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Abstract :   
 
Effective planning and management strategies of the Manila clam (Ruditapes philippinarum) stock in 
Arcachon Bay rely on a co-management approach, involving scientific advice and the fishing industry. In 
order to strengthen this management process, a specific compartmental single-species model has been 
developed to assess different management strategies. Based upon a size structure of the population and 
built from the dynamic systems paradigm, the modelling involves selected environmental and fishery-
related parameters for their impact on the population dynamics. Integration of newly available life traits 
data regarding the local population and better knowledge of the fishing activity and its control parameters 
have enabled a revision of the existing version including model parameters and integration of new 
formulations. Effect of food availability and total suspended matter on the production of newly settled 
juveniles, natural mortality, growth rates, and price, accounted for the bulk of the undertaken 
improvements. Model performance was evaluated by comparing simulation outputs to observed data from 
stock assessments (2003, 2006, 2008, 2010, 2012, 2014 and 2018). In addition, a sensitivity analysis 
regarding uncertainty on parameters related to biological and environmental aspects was carried out to 
provide information about parameters that influence the outputs of the model the most. In particular, this 
highlighted that a deeper understanding of the processes related to the reproduction phase and its control 
parameters on biomass should be pursued. The improvements enable the calibration of the model with 
parameters that are as close as possible to the specificities of the stock considered. This adaptation 
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permits use of the model to test various management strategies on the stock evolution and also to 
evaluate potential effects of environmental or market fluctuations. It encompasses ecological and socio-
economic valuations of the measures of impact. As long as those objectives are shared by the different 
entities involved at the regional scale, communication and management decisions should be facilitated. 
 
 

Highlights 

► Integrating recent life traits of the local population to address its functioning. ► Consideration of 
multiple fishery-related factors to tackle fishing effect. ► Modeling a price effect to describe an exploitation 
strategy. ► Strong influence of the reproduction phase and its control parameters on biomass. ► 
Relevance of combining various management measures to improve the stock level. 

 

Keywords : System dynamic model, Co-management, Population dynamic, Arcachon Bay, Ruditapes 
philippinarum 
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1. Introduction 

Management of coastal zones is considered globally as an important issue (Pastres et 

al., 2001) because it implies multiple–conflicting goals involving socio-economic and 

ecological considerations (Freire et al., 2002). This is particularly true for areas providing 

bivalve resources because they frequently enable the development of flourishing activities 

either for fishing or farming (Canu and Solidoro, 2018; Coelho et al., 2021; Vincenzi et al., 

2006). Design and implementation of adaptive management system policies are vital to 

conciliate socio-economic activities and long-term sustainability of the natural environment 

(De Leo and Levin, 1997), especially considering resources where population dynamics are 

particularly sensitive to environmental variations. For this purpose, models constitute useful 

tools for guiding management of coastal waters (Mongruel et al., 2011), including the 

monitoring of exploited species that generate significant income for the fishing industries in 

coastal zones. 

To reinforce the management of exploited species, several models have been designed. 

These include demographic models and increasingly combined ecophysiological and economic 

ones (Bertolini et al., 2021; Canu et al., 2011; Ferriera et al., 2009; Grant et al., 2007; Solidoro 

et al., 2003; Troost et al., 2010). The first model developed for Manila clams by Bald et al. 

(2009) was a compartmental single-species model driven by fixed parameters, which were 

based upon the size structure of the population and several dynamics of the species. This 

modelling approach belongs to the simulation modelling category, which was built from the 

dynamic systems paradigm developed in the 1950s by Forrester (1973). What is more, the 

interactions among variables and the evolution over time of the level variables (density and 

abundance expressed in numbers or mass) are mathematically represented by differential 

equations (the model being integrated continuously in time). Six weaknesses about this model 

were pointed out by Bald et al. (2009). Since more ecological data on the Manila clam are now 
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available and on-going studies in the Arcachon Bay are completed, a revision of the first version 

of the model parameters can be undertaken. This new information enabled an improvement of 

four identified weaknesses: effect of food availability, growth rates, indirect natural predation 

and effect of diseases (the one remaining concern is larval transport and settlement with spatial 

considerations). In addition, more realistic harvesting activities and economic considerations 

were integrated and the lack of consideration of socio-economic drivers highlighted during 

working groups (involving scientists and fishermen) has also been taken into account. 

In this context the present paper 1) discusses the developments implemented since the 

first version of the model; 2) integrates a validation and a sensitivity analysis regarding 

uncertainty on a selection of parameters and 3) describes the evolution of the modeled biomass 

under various management, environmental and economic scenarios in order to provide decision 

making guidance. 

2. Study area and Manila clam population 

2. 1. Study area 

Arcachon Bay is a 156 km² semi-sheltered lagoon in the southwest coast of France 

(Figure 1). Mostly composed of intertidal flats (110 km² within the inner lagoon which are 

colonized by vast Zoltera noltii seagrass meadows), the composition of this mesotidal system 

ranges from mud to muddy sands. The tide is semi-diurnal and the bay is both influenced by 

oceanic (external neritic waters) and continental (principally from the Eyre River) inputs (Dang, 

2009). The characteristics of these water masses as well as the slow renewal of water by tides 

(Plus et al., 2009) both influence salinity and temperature within the bay. Variations of these 

two parameters are important: seawater temperature ranges from 1.8 to 27.4 °C (mean value 

15.4 °C) and salinity ranges from 15.4 to 35.4 (mean value 30.2) (Caill-Milly, 2012). According 
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to the same database, chlorophyll a concentration varies from 0.4 to 30.8 µgl-1 (mean value 2.6 

µgl-1). 

 

Fig. 1. Maps showing the studied site Arcachon Bay (France) (sources: ESRI, BD Carthage, Ifremer – 

M. Lissardy). 

 

2.2. Species description and stock evolution 

Manila clam (Venerupis philippinarum) is an infaunal species inhabiting various 

substrates such as sandy, sandy-muddy and muddy bottoms. As a suspension-feeding bivalve, 

its dietary regime is dominated by phytoplankton (Kanaya et al., 2005; Kasai et al., 2004; 

Spillman et al., 2008; Yokoyama et al., 2005). Length class differentiation within the population 

is determined by valve length, which is defined as the longest distance from front edge to back 

edge (mm). For bivalves, fecundity is age-related (Gosling, 2003) and the Manila clam sexual 

maturity is considered effective from the second year, corresponding to clams above 20 mm in 

length (Holland and Chew, 1974). Two annual spawning periods occur in Arcachon Bay: from 
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April to June and from August to October, which are driven by increasing seawater 

temperatures between 15°C and 22°C (Dang et al., 2010). 

Metamorphosis and settlement occur generally after a two-to-three-week period of 

pelagic larval stage. Then, the spatial distribution is of an aggregative type and the limited 

lateral displacements of individuals are reported to reach six meters per month (Tamura, 1970 

in Le Treut, 1986). Manila clam maximum lifespan is unknown (Dee Boersma et al., 2006); 

Gillespie et al. (1999) indicated that it rarely exceeds 10 years of age in fished populations. 

Factors influencing natural mortality include natural predation (Carcinus maenas, 

Ocenebra erinacea, birds…), diseases (among others, Brown Muscle Disease, one of the most 

important) and aging. Pollution may also have an unfavorable role in the evolution of mortality 

(Paul-Pont, 2010). 

The Manila clam resource in Arcachon Bay has been monitored through stock assessment 

campaigns. Surveys considering the total distribution area of Manila clam (~47 km2) began in 

2003 and have been carried out as much as possible every other year since 2006 during late 

spring (the 2016 survey could not take place for financial reasons). Seven years of monitoring 

data (2003, 2006, 2008, 2010, 2012, 2014 and 2018) are currently available. These surveys 

provide a dataset of indicators such as abundance indices, length-frequency histograms, total 

abundance and biomass, fraction of juveniles (individuals measuring less than 17 mm), 

spawners (individuals measuring more than 25 mm) and exploitable stock (individuals 

measuring more than 35 mm), as well as their abundance and maps of clam densities (Sanchez 

et al., 2018; Caill-Milly et al., 2021). The stock assessments of these campaigns show a decrease 

of the population biomass until 2008, and then a recovery to a high level toward the end of the 

series (Figure 2). 
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Fig. 2. Evolution since 2003 of the total biomass (with its standard deviation) and of the total numbers 

of Manila clams in Arcachon Bay (from Sanchez et al., 2018). 

 

3. Fishing activity and management 

Fishermen access fishing areas by boat and exploitation occurs at low tide. Clams are 

extracted by hand, the sediment is scraped using a small tool. Catch fishing data from national 

and regional databases are utilized to account for the exploitation (sources: CRTS La Rochelle, 

SIH Ifremer, CRPMEM Nouvelle-Aquitaine). The first catch declarations were recorded in 

1992 (with 1 ton), production then grew quickly from 2001. After a peak in 2007 with 1000 

tons landed, the production decreased to reach values comprised between 300 and 400 tons 

annually in recent years (Caill-Milly et al., 2021). 

Whereas the minimum legal harvest size (40 mm prior to 2008, 35 mm since then) is set 

by European legislation (EC Regulation CE n°40/2008), in addition specific local legislation 

may be applied such as protected areas, limited fishing periods and a fixed number of licenses. 

They vary over time in terms of location, duration, number, allocation rules and are considered 
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in the next sections of this paper. The local regulations are under the responsibility of industry 

organisations (like Comité Régional des Pêches Maritimes et des Élevages Marins de Nouvelle-

Aquitaine) and involve regional administration (Frangoudes et al., 2020). 

4. Existing model structure and components 

The existing model applied to Manila clam in Arcachon Bay was developed at the end of 

the 2000s. The model and all the simulations are performed using the object-oriented modelling 

framework Vensim ® DSS. This software is widely used to construct simulation models of 

business, scientific, environmental, and social systems. Specific dynamic models regarding 

exploited marine resources (by fishing and aquaculture) have been developed under various 

softwares such as Vensim, ExtendSim, Stella, Simile, etc. (Canu et al., 2011; Hawkins et al., 

2002; Grant et al., 2007).  

For Arcachon Bay, the processes are modelled at the bay scale (not spatialized at a finer 

scale) and the time frame is monthly, with the exception of temperature (daily). The model is 

structured into basic component parts corresponding to four interrelated so-called blocks: 

Production, Stock/Maturation/Mortality, Environmental parameters and Fishery (see Figure 3 

and Bald et al., 2009 for details including structuration and equations of the first version). The 

production of juveniles (Production block) is controlled by the quantity of spat arriving in the 

system after the spawning period, the larval development and the settlement (after a pelagic 

phase of three weeks, Le Treut, 1986). Because those phases of the life cycle are well-known 

to be highly influenced by the environment [Holland and Chew (1974), Mann (1979), Ohba 

(1959), Park and Choi (2004), Robinson and Breese (1984) and Emmett et al. (1991)], a control 

block integrating environment drivers (Environment parameters block) acts on the 

Production block. In the Environment parameters block, seawater temperature was simulated 

using the sinusoidal function proposed by Melià et al. (2004) and adjusted to Arcachon Bay 
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conditions by Bald et al. (2009). In the Stock/Maturation/Mortality block, the Manila clam 

population in Arcachon Bay is divided into four sub-populations according to their length. For 

the population dynamics model, several authors (De Leo and Gatto, 2000; Solidoro et al., 2003) 

underlined the importance of length class differentiation to take into account differences in vital 

rates such as fertility, mortality, and respiration (Flye-Sainte-Marie et al., 2007). Therefore, 

they correspond to: juvenile size class (from 0 to 20 mm), adult under the minimum current 

harvest size class (from 21 to 34 mm) and two adult size classes above the minimum current 

harvest size (from 35 to 39 mm and upper 40 mm). Thereby the chosen endpoints of those 

classes depend on biological and exploitation considerations. The rules of evolution over time 

of the number of clams in each class are controlled by specific growth, natural and fishing 

mortality parameters and are described in detail  in Bald et al. (2009). In addition, the initial 

condition is controlled by the production of juveniles in the first class. This compartment gives 

at the end the main result, which is the total biomass. 
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Fig. 3. Diagram of the Manila clam model illustrating the four blocks and the interactions among 

them. Improvements made since the first version of the model regarding blocks are in bold italics. 

 

The Fishery Block includes the parameters that control the fishing mortality required for 

the Stock/Maturation/Mortality Block (e.g. fishing effort per clam length class, capture duration 

season, number of delivered fishing licenses, catches volume per license, protected area 

surface....). To convert the volume of catches per length class to effective per length class, a 

length-weight relationship for the Manila clam population was established using the 2003 

survey campaign (see Appendix 1).  

All the formulations of this existing model are detailed in Bald et al. (2009). Starting from 

this existing version, both the integration of newly and specific available life traits data, and the 

adjustment of the fishing activity and its control parameters allow for a revision of the model, 

which includes model parameters and the integration of new formulations. 

5. Model revision 

5.1. Integration of real data to simulate seawater temperature  

In the first version of the model, seawater temperature T (Environment parameters block) 

was simulated using the sinusoidal function (Bald et al., 2009). In order to be closer to the real 

variations of temperature inside the Bay, this equation was replaced by real weekly temperature 

data coming from the ARCHYD network2. Regarding the Manila clam distribution, two stations 

- Comprian and Les Jacquets (see Figure 1 for location) - were selected to calculate mean 

temperature (Treal) per month from 2003 to 2019. For subsequent years, the attributed value 

per month m is equal to the average mean over three years for a given month (Tam) with the 

                                                           
2 The hydrological network of observation and monitoring dedicated to Arcachon Bay 
(https://sextant.ifremer.fr/record/dde63586-6a51-4e9b-8630-b7648cda86a0/) 
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addition of a parameter temperature variation (ΔT) to have the possibility to test the hypothesis 

of an increase or decrease of the monthly temperature.  

𝑇(𝑚) =  {
𝑇𝑟𝑒𝑎𝑙(𝑚)                                                                                                           𝑓𝑟𝑜𝑚 2003 𝑡𝑜 2019

𝑇𝑎𝑚(𝑚) +  Δ𝑇                                                                                                 𝑓𝑟𝑜𝑚 2020 𝑡𝑜 2029
 

Due to this modification, the time frame for the seawater parameter changed from daily 

to monthly. Using real data is considered preferable notably to work on hindcasts. 

5.2. Integration of specific available life traits data  

5.2.1. Recruitment (Production and environmental parameters blocks) 

In the first version of the model, an iterative modeling was used to fix the recruitment 

level and the period of arrival of juveniles in the Stock/Maturation/Mortality block was 

controlled by the seawater temperature conditions (Environment parameters block) (Bald et al., 

2009). Regarding Manila clam, temperature, photoperiod and food availability are the three 

main factors contributing to the reproduction phase (from gametogenesis to spawning) 

(Delgado and Pérez-Camacho, 2007; Devauchelle, 1990; Holland and Chew, 1974; Le Pennec 

and Benninger, 2000; Mann, 1979; Ohba, 1959; Soudant et al., 2004; Toba and Miyama, 1995). 

To a lesser extent, a possible effect of salinity has also been described by Park and Choi (2004) 

and Dang et al. (2010). For the Arcachon Bay population and using stock status indicators and 

environmental parameters, Caill-Milly (2012) highlighted both the importance of temperature 

during the reproduction phase (interaction already taken into account in the model) and the 

trophic conditions associated to total suspended matter (TSM) for young stages. High 

proportions of juveniles were related to high chlorophyll a and low TSM values. 

Graphically, mean chlorophyll a concentration is the lowest in 2004 and TSM 

concentration is lowest in 2005. Conversely, mean chlorophyll a concentration and TSM 

concentration are highest in 2012 and in 2019 respectively. Regarding the trends of these two 
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data sets over the 2002-2019 period, they seem to display a break in the data series between 

2009 and 2010 (with significant differences for TSM) (Figure 4).  

 

Fig. 4. Evolution of chlorophyll a and Total Suspended Matter over the 2002-2019 period. 

 

Current understanding of the impact of these two conditions on recruitment suggests a 

positive effect of high chlorophyll a and low TSM. As these two factors show a break between 

2009 and 2010, the recruitment level proposed by Bald et al. (2009) - JPm - was modulated 

from 2010 using a combination of evolution rates of those two factors acting with opposite 

effects. To do so,  chlorophyll a and TSM evolution rates were calculated between 2002-2009 

and 2010-2019 and combined (considering positive effect for chlorophyll a and negative effect 

for TSM to estimate the ΔJPm(m) from 2010 (Table 1). 
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Table 1: Applied rules to estimate the combined effects of Chlorophyll a and TSM concentrations on 

JPm from 2010. 

 

Factors Mean concentration 

2002-2009 

Mean concentration 

2010-2019 

Evolution 

rate 

between 

2002-2019 

and 2010-

2019 

Estimated type 

of effect on JPm 

Estimated 

combined 

effects to 

apply on 

JPm from 

2010 

(ΔJPm) 

Chlorophyll a 2.51 µg/l 2.84 µg/l 13% Positive 

-25% 

TSM  7.46 mg/l 10.31 mg/l 38% Negative 

 

ΔJPm(m) is thus set at 0% between 2003 and 2009 and at -25% from 2010. As a result, 

from 2003 to 2009, JPm is 3.3 ind.m-².month-1 and 2.5 ind.m-².month-1 from 2010. 

Due to this reformulation, the juvenile production per surface unit and per month JP(m) 

is:  

 

with JPm = the juvenile production per spawning month fixed by Bald et al. (2009); ΔJPm = 

Combined chlorophyll a and TSM effects on juveniles production and SP = Spawning 

occurrence for a given month. 

The model now includes not only the effect of temperature (spawning triggering) but 

also of chlorophyll a and TSM on recruitment.  

 

5.2.2. Growth (Stock/Maturation/Mortality block) 

In the first version of the model, the growth rates were calculated following the growth 

model developed by Melià et al. (2004) for the Sacca di Goro Lagoon (Italy) (Bald et al., 2009). 

𝐽𝑃(𝑚) = [𝐽𝑃𝑚(𝑚) 𝑥 [1 + ΔJPm(m)]] x 𝑆𝑃(𝑚) 
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Between 2005 and 2007, Dang et al. (2010) undertook enclosure field experiments 

within Arcachon Bay that allow defining the Von Bertalanffy Growth Function (VBGF) 

parameters related to the Bay. These ecological data led to the reassessment of realistic growth 

rate estimates, namely 0.361, 0.245 and 0.227 (dimensionless) for length classes 0-20, 21-34 

and 35-39 mm respectively. For example, this means that each month, the number of clams 

entering the 21-34 mm class from the previous class (0-20 mm) is obtained by multiplying the 

number of clams in the 0-20 mm class from the previous month by 0.361. 

 

5.2.3. Natural mortality (Stock/Maturation/Mortality block)  

In the first version of the model, natural mortality was defined by the relationship 

established by Solidoro et al (2000) and Solidoro et al. (2003). It integrated sea water 

temperature and was based on studies on Northern Adriatic lagoons. 

Also in this case, the enclosure field experiments undertaken by Dang et al. (2010) were 

useful to integrate more realistic values related to Arcachon to adjust the model. They allow to 

draw a direct assessment of this source of mortality. They were established at 6.9%, 3.9%, 1.8% 

and 1.2% respectively for length classes 0-20, 21-34, 35-39 and > 40 mm (deduced from Dang 

et al., 2010). On the same principle as for growth, this means, for example, that each month the 

number of clams in the 0-20 mm class that died of natural causes is obtained by multiplying the 

number of clams in the 0-20 mm class in the previous month by 6.9%. A feedback loop was 

also added from the stock variable in order to model a "trophic competition" effect on natural 

mortality (the rule applied is: if the stock is higher than 20000 t, natural mortality is doubled 

for each size class) – for equation, see Figure 5. 

The updated information regarding growth and natural mortality enables describing the 

clam effective evolution per month m and per class i (1 to 4) and due to natural processes only 

as: 
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𝐹𝑜𝑟 𝑖 = 1

𝐽𝑃(𝑚) − 𝑍1(𝑚) − 𝐺1(𝑚)                                                             𝑖𝑓 𝑆 < 20000 𝑡

𝐽𝑃(𝑚) − 𝑍1(𝑚) × 2 − 𝐺1(𝑚)                                                                           else
𝐹𝑜𝑟 𝑖 ≥ 2

𝐿𝐶𝑖−1(𝑚) × 𝐺𝑅𝑖−1(𝑚)  −  𝑍𝑖(𝑚) − 𝐿𝐶𝑖(𝑚) × 𝐺𝑅𝑖(𝑚)         𝑖𝑓 𝑆 < 20000 𝑡

𝐿𝐶𝑖−1(𝑚) × 𝐺𝑅𝑖−1(𝑚)  −  𝑍𝑖(𝑚) × 2 − 𝐿𝐶𝑖(𝑚) × 𝐺𝑅𝑖(𝑚)                       else

 

 

5.2. Adjustment of fishing activity and its control parameters 

This new work on the model was an opportunity to review some of the fishery-related 

parameters and to take into account other economic factors. This information includes annual 

fishing declarations of Manila clam within Arcachon Bay and was extracted from two 

complementary databases: the national statistic database of the “Système d’Informations 

Halieutiques” (for data between 2003 and 2008); the regional database - the “Base Pêche 

Aquitaine” (CRPMEM, unpublished data) (for data subsequent to 2009). Combined with the 

annual number of active fishing licenses (coded NFL - values in Table 2), the total annual 

volumes of catches declared by fishermen allow the calculation of mean catches volume per 

fishing license each month (coded CVL). 

With respect to the fishing mortality per length class and because clams below the legal 

harvest size are known to be exploited (anonymous catch reports and authority controls), the 

fishing effort (FE) was reallocated on the whole length classes:  21-34 mm, 35-39 mm and > 

40 mm length classes, which were estimated at 40%, 50% and 10 % respectively. This took into 

account higher fishing pressure on clams below the minimum legal size, which is more realistic. 

In regard to the impact of the protected areas on catches, the Bald et al. (2009) model 

considered the percentage of exploitable stock and the percentage of reserve area to parametrize 

this variable (Dang, 2009). In the last version of the model, a reformulation was undertaken: 

the exploitable stock was considered using the fishing effort applied to each class above the 
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minimum legal size and the total applicable protected area(s) surface (expressed in m²) 

according to local legislation became a control variable.  

In addition, a price effect was included as a control parameter of the fishing activity.  

This aims to fill a gap in the model regarding socio-economic drivers which was picked up on 

by stakeholders. Following interviews with professionals, the applied rules follow a linear 

response of catches to any price increase from a reference price (Pref) fixed at 3.5 euros per 

kilogram (considered by fishermen as a mean selling price for Manila clam from Arcachon 

Bay). In other words, if the difference between the effective price (Pr) and the reference price 

(Pref) is one euro, the catches increase by 10%; if the difference is two euros, the catches 

increase by 20% and so on.  

All this updated information mentioned above led to the reformulation of the temporal 

fishing catches evolution per month m and per class i (1 to 4) denoted FM(m) x Capti(m), which 

was expressed in effective per surface unit each month (ind.m-2.month-1), according to the 

following equations: 

 𝐹𝑀(𝑚) =  {
1          𝑖𝑓 𝑂𝐹𝑀 ≤ 𝑚 ≤  𝑂𝐹𝑀 + 𝐶𝐷𝑆
0                                                          𝑒𝑙𝑠𝑒

 

with FM = Fishing Month, OFM = Open Fishing Month (month number), CDS = Capture 

Duration Season (in month). 

𝐶𝑎𝑝𝑡𝑖(𝑚) 

= 

=

{
 
 

 
 𝑁𝐹𝐿

(𝑚) × 𝐶𝑉𝐿(𝑚) × 106 × 𝐹𝐸𝑖(𝑚)

𝐴𝐵𝑆 × 𝑀𝑊𝑖
 ×
𝐴𝐵𝑆 −  𝑃𝐴𝑆(𝑚)

𝐴𝐵𝑆
× [1 +

𝑃𝑟(𝑚) − 𝑃𝑟𝑒𝑓

10
]   𝑖𝑓 𝑃𝑟(𝑚) > 𝑃𝑟𝑒𝑓

𝑁𝐹𝐿(𝑚) × 𝐶𝑉𝐿(𝑚) × 106 × 𝐹𝐸𝑖(𝑚)

𝐴𝐵𝑆 ×𝑀𝑊𝑖
 ×
𝐴𝐵𝑆 −  𝑃𝐴𝑆(𝑚)

 𝐴𝐵𝑆
                                                                        𝑒𝑙𝑠𝑒

 

with NFL = Number of Fishing Licenses each month, CVL = Catches Volume per fishing 

License each month (t), FEi = Fishing Effort allocated for class i each month (in %), ABS = 

Arcachon Bay Surface (m²), PAS = Protected Area Surface each month (m²), MWi = Mean 
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Weight for class i (g), Pr = Effective price each month (€.kg-1), Pref = Reference price fixed at 

3.5 euros per kg-1. The first fraction of the last equation reported the catch as a function of the 

number of licenses, the catch per license and the mortality of the class considered in Arcachon 

Bay. The second fraction accounts for the fishing reserve effect. When the selling price was 

greater than 3.5 €.kg-1, the third fraction reflected a price effect with a linear response. 

Equation formulations for each process [including those not modified from the Bald et 

al. (2009) version and their parametrization are presented in detail in Figure 5 and Table 2. 

Figure 5 distinguishes the known parameters or fixed by the user from those estimated by 

equations within the model. Table 2 provides details regarding the latest parametrization. The 

output variable is the total biomass (S) since it constitutes the current indicator shared between 

scientists and managers to discuss the responses of the system to different scenarios. 
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  1 

Fig. 5. Equation formulations for each process from the starting point S (biomass) - in blue: known parameters or fixed by the user; in green: estimated by the 2 
model. 3 
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Table 2: Fixed or known parameters used for the parametrization of the differential equations. 4 

Blocks Parameter sets (units) Values of parametrization  
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T: temperature per month (°C) 

Defined by f, h and g: coefficients of the sea 

water temperature with 

f : half of the maximum temperature 

variation 

h: phase 

g: mean annual temperature 

From 2003 to 2019: real data  

From 2020: moving average over three years 

calculated on each month 

ARCHYD network on two stations (Comprian and Les 

Jacquets) 

ΔT: temperature variation (°C) From 2003 to 2019: 0  

From 2020: see part 7 for retained values 

according to scenarios 

Parameter added to simulate environmental scenario from 

2020. 

Tsmin: minimum temperature for spawning 

(°C) 

15  Literature (Beninger and Lucas, 1984; Rodríguez-Moscoso 

et al., 1992; Solidoro et al., 2003) 

Tsmax: maximum temperature for spawning 

(°C) 

22  Literature (Rodríguez-Moscoso et al., 1992; Solidoro et al., 

2003) 

JPm: juveniles production per spawning 

month (ind m-2 month-1) fixed by Bald et al. 

(2009) 

3.3 Bald et al., 2009 

 

ΔJPm: Combined chlorophyll a and TSM 

effects on juveniles production (%) 

From 2003 to 2009: 0  

From 2010 to 2019: -25 

From 2020: see part 7 for retained values 

according to scenarios 

Caill-Milly (2012), ARCHYD network on two stations 

(Comprian and Les Jacquets) 
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 ABS: Arcachon Bay Surface (m²) 46,4 x 106 Bald et al., 2009 
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GR1 to GR4: growth rates of length class 1 to 

4 (dimensionless) 

 

[0-20]: 0.361 

[21 – 34]: 0.245 

[35 – 39]: 0.227 

> 40: / 

Assessed from enclosure field experiments undertaken by 

Dang et al (2010)  

MW1 to MW4: mean weight of length class 1 

to 4 (g) 

 

[0-20]: 0.992 

[21 – 34]: 6.624 

[35 – 39]: 11.662 

> 40: 18.288 

Calculated using relation length-weight (see Appendix 1)  

Z1 to Z4: natural mortality evolution per 

surface unit for class 1 to 4 (%) 

[0-20]: 6.9 

[21 – 34]: 3.9 

[35 – 39]: 1.8 

> 40: 1.16 

Assessed from enclosure field experiments undertaken by 

Dang et al (2010)  

F
is

h
er

y
 

 

FE1 to FE4: fishing effort expressed in 

percentage of the total fishing effort all 

length class considered applied to class 1 to 

4 (%) 

[0-20]: 0  

[21 – 34]: 0.4  

[35 – 39]: 0.5 

> 40: 0.1 

Estimated from anonymous catches reports and authority 

controls 

 

OFM: opening fishing month July From Bald et al., 2009 

CDS: capture duration season 2003: 6 

2004 to 2008: 12 

2009 to 2012: 10.3 

2013 to 2019: 12 

 

Local regulation (Sanchez et al., 2018 ; Caill-Milly et al., 

2021) 

NFL: number of fishing licenses 2003 to 2008: 70 

2009: 66 

2010: 57 

2011: 57 

2012: 60 

2013: 55 

2014: 56 

2015: 52 

2016: 44 

2017: 49 

2018: 47 

2019: 46 

Local regulation (Caill-Milly et al., 2021) 
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PAS: protected area surface (x 106 m²) 2003 to 2005: 2.37 

2006 to 2007: 0.96 

 

2008: 9.10 

2009 to 2012: 4.3 

2013: 4.3 and 5.4 

2014: 5.4 and 0 

2015: 0 and 9.6 

2016: 0, 9.6 and 4.9 

2017 to 2019: 4.9 

 

Local regulation (Sanchez et al., 2018 ; Caill-Milly et al., 

2021) 

Pr: Effective price (€.kg-1) From 2003 to 2019: 3.5  Based on interviews with fishermen 

Pref: Reference price (€.kg-1) 3.5  Based on interviews with fishermen 

CVL: catches volume per fishing license 

each month (t.month-1) 

2003: 0.47 

2004: 0.67 

2005: 0.46 

2006: 1.06 

2007: 1.22 

2008: 0.85 

2009: 0.82 

2010: 0.73 

2011: 0.90 

2012: 0.68 

2013: 0.75 

2014: 0.51 

2015: 0.50 

2016: 0.64 

2017: 0.75 

2018: 0.88 

2019: 0.74 

Calculated from fishermen declarations (SIH, unpublished 

data and CRPMEM, unpublished data; Sanchez et al., 2018; 

Caill-Milly et al., 2021). 

 5 
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6. Validation and sensitivity analysis 

6.1. Goodness of fit of the model 

The first available dataset on size distribution of the population within the bay (Caill-

Milly et al., 2003) determines the initial time of the model and is available for July 2003. 

Starting from this date, the model was calibrated with the aforementioned recent population, 

ecological and fishery data. This “historical” reconstitution ended in December 2019. It traced 

the stock evolution before testing new management strategies. 

Model validation was performed on this hindcast using the subsequent stock 

assessments (2003, 2006, 2008, 2010, 2012, 2014 and 2018). Those observed data (learning 

samples) were compared to the predicted data given by the model. The model efficiency, which 

is the calibration step, was evaluated by the percentage of deviation between observed and 

predicted data sets. The criterion of a maximum deviation percentage (set to 10 %) was retained 

according to previous works (Bald et al., 2006, 2009). The model output for the  July 2003 to 

December 2019 period is illustrated in Figure 6 and presents a first period characterized by a 

global decrease of the total biomass up to 4,883 tons  mid-2008 and a second period displaying 

a recovery of the stock (with a maximum at 9,188 tons early 2018). At the end of the period, 

the total biomass is around 8,000 tons. 

For this historical reconstitution, the model outputs fits quite well with the real data since 

the percentage of deviation (in absolute terms) between observed and predicted data were 

respectively 4% in 2003, 10% in 2006, 11% in 2008, 3% in 2010, 6% in 2012, 1% in 2014 and 

3% in 2018 (Figure 6) (average of the absolute values of this percentage equal to 5.3%). Those 

values meet the criterion of a maximum deviation percentage set at 10% except for 2008 with 

11%. 
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Fig. 6. Total biomass (in t) simulated between July 2003 and December 2019 (“historical” 

reconstitution). 

6.2. Model sensitivity 

6.2.1. Retained methodology 

Parameters of system dynamics models are subject to uncertainty, which propagates 

throughout the model, and lead to variability of its outputs. In this context, sensitivity analysis 

can provide an answer to various issues such as improvement of the model formulation 

including simplification by eliminating non-essential components, model robustness 

assessment, identification of the parameters that have the greatest influence of chosen target 

variables, etc. (Banos-Gonzalez et al., 2018; Norton, 2015; Pianosi and Wagener, 2018). In this 

paper, the effect of variations in assumed information on the model output is considered. It 

enables identification of the most influential parameters.  

In this context, uncertainty of the control parameters used in the model were considered; 

they are related to biological and environmental aspects. For each parameter, an arbitrarily 

selected range of 25% variation around the default parameter value was applied (Banos-

Gonzalez et al., 2018), unless available assessment of uncertainty was already available. This 
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was the case for natural mortality, spawning minimum and maximum temperature, mean length 

weight.  For natural mortality, the standard deviation of calculated values established from 

Dang (2009) was employed as the uncertainty measure (±3.3, ±1.5 and ±1.1% for the 0-20 mm, 

20-35 mm and 35-40 mm length classes respectively). In the case of spawning minimum and 

maximum temperature, few works established a threshold (Delgado and Pérez-Camacho, 2007; 

Holland and Chew, 1974; Mann, 1979; Obha, 1959; Toba and Miyama, 1995), which 

challenged us to consider a possible difference of +/- 0.5°C. For mean length weight, the 

standard deviation calculated by Bald et al. (2009) was used as the uncertainty measure (±0.67, 

±0.21, ±0.41 and ±1.12% for the 0-20 mm, 20-35 mm, 35-39 mm and above 40 mm length 

classes respectively) (Table 3).  

Table 3. Parameters’ uncertainty applied in the model to assess the sensitivity analysis using 

Monte Carlo simulations. 

 
Parameters Uncertainty applied Percentage of variation 

around the default 

parameter value 

Natural mortality evolution (%) 0-20 mm: ± 3.3 

21-34 mm: ± 1.5 

35-40 mm: ± 1.1 

> 40 mm : ± 0.3 

48% 

38% 

61% 

25% 

Spawning minimum temperature (°C) ± 0.5 7% 

Spawning maximum temperature (°C) ± 0.5 5% 

Mean length weight (g) 0-20 mm: ± 0.670 

21-34 mm: ± 0.210 

35-40 m: ± 0.410 

> 40 mm: ± 1.120 

68% 

3% 

3% 

6% 

Growth rates of the length (dimensionless) 0-20 mm: ± 0.090 

21-34 mm: ± 0.061 

35-40 mm: ± 0.057 

25% 

25% 

25% 

Juveniles production per spawning month (ind month-1) ± 0.6 25% 

 

On a first step, each parameter was studied separately to test for the variability of the 

estimated biomass (S) using thousand Monte Carlo simulations (Univariate Sensitivity 

Analysis) with a random uniform distribution of probability. This approach corresponded to the 

One-Factor-At-A-Time analysis where the initial values of the parameters were modified in a 
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range that account for ecological reality or in a range of +/- 25%. For December 2029, a 

sensitivity index (Banos-Gonzalez et al., 2018) was calculated for each parameter. 

𝑆𝑒𝑛𝑠𝑖𝑖 = (
𝑆𝑀𝑎𝑥 − 𝑆𝑀𝑖𝑛

𝑆𝑉𝑎𝑙
) ÷ (

𝑃𝑀𝑎𝑥 − 𝑃𝑀𝑖𝑛

𝑃𝑉𝑎𝑙
) × 100 

where Sensii represents the sensitivity index of the biomass in relation to the parameter i; SMax 

and SMin are the maximum and minimum values, respectively, of the biomass at time 

December 2029; SVal represents the status quo model value of the biomass at time December 

2029; PMax and PMin represent the maximum and minimum values of the ith parameter, 

respectively; and PVal is the status quo model value of the jth parameter.  

The sensitivity index values are visualized on an ordered bar chart (Pianosi et al., 2016). 

Using this index, the parameters can be classified into five categories: insensitive (Si = 0%), 

low sensitivity (Si < 10%), moderate sensitivity (10% < Si < 50%), high sensitivity (50% < Si 

< 100%), and very high sensitivity (Si > 100%). In addition, confidence bounds of the biomass 

were plotted for the variation of each parameter. In relation to the corresponding relative 

variation of the input parameter, the index and the graphical representation provided 

information about the parameters, which influenced the system the most. 

In a second step, the sensitive parameters (Si > 50 %) were considered together (general 

sensitivity analysis) to quantify the effects of their simultaneous variations on the biomass. In 

this case, one thousand Monte Carlo simulations were generated with Latin Hypercube 

sampling. For this, it is common practice to constrain the parameter variations to acceptable 

ranges in order to have realistic levels (Banos-Gonzalez et al., 2018). In the absence of 

additional information, the percentages of variation were here identical to those of step one. 

With Latin Hypercube sampling, the full range of each parameter was thus explored using a 

reasonable number of runs (Banos-Gonzalez et al., 2018) and provided sufficient information 

about the distribution in the outcome (Ford and Flynn, 2005). It can be efficient in order to 



24 
 

reveal non-linearities, principally if one or two parameters dominate (Manache and Melching, 

2008). 

A variation coefficient (VC) (Banos-Gonzalez et al., 2018) of the biomass shown by the 

Monte Carlo simulations was calculated for December 2029. 

𝑉𝐶 = (
𝑆𝑀𝑎𝑥95 − 𝑆𝑀𝑖𝑛95

𝑆̅
) × 100 

where VC is the relative variation of the biomass (S) with respect to its mean value using 95% 

confidence bounds; SMax95 and SMin95 are the maximum and minimum values of the biomass 

in December 2029, using the 95% confidence bound; and 𝑆̅ is the mean value of biomass. 

This coefficient was set in one of the three following categories: low response (VC < 

50%), moderate response (50% < VC < 100%) and high response (VC > 100%). 

For the two steps, Monte Carlo simulation is appropriate since the model may generate 

interactions between factors or have non-linear outputs as stated by Lesnoff et al. (2012). The 

time-frame has two parts: from July 2003 to December 2019 – historical reconstitution; from 

January 2020 to December 2029 – projection with historical trends of environmental data and 

application of the same management measures as for 2019. 

 

6.2.2. Sensitivity analysis results 

For the control parameters tested, the values of the sensitivity index are comprised 

between 1 and 399%, which means that the model is from low sensitive to high sensitive 

regarding those parameters. The highest indexes are obtained with parameters regarding or 

influencing young stages of the population: spawning maximum temperature, recruitment and 

spawning minimum temperature (Figure 7). The following are related to mean length weight 

21-34 mm, mean length weight above 40 mm and to a lesser extent natural mortality above 40 

mm. The lowest indexes are related to mean length weight for 0-20 mm to natural mortality of 

35-40 mm, to growth rate 21-34 mm and to natural mortality 21-34 mm. 
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Fig. 7. Value of the sensitivity index for the control parameters used as input factors. 

 

Ten out of fourteen parameters are associated to the sensitive index. The confidence 

bounds of the biomass according to their respective variation are plotted for each of those 

parameters (Appendix 2). 

Those ten parameters were used to run one thousand Monte Carlo simulations with Latin 

Hypercube sampling. The variation coefficient is 173%, which means that the model displays 

a high response of the biomass to those parameters. 

 

7. Application of various scenarios  

7.1. Simulations of several management strategies 

Since the outcome of the model was to be used as a decision-making tool, case studies 

were defined to observe the simulated evolution of the total biomass according to various 



26 
 

strategies relying on different types of measures (reducing fishing effort, technical measures 

and limitation of catches) (Table 4).  

Forecasts from January 2020 to December 2029 resulting from the introduction of 

different management options were undertaken. The eight scenarios related to management 

strategies and retained for this paper were the following:  

- Scenario 1 (status quo) corresponded to maintenance of the management measures 

in similar levels than those applied in 2019 (CVL = 0.74 t month-1 license-1, CDS = 

12 months, PAS = 4.9 x 106 m², NFL = 46); 

- Scenario 2 doubled the protected area surface, the other parameters remaining the 

same as for status quo (CVL = 0.74 t month-1 license-1, CDS = 12 months, PAS = 9.8 

x 106 m², NFL = 46); 

- Scenario 3 reduced the fishing period (equivalent to one day per week off) (CVL = 

0.74 t month-1 license-1, CDS = 10.3 months, PAS = 4.9 x 106 m², NFL = 46); 

- Scenario 4 simulated a decrease of the number of fishing licenses (CVL = 0.74 t 

month-1 license-1, CDS = 12 months, PAS = 4.9 x 106 m², NFL = 40); 

- Scenario 5 simulated a decrease of the catches per fishing licenses (CVL = 0.6 t 

month-1 license-1, CDS = 12 months, PAS = 4.9 x 106 m², NFL = 46); 

- Scenario 6 combined three measures – slight decrease of the catches per fishing 

licenses, decrease of the capture duration season and increase of the protected area 

surface (CVL = 0.70 t month-1 license-1, CDS = 11 months, PAS = 7.35 x 106 m², 

NFL = 46); 

- Scenario 7 also combined three measures – slight decrease of the catches per fishing 

licenses, decrease of the capture duration season and of the number of fishing 

licenses (CVL = 0.70 t month-1 license-1, CDS = 11 months, PAS = 4.9 x 106 m², NFL 

= 40); 
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- Finally, Scenario 8 combined two measures – decrease of the catches per fishing 

license and decrease of the capture duration season (CVL = 0.60 t month-1 license-1, 

CDS = 10.3 months, PAS = 4.9 x 106 m², NFL = 46). 

When a parameter was not listed above, it means that the applied value was the same as 

for the last year of the “historical” reconstitution. 

To undertake comparisons between these management scenarios, evolution of the total 

biomass trend was compared between the chosen scenarios and the continuation of the active 

management measures in 2019 (Scenario 1 - status quo) (Table 4). 

Table 4. Description of the eight tested management scenarios integrated in the model from 

2020 to 2029. Relative differences of each management measure applied in Scenarios 2 to 8 are 

compared to Scenario 1 (status quo) management measure values using the following codification = no 

changes,  increase comprised between 1 and 10%,  increase (strictly) superior to 10%,  decrease 

comprised between 1 and 10%,  decrease (strictly) superior to 10%. 

 
Key: NFL = number of fishing licenses, CVL = catches volume by license (t month-1 license-1), CSD = 

capture season duration (month), PAS = Protected area surface (x 106 m²). 

 

 Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 Scenario 6 Scenario 7 Scenario 8 

Types of 

measures 

differing from 

status quo  

/ Technical 

measures,  

Technical 

measures 

Reducing 

fishing effort 

Limitation of 

catches 

Limitation of 

catches, 

technical 

measures 

Limitation of 

catches, 

technical 

measures, 

reducing 

fishing effort 

Limitation of 

catches, 

technical 

measures 

NFL 46 = =  = =  = 

CVL 0.74 = = =     

CDS 12 =  = =    

PAS 4.9  = = =  = = 

 

The total biomass according to the eight management strategies (from January 2020 to 

December 2029) displayed in any case an improvement in the stock level. The results were 

summarized in the two following categories (single measures and multiple measures, see Table 

5): 

- Among the single measures, the gain between the scenarios 2 to 5 and scenario 1 

(status quo) is comprised between 25% and 46% at the end of 2029. The lowest gain 
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is obtained with technical measures (PAS); the highest gain is obtained with the 

limitation of catches (CVL); 

- Among the multiple measures, the gain between the scenarios 6 to 8 and scenario 1 

(status quo) is comprised between 42% and 84% at the end 2029. The highest gain 

is obtained with the limitation of catches (CVL) combined with technical measures 

(CDS). 

These results highlighted the relevance of combining selected management measures to 

improve the stock level. 

Table 5. Relative differences expressed in percentages between the total biomass estimated for each 

Scenario [Scenarios 2 to 8 (management strategies); Scenarios 9 to 10 (potential effects of environmental 

or market modifications)] and the total biomass estimated for Scenario 1 (status quo) from January 2020 

to December 2029. The gains or losses at the end of 2029 are displayed on the right of the table. 
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7.2. Simulations of environmental and market modifications 

Two other scenarios were defined to consider the potential effects of environmental 

or market modifications to the stock evolution in addition to status quo management 

measures. For these scenarios, the management measures applied were the same as those 

selected for Scenario 1 (status quo) on which the additional hypotheses were applied from 2020: 

- Scenario 9 simulated an increase of the seawater temperature. To define this 

augmentation, the last report of the GIECC (IPCC, 2019) was used. Considering the 

projected change in sea surface temperature between the recent past (1986–2005) 

and the near term (2031–2050) under scenario RCP8.5, an increase of 0.04°C per 

year was tested. It was applied to all the months of the same year. This value is 

consistent with regional forecasts given by Chust et al. (2014) for the Bay of Biscay 

for the end of the century. This modification was applied between 2020 and 2029; 

- Scenario 10 considered the increase of the selling price from 3.5 euros per kg to 4.5 

euros per kg. As mentioned above, this resulted in an increase in catches of 10%. 

Regarding scenario 9 (slight increase of temperature applied in addition to status quo 

management measures), the total biomass exhibited the same evolution as for the status quo 

scenario (Table 5). Over the period 2020-2029, the number of months favorable to the 

realization of spawning was not modified. When modelling is continued with the same 

assumption (+ 0.04°C per year), a change is observed in 2037. All other things being equal, at 

the end of 2040, the biomass would be 24% higher than with scenario 1 (Appendix 3). 

For scenario 10, the simulated price per kilo increase results in a gradual decrease in the 

total biomass over the period 2020-2029 (Table 5). At the end of the period, the difference 

reaches -21% compared to the level obtained for the status quo. 
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8. Discussion and conclusion 

Considering the initial assumptions listed in Bald et al. (2009), major developments and 

improvements have been undertaken. Those recent improvements are in bold italics in Figure 

3. 

Integration of specific available life traits data 

The parameterization of Bald et al.’s (2009) model relied mainly on different 

bibliographic sources related to population dynamics of the Manila clam (Beninger and Lucas, 

1984; Melià et al., 2004; Rodríguez-Moscoso et al., 1992; Solidoro et al., 2000, 2003) together 

with data related to Arcachon Bay (Caill-Milly et al., 2003 and G. Trut, unpublished data). 

Recent ecological data available at the bay scale led to the revision of the previous model’s 

assumptions. 

First, environmental drivers on key processes of the population dynamics have been 

reinforced thanks to integration of real data or to new formulations. This evolution mainly 

regarded the reproduction phase. Until now this phase, which is one of the key processes of 

population dynamics (Flye-Saint-Marie, 2007) was only controlled by seawater temperature. A 

preliminary modulation relying on food availability expressed by chlorophyll a levels and on 

total suspended matter concentrations was undertaken. Measurement of photosynthetic pigment 

water concentration remains relatively easy to acquire and appears to be the most common 

indicator used for food availability (e.g. Shibata et al., 1999). Unlike the older stages (Flye-

Sainte-Marie et al., 2003), we have not identified any work questioning the validity of this 

descriptor as an adequate substitute for food availability in young Manila clams. Nevertheless, 

it is always interesting to consider other trophic resource proxies when available. In the case of 

Arcachon, the evolution of the monthly average of phytoplankton abundance also showed a 

change consistent with the hypothesis adopted for this work [Phytoplankton and Phycotoxin 
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Monitoring Network (REPHY, Ifremer), unpublished data]. In those conditions, the retained 

formulation corresponded to a more realistic hypothesis since those modelled environmental 

parameters (temperature, food supply and total suspended matter) are well known for 

influencing the reproductive phase (Delgado and Pérez-Camacho, 2007; Devauchelle, 1990; 

Holland and Chew, 1974; Le Pennec and Benninger, 2000; Mann, 1979; Ohba, 1959; Soudant 

et al., 2004; Toba and Miyama, 1995) or described as driving factors for Arcachon Bay (Caill-

Milly, 2012). However, the applied modulation does not take into account the observation of a 

phenomenal number of juveniles in 2014 (Sanchez et al., 2014). Moreover, the sensitivity 

analysis highlighted that the target variable – the biomass – was very sensitive to the uncertainty 

of the parameter recruitment. Such results advocate for deeper analysis of the processes related 

to the younger stages including data collection efforts as recommended by Sterman (2000). This 

encourages the implementation of a monitoring of the number of clam larvae just as it is already 

practiced for the intra-basin oysters but for the moment not carried out on Manila clam for lack 

of means. In the meanwhile, as long as such an episode remains exceptional and the current 

conditions on chlorophyll a and TSM do not exhibit major changes, the applied rules should be 

maintained.  

A second important process for population dynamics, i.e. growth, could also have been 

determined by this integration of specific environmental drivers. The reason is that numerous 

authors agree with the main role played by the temperature on Venerupis species (Beiras et al., 

1994; Fan et al., 2007; Laing et al., 1987; Toba, 1987 in Nakamura et al., 2002), but also food 

supply (Maître-Allain, 1982; Yamamoto et al., 1956) and even duration of immersion 

(Goulletquer et al., 1987). Nevertheless, two reasons led to the application of minor changes in 

the formulation of the growth process. First, the highlighted interrelations between the studied 

stock status and temperature did not consider growth but mainly the reproductive phase (Caill-

Milly et al., 2012). Secondly, the possible effects involved (directly and indirectly via the link 
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between temperature and trophic resources) were highly complex and the current constitution 

of the model did not allow their consideration. Numerous references have already addressed 

the problem of model complexity (Costanza and Sklar, 1985; Håkanson, 1999; Jørgensen, 

1988) since the right balance must be struck between simplicity and complexity. On one hand, 

a simplistic model may not account for important ecological processes and may reduce 

descriptive and realistic model properties (Cetin, 2007). On the other hand, a highly complex 

model may reduce predictive accuracy, be difficult to run, and produce a high number of errors 

(Håkanson, 1999; Tsang, 1991). High dependence on assumptions, parameter values, and 

environmental forcing functions was also mentioned by Murray and Parslow (1999). It was 

assumed that ecological processes involved in the growth phase were insufficiently controlled. 

With respect to growth and natural mortality, the previous formulations relied on growth 

model developed for the Sacca di Goro Lagoon (Italy) (Bald et al., 2009) or on an empirical 

equation proposed by Solidoro et al. (2000, 2003) for Northern Adriatic lagoons. Direct 

assessments of growth and of this source of mortality were drawn from enclosure field 

experiments undertaken by Dang et al. (2010) within Arcachon Bay between December 2005 

and November 2007. In addition to being reliable data for the considered stock, their variations 

with age (related to mean size) were coherent with the models proposed by Caddy (1991) and 

Appeldoorn (1988) notably to reproduce mortality at age. Moreover, those values were used to 

account for the natural predation of Manila clams, which was considered to be important in 

Arcachon Bay (Robert and Deltreil, unpublished results). They also included the effect of 

diseases. 

Regarding ecological processes not treated until now, future improvements could 

mainly concern the question of linkage between the stock and the recruitment. The current 

biomass surveys led every two years indicated high variability of the recruitment levels at the 

bay scale (Sanchez et al., 2018) that was in accordance with the work undertaken by Tezuka et 
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al. (2012). Nevertheless, they did not allow the validation of any intraspecific stock/recruitment 

relationship for the investigated population. To identify this relationship for coastal species, 

Freire and García-Allut (2000) reported the importance of scale considerations or the 

occurrence of low stock levels to be detected. Moreover, processes involved are complicated 

because a stronger effect of interspecific stock-recruitment relationship can also occur as 

demonstrated for Donax hanleyanus by Defeo (1998). In the absence of evidence, recruitment 

fluctuations in response to environmental parameters were deemed much stronger than those 

linked to density-dependent mechanisms (intra and interspecific). If this hypothesis were to be 

revised, the model structure would allow, for example in considering fertility rates according 

to size classes, since reproductive effort and fecundity are age-related (Gosling, 2003). For the 

lagoon of Venice, Solidoro et al. (2003) considered that each parental class (minimum length 

required 18 mm) enabled the successful implantation of one hundred juveniles. For Arcachon 

Bay, a first approach could be undertaken by using the age-related gonadal production 

established by Urrutia et al. (1999) for Venerupis decussatus. 

Adjustment of the realized fishing activity and its control parameters 

Reformulations of the monthly catches volume per fishing license using data from two 

databases (“Système d’Informations Halieutiques” and “Base Pêche Aquitaine”) was 

integrated, and is considered as the most reliable parameter for professional fishing activities. 

In addition, the fishing effort according to the different length classes was reallocated based on 

more realistic field information. Those improvements permitted a reformulation of the temporal 

fishing catches evolution expressed in effective per surface unit for each length class (units ind 

m-2 month-1). The fishery block was also amended by a first option to simulate a price effect on 

the fishing strategies. Socio-economic objectives are generally poorly defined so a price-effect 

has been recently integrated into the model to enrich it and to take into account human behavior. 

Such relationships could be more precisely established as well as the relationship between 
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biomass availability, effort and profitability of the fishery. For instance, it would be interesting 

to introduce modification of CVL level in response to strong decrease of total biomass. As well, 

a reflection on the desired breakdown of the licenses between full time and part time activities 

could be set. 

In addition, the current fishing activity modelled within the model remained the 

commercial one. Manila clams are also caught by recreational fishermen, but their impact is 

considered negligible in comparison to commercial fishing (FMPAA, unpublished results). 

Under those conditions, it did not seem useful to include this factor in the modeled parameters. 

Performance of the model, sensitivity and used framework 

The adequacy of the model with regards to reality was considered by using the 

acceptable limit of deviation percentage between observed and predicted data sets (Bald et al., 

2006, 2009). The obtained average of the absolute values of the deviation percentage 

(considering years 2003, 2006, 2008, 2010, 2012, 2014 and 2018) is equal to 5.3%. This level 

reflects a slightly better performance than that described by Bald et al (2009) and over a larger 

number of years. In the future, it would be worth considering the model performance with new 

indices of performance, such as those implemented by Anastácio et al. (2009) for Scrobicularia 

plana. The implementation of the Loague and Green’s modeling efficiency (EF) would also 

provide an overall indication of the goodness of fit (Mayer and Butler, 1993). EF is a 

dimensionless statistic based on the coefficient of determination and directly compares 

predictions with real-world observations. 

This paper proposed a first sensibility analysis of biological and environmental control 

parameters. The temperature conditions related to spawning periods and recruitment appear to 

give the highest sensitivity for determining the total biomass. This highlights the importance of 

selecting the right parameters that control the number of recruits on the modelled dynamics. A 
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first modulation according to Chlorophyll a and TSM concentrations was undertaken for this 

work. It is clearly an area for future work to improve the model.  

The sensitivity analysis was mainly local and to a lesser extent global. It remains an 

elementary sensitivity analysis realized with the available module in Vensim (Faivre et al., 

2013). Another avenue for improvement in this work would be to fully implement the method 

proposed by Pianosi et al. (2016) by implementing the packages for GSUA3. Another possible 

avenue would be to extend the sensitivity analysis to resource exploitation parameters. The 

improvement of the model was conducted step by step and the formulations both reinforced 

environmental and socio-economic considerations within the model. Cumulative effects of 

those drivers could therefore be considered (Scenarios 9 to 10). Although limitations on the 

modeling of biological processes were identified by the sensitivity analysis. Bearing these 

limitations in mind, we are convinced that this model remains reliable to investigate different 

management strategies under current environmental conditions but is not well suited to consider 

strong environmental shifts such as those considered in the worst climate change case scenarios. 

For the accompaniment of a co-management approach for this local exploited 

stock 

From the start, the model specifically intended to strengthen the management of the 

stock by enabling a robust and well-informed decision-making process based on science. This 

tool was used for the first time in 2008-2009. The simulations were presented and discussed in 

the framework of working groups (associating scientists, fishermen and administration 

representatives) (Caill-Milly et al., 2021). When the results of the last stock assessment 

campaign will be presented to professionals, the model can again be used to support 

management decision-making. The different management scenarios tested with this last version 

                                                           
3 https://www.safetoolbox.info/info-and-documentation/ 
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of the model should help in this context in the coming months. The results argue for the choice 

of a management strategy involving several management measures as opposed to one strong 

measure modification. Such combinations are part of the arsenal of measures that are 

implemented on Manila clam resource in other European coastal systems (Coelho et al., 2021). 

Different combinations are possible and additional ones may stem from discussion. The 

acceptability dimension will have to be considered in this context. 

Most of the existing management models dealing with clams necessitate the assessment 

of a large number of parameters (Cossarini et al., 2009; Pastres et al., 2001; Solidoro et al., 

2000). Conversely, our present model necessitates fewer parameters and relies on a “system 

dynamic” approach implemented to understand and conceptualize the complex system 

regarding both the surrounding environment and human activity (Costanza and Ruth, 1998). 

Similar approaches based on models were conducted inter alia on the gooseneck 

barnacle (Bald et al., 2006) and the Peruvian scallop (Ortiz et al., 2002). In our situation, its 

implementation complemented the existing collaborations between scientists and fishermen, 

who have both conducted field surveys since 2003. This type of functioning is in line with the 

directions of Oregon’s Development Fisheries Program (see Harte et al., 2008) because it aims 

at incorporating design of science and management plans for small-scale fisheries. Integration 

of different kinds of operational management measures and institutional structures for 

governance was highlighted by Defeo (2011) as a key issue in successful management of sandy 

beach fisheries. This approach is considered by the coastal Galician fisheries (Freire and García-

Allut, 2000; Freire et al., 2002) and has been applied in Southeast Asia coastal fisheries since 

the 1960s (Pomeroy, 1995). Management of numerous other local French resources such as 

bivalves (Manila clam, scallop, mussel …), crustaceans (spiny lobster) or algae, mainly in 

Brittany and in Normandy (Picault et al., 2014; D’Hardivillé and Bouché, 2018; ICES, 2018) 

rely on close collaborations between scientists and commercial industries; however, none of 
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them has used such a dynamic model before. In our case this approach has proven its 

effectiveness in selecting management measures for the sustainability of the neonatural 

resource, however the environment and design of the software should be enhanced in order to 

be used more systematically. Indeed, it is very difficult to change tack midway through a period 

and currently lacks an interface, which can also easily be used by managers (Caill-Milly et al., 

2021). Moreover, the license restricts the use of the software in an easily accessible web-type 

form (Elsawah et al., 2017). Recent publications (Garcia, 2021a and Garcia, 2021b) should 

make it possible to solve some of the aforementioned points in the near future.  

Such developments are in accordance with the four main uses of a model as reported by 

del Granado (2007): increasing the human understanding of the considered system; 

communicating visually, making predictions and supporting decision-making. This last use was 

also described by other authors (Felleman, 1999; Hannon and Ruth, 1994; Shenk and Franklin, 

2001). Opening science to society becomes a significant subject at a national level since a 

dedicated charter was revised and signed at the end of 2020 by eight French institutes (public 

establishments for research, expertise and /or risk assessment in the fields of health and the 

environment) (Caill-Milly et al., 2021). Regarding the improvements of the model identified, 

this recent context militates for a rapid interface development to be more easily shared with and 

used by managers. 
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Figure captions 

1. Maps showing the studied site Arcachon Bay (France) (sources: ESRI, BD Carthage, 

Ifremer – M. Lissardy). 

2. Evolution since 2003 of the total biomass (with its standard deviation) and of the total 

numbers of Manila clams in Arcachon Bay (from Sanchez et al., 2018). 

3. Diagram of the Manila clam model illustrating the four blocks and the interactions among 

them. Improvements made since the first version of the model regarding blocks are in bold 

italics. 

4. Evolution of chlorophyll a and Total Suspended Matter over the 2002-2019 period. 

5. Equation formulations for each process from the starting point S (biomass). 

6. Total biomass (t) simulated between July 2003 and December 2019 (“historical” 

reconstitution). 

7. Value of the sensitivity index for the control parameters used as input factors. 
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Introduction 

To be able to estimate abundance of clams for a given biomass, a length-weight relationship is 

mandatory. Because variability exists among sites (Caill-Milly et al., 2012) - mainly due to 

environmental conditions - a relationship for Manila clam (Ruditapes philippinarum) population of the 

Arcachon Bay was established.    

 

Materials 

Clams were collected during the survey campain of 2003. This campain aims to assess the Manila clam 

stock within the Arcachon Bay and occurred in June-July 2003 (Caill-Milly et al., 2003). 14 strata located 

at intertidal level (excluding channels) (Figure 1) were investigated for a total of 450 sampling stations.  

Sediments core of 0.25 m² (0.5 m x 0.5 m) on a 0.2 m depth were sampled with a Hamon grab (Figure 

2) at the high tide and filtered onboard with running water over a set of three sieves with 2, 1 and 0.5 

cm mesh size.  

 

Figure 1: Strata investigated during the survey campaign of 2003. 



 

Figure 2: Implementation of the Hamon grab. 

The samples were rinsed and sieved on two sorting tables consisting of three sieves of 20, 10 and 5 

mm square mesh. All the Manila clams were sorted and brought to the laboratory in order to be 

measured and weighted with respective accuracies of almost 1.10-2 millimeter and 1.10-2 gram. The 

two considered parameters were:  

- Length (L), defined as the longest distance from front edge to back edge (mm); 

- Weight of the whole clam (W) including flesh and shell (mg). 

Individuals with broken shells were not considered for the relation between length and weight.  

The relationship used to describe the relationship between L and W is of the power type: 

W = a Lb 

where W represents the total fresh weight in mg and L the length in mm, a and b being the coefficients 

of the relationship. The coefficients a and b are determined by a logarithmic transformation of the 

function: 

Log W = log a + b log L, with b the slope of the regression line and a the intercept. 

 

Results 

A total of 4 398 clams were measured and weight. Their length ranged from 5.79 mm to max 44.90 

mm. 

The analyses performed assume the normality of the residuals. This condition is considered satisfied. 



The relationship between the two parameters L and W are displayed in figure 3 (with and without 

logarithmic transformation). The adjusted equation in its exponential form is W = 0,2162 L 3,049 with 

R²=0,948 (n = 4 398). 

 

Figure 3: Size-fresh weight relationship of Manila clams in the Arcachon Basin in 2003 (length L in 

mm; fresh weight W in mg; n = 4398). Measurements were made in May-June. 

 

This relationship allows to estimate a theoretical weight for any individual whose size is known. 
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e) f) 



  

g) h) 

  

i) j) 

Figure 1: Confidence bounds for the biomass for the 1000 Monte Carlo simulations with application 

of uncertainty on control parameters associated to sensitive index – a) spawning maximum 

temperature; b) recruitment; c) spawning minimum temperature; d) mean weight of the length 21-

34 mm; e) mean weight of the length above 40 mm; f) natural mortality above 40 mm; g) mean 

weight of the length 35-40 mm; h) growth rate 35-40 mm; i) growth rate 0-20 mm; j) natural 

mortality 0-20 mm. 

 

The widest confidence bounds is observed for recruitment and then for spawning maximum 

temperature, spawning minimum temperature, natural mortality 0-20 mm, natural mortality above 

40 mm and growth rate 35-40 mm. The narrower ones for mean weight of the length 21-34 mm and 

mean weight of the length 35-40 mm. The results obtained here for the wide confidence bounds are 

in line with those relating to the sensitivity index, i.e. an importance of parameters regarding or 

influencing young stages of the population. They differ a bit concerning the mean weight of the 

length 21-34 mm.  
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Figure 1: Total biomass (t) forecasts obtained for Scenario 1 and 9 between January 2020 and 

December 2040. 

 


