stocks Shepherd (1999); 
 ICES (2022) 

SCAA and SCAL Statistical age/length-
structured (likelihood-
based) 

Catch-at-age or length, indices, 
biological parameters 

Flexible, incorporates 
uncertainty, integrates 
various data sources, deal 
with data gaps, provides 
reference points 

Computationally intensive, 
requires multiple data sources 

species with age/length 
sampling 

Methot & Wetzel (2013); 
Maunder & Punt (2013); 
FAO (2022) 

SPiCT Biomass dynamic (Bayesian, 
continuous time) 

Catch time series, abundance 
index, life-history priors 

Stochastic, handles 
uncertainty well, provides 
reference points 

Requires tuning, sensitive to 
short/uncertain time series 

Small pelagics, demersal  
species 

Pedersen & Berg (2017);  

YpR Age-structured 
(deterministic, analytical) 

Growth parameters, natural 
mortality, maturity, selectivity 

Simple, useful for reference 
points like FMAX and F0.1 

No recruitment or biomass 
dynamics, assumes 
equilibrium 

Demersal species, reef 
fishes, data-limited species 

Beverton & Holt (1957); 
Quinn & Deriso (1999) 

LB-SPR Length-based (equilibrium, 
empirical) 

Length-frequency data, life-
history parameters (natural 
mortality, Lқ, Lm50%) 

Requires only length data, 
Simple to apply 

Assumes equilibrium, 
sensitive to natural mortality 
and growth assumptions 

Groupers, snappers, 
lobsters, reef species 

Hordyk et al. (2015); 
Froese et al. (2016) 

CMSY Biomass dynamic (Bayesian, 
catch-only) 

Catch time series, species 
resilience, depletion 
assumptions 

Very low data 
requirements, good for 
initial assessments 

Depends heavily on priors, no 
age or size structure 

Small pelagics, tropical 
multispecies, artisanal 
stocks 

Froese et al. (2017); 
Martell & Froese (2013); 
Rosenberg et al. (2014) 

Depletion-based 
methods 

Biomass dynamic (catch-
only) 

Catch time series, natural 
mortality, depletion levels, 
prior knowledge 

Practical in data-limited 
contexts, simple, 
precautionary 

Sensitive to assumptions, not 
suited for short-term trends 

Demersal species, 
elasmobranchs, lobsters, 
coastal species 

MacCall (2009);  
Dick & MacCall (2011); 
Carruthers et al. (2014) 

Leslie-Lewis (by 
length) 

Depletion-based (length, 
empirical) 

Length-frequency over time, 
effort, basic selectivity 

Very simple, needs minimal 
data, useful for early-stage 
assessments 

Assumes no 
growth/recruitment, sensitive 
to sampling bias 

Demersal species, reef fish  
Hilborn and Walters (1992) 
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Sardinian fishery and key marine resources 

The seas surrounding Sardinia, coded as the Geographical Sub-Area 11 (Figure 3) in the GFCM context,  

have long played a central role in ǘƘŜ ƛǎƭŀƴŘΩǎ ŜŎƻƴƻƳȅΣ ŎǳƭǘǳǊŜ and identity. With a rich maritime tradition 

dating back to ancient times, fishing has been a cornerstone of coastal livelihoods and local traditions. 

Sardinia, with nearly 1,900 kilometers of coastline, offers an exceptionally favorable environment for both 

fishing and aquaculture activities. According to the 2021 report by CREA (2021), in 2019 the region 

accounted for 8,160 tons of fishery landingsτrepresenting 4.7% of the national totalτand generated 

ǊŜǾŜƴǳŜǎ ƻŦ ϵсоΦн ƳƛƭƭƛƻƴΣ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ǘƻ тΦм҈ ƻŦ LǘŀƭȅΩǎ ƻǾŜǊŀƭƭ ŦƛǎƘŜǊƛŜǎ ƛƴŎƻƳŜΦ  

As of the latest data available from the European Commission's Fleet Register (consulted in March 2025), 

Sardinia's fishing fleet comprises 1,326 vessels, representing approximately 11% of Italy's national fleet. The 

total gross tonnage (GT) of the Sardinian fleet stands at 14,914, with a combined engine power of 53,748 

kilowatts (kW). Notably, 452 of these vessels are registered in ports located in Northern Sardinia, 

accounting for a gross tonnage of 4,768 GT and an engine power of 22,652 kW. Despite a declining trend 

over the years, Sardinia maintains one of the largest regional fishing fleets in Italy, underscoring its 

enduring significance in the national maritime sector.  

The island's marine ecosystem supports a wide range of commercially valuable species, with the fishing 

fleet mainly targeting demersal resources. In addition to the demersal target species included in the 

Western Mediterranean MAP, highly prized resources like the red coral and the Mediterranean spiny 

lobster (Palinurus elephas, Fabricius, 1787) hold significant economic and ecological importance, 

particularly in the western and southern sectors of the island. 
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Figure 3 ς Location of Sardinian waters, corresponding to GSA 11 of the GFCM Geographical Sub-Areas. 

 

Demersal stocks 

Demersal species typically have limited mobility compared to pelagic species, often remaining within 

relatively confined areas or specific habitats such as rocky substrates, sandy bottoms, or seagrass beds. 

These species represents the bulk (over 50 %, ISTAT, https://www.istat.it/en/)  of the landing of the 

commercial demersal fishery in Sardinian waters, targeting mainly  European hake, red mullet, deep-water 

rose shrimp, giant red shrimp (Aristaemorpha foliacea), blue and red shrimp (Aristaeus antennatus) and 

Norway lobster (Nephrops norvegicus).  

For this reason an appropriate evaluation of the stock status of these resources is of paramount importance 

to ensure the viability of the fleets depending on them, in strict combination with biological sustainability 

criteria.  
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Age-structured stock assessment models are particularly well-suited for assessing the status of demersal 

stocks due to their ability to capture the biological and ecological complexity of these species, typically 

exhibiting age-specific differences in growth, maturity, natural mortality and susceptibility to fishing.  

A wide range of fishery dependent and fishery independent data, including robust biological information, is 

currently available for the main demersal stocks exploited by Sardinian demersal fleets, due to the 

presence of the these stock in the European Data Collection Program since more than 20 years.  

This data are routinely utilized during the annual STECF and GFCM expert working groups on stock 

assessment to evaluate the status of the stocks applying data-rich stock assessment models and provide 

scientific advice. The information on the stocks status is routinely used to adapt the  Multiannual 

Management Plan (MAP) for demersal stocks in the Western Mediterranean Sea, adopted by the European 

Union under Regulation (EU) 2019/1022. This plan, which came into force in July 2019 and covering waters 

off the coasts of Italy (including Sardinia), France, and Spain, was developed in response to persistent 

overfishing of key demersal stocks. Sardinia, being part of the Geographical Sub-Area 11 as defined by the 

GFCM, is directly impacted by this plan.  

Although the red mullet is one of the main target of demersal fishery and one of the species covered by the 

MAP, the species was never assessed in Sardinian waters, being only assessed in the Tyrrhenian Sea, where 

it was evaluated applying data-rich methodologies and specifically statistical catch at age and biomass 

dynamic models (STECF, 2021a). 

Red coral  

Ecological features 

Unlike the demersal resources, red coral is a longevous sciaphilous benthonic sessile octocoral, endemic of 

the Mediterranean basin, that forms arborescent colonies over rocky habitats (Bramanti, L., Iannelli, M., & 

Santangelo, G., 2009; Garrabou, J., Harmelin, J.G., 2002).  
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Red coral shows peculiar biological and ecological characteristics that distinguish this species markedly for 

the demersal species. Being a sedentary organisms and characterized by patchy distribution in banks and 

not evenly across the seafloor,  the fishing target known coral-rich spots, often repeatedly, leading to 

localized depletion.  Due to its peculiar life history traits, red coral is susceptible to anthropogenic 

pressures, with fishing ahead, followed by climate change related stressors (Torrents et al., 2005, 

Bavestrello et al., 2015; Toma et al., 2022). Indeed, the species shows slow growth rate, late sexual 

maturity, a lifespan that can potentially overcome a century (Garrabou and Harmelin, 2002; Marschal et al., 

2004). Thus, restoring the areas heavily impacted from fishing activities could potentially take decades.  

From an ecological perspective, C. rubrum shows a wide bathymetric distribution, and acts as structuring 

organism in deep-sea rocky habitats, particularly over coralligenous biocoenosis, which are regarded both 

as major biodiversity hotspots of the Mediterranean, and as Vulnerable Marine Ecosystem (VME) (FAO, 

2009).  

The extensive studies undertaken with the ROV (Remote Operated Vehicle) conducted along the Sardinian 

coasts (Follesa et al., 2013; Cau et al., 2015a) at depths >80 metres, documented a great variability in coral 

population structure, showing different sizes patterns characterized by a high occurrence of large colonies 

on the northern western coasts and small-medium sized colonies in the northern populations. 

The fishery and the economic importance 

Its red carbonatic skeleton has been widely appreciated in the global jewellery market for centuries and, at 

present days, it can be considered the precious coral par excellence (Tsounis et al., 2010; Cattaneo-Vietti et 

al., 2016). FAO statistics documented a dramatic decline (~80%) of red coral catches within the 

Mediterranean, from 98 tons in 1978 to the minimum of 18.9 tons recorded in 1998; after that, values 

remained always below 40 tons (FAO global capture database, 

https://www.fao.org/fishery/en/knowledgebase/106). Along Italian coasts, red coral banks have been 

https://www.fao.org/fishery/en/knowledgebase/106
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exploited for centuries through non-selective and highly destructive towed gear such as St. Andrews cross 

ŀƴŘ άLǘŀƭƛŀƴ ōŀǊέ ό/ŀǘǘŀƴŜƻ-Vietti, 2017), until their official ban in Europe, occurred in 1994. 

In the Mediterranean context, the island of Sardinia (Italy) is an historical hotspot for red coral fishery; e.g., 

in 1991 Sardinia was the most productive site in the western Mediterranean Sea (3 tons per year) 

(Santangelo et al., 1993; Cannas et al., 2010).  

Protection and management 

C. rubrum is included since 2014 in the International Union for Conservation of Nature (IUCN) red list, that 

is a global inventory that assesses the conservation status of plant and animal species, being a key indicator 

for monitoring the ecological status of coastal waters (European Water Framework Directive, WFD, 

60/2000/CE) and a taxa of special interest within the Marine Strategy Framework Directive (MSFD) to 

achieve the sea resources sustainability (άDƻƻŘ 9ƴǾƛǊƻƴƳŜƴǘŀƭ {ǘŀǘǳǎέΣ European Parliament, Council of the 

European Union 2008; European Commission 2010).  

Within GFCM Competence Area, several actions for monitoring and protecting this important resource 

have been put in place, including harmonised data collection for red coral fishery, since 2013 (Res. 

GFCM/35/2011/2; GFCM/41/2017/5; GFCM/45/2022/2) and the establishment of stricter management 

measures, including minimum legal basal diameter of 7 mm, harvesting only by authorized SCUBA divers, 

(without the use of ROV), limited number of licenses, catch limits, minimum fishing depth of 50 m (Rec. 

GFCM/43/2019/4). For management purposes, red coral populations are divided into shallow- and deep-

dwelling populations (<50m of depth), with the latter being the target of fishing pressure since those 

dwelling above 50m of depth are currently under protection (Rec. GFCM/43/2019/4).  

An alternative management scheme has been proposed in Caddy (1995), specifically useful for sedentary 

species: rotating harvest regime. Currently, only few areas of Morocco and Greece are applying this type of 

measures.  
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In the last 30 years,  Sardinian Administration has established some restrictive regulations to allow 

responsible exploitation of  discovered red coral banks within its waters: technical measures (SCUBA divers 

with hammer, depth limit (below 80 m), season of harvesting (May-November)); controls (minimum legal 

basal diameter of 10 mm (+-20% tolerance on undersized), limited number of licenses (max 25 authorized 

divers), weight limit (2.5 kg/day/diver)); annual logbooks. 

Sardinia has been selected at GFCM level as a model that, differently from other Italian Regions and other 

Mediterranean areas, applied a strict regulation for the harvest of red coral (Follesa et al. 2013) since 1998 

and because, over the last 15 years, has launched several monitoring programs to collect demographic data 

on colonies harvested by authorized SCUBA divers, through both landing and through Onboard Scientific 

Observers (Carugati et al., 2020). 

Stock assessment of red coral: status of the art 

Despite the urgent need to manage this precious resource, stock assessment for red coral is quite rare, 

both in scientific literature and in official GFCM reports. The more applied model in literature is Yield per 

recruit models, utilised by Tsounis et al. (2007), and the Leslie-Lewis tables by length (Hughes, 1984; 

Santangelo et al., 2007, Bramanti et al., 2009). 

Nevertheless, for the evaluation of this peculiar resource, the age structured stock assessment models (e.g. 

Yield per recruit ) are not considered as appropriate due to several reasons. Firstly, the sedentary nature of 

the red coral does not allow to meet the dynamic pool assumption of Caddy, due to the not uniform 

distribution of the resource and of the fishing effort across the fishing area. Moreover, the red coral 

population cannot be considered, as made in the case of demersal species, as a single connected pool, 

where individuals mix freely and are equally available to fishing. 

Considering the Leslie-Lewis tables by length, the application to this species can be importantly limited by 

the length-structure availability, not easily covering the whole length distribution and the whole lifespan.  
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It should be noticed that the available information for red coral populations across Geographical Sub-Areas 

(GSA, GFCM sensu) within the Mediterranean Sea suffers from low spatial and temporal coverage, often 

coupled with inconsistent data collection and sampling protocols. This makes in general quite difficult to 

assess red corals stocks across Mediterranean areas at GFCM level.   

Another aspect to be considered for the stock assessment of this species is the availability of biological 

information on growth, maturity and mortality. Knowledge on growth, mortality, and sexual maturity of red 

coral has increased over the last decades, for both shallow and deep populations dwelling in Western 

Mediterranean (Marschal et al., 2004; Gallmetzer et al., 2010; Bramanti et al., 2005, 2014; Priori et al., 

2013; Espinosa et al., 2019; Garrabou and Harmelin 2002; Torrents et al., 2005; Torrents and Garrabou 

2011; Tsounis et al., 2006; Santangelo et al., 2003; Porcu et al., 2017). However, the morphological 

plasticity of red coral colonies, that seem to adapt to local environmental conditions, and discrepancies in 

protocols used to investigate such parameters highlighted considerable uncertainty for several life-history 

traits, e.g., growth, size at first maturity.    

Sardinia has collected through logbook and ad hoc monitoring program since many years an big amount of 

information on the landing and size structure on the catches of red corals, including unique information on 

growth, through the ageing of more than 50 colonies. Respect to other Mediterranean areas, is actually the 

unique GSA having available data for the application of stock assessment models to this species, including 

landings time series, number of licenses to derive catch per unit of effort and biological information. 

The availability of this data made possible the application of a range of the stock assessment models 

described in chapter 2.  

Spiny lobster 

Another important commercial marine resource characterizing the Sardinian fishery is the European spiny 

lobster. Commonly referred to as άŀǊŀƎƻǎǘŀ Ǌƻǎǎŀέ όred lobster), spiny lobster is a benthic (nectobenthic) 
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crustacean species, typically found on rocky or detrital substrates in coastal and continental shelf areas of 

the northeastern Atlantic and the Mediterranean Sea. Unlike sessile benthic organisms such as red coral, 

which are permanently attached to the substrate, and unlike demersal species like European hake, which 

actively swim just above the seabed, P. elephas is a motile benthic species that moves along the seafloor, 

particularly during its nocturnal foraging activities. It inhabits depths ranging from 20 to over 150 meters, 

with a strong preference for complex rocky environments that provide shelter during daylight hours. The 

species is characterized by slow growth, late sexual maturity and low reproductive rates, making it 

particularly susceptible to overexploitation (Goñi et al., 2003; Gharsalli et al. 2022).  

In Sardinian waters, P. elephas has historically been a highly valued target for artisanal fisheries, though its 

stocks have shown signs of decline due to intensive harvesting. Conservation measures such as seasonal 

closures and size limits have been implemented in various Mediterranean regions to aid in population 

recovery (Goñi et al., 2003; Follesa et al., 2009). 

Currently the spiny lobster fishery involve the 25% of artisanal fishing vessels, although a relevant amount 

of individuals are harvested by trawlers and recreational fishery (Follesa M. C., 2012). Sardinia was, with 

Western Sicily, the Italian region  with the highest production of spiny lobster. Nevertheless, at the end of 

80ties this resources showed, as in the whole Mediterranean Sea, a gradual decrease in the landing and in 

the mean sizes landed, as a consequence of the increase in fishing pressure.  

Autonomous Sardinia Region established, in agreement with scientists, 14 fishery restricted areas aimed at 

facilitating the recovery of the stock, in combination with the other technical measures already in place 

(Decreto N. 2102/DecA/87 of 11.08.2010, Regulation (CE) N. 1967/2006). The Asinara Marine Protected 

Area (MPA), established in 2002, encompasses approximately 10,732 hectares of coastal waters 

surrounding Asinara Island in northwestern Sardinia. Managed by the Asinara National Park Authority, the 

MPA is divided into three zones with varying levels of protection: Zone A (integral reserve), Zone B (general 

reserve), and Zone C (partial reserve). Zone A, covering about 5% of the area, is strictly off-limits to all 
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human activities, including fishing and access. Zone B, comprising 65% of the MPA, allows for regulated 

activities, while Zone C, making up the remaining 30%, permits certain sustainable uses under specific 

regulations (Gazale et al., 2022). Fishing within the MPA is highly regulated to preserve marine biodiversity. 

A general ban on fishing activities is enforced, with exceptions granted to small-scale fishers from Porto 

Torres and Stintino. These fishers may operate beyond 150 meters from the coast, excluding fully protected 

areas, and must adhere to strict guidelines. Additionally, trawling is prohibited within three nautical miles 

along the west coast and within the 50-meter bathymetric contour on the eastern and southern coasts. 

Among the species under strict protection within the MPA is the European spiny lobster, which benefits 

from habitat conservation and fishing restrictions aimed at promoting the recovery of its overexploited 

populations. 

The institution of no-take zones showed encouraging results in  terms of increase in biomass with a 

consequent improvement of the stock status due to the spill-over of juveniles (Follesa et al., 2007a, 2007b, 

2011). 

To evaluate resources of the same genus (Palinurus argus) but not present in Mediterranean Sea, in 

literature have been applied cohort analysis models and  surplus yield models (Puga et al., 1991). 

Afterwards, Fadragas & Stefánsson (2005) utilized ADAPT VPA, a stock assessment method based on catch 

at age numbers combined with tuning indices from fishery independent data (e.g. scientific survey) 

(Stefánsson 1992). In literature are not many reported examples for Mediterranean Sea of stock 

assessment of this species, except in Tunisia (Gharsalli,et al., 2022; Rjeibi, 2012) and in Portugal (Santos et 

al., 2002).  

For the stock of spiny lobster in Sardinian waters, the application of age structured methods is not possible, 

due to limited catch time series and limited biological information. Nevertheless, in Sardinia, an evaluation 

of the reproductive parameters of P. elephas populations in two different fully protected areas (Su Pallosu 

and Buggherru), including their surrounding commercial zones was made by Porcu et al. (2022).  
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In the context of Asinara MPA monitoring program, data on some length structures of the catches were 

collected. This data provided a basis to make a first attempt of stock assessment of spiny lobster in Asinara 

MPA (Figure 4) to evaluate the impact of the MPA on the stock recovery.  

 

Figure 4 ς Asinara Island Marine Protected Area. 
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Objectives 

The principal objective of my PhD work was to improve the knowledge regarding the exploitation status of 

the main species characterizing the fishery in Sardinian Seas, consulting the available relevant reports on 

Mediterranean stock assessment working groups and identifying the species not yet evaluated in the 

relevant fora.  

In this context, the status of the red mullet stock in GSA 11 was never evaluated and represented a gap to 

be filled for the demersal fisheries operating in Sardinian waters, annually evaluated by the STECF for the 

Western Mediterranean Management Plan, although the data-richness available for this species that is part 

of the EU Data Collection Framework since 2002. The first objective of my PhD is to carry out a stock 

assessment to evaluate the status of red mullet in Sardinian waters to fill this gap and provide insights for 

management objectives.  

In chapter 1 the type of data (fishery dependent and fishery independent) collated to be integrated in the 

stock assessment are presented; the chapter includes a detailed description of the data-rich methods used 

and describes the results achieved in terms of fishing mortality, SSB, recruitment and reference points.   

More importantly, other two marine resources, characterising the Sardinian commercial fishery, have never 

been evaluated through stock assessment models: red coral and spiny lobster. 

The red coral showed an alarming decline, both at Mediterranean and Sardinia level; although a GFCM 

Management Plan is en force for red coral in the whole GFCM competence area and Sardinia Region applies 

since more than 30 years a very strict regulation to safeguard this resource, the exploitation status of red 

coral have never been evaluated neither in Sardinian waters. This resource, declared by IUCN at risk of  

extinction, represents a very sensitive organism characterised by extremely slow growth, patchy 

distribution, high susceptibility to climate change and sea bottom trawling disturbance. The consequence of 

this, is that many years are needed for stock recovery and restoration of the areas exploited by the scuba 
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divers, making urgent to evaluate the status of this stock, especially in Sardinia that is the main producer of 

red coral in the whole Mediterranean Sea. 

Although some attempts are present in literature to evaluate this resource in other areas of Mediterranean 

(e.g. Corsica), the model applied were characterised by important limitations that prevented to use this 

information for management purposes.  

The second objective of my PhD is to evaluate the status of red coral stock in Sardinian waters, focusing  

separately on the Northern and the Northwestern red coral stocks. This objective needed to be addressed 

in 4 steps: 

¶ examining in depth the wide spectrum of the stock assessment models present in literature and 

utilized in the ad hoc stock working groups at the Mediterranean for the selection of the more 

appropriate stock assessment model based on data availability (temporal coverage, type of data, 

biological information), ecological characteristics of the species and knowledge on stock dynamics.  

¶ selecting the more appropriate models for the evaluation of the red coral stock status in Sardinian 

waters; 

¶ applying the models to the Northern and North-western Sardinian waters red coral stocks 

separately; 

¶ integrating the results of the different models to provide useful insights for management purposes, 

including socio-economic considerations. 

In chapter 2 the commercial data used to evaluate the red coral stock status in Northern waters and North-

western waters are presented in detail, with a specific focus on the age data and model used to estimate 

the growth parameters for the two considered populations. In the same chapter are described the three 

models selected to evaluate the status of the two red coral stocks; the results of the three models are 

compared, integrated and synthesized to provide a consolidated advice that can be used to inform ad hoc 

management actions.     
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The third objective of my PhD was to improve the knowledge about the stock status of spiny lobster, with 

a particular focus on the Asinara MPA to evaluate the impact of this spatial management measure on the 

stock recovery.  

Chapter 3 of my PhD thesis describes the data collected under the monitoring program in the Asinara MPA 

on spiny lobster and how they have been integrated with the biological available information to preliminary 

assess the status of the local population, using a data-poor stock assessment methodology. 
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Chapter 1: Exploitation status of red mullet (Linnaeus, 1758) in 

Sardinian waters 

1.1 Introduction 

 

Figure 1.1 photo of a red mullet (M. barbatus Linnaeus, 1758). 

The red mullet (Figure 1.1) is a demersal species widely distributed throughout the Mediterranean Sea, 

including Sardinian waters (Figure 1.2), where it is an important target of small-scale and trawl fisheries. 

Biologically, it is a fast-growing, short-lived species, with individuals typically reaching maturity within their 

first year of life. Red mullet inhabits sandy and muddy bottoms, usually at depths between 10 and 300 

meters, and feeds primarily on benthic invertebrates. In Mediterranean Sea its spawning season occurs 

mainly in late spring and summer, with reproduction and recruitment strongly influenced by environmental 

factors such as temperature and substrate type (Carbonara et al. 2015). 

Spawning areas of red mullet are found around all coasts of Sardinia at depths between 50 ς 100 m with a 

general low temporal persistence (Figure 1.3, extracted from Giannoulaki et al. 2013). 
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Figure 1.2 ς Spatial distribution of red mullet in Sardinian waters (MEDITS data, average 2018-2021). Data download from 
https://data.jrc.ec.europa.eu/dataset/f25092c4-3f0f-449f-ba60-5fbfe385defc (resolution 0.2 degrees) 

 

Figure 1.3 ς Location of sensitive habitats of red mullet in Sardinian waters. Figure extracted from Giannoulaki et al., 2013. 

Although the red mullet is one of the main target of demersal fishery and one of the species covered by the 

Western Mediterranean MAP, the species was never assessed in Sardinian waters, being only assessed in 

the Tyrrhenian Sea (GSA 9 and 10), where it was evaluated applying data-rich methodologies and 

specifically statistical catch at age and biomass dynamic models (STECF, 2021a) and is evaluated as 

sustainably exploited. 

https://data.jrc.ec.europa.eu/dataset/f25092c4-3f0f-449f-ba60-5fbfe385defc
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The aim of this chapter is fill this gap on the stock status evaluation of this important resource of the 

Sardinian demersal fishery. 

1.2 Materials and Methods 

1.2.1 Data 

In Sardinian waters, the average annual landing of M. barbatus was approximately 131 tons over the period 

2019ς2021, according to FDI data. This species accounted for about 14% of the total landings from the 

main demersal gearsτbottom trawls (OTB), gillnets (GNS), and trammel nets (GTR)τas reported under the 

EU Data Collection Framework (DCF). 

Red mullet is primarily exploited by trawl fisheries (OTB), which contributed around 86% of the total 

landings during the same period. However, the species is also a relevant target for small-scale fisheries 

using gillnets and trammel nets, which together accounted for an additional 17 tons per year, on average, 

between 2019 and 2021 (Figure 1.4).  

 

Figure 1.4 ς Proportion of red mullet landings split by gear. FPO: pots, GNS: gill-nets, GTR: trammel nets, OTB: trawlers, midwater 
otter trawl. Data from: https://stecf.ec.europa.eu/data-dissemination/fdi_en  

Commercial data (fishery dependent) 

The commercial data for the red mullet in Sardinian waters can be differentiated into two main types: 

aggregated and from biological sampling. The aggregated data corresponds to the landing and the discard 

0.9%
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5.2%

85.9%

0.1%
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amount fished by the fleet by year, quarter, gear and vessels length. This data are freely available and can 

be downloaded from the website of the STECF, in the section Fishery Dependent Information (FDI): 

https://stecf.ec.europa.eu/data-dissemination/fdi_en. From the FDI this information is available from 2013. 

Another aggregated source of information is provided by the length-frequency distribution of the 

individuals landed by year, gear, quarter and vessel length (when available). This information is not freely 

available and it is submitted by the Italian Ministry of Agriculture, Food Sovereignty and Forestry to the 

European Commissions through an annual data call (https://dcf.ec.europa.eu/data-calls/medbs_en). 

The University of Cagliari (Department of Life and Environmental Sciences) is in charge to carry out the 

biological sampling  in Sardinian waters (GSA 11, GFCM sensu), in collaboration with the Consorzio 

Nazionale Interuniversitario per le Scienze del Mare (CoNISMa) under the EU Data Collection Framework 

Programme (https://dcf.ec.europa.eu/index_en?prefLang=it).  

Under this sampling program, the sampling frame is represented by the total number of fishing trips carried 

out by the fleet operating in the area (Figure 1.4). A selection of fishing trips is firstly made (sampling units), 

following a temporal (e.g. quarterly) and technical (e.g. gear, métier1) stratification, to be monitored by the 

observers (blue arrows in Figure 1.5). From the catch of each fishing trip, a representative sample for each 

species caught is registered (sampling unit 2) and for a sub-sample length  measurements are collected in 

order to detect seasonal differences in the demographic structure and composition of landings and discards 

for different métiers. Several sub-samples are collected to record the data on the length-frequency 

distributions and biological parameters, namely the sex, the maturity stage, the individual weight and age. 

The catch of selected fishing trips is sampled directly at landing site or, alternatively, through monitoring on 

                                                           

1
 A specific combination of gear type, target species, fishing area and season used by a fleet segment. 

https://dcf.ec.europa.eu/data-calls/definitions-and-terminology/f/fishing-activity-metier_en?prefLang=mt  
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board by the scientists involved in the sampling program. The monitoring on board allows the observation 

of the fraction of the catch discarded by the fishers (e.g. because below the minimum conservation 

reference size).  

The length-frequency distributions of the total Sardinian landing by quarter, gear, métier and year is 

derived through a raising procedure (Figure 1.5, red arrows) that expands backward the length-frequency 

distributions observed in the sub-samples to the total weight caught in the fishing trip, to the total landing 

of all the sampling frame.   The discard amount is derived applying the discard ratio approach (Cochran, 

1953). The length-frequency distribution observed during the sampling on-board were raised to the 

estimated discard amount. 

 

Figure 1.5 ς Scheme of the different sampling stages (blue arrows) and raising procedure (red arrows) in the system of data 
collection of catches. Image extracted from Vølstad FAO 2014. 

 

These raised length-frequency distributions are not publicly available and have been made available by the 

Department of Life and Environmental Sciences for the purposes of this PhD thesis. The mean length of the 

individuals in the trawlers landing is between 10 cm and 20 cm of total length, while the discarded fraction 

is generally characterized by individuals below 12 cm (Figure 1.6).  
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Figure 1.6 ς Length-frequency distributions (number in thousands) of commercial landing (blue) and discard (pink) of red mullet in 
Sardinian waters for trawlers from 2005 to 2021. Distributions raised to the total landing and discard. 
 

The discard amount and corresponding length-frequency distributions are available in the years since 2009; 

for this reason firstly the discard amount was reconstructed from 2005 to 2008, applying the ratio between 

discard and landing (D/L) of the years 2009-2011 to the landing of the 2005-2008 years (Table 1.1). Then, 

the corresponding length-frequency distributions were derived raising them to the reconstructed discard 

volume. 

Table 1.1 ς Discard (only trawlers) and landing (total) amount in tons by year, used in the assessment. The discard value in bold and 
underlined are estimated.  

year discards landings 

2005 5.6 116 

2006 8.6 178 

2007 8.9 185 

2008 9.3 193 

2009 0 222 

2010 4 47 

2011 10 170 

2012 0 102 

2013 0 129 

2014 10 264 

2015 30 266 

2016 51 232 

2017 2 96 

2018 4 289 

2019 3 200 

2020 1 114 

2021 0 78 
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Scientific survey data (fishery independent) 

The MEDITS (Mediterranean International Trawl Survey) data (Spedicato et al., 2019) represents the main 

fishery independent source of information for demersal species in Mediterranean Sea (Figure 1.7). The 

MEDITS survey is an international coordinated bottom-trawl surveys in the Mediterranean started in 1994 

and is aimed at providing data useful for describing species spatial distribution and occupation, quantifying 

changes in the fish populations, through indices of demography (e.g., size structure and biological traits), 

thus contributing to the routine stock assessments and the development of management advice tools. The 

MEDITS survey aims at providing also data useful for describing species diversity at community level. 

MEDITS is carried out every year, during spring and beginning of summer. MEDITS covers the Sardinian 

waters since 1994 (Figure 1.8) and red mullet is one of the key target species of the program. 

 

Figure 1.7 - Study area of the MEDITS bottom trawl surveys, showing the hauls allocated to the geographical sub-areas established 
by the General Fisheries Commission for the Mediterranean. Figure from Spedicato et al. (2019). 
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Figure 1.8 ς Location of the hauls carried out during the MEDITS bottom trawl survey in Sardinian waters. 

The sampling design is random stratified with the number of planned hauls distributed in each depth 

stratum (10-50 m, 50-100 m, 100-200 m, 200-500 m and 500-800 m) proportionally to the stratum surface 

in the area (GSA). For each haul: hauls information (position, shooting and hauling depth, duration of haul, 

ŘƛǎǘŀƴŎŜ ŎƻǾŜǊŜŘΣ ŜǘŎΧύΣ ŀƭƭ ǘƘŜ ǎǇŜŎƛŜǎ ŎŀǳƎƘǘ όǿŜƛƎƘǘ ŀƴŘ ƴǳƳōŜǊ ƻŦ ƛƴŘƛǾƛŘǳŀƭǎ ƛƴ ǘƘŜ Ƙŀǳƭύ are recorded. 

For the target species (e.g. 9ǳǊƻǇŜŀƴ ƘŀƪŜΣ ǊŜŘ ƳǳƭƭŜǘΣ ŜǘŎΧύ  ǘƘŜ Řŀǘŀ ƻƴ ǘƘŜ ƭŜƴƎǘƘs, sex, maturity stage 

are also collected.  

The data collected are, then, used to estimate relative indices of abundance (number of individuals and kg 

per square km) to be integrated as tuning in the stock assessment models. 

The abundance and biomass indices by GSA were calculated through stratified means (Cochran, 1953). This 

implies weighting of the average values of the individual standardized catches and the variation of each 

stratum by the respective stratum areas in each GSA:  

ὣ В    (Eq. 1) 
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ὠὥὶὣ
В

  (Eq. 2) 

where: 

A is the toal survey area, 

ὃ is the area of the i-th stratum, 

ί is the standard deviation of the i-th stratum, 

ὲ is the number of valid hauls of the i-th stratum, 

ὣ is the mean of the i-th stratum, 

ὣ  is the stratified mean abundance, 

ὠὥὶὣ  is the variance of the stratified mean. 

The variation of the stratified mean is then expressed as the 95 % όʰҐлΦлрύ confidence interval:  

ὅὍ ὣ ὸȟ   (Eq. 3) 

where ὸȟ  is the critical value of the Student's t-distribution with ὲҍм ŘŜƎǊŜŜǎ ƻŦ ŦǊŜŜŘƻƳΣ ŀǘ ǘƘŜ ŘŜǎƛǊŜŘ 

confidence level (e.g., 95%). 

In Table 1.2 the number of hauls carried out in each depth stratum for GSA 11 and the surface of each 

stratum is reported.  

Table 1.2 ς MEDITS stratification scheme in GSA 11 (Sardinian waters): depth stratum, surface and number of planned hauls. 

Depth stratum Total surface (km2) Number of hauls 

10 - 50 m 5374 20 

50-100 m 5094 19 

100-200 m 6628 24 

200-500 m 5417 21 

500-800 m 4462 17 

Total 26975 101 

In Figure 1.9 are reported the MEDITS red mullet abundance indices, showing an overall increasing trend in 

the recent years and a sharp decrease in 2021.  
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Figure 1.9 ς Abundance indices (left N/km2, right kg/km2) for red mullet in GSA 11 from MEDITS survey (1994-2021). 

In Sardinian waters (GSA11) the MEDITS took place in different seasons of the year, with consequent 

detection (e.g. 2004 and 2007, Figure 1.10) or not detection of recruitment. This was considered during 

interpretation of available survey indices in the assessment, excluding the age 0 from the tuning indices. 
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Figure 1.10 ς Abundance indices (N/km2) by length class (length-frequency distribuions) for red mullet in GSA 11 from MEDITS 
survey (1994-2021). 

 

Growth, maturity and natural mortality 

Following a stratification scheme by sex and length class, a fixed number of otoliths are extracted from a 

sub-sample of individuals; subsequently, the otoliths are processed and the age is assigned to each 

individual by an trained reader, following the through the ageing protocol described by Carbonara and 

Follesa (2019). Specifically, 2438 females and 2077 males were collected for the age. 

The nls (Nonlinear Least Squares) R CRAN function is used to fit the von Bertalanffy nonlinear model (Eq. 4) 

to age-length data by minimizing the residual sum of squares between observed and predicted values 
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applying an iterative optimization algorithm. The equation of the von Bertalanffy growth model is detailed 

by Eq. 4 and shown in Figure 1.11. 

ὒὸ  ὒ ρ  Ὡ   Ϛ   (Eq. 4) 

where:  

L(t) is the length at age t,  

ὒ  is the asymptotic length (the maximum theoretical length the organism can reach); 

K is Growth coefficient (the rate at which the organism approaches ὒ );  

t0 is the theoretical age at which the length would be zero. 

 

The data on the individual weights at length (7420 females and 6592 males collected) are then used to 

derive the coefficients (a and b) of the length-weight relationship (Eq. 5). 

ὡ ὒ ὥὒ  (Eq. 5) 

where:  

ὡ is the weight of the individual (in gram);  

ὒ is the length of the individual (in cm). 

The estimated von Bertalanffy parameters and length-weight relationship coefficients are reported in Table 

1.3 and are consistent with what found in Adriatic by Carbonara et al. (2018). 

Table 1.3 Parameters of the von Bertalanffy parameters and length-weight relationship for red mullet in Sardinian waters. Length in 
cm and weight in grams. 
 

Sex ὒ  K  t0 a b 

Females 29.41 0.237 -0.752 0.011 3 

Males 23.225 0.31 -0.792 0.009 3 
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Figure 1.11 ς von Bertalanffy growth curve by sex for the red mullet in Sardinian waters. 

The red mullet spawning season in Sardinian waters lasts from April to June (DCF data). The size at first 

maturity is estimated on the basis of a procedure assigning a maturity stage to each sampled individuals 

following the FAO Atlas of the maturity stages of Mediterranean fishery resources (Follesa and Carbonara, 

2019). A logistic curve is, then, estimated, through which the proportion of matures is associated to a 

length class; the size at first maturity (Lm50%, corresponding to the length at which the 50% of individuals are 

mature) is finally derived as around 12 cm for females and 10 cm for males, in agreement with Carbonara 

et al. (2015).  

This information, integrated with the growth rate from the von Bertalanffy growth function, bring to the 

assumption that in the 0-age class (recruits, new individuals entering in the population) the individuals are 

all immature, while from age 1 onward they are all matures.    

The growth parameters have been finally used to estimate the natural mortality (M); there are different 

methodology to estimate M vector by age. For consistency with the assessments on red mullet carried out 

in the closer areas (GSA 9 and 10, Tyrrhenian Sea), it was decided to apply the Chen and Watanabe (1989) 

method, a widely used approach based on age and life-history parameters. It is a non-constant, age-

dependent model that refines earlier empirical models by accounting for the natural decline in mortality as 

fish age, up to a point where senescence may increase mortality again.   
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In Table 1.4 are reported the natural mortality and maturity at age vectors used in the assessment. 

Table 1.4 - M and proportion of mature individuals by age for red mullet in Sardinian waters. 

 Age (years) 0 1 2 3 4+ 

Proportion 
of mature 
individuals 

0 1 1 1 1 

Natural 
mortality 

1.38 0.79 0.58 0.5 0.44 

 

1.2.2  Stock assessment model  

Selection of the stock assessment model 

The available data for the stock of red mullet in Sardinian waters include a substantial dataset collected 

under the EU Data Collection Framework (DCF) since 2005 (EU, 2008; EU, 2017). 

Firstly, the monitoring program gathered length-frequency distributions from both commercial catches and 

scientific bottom trawl surveys (MEDITS program) for the years 2005ς2021 (Spedicato et al., 2019). The 

commercial data include discard estimates, providing critical information on age-0 individuals caught by 

trawlers. 

In addition to discard sampling, the monitoring program enabled the estimation of von Bertalanffy growth 

parameters, which were subsequently used to derive catch-at-age matrices for both commercial landings 

and survey indices through a deterministic age slicing procedure (Sparre & Venema, 1998). Furthermore, 

these growth parameters were used to estimate the natural mortality vector based on life-history models 

such as Chen & Watanabe (1989), and to calculate individual weight-at-age from the established lengthς

weight relationships. 
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This biological dataset was complemented by the construction of a maturity-at-age vector, using empirical 

observations on gonadal development stages collected during routine sampling under the national 

monitoring program. 

The availability of this comprehensive and high-resolution dataset supports the application of data-rich, 

age-structured stock assessment models, enabling the tracking of cohorts through time. 

The primary model typically used in the GFCM context for data-rich stocks is the Extended Survivors 

Analysis (XSA), whose application is described in detail in the following section. 

Extended Survivor Analysis (XSA) stock assessment model 

Extended Survivors Analysis (XSA) is a widely used age-structured stock assessment model, particularly in 

fisheries management. It is a type of Virtual Population Analysis (VPA) that uses auxiliary data, typically 

from research surveys, to estimate population abundance and fishing mortality. XSA was developed to 

address some of the limitations of traditional VPA, such as its sensitivity to the accuracy of terminal fishing 

mortality rates. The method was applied using the age data obtained by the slicing of the length frequency 

distributions of the landing and survey data. 

The age slicing procedure is a method used in fisheries science to estimate the age composition of a fish 

population based on length-frequency. This approach involves assigning an age to each individual or length 

class using a known growth model (e.g. von Bertalanffy growth function) derived from a subsample of aged 

individuals. In its deterministic form, age slicing assigns a single, fixed age to each length class, usually by 

inverting the growth equation to estimate the corresponding age. 

The length-frequency distributions of commercial catches and of the survey indices were transformed in 

catch-at-age matrices to be used in the XSA (Figure 1.12 and 1.13) ), using the growth parameters in section 

1.3. The age slicing was carried out in R environment, applying the a4aGr function of the FLR platform 

(https://flr -project.org/doc/Modelling_growth_and_its_uncertainty_in_FLa4a.html). 
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Figure 1.12 - Commercial catch age structure derived applying the age slicing procedure. 

 

Figure 1.13 ς Indices (N/km
2
) by age derived applying the age slicing procedure. 

XSA is based on the principle of reconstructing past population sizes from catch data. The fundamental 

equation of VPA, which XSA builds upon, is: 

ὔȟ ὅȟ ὔ ȟ Ὡ   (Eq. 6) 

where: 

ὔȟ is the number of fish of age a in year y, 

ὅὥȟώ is the catch of fish of age a in year y, 

ὓ is the natural mortality rate of fish of age a. 
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XSA enhances this basic VPA framework by incorporating survey data to "tune" the estimates of population 

size and fishing mortality. This tuning process helps to reduce the uncertainty in the assessment. 

The main steps of the XSA are 3:  

1. Cohort analysis: XSA performs a cohort analysis, working backwards through time for each group of 

fish born in the same year (cohort). This process estimates the number of fish that were alive at 

each age in each year, based on the catches and natural mortality. 

2. Survey calibration: XSA uses survey indices of abundance to calibrate the VPA. This is achieved by 

regressing the survey indices against estimates of population abundance derived from the VPA. 

Survey catchability2 (the proportion of the population caught by the survey gear) is assumed as 

separable into age-specific and year-specific components. This assumption simplifies the model and 

reduces the number of parameters to be estimated.  

In this step the parameter qage has to be established. It is the maximum age (or "tuning age") at 

which survey indices (like trawl or acoustic surveys) are considered reliable and thus used to tune 

the stock assessment model.  

The rage is another key parameter in the survey calibration. It is the age at which fish first enter the 

population considered in the analysis τ typically the age when they recruit to the fishery or 

become catchable in surveys. It determines where the cohort tracking begins, especially in 

calculating abundance and mortality from catch-at-age data.  

Combined with qage (maximum tuning age), it defines the range of ages used for survey tuning and 

assessment. 

                                                           

2
 In relation to survey indices, catchability is the proportionality constant that relates an index of abundance (e.g., 

catch-per-unit-effort in a survey) to the true population size. Catchability represents how much of the fish population 
is "catchable" by a specific survey method. 
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3. Shrinkage: This technique involves shrinking the estimates of fishing mortality in the most recent 

years towards an average fishing mortality rate over a specified period. This helps to mitigate the 

influence of noisy or unreliable catch data in the terminal year.  

An age range (shrinkage.ages) has to be indicated that specifies the age classes for which fishing 

mortality estimates are shrunk (i.e., adjusted) toward a common mean value across years. For ages 

included in shrinkage.ages, the model applies a penalty that pulls the F estimates toward the mean 

F over time, because the oldest age classes often have low catches and are under-sampled in 

surveys (due to selectivity, low abundance).  

An year range, shrinkage.years, needs to be set, to specify the terminal years of the assessment in 

which F estimates are shrunk toward the mean across ages.  

The shrinkage parameter in XSA controls the strength of the penalty applied during the tuning 

process to stabilize F estimates over specified ages and years. Shrinkage works by minimizing a 

penalized likelihood function. A higher shrinkage value means stronger smoothing (more 

regularization). A lower value allows F to vary more freely (less constraint). When shrinkage is high, 

the model trusts the tuning data less (survey indices), smoothing the F estimates more heavily, 

pulling them toward the mean over time or age. 

The step 1 is based on the Baranov (1918) catch equation:  

ὅȟ ὔȟ
ȟ

ȟ
ρ Ὡ ȟ   (Eq. 7) 

where: Ὂὥȟώis the fishing mortality rate of fish of age a in year y. 

Step 2 assumes the separability of survey catchability, following the equation:  

ήȟ ή ή  (Eq. 8) 

where: 

ήȟ is the catchability at age a in year y, 

ή is the age-specific catchability, 
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 ήis the year-specific catchability. 

Moreover, the survey index Ὅȟis related to population abundance ὔȟ (estimated by Eq.6) through a 

linear regression: 

 
Ὅȟ ήȟὔȟ   (Eq. 9) 

 
XSA estimates the catchability parameters (q) by fitting a regression model to the survey data. 

In the step 3 the shrunken fishing mortality Ὂᴂȟ is calculated as: 

Ὂᴂȟ ύ Ὂȟ ρ ύ Ὂȟ   (Eq. 10) 

where: 

w is the shrinkage weight (between 0 and 1), 

 Ὂȟ is the mean fishing mortality rate of age a over a specified period (a common approach is to use the 
average F over the most recent years). 

The major assumption of the method is the flat selectivity for the oldest ages (selectivity as classical ogive).  

The XSA software, implemented in the FLR (Fisheries Library in R) framework, https://flr -project.org/)  was 

applied to the red mullet stock, combining the two sexes. The survey indices from MEDITS data from 2005 

to 2021 have been used for the tuning not including age 0, because the recruitment was not detected every 

year and could bias the XSA recruitment reconstruction.  

The following settings for the XSA were explored to identify the best combination. 

qage: 1,2,3 

rage3 : -1,0,1 

shrinkage: 0.5,1,1.5,2 

nb of years for shrinkage: last 3,4,5 years of the time series  

nb of ages for shrinkage: last 2,3 ages. 

 

                                                           

3
 rage = -1 means that the recruitment age is undefined or not used for tuning. 
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Selection of the best settings combination 

In stock assessment models like XSA, residuals represent the differences between observed survey indices 

and model-predicted values, typically on the log scale. They are calculated for each age and year where 

tuning data are available. Analyzing these residuals is essential to evaluate the goodness of fit and diagnose 

model performance. A common qualitative tool for the evaluation of residuals is the bubble plot, where 

residuals are visualized as circles: the size of each bubble reflects the magnitude of the residual; the color 

or fill (positive vs. negative) indicates whether the model over- or under-predicts abundance. 

Patterns in bubble plotsτlike consistent underestimation at certain ages or over timeτmay suggest model 

misspecification, problems with tuning indices or unaccounted variability. A well-fitting model should show 

residuals randomly distributed without clear trends.  

Retrospective analysis is a diagnostic tool used in stock assessment to evaluate the stability and consistency 

of model estimates over time. It involves re-running the assessment multiple times, each time removing 

the most recent year of data (one by one), and comparing the resulting trends in key parameters like 

biomass, fishing mortality, and recruitment. By examining how estimates change as recent data are 

excluded, it is possible to detect systematic biases or model misspecifications. If estimates for past years 

shift substantially with the removal of new data, the model may be overfitting recent observations or 

underestimating uncertainty. These patterns are often visualized in "retro plots", where trends from 

successive peels are overlaid. A consistent model should show overlapping trajectories, while diverging 

trends suggest the need for model refinement or alternative assumptions. 

The reference points to evaluate the status of the stock were estimated using FLBRP package 

(https://github.com/flr/FLBRP) with an Yield-per-Recruit (YPR) analysis. The YPR curve is a quantitative tool 

in fisheries science that describes the relationship between fishing mortality (F) and the expected lifetime 

yield obtained from a single recruit, incorporating growth, natural mortality and selectivity parameters, and 

is used to identify reference points that optimize harvest while avoiding overexploitation. This analysis is 



62 

 

applied when a relationship between parental stock and number of recruits is not defined yet and can 

estimate a proxy of the FMSY, namely F0.1 .  

F0.1  is the fishing mortality at which the slope of the YPR curve (Figure 1.16) is 10% of the slope at the origin 

(i.e., when F is close to 0 0).  

Another reference point that the YPR analysis allows to estimate is the FMAX, corresponding to the 

maximum of the YPR curve (Table 1.5). However, this level is never used as reference to evaluate the status 

of the stock, because is considered risky and not precautionary. Thus, the advice is provided on the basis of 

the average fishing mortality in the last three years respect to F0.1. 

1.3 Results 

The settings combination corresponding the best run in terms of diagnostic (retrospective and residuals) is: 

qage=3; rage=-1; shrinkage=0.5; shrinkage.years=4; shrinkage.ages=2. 

The results show oscillating SSB and F along the years with a decrease in catches and F in recent years. This 

is consistent with the decrease in the effort established by the Western Mediterranean MAP (Figure 1.14). 

 

Figure 1.14 Effort (fishing days) time series (FDI data, https://stecf.ec.europa.eu/data-dissemination/fdi_en) for Italian trawlers 
(DTS) and polyvalents (PGP) operating in GSAs 9-10-11. 

The level of SSB is higher in the recent year, reaching the levels of the beginning of the time series (Figure 

1.15). 

https://stecf.ec.europa.eu/data-dissemination/fdi_en


63 

 

 

Figure 1.15 - Summary of the stock assessment results for red mullet in GSA 11. Recruitment in thousands, spawning stock biomass 
(SSB) in tons, observed catch in tons, average F in the age range 1-3 years. 

 

The residuals bubble plot shows residuals in the indices not so pronounced and it does not show any trend. 

The retrospective analysis seemed quite stable, especially for recruitment and F (Figure 1.16).  

  

Figure 1.16 - Diagnostic and retrospective analysis of the best XSA model for red mullet in GSA 11.  
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The results show an F current (average of the last 3 years) equal to 0.22 and, thus below the F0.1 

(=0.3)(Figure 1.17 and Table 1.5). Thus, the stock is considered sustainably exploited.  

 

Figure 1.17 ς yield-per-recruit curve for the estimation of F0.1. On the x-axis are the different fishing mortality levels and on the y-
axis the corresponding yield-per-recruit. 
 
 
 

Table 1.5 ς Reference point estimated in the YpR analysis for red mullet in Sardinian waters. 

Reference points F Total Yield Recruitment SSB Biomass 

F0.1 0.328201 207.8276 42387.13 642.7968 851.3141 

FMAX 0.690836 227.6626 42387.13 334.8744 542.1369 

 

1.4 Conclusions 

This chapter furnishes a comprehensive account of the data sources and the analytical model employed to 

evaluate the status of the red mullet stock inhabiting Sardinian waters. The application of the Extended 

Survivors Analysis (XSA) model was meticulously informed by the availability of a robust and complete 

understanding of the species' biology, the characteristics of the at-sea population and the size structure of 

commercial catches. The assessment's findings indicated that the red mullet stock in Sardinian waters is 

currently being exploited sustainably, a conclusion that aligns with the assessments conducted in adjacent 
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geographical areas, specifically the Tyrrhenian Sea (GSA 9) and the Southern Tyrrhenian Sea and Strait of 

Sicily (GSA 10)( https://www.fao.org/gfcm/data/safs/fr/). 

This detailed stock assessment was presented to and scrutinized by the GFCM Stock Assessment Working 

Group on Demersal Species (WGSAD) in 2022 (GFCM 2022b; GFCM 2022c). Following a thorough review, 

the assessment was validated and officially endorsed by the working group. This endorsement signifies its 

scientific credibility and its suitability for providing quantitative advice to the GFCM. The complete 

assessment report has been made publicly accessible on the GFCM website at the following link: 

https://gfcmsitestorage.blob.core.windows.net/website/5.Data/SAFs/DemersalSpecies/2021/SAF_MUT_11

_RefY2021.pdf. 

This assessment makes a significant contribution to building a complete overview of the status of demersal 

resources within Sardinian waters and within the broader context of the Western Mediterranean 

Multiannual Plan. Notably, it highlights the potential for existing fishing opportunities on sustainably 

exploited stocks like red mullet, which could serve to partially offset economic losses experienced by the 

fishing sector due to the implementation of fishing effort regimes and catch limits imposed on 

overexploited species such as giant red shrimp and blue and red shrimp, as mandated by European Union 

regulations under the MAP (European Union, 2019). 

The dissemination of this kind of scientifically robust information is of paramount importance for several 

reasons. Firstly, it serves to enhance the awareness and understanding of fishers regarding the state of 

different fish stocks. Secondly, it promotes the adoption of more sustainable fishing strategies that 

prioritize the exploitation of stocks assessed as sustainably exploited or underexploited. Thirdly, it has the 

potential to increase the trust of fishers in fisheries management processes and the scientific advice 

underpinning them, ultimately leading to improved compliance with and accomplishment of management 

measures. 
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In the specific context of Sardinia, where the small-scale coastal fleet plays a crucial role in the regional 

fisheries sector, contributing significantly to both the local economy and cultural heritage, the results of 

this assessment provide particularly useful insights. They suggest a potential opportunity for this fleet to 

strategically target red mullet to a greater extent than European hake, a species that continues to be 

classified as overexploited in the region. This shift in targeting could contribute to the economic viability of 

the small-scale fleet while promoting the sustainable utilization of marine resources. 
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Chapter 2: Exploitation status of two C. rubrum sub-populations 

in Sardinian waters (Western Mediterranean) 

 

2.1 Introduction 

  

Figure 2.1 ς Red coral colony. 

C. rubrum, commonly known as red coral (Figure2.1), is a benthic, colonial octocoral endemic to the 

Mediterranean Sea, characterized by peculiar biological and ecological traits that render this species 

particularly vulnerable to overexploitation and slow to recover, posing significant challenges to sustainable 

management and to the selection of appropriate stock assessment models (Garrabou & Harmelin, 2002; 

Tsounis et al., 2006; Santangelo & Bramanti, 2007; Bramanti et al., 2014).  

Red coral is sessile and sedentary, inhabiting rocky substrates at depths ranging from 10 to over 300 

meters, though commercial harvesting is most common between 50 and 130 meters. It forms dense 

ŀƎƎǊŜƎŀǘƛƻƴǎΣ ƻŦǘŜƴ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ άŎƻǊŀƭƭƛƎŜƴƻǳǎ ŀǎǎŜƳōƭŀƎŜǎΣέ ǿƘƛŎƘ ŀǊŜ ŎǊƛǘƛŎŀƭ ŎƻƳǇƻnents of 

Mediterranean biodiversity hotspots. 
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A comprehensive analysis of the distribution and occurrence of C. rubrum  across mesophotic and upper 

bathyal zones along the Italian coasts of the Mediterranean Sea, was made by Toma et al. (2022a) based on 

remotely operated vehicles (ROVs) and other underwater survey methods, importantly contributing to map 

red coral forests (Figure 2.2) at depths ranging from 50 to over 200 meters, revealing that these deep-water 

populations are more widespread and ecologically significant than previously understood.  The findings 

highlight the presence of dense aggregations in several regions, including Sardinia, Liguria, and the 

Tyrrhenian and Ionian Seas, often associated with rocky substrates and steep slopes.  

 

Figure 2.2 - Geographic distribution of the investigated sites showing the presence (red dots) or absence (black dots) of red coral. 
The histograms (upper inset) represent the percentage of sites with red coral in each considered macro-area (identified in the map 
by the dashed lines). The colours of the stacked bars indicate the percentage number of sites with scattered (light pink), aggregated 
(dark pink), and dense (red) populations. The pink box indicates the macro-areas encompassed in the red coral hotspot. The figure 
in the lower inset shows the shallow-water Mediterranean circulation with the gyres putatively involved in the evidenced red coral 
distribution. Lig: Liguria, Tus: Tuscan Archipelago, SaE: eastern Sardinia; SaW: western Sardinia, Pontin Archipelago, GNa: Gulf of 
Naples, CaT: Tyrrhenian Calabria, Aeo: Aeolian Archpelago, Ega: Egadi Archipelago, SiC: Sicily Channel, Cal: Ionian Calabria, Apu: 
Apulia. Figure extracted by Toma et al. 2022a. 

Red coral growth rate is exceptionally slow, with axial extension typically ranging from 0.2 to 0.6 mm per 

year, and the formation of commercially valuable colonies (e.g., >7 mm diameter) can take 20 to 50 years 

(Tsounis et al., 2006; Garrabou & Harmelin, 2002). 
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Reproductive traits further constrain its resilience. Red coral is a gonochoric species (separate sexes), with 

internal fertilization and a brooding strategy, meaning that larvae are retained and released in a developed 

state. Larval dispersal is highly limited, often restricted to a few meters, leading to high levels of local 

population structure and low recolonization capacity following disturbance (Santangelo et al., 2007). This 

spatial and reproductive isolation makes local populations particularly susceptible to depletion and renders 

recovery times extremely long. 

In addition, red coral displays a low natural mortality rate, and most observed population declines are 

directly attributed to harvesting. Traditional extraction methods, such as dredging (now mostly banned), 

and modern scuba harvesting target large, mature colonies, further skewing the size structure of 

populations toward younger, non-reproductive individuals. Field studies have shown that in heavily 

exploited areas, average colony height and density are significantly reduced, and signs of demographic 

bottlenecks are evident (Bramanti et al., 2014). 

Despite the low naturality rate, Toma et al. 2022b also highlighted a massive occurrence of recent deep 

mortality events, mainly along the eastern and southern coast of Sardinia and in the Campanian 

Archipelago. Thirty sites with extensive patches of dead colonies still in place were reported from 70 m to 

around 200 m, but their formation remains unclear. 

2.2 Materials and Methods 

2.2.1 Data 

The available data for the red coral in Sardinian waters are quite complete and represent a unique case in 

Mediterranean Sea of data availability for this species.  

Commercial basal diameter frequencies 

In northern Sardinia, colonies are typically collected at depths of 80ς90 meters, whereas in the north-

western coast, harvesting occurs at greater depths, around 100ς120 meters. 
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wŜŘ ŎƻǊŀƭ ŎƻƭƻƴƛŜǎΣ ƘŀǊǾŜǎǘŜŘ ōȅ ǘƘŜ άcorallariέ ƻǇŜǊŀǘƛƴƎ ƛƴ ǘƘŜ ƴƻǊǘƘ-western Sardinian waters, were 

collected under the Sardinian sampling program in the years 2007, 2008, 2009, 2012, 2013, 2014, 2015 and 

2023. In the years 2007, 2008, 2009 and 2023 the data were collected at landing place, while the remaining 

years were collected with monitoring on board (Carugati et al., 2020). The landing places considered are 

Fertilia, Alghero and Bosa (Figure 2.3), representing about the 80% of the red coral production of the north-

west Sardinian coast (logbook data provided by Sardinia Region).  

Lƴ ǘƘŜ ƴƻǊǘƘŜǊƴ ǇŀǊǘ ƻŦ ǘƘŜ LǎƭŀƴŘΣ ǘƘŜ DƻƭŦƻ ŘŜƭƭΩ!ǎƛƴŀǊŀΣ /ŀǎǘŜƭǎŀǊŘƻΣ Lǎƻƭŀ Ǌƻǎǎŀ ŀƴŘ {ŀƴǘŀ ¢ŜǊŜǎŀ di 

Gallura (Figure 2.3) were sampled in 2012 with monitoring on board (Carugati et al., 2020).  

In both sites, for each colony the basal diameter and height were collected. As prescribed in regional 

regulations (Regional Decree N.1204/DecA/83 of the 08.08.2012), the basal diameter was measured in the 

stem, in the mid between the base and the first branch. The number of colonies and the corresponding 

basal diameter length-frequency distributions by year and area, for which the basal diameter and height 

were collected, are reported by year and area in Table 2.1. Figure 2.4 shows the basal diameter frequency 

distributions by year and area. 

Table 2.1 ς Number of sampled colonies by area and by year. 

Year 2007 2008 2009 2012 2013 2014 2015 2023 

North-
Western 
waters 

1770 513 1372 3562 11319 379 553 76 

Northern 
waters 

      1173         
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Figure 2.3 ς Location of the sampled ports. North-ǿŜǎǘŜǊƴ ǿŀǘŜǊǎΥ DƻƭŦƻ ŘŜƭƭΩ!ǎƛƴŀǊŀΣ CŜǊǘƛƭƛŀΣ !ƭƎƘŜǊƻ ŀƴŘ .ƻǎŀΦ bƻǊǘƘŜǊƴ ǿŀǘŜǊǎΥ 
Castelsardo, Isola rossa, Santa Teresa di Gallura. 
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Figure 2.4 ς Basal diameter (mm) frequency distributions. On the x-axis are the basal diameters. In the years 2007, 2008, 2009 and 2023 the data were collected at landing place, while the 
remaining years were collected with monitoring on board. In yellow the distribution collected in Northern waters, in grey the ones collected in North-western waters. 
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Catch time series and number of licenses 

Catch data on red coral (coinciding with landing, being the discard null for this precious coral), including the 

associated number of authorized operators, are available from 1996 to 2022 by area from the logbook 

information. In some years the landing was available by port, thus it has been possible to derive a time 

series of landing for the Northern-western waters and a separated for the Norther waters (Figure 2.5). 

Comparing the landing observed onboard and the weight declared in the logbook in 5 monitored fishing 

days in 2014 and 2015 in Bosa and Alghero a correction factor of 1.54 was estimated and used to correct 

the logbook information.  In a precautionary manner, the correction factor was applied to the catch of the 

years without monitoring on board. In 2007 the harvest of red coral was forbidden. In 2014 the fishing 

season was reduced at only one month and half. The catch-per-unit of effort has been estimated for each 

year from 1996 as the landing divided by the number of active licenses in the year. 

 

Figure 2.5 ς Landing (kg) and number of authorized operators (active licenses) by area and year area (North-western in turquoise, 
North in pink). 

Growth, maturity and natural mortality  

A total of 62 colonies collected through the monitoring on board in the years 2011-2012, in Alghero (n=25, 

basal diameter range 5.8 -12.7 mm) and  Castelsardo (n=37, 5.8 -12.7 mm) were processed and aged 
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following the methodology described in Marschal et al. (2004). The 62 colonies were deliberately acquired 

ŦǊƻƳ ǘƘŜ άcorallariέ ŦƻǊ ǘƘƛǎ ǇǳǊǇƻǎŜΣ ŀƛƳƛƴƎ ǘƻ ōŀƭŀƴŎŜ ǘƘŜ ƴŜŜŘ ŦƻǊ ŎƻƳǇǊŜƘŜƴǎƛǾŜ ŎƻǾŜǊŀƎŜ ƻŦ ǘƘŜ ōŀǎŀƭ 

diameter classes while maintaining cost efficiency in the purchase of samples. A linear regression model 

was fit on the age-basal diameter data (Figure 4), following the growth models fitted for other coral genera 

in different areas (e.g. Prouty et al., 2011; Hitt et al., 2020; Marriott et al., 2020). The linear fitting, BD ~ 

age, was firstly assessed separately by area, followed by an evaluation of the significance of the area's 

effect. To test the significant difference between the two linear models, including their interaction, a third 

linear model was evaluated on the whole dataset, including the area as categorical variable: 

.5 Ϥ лҌ!ƎŜ Ҍ !ǊŜŀ Ҍ!ƎŜϝ!ǊŜŀҌ ʶ (Eq. 11) 

ǿƘŜǊŜ .5 ƛǎ ǘƘŜ ōŀǎŀƭ ŘƛŀƳŜǘŜǊΣ !ƎŜ ǘƘŜ ŀǎǎƛƎƴŜŘ ŀƎŜΣ !ǊŜŀ ǘƘŜ ƘŀǊǾŜǎǘ ŀǊŜŀ ŀƴŘ ʶ ƛǎ ǘƘŜ ŜǊǊƻǊ ǘŜǊƳΦ  

The slopes of the linear models by area (corresponding to the growth rate, gr thereafter) was then used to 

estimate K for each area, defined as the measures of the exponential rate of approach to the asymptotic 

basal diameter (BDinf). This step, although not necessary for the estimation of SPiCT model, served as a 

prerequisite for estimating natural mortality to apply LBSPR.  

The slope of the linear model (growth rate, gr thereafter) by area was then used to estimate K, defined as 

the measures of the exponential rate of approach to the asymptotic basal diameter (BDinf), where a proxy 

of BDinf was derived as the maximum observed basal diameter multiplied by 0.95 (=43.42 mm), following 

the formula: +
 

, where E(BD) is the expected basal diameter at age, derived as 

E(BD)=gr*age. 
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Figure 2.6 - Age readings versus basal diameter and linear growth curve by area (North-western in pink, North in turquoise). Points 
indicate observed values, while lines the fitted linear model 

 

Table 2.2 ς von Bertalanffy growth parameters for North-western and Northern red coral stock. 

 

vBG parameter North-western stock Northern stock 

BDinf (mm) 43.42 43.42 

K 0.00755 0.00687 

t0 0 0 

 

The aged colonies range between 5.8 and 12.7 mm of basal diameter, corresponding to an age range of 16-

47 years (Figure 2.6). The fitting of linear growth model on the basal diameter and age data collected in 

North-western and Northern Sardinian waters highlighted a different growth rate gr in the two areas 

(Northern waters 0.268 mm/year, North-western waters: 0.293 mm/year; Figure 2.6), corresponding to a 

higher K (as exponential rate of approach to the asymptotic basal diameter, BDinf) in North-western waters, 

equal to 0.00755, and a value of 0.00687 in Northern waters. 

The linear model including the area as categorical variable showed a pvalue < 0.05 on the area and on the 

age, while no significance for the interaction between age and area (Table 2.3). 
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Table 2.3- Summary of the linear growth model with the area as categorical variable.  Equation: BD ~ 0+Age + Area+Age*Area 

Residuals:  

     Min        1Q   Median        3Q      Max  

- 1.65172  - 0.46631   0.01108   0.53470   1.55647   

Coefficients:  

                        Estimate  Std.  Error  t  value  Pr(>|t|)      

Age                      0.20468     0.02093    9.780  7.05e - 14 ***  

AreaNorth - western         2.82912     0.64715    4.372  5.18e - 05 ***  

AreaNorthern  waters       3.03667     0.44645    6.802  6.30e - 09 ***  

Age:AreaNorthern  waters  - 0.02572     0.02503   - 1.028     0.308      

---  

Signif.  codes:   0 ô***õ 0.001  ô**õ 0.01  ô*õ 0.05  ô.õ 0.1  ô õ 1 

Residual  standard  error:  0.7868  on 58 degrees  of  freedom  

Multiple  R- squared:   0.9927,  Adjusted  R- squared:   0.9922   

F- statistic:   1985  on 4 and  58 DF,   p- value:  < 2.2e - 16  

The analysis of the height of the analysed colonies revealed distinct morphological differences between the 

two sub-populations. The colonies in the Northern waters were characterized by smaller heights (min=32, 

median=68 mm, max= 129 mm) than North-western waters (min=15, mean=155.35 mm, max= 368.8 mm); 

the wider basal diameters are quite similar in the two areas (Northern waters: min=4.4, median=7.9 mm, 

max= 20.4 mm; North-western min=2.6, median=9.4 mm, max= 24.1 mm) (Figure 2.7). 

 

Figure 2.7 - Violin plots of basal diameter (left panel) and height (right panel) of the sampled colonies in North-western and 
northern waters. North-western is purple-coloured, North yellow-coloured. 
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Although the interaction term between area and age was not significant, based on the morphological 

differences between the two populations and to take into account the local fishery characteristics, the 

stock assessments were conducted separately for the two areas, and the results are presented accordingly. 

The size at first maturity was collected by Santangelo et al. (2003): BDm50% 1.4-2.3 mm (in this study set as 

the middle value, 1.85 mm). 

A scalar value for natural mortality was derived through the Barefoot ecologist app 

(http://barefootecologist.com.au/shiny_m) using the BDinf, K (by area) and a longevity of 150 years (our 

samples corresponding to about 141 years). The obtained values by area are reported in Table 2.4, 

indicating the methods included in the average. 

Table 2.4 ς Scalar values for M estimated with barefootecologist.com.au/shiny_m for the two areas. M/K ratios are also reported 
by area. 

Method Reference M 

 North-western Northern 

Then_nls Then et al., 2015 0.050 0.050 

Then_lm Then et al., 2015 0.035 0.035 

Hamel_Amax Hamel, 2015 0.036 0.036 

Then_VBGF Then et al., 2015 0.033 0.031 

Hamel_k Hamel, 2015 0.013 0.012 

Jensen_k 1 Jensen, 1996 0.011 0.010 

Jensen_k 2 Jensen, 1996 0.012 0.011 

Average M  0.0273 0.0265 

K  0.008 0.007 

M/K  3.615 3.858 

 

2.2.2 Stock assessment models 

Selection of the stock assessment models 

Given these characteristicsτlow growth rate, delayed maturity, limited dispersal, sedentary behavior, and 

high site fidelityτred coral does not conform to the assumptions of traditional stock assessment models 
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used for mobile, fast-growing fish species. Models that rely on rapid recruitment and large-scale population 

mixing, such as age-structured or biomass dynamic models (e.g., VPA, Schaefer), are likely unsuitable or 

overly optimistic in this context. 

Instead, the selection of stock assessment models for red coral must be conservative and spatially explicit, 

ideally incorporating colony size structure, density per unit area, and habitat-specific population trends. 

Length- or structure-based models, such as Length-Based Spawning Potential Ratio (LB-SPR) or spatial 

depletion models that consider fine-scale population units, may be more appropriate. 

Considered the availability of a quite long landing time series (1996-2023), a catch-per-unit of effort time 

series, two global production models were applied, one data-poor, CMSY (Froese et al., 2021),  and one 

data-intermediate, SPiCT (Pedersen and Berg, 2017). 

Taking advantage of the monitoring of landing basal diameter structures for several years, the data-poor 

Length ςBased Spawning Potential Ratio (Hordyk et al., 2015 and 2016) was also applied. The description of 

the general assumptions of each of the three models, the settings applied to the specific rec coral case 

studies and the extended results are described in the Results section.  

CMSY: Catch time series as the basis for fish stock assessments  

CMSY is based on a modified Schaefer surplus production model (Eq.12). The model provides the option to 

use the Bayesian Schafer Model (BSM), including catch per unit of effort (CPUE) time series. The main 

advantage of BSM, compared to other implementations of surplus production models, is the focus on 

informative priors and the acceptance of short and incomplete (i.e., fragmented, with missing years) 

abundance data. CMSY allows to estimate fisheries reference points (MSY, FMSY, BMSY), the status or relative 

stock size (B/Bmsy) and the fishing pressure or exploitation (F/FMSY).  

" ρ  "  Ò z " z ρ  " Ⱦ +  #   (Eq. 12) 

 where: 



79 

 

" is the stock biomass at time t, 

r is the intrinsic rate of population increase, 

K is the carrying capacity4, 

# is the catch at time t. 

From the Schaefer model, the MSY and associated reference points are defined as: 

MSY = (r * K) / 4   (Eq. 13) 

BMSY = K / 2,  FMSY = r / 2  (Eq. 14) 

The CMSY model and Bayesian stock assessment utilizes prior to provide a representation of our initial 

knowledge or beliefs about a parameter before observing current data. In the context the priors are 

essential because they help inform the model when data are scarce or uncertain and allow the inclusion of 

expert knowledge, previous studies, or literature-based estimates. 

The CMSY model uses priors for: 

o Intrinsic growth rate r (based on species resilience), 

o Relative biomass ranges for start, intermediate, and final years (e.g., Bstart/K, Bint/K, Bend/K). 

The  main steps implemented by the CMSY model are three: 

1. Sample pairs of r and K across plausible ranges. 
2. Simulate biomass trajectories using the catch time series. 
3. Filter combinations of r and K that produce biomass within the assumed prior ranges and never 

collapse (<10% of K). 

Four scenarios were considered based on two different hypotheses on resilience and on depletion state:  

1. Resilience very low, depletion medium-strong-strong; 

2. Resilience very low, depletion medium-strong-medium; 

3. Resilience low, depletion medium-strong-strong; 

                                                           

4
 The maximum biomass or population size that an environment can sustain indefinitely, given the available resources 

(e.g., food, habitat, oxygen) and environmental conditions. 
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4. Resilience low, depletion medium-strong- medium. 
 

SPiCT: stochastic surplus production model in continuous time 

The stochastic surplus production model in continuous time, SPiCT, represents a state-space 

implementation of the Pella-Tomlinson surplus production model in continuous time. The model has a 

general state-space form that can contain process and observation-error as well as state-space models that 

assume error-free catches. This method has been widely applied to the ICES stocks (ICES, 2024). 

In the settings, the classical Schaefer (1954) model was assumed (Eq. 12). Moreover, priors were defined to 

inform the model about the inter-annual variability of the catch, the process error, the observation error 

and the error on the F. Medium depletion was assumed at the beginning of the time series, in line with 

CMSY runs. The extended SPiCT settings are reported in Table 2.7. The same data used in CMSY were 

ǳǘƛƭƛȊŜŘΦ ¢ƘŜ άChecklist for the acceptance of a SPiCT assessmentέ ǿŀǎ ŀǇǇƭƛŜŘ ǘƻ ŜǾŀƭǳŀǘŜ ǘƘŜ ǉǳŀƭƛǘȅ ƻŦ ǘƘŜ 

SpiCT runs (available at: https://github.com/DTUAqua/spict/tree/master). 

Table 2.7 - Input data, settings and priors used for the SPiCT models. 

Data/parameters Setting 

Catch data period whole time series available (1996-2022) 

Catch data periodicity Annual 

Biomass index CPUE (=landing/number of authorizations) 

Biomass index lag No 

Catch uncertainty scaling No 

Index uncertainty scaling No 

Initial stock depletion (B/K) logbkfrac=N(log(0.4),0.1^2) 

Shape of the production curve Fixed to Schaefer (n=2) 

Intrinsic growth rate logr=N(log(0.06),0.02^2), reference: 

https://www.sealifebase.se/summary/Corallium-
rubrum.html 

Interannual variability in catch logsdc=N(log(0.5),0.3^2) 

Process error logsdb=N(log(0.1),0.3^2) 

Error on fishing mortality logsdf=N(log(4),0.5^2) 

https://github.com/DTUAqua/spict/tree/master
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Data/parameters Setting 

Observation error logsdi=N(log(0.2),0.5^2) 

Carrying capacity logK=N(log(50,0.5^2)) 

 

Length-Based Spawning Potential Ratio 

LBSPR method (Length Based Spawning Potential Ratio, Hordyk et al, 2015 c and 2016) is an equilibrium 

based data-poor method, assuming that the length composition data is representative of the exploited 

population at steady state. The model was developed for data-limited fisheries. This method uses sampled 

length structures, some information on the growth potential of the species, namely M/K ratio and a proxy 

of Linf , and the proportion of mature individuals by length. It is based on the spawning potential of the stock 

in terms of spawning potential ratio (SPR) (estimated as SSB fished population/SSB unfished population). It 

does not require knowledge of the natural mortality rate (M), but only the ratio (M/K), which varies less 

across stocks and species than M (Prince et al. 2015). The size at first maturity nd the growth parameters 

used to derive the natural mortality at age are the ones described in chapter 2.3. 

For Northern-western waters, where more than one year of data were available, LBSPR was run including 

uncertainty on BDinf, Lm50%, BDm95%, M/K ratio, CV on BDinf. 250 random runs were carried out assuming a 

constant BDm50%/BDinf ratio and a constant BDm95% - BDm50% range. The extended set of parameters is 

reported in Table 2.10. 

Table 2.10 ς Setting for including uncertainty on LBSPR results: M/K is the ratio by area (Table 3), BDinf=43.42 mm, BDm50% and 
BDm95% are set as 1.85 and 8 mm respectively, according to Santangelo et al. 2003. 

 

parameter low middle up 

CV 0.075 0.15 0.3 

M/K M/K*0.75 M/K M/K*1.25 

Bdinf perturbed BDinf*0.75 BDinf BDinf*1.25 

BDm50% perturbed BDinf*BDm50%/Bdinf 

BD95% perturbed BDm50% + (BDm95%-BDm50%) 
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The projected SPR was estimated on 2023 basal diameter frequency distributions for North-western waters 

and for 2012 (only year available) for Northern waters varying the size at first capture from 7 (current 

minimum conservation reference size, MCRS, according to GFCM Recommendation GFCM/43/2019/4) to 

15 mm of basal diameter. 

2.3 Results 

CMSY: Catch time series as the basis for fish stock assessments  

North-western Sardinian waters stock  

CMSY results, based only on catch time series, show in all runs that the North-western waters stock 

biomass is below the safe biological limits, while the exploitation rate is below FMSY. This is shown utilizing 

the kobe plot representation (Figure 2.8.a). The kobe plot is a widely used visual tool in fisheries 

management to assess and communicate the status of fish stocks in relation to biological reference points. 

It provides a two-dimensional view of the trade-off between stock biomass and fishing pressure, helping 

managers make informed decisions. On the x-axis there is the relative biomass to the BMSY, while on the y-

axis the current fishing pressure compared to the level that would achieve MSY. The green box corresponds 

to a healthy stock, sustainably fished, the orange box to healthy biomass, but overfishing occurring, the 

yellow-box to a stock overfished, but no overfishing currently and, finally the red box to the critical 

condition of a stock overfished and in overfishing. The BSM results, that integrate also the CPUE 

information, provide the same information with less uncertainty (Figure 2.8.b).  
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Figure 2.8.a - Kobe plots (CMSY) across the different scenarios in North-western waters. First row: run1 and run2; second row: run 
3 and run 4. Run 1: Resilience very low, depletion medium-strong-strong. Run2: Resilience very low, depletion medium-strong-
medium. Run3: Resilience low, depletion medium-strong-strong. Run4: Resilience low, depletion medium-strong- medium. 
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Figure 2.8.b - Kobe plots (CMSY-BSM) across the different scenarios in North-western waters. First row: run1 and run2; second row: 
run 3 and run 4. Run 1: Resilience very low, depletion medium-strong-strong. Run2: Resilience very low, depletion medium-strong-
medium. Run3: Resilience low, depletion medium-strong-strong. Run4: Resilience low, depletion medium-strong- medium. 

The fitting of the stock size time series improves importantly in the BSM output, supporting the integration 

of the CPUE as complementary information (Figures 2.9,2.10,2.11, 2.12, first panels of the second row). The 

results of the CMSY-BSM model showed that the fitting of the r and K, independently if using or not the 

CPUE, is more stable when assuming low resilience (Figures 2.9,2.10,2.11, 2.12, second panels of the first 

row).  
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Figure 2.9 ς North-western waters: CMSY-BSM fitting run 1. Blue lines indicate the CMSY estimates without CPUE information, 
while the red lines the BSM results, including CPUE. 
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Figure 2.10 ς North-western waters: CMSY-BSM fitting run 2. Blue lines indicate the CMSY estimates without CPUE information, 
while the red lines the BSM results, including CPUE. 
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Figure 2.11 ς North-western waters: CMSY-BSM fitting run 3. Blue lines indicate the CMSY estimates without CPUE information, 
while the red lines the BSM results, including CPUE. 
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Figure 2.12 ς North-western waters: CMSY-BSM fitting run 4. Blue lines indicate the CMSY estimates without CPUE information, 
while the red lines the BSM results, including CPUE. 

 

For all the runs the residuals showed no particular trend (Figures 2.13, 2.14, 2.15, 2.16). The retrospective 

analysis does not show any instability signal (Figures 2.17, 2.18, 2.19 and 2.20). 
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Figure 2.13 ς North-western waters: CMSY BSM fitting run 1 and residuals diagnostics. 
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Figure 2.14 ς North-western waters: CMSY BSM fitting run 2 and residuals diagnostics. 
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Figure 2.15 ς North-western waters: CMSY BSM fitting run 3 and residuals diagnostics. 
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Figure 2.16 ς North-western waters: CMSY BSM fitting run 4 and residuals diagnostics. 
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Figure 2.17 ς North-western waters: CMSY-BSM retrospective analysis run 1. 

 

Figure 2.18 ς North-western waters: CMSY-BSM retrospective analysis run 2. 
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Figure 2.19 ς North-western waters: CMSY-BSM retrospective analysis run 3. 

 

Figure 2.20 ς North-western waters: CMSY-BSM retrospective analysis run 4. 
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Among the runs explored, run 3 shows the lowest prior/posterior variance ratio (PPVR), and thus the most 

improved posterior knowledge relative to prior knowledge (Table 2.5). 

Table 2.5 ς North-western waters. CMSY-BSM prior/posterior variance ratio by run. 

Run F K MSY B/K 
1996 

B/K 
2006 

B/K 
2022 

avg 

1 0.82 1.4 0.35 0.33 0.17 0.23 0.55 

2 0.89 1.5 0.37 0.28 0.12 0.59 0.63 

3 0.5 0.55 0.13 0.28 0.08 0.17 0.29 

4 0.49 0.58 0.15 0.28 0.08 0.55 0.36 

 

Northern Sardinian waters stock  

In Northern waters all CMSY runs show that the stock is in overexploitation, with biomass below the safe 

biological limits, and overexploited with fishing mortality higher than FMSY (Figure 2.21.a). The CMSY-BSM 

results, that integrate also the CPUE information, provide the same information with more uncertainty 

(Figure 2.21.b). 
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Figure 2.21.a - Kobe plots (CMSY) across the different scenarios in Northern waters. First row: run1 and run2; second row: run 3 
and run 4. Run 1: Resilience very low, depletion medium-strong-strong. Run2: Resilience very low, depletion medium-strong-
medium. Run3: Resilience low, depletion medium-strong-strong. Run4: Resilience low, depletion medium-strong- medium. 

 

Figure 2.21.b - Kobe plots (CMSY-BSM) across the different scenarios in Northern waters. First row: run1 and run2; second row: run 
3 and run 4. Run 1: Resilience very low, depletion medium-strong-strong. Run2: Resilience very low, depletion medium-strong-
medium. Run3: Resilience low, depletion medium-strong-strong. Run4: Resilience low, depletion medium-strong- medium. 
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In this case, too, the integration of CPUE information through BSM shows an improvement in the fitting of 

B/K and F/FMSY time series (Figures 2.22, 2.23, 2.24, 2.25). The results of the CMSY-BSM model showed that 

the fitting of the r and K, independently if using or not the CPUE, is more stable when assuming very low 

resilience (Figures 2.22, 2.23, 2.24, 2.25). 

 

Figure 2.22 ς Northern waters: CMSY-BSM fitting run 1. Blue lines indicate the CMSY estimates without CPUE information, while 
the red lines the BSM results, including CPUE. 
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Figure 2.23 ς Northern waters: CMSY-BSM fitting run 2. Blue lines indicate the CMSY estimates without CPUE information, while 
the red lines the BSM results, including CPUE. 
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Figure 2.24 ς Northern waters: CMSY-BSM fitting run 3. Blue lines indicate the CMSY estimates without CPUE information, while 
the red lines the BSM results, including CPUE. 
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Figure 2.25 ς Northern waters: CMSY-BSM fitting run 4. Blue lines indicate the CMSY estimates without CPUE information, while 

the red lines the BSM results, including CPUE. 

 

For all the runs the residuals showed no particular trend (Figures 2.26, 2.27, 2.28, 2.29). The retrospective 

analysis shows some instability in runs 3 and 4 when excluding the last two years, with the first 2 runs 

showing more stable results (Figures 2.30, 2.31, 2.32, 2.33). 
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Figure 2.26 ς Northern waters: CMSY BSM fitting run 1 and residuals diagnostics. 
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Figure 2.27 ς Northern waters: CMSY BSM fitting run 2 and residuals diagnostics. 
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Figure 2.28 ς Northern waters: CMSY BSM fitting run 3 and residuals diagnostics. 
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Figure 2.29 ς Northern waters: CMSY BSM fitting run 4 and residuals diagnostics. 
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Figure 2.30 ς Northern waters: CMSY-BSM retrospective analysis run 1. 

 

Figure 2.31 ς Northern waters: CMSY-BSM retrospective analysis run 2. 
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Figure 2.32 ς Northern waters: CMSY-BSM retrospective analysis run 3. 

 

Figure 2.33ς Northern waters: CMSY-BSM retrospective analysis run 4. 
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Among the explored runs, run 1 shows the lowest prior/posterior variance ratio (PPVR) on average, and 

thus the most improved posterior knowledge relative to prior knowledge (Table 2.6). 

Table 2.6 ς Northern waters. BSM prior/posterior variance ratio by run. 

Run F K MSY B/K 1996 B/K 2006 B/K 2022 avg 

1 1.01 0.92 0.29 0.34 0.27 0.25 0.51 

2 1.03 1.02 0.33 0.27 0.2 0.58 0.57 

3 1.43 1.75 0.14 0.33 0.15 0.2 0.67 

4 1.12 1.78 0.11 0.27 0.14 0.42 0.64 

 

SPiCT: stochastic surplus production model in continuous time 

North-western Sardinian waters stock  

SPiCT results, reported in the kobe plot representation as CMSY, show that the North-western red coral 

stock is exploited below FMSY, while the status of the stock biomass is still below the biological safe limits 

(Bmsy) (Figure 2.34). 
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Figure 2.34 - SpiCT results North-western waters. Upper row: Median (blue solid line) of biomass and fishing mortality with 95% CI 
(blue shaded area) and observed (blue points) and estimated catch with 95% CIs. Middle row: Median (blue solid line) of relative 
biomass and relative fishing mortality with 95% CI (blue shaded area) and Kobe plot of relative fishing mortality versus relative 
biomass. Bottom row: Production curve (left), time to reach Bmsy among different F scenarios and comparison of prior and 
posterior distributions of sdi. 

 

The residuals diagnostics do not show any particular violation of the model assumptions, except the 

normality of the catch distribution through the Shapiro test (Figure 2.35).  
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Figure 2.35 ς North-western waters: SpiCT residuals diagnostics. The first column contains information related to catch data and 
the second column contains information related to the index data. The rows contain: 1. Log of the input data series. 2. OSA (one-
step ahead) residuals with the p-value of a test for bias (i.e. that the mean of the residuals is different from zero)  3. Empirical 
autocorrelation of the residuals. Two tests for significant autocorrelation is performed. A Ljung-Box simultaneous test of multiple 
lags (here 4), and tests for individual lags shown by dashed horizontal lines in the plot.  4. Tests for normality of the residuals both 
as a QQ-plot and with a Shapiro test. 
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The retrospective analysis does not show any particular instability signalΦ aƻƘƴΩǎ ˊ όǊƘƻύ5, a diagnostic 

statistic used to evaluate the retrospective consistency of a fish stock assessment model, is in the 

acceptable range, with absolute value below 0.3. aƻƘƴΩǎ ˊ measures the systematic bias in the model's 

estimates of key parameters (like biomass or fishing mortality) when data from recent years are 

sequentially removed (Figure 2.36). 

 

Figure 2.36 ς North-western waters: SpiCT retrospective analysis. 

                                                           

5
 aƻƘƴΩǎ ˊ ƛǎ ǾŀƭǳŀōƭŜ ŦƻǊ ŘŜǘŜŎǘƛƴƎ ǊŜǘǊƻǎǇŜŎǘƛǾŜ ǇŀǘǘŜǊƴǎ ǘƘŀǘ Ƴŀȅ ƛƴŘƛŎŀǘŜ ƳƻŘŜƭ ƳƛǎǎǇŜŎƛŦƛŎŀǘƛƻƴΣ ǎǳŎƘ ŀǎ ƛƴŎƻǊǊŜŎǘ 

assumptions about selectivity or natural mortality (CAPAM-IATTC, workshop "Model Diagnostics in Integrated Stock 
Assessments" organized from January 31 to February 3, 2022). 
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The performance of the runs is reported in Table 2.8. 

Table 2.8 ς North-western waters: Performance of SPiCT runs following the SPiCT checklist. 

Check list 
  Status 

Check North-western 

1 Convergence ã 

2 
All variance parameters of the 
model parameters are finite 

ã 

3 
No violation of model 

assumptions 
Yes, except the violation on quantile 

of catch 

4 
Consistent patterns in the 

retrospective analysis 
ã 

5 Realistic production curve Bmsy/K=0.5 

6 High assessment uncertainty 

logsdb=0.0085; logsdc=0.415; 
logsdi=0.249; logsdf=0.767; 

B/Bmsy om=0 and F/FMSY om = 1 

7 
Initial values do not influence 

the parameter estimates 
all 30 runs converged 

 

Northern Sardinian waters stock  

SPiCT results show that the Northern red coral stock is exploited above FMSY and that the status of the stock 

biomass is still below the biological safe limits (Bmsy), indicating a worse situation respect to the North-

western stock (Figure 2.37). 
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Figure 2.37 - SpiCT results North-western waters. Upper row: Median (blue solid line) of biomass and fishing mortality with 95% CI 
(blue shaded area) and observed (blue points) and estimated catch with 95% CIs. Middle row: Median (blue solid line) of relative 
biomass and relative fishing mortality with 95% CI (blue shaded area) and Kobe plot of relative fishing mortality versus relative 
biomass. Bottom row: Production curve (left), time to reach Bmsy among different F scenarios and comparison of prior and 
posterior distributions of sdi. 

Also in this case, the residuals diagnostics do not show any particular violation of the model assumptions, 

except the normality of the catch distribution through the Shapiro test (Figure 2.38). 
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Figure 2.38ς Northern waters: SpiCT residuals diagnostics. The first column contains information related to catch data and the 
second column contains information related to the index data. The rows contain: 1. Log of the input data series. 2. OSA (one-step 
ahead) residuals with the p-value of a test for bias (i.e. that the mean of the residuals is different from zero)  3. Empirical 
autocorrelation of the residuals. Two tests for significant autocorrelation is performed. A Ljung-Box simultaneous test of multiple 
lags (here 4), and tests for individual lags shown by dashed horizontal lines in the plot.  4. Tests for normality of the residuals both 
as a QQ-plot and with a Shapiro test. 
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¢ƘŜ ǊŜǘǊƻǎǇŜŎǘƛǾŜ ŀƴŀƭȅǎƛǎ ŘƻŜǎ ƴƻǘ ǎƘƻǿ ŀƴȅ ƛƴǎǘŀōƛƭƛǘȅ ǎƛƎƴŀƭ ŀƴŘ ǘƘŜ aƻƘƴΩǎ ǊƘƻ ŎƻŜŦŦƛŎƛŜƴǘǎ ŀǊŜ ƛƴ ǘƘŜ 

acceptable range, with absolute value below 0.3 (Figure 2.39). 

 

Figure 2.39 ς Northern waters: SpiCT retrospective analysis. 

The performance of the runs is reported in Table 2.9. 

Table 2.9 ς Northern waters: Performance of SPiCT runs following the SPiCT checklist. 

Check list 
    

Check Northern 

1 Convergence ã 

2 
All variance parameters 
of the model parameters 

are finite 
ã 

3 
No violation of model 

assumptions 
Yes, except the violation on 

quantile of catch 
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Check list 
    

Check Northern 

4 
Consistent patterns in the 

retrospective analysis 
ã 

5 Realistic production curve Bmsy/K=0.5 

6 
High assessment 

uncertainty 

logsdb=0.13; logsdc=0.56; 
logsdi=0.17; logsdf=1.18; 

B/Bmsy om=0 and F/FMSY 

order of magnitude = 2 

7 
Initial values do not 

influence the parameter 
estimates 

all 30 runs converged 

 

Length-Based Spawning Potential Ratio 

North-western Sardinian waters stock  

LBSPR results show that the fishing mortality estimated on the basis on basal diameter frequency 

distributions is more than twice of the natural mortality and that the spawning potential ratio is well below 

the reference value of 0.4 that is considered risk adverse for many species (Clark, 2002) with an increasing 

trend since 2014 (Table 2.11, Figure 2.40). 

Table 2.11 ς LBSPR results North-western waters. Selectivity parameters BD50% (size at first capture) and BD95% (size at which the 
95% of individuals are caught). F/M ratio and SPR (spawning potential ratio). 

 

 North-western waters 

BD50 BD95 F/ M SPR 

2007 7.65 9.61 2.59 0.1 

2008 7.71 9.69 2.62 0.1 

2009 7.81 9.85 2.59 0.11 

2012 7.93 10.02 2.48 0.12 

2013 8.04 10.25 2.33 0.13 

2014 8.22 10.57 2.22 0.15 

2015 8.49 10.77 2.26 0.14 

2023 8.76 10.97 2.28 0.15 
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 North-western waters 

BD50 BD95 F/ M SPR 

average 8.08 10.22 2.42 0.13 

 

 

Figure 2.40 - LBSPR results in North-western waters. 

The results, perturbed including uncertainty on the key biological parameters, show that the size at first 

capture is quite stable around 8 mm along the sampled years, except in 2023 having a BD50% around 12 

mm. The ratio between F and M is between 2 and 4 along the years, except 2014, showing a marked lower 

value slightly above 1.5. The most part of SPR realizations are below 0.25, showing that also including 

uncertainty the stock spawning stock is importantly deteriorated (Figure 2.41).  
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Figure 2.41 - LBSPR results in North-western waters, including uncertainty. 

The results of the scenarios, combining the different sizes at first capture with the different ratios of F/M, 

indicate that for Northτwestern waters, to achieve a SPR between 0.3 and 0.4 (yellow cells in Figure 2.42) 

while fishing at an F level equal to 2.5 times the natural mortality, it would be necessary to increase the size 

at first capture to 15 mm of basal diameter. On the other hands, the MCRS adopted by the Sardinia 

Autonomous Region in the previous years (= 10 mm) would return an SPR higher than 0.3 only reducing the 

fishing mortality to the same level of the natural mortality (Figure 2.41). 
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Figure 2.42 - LBSPR SPR results in North-western waters. On the x axis there are the ratios F/M tested, while on the y-axis there are 
the size at first capture explored in the LBSPR simulations. 

 

Northern Sardinian waters stock  

LBSPR results show also for Northern waters that the estimated fishing mortality is twice of the natural 

mortality and that the spawning potential ratio (=0.08) is well below the reference value of 0.4 (Table 2.12), 

indicating that the spawning stock in this area is more deteriorated than in North-western waters. 

Table 2.12 - LBSPR results Northern waters. Selectivity parameters BD50% (size at first capture) and BD95% (size at which the 95% of 
individuals are caught). F/M ratio and SPR (spawning potential ratio). 

Year Northern waters 

BD50 BD95 F/ M SPR 

2012 5.70 7.05 2.02 0.08 

The results of the scenarios, combining the sizes at first capture and the ratios of F/M, show that for 

Northern waters, in order to have a SPR between 0.3 and 0.4 fishing at an F level equal to twice the natural 

mortality it would be necessary to increase the size at first capture at 13 m of basal diameter, slightly lower 

than the one indicated by the same analysis in North-western waters (14 mm). Consistently with the North-

western results, using the MCRS of 10 mm basal diameter it would be necessary to reduce the fishing 

mortality to the same level of the natural mortality to achieve an SPR between 0.3 and 0.4 (Figure 2.43). 




















































































