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ARTICLE INFO ABSTRACT

Dataset link: Add-my-Pet website To assess the potential of the grooved carpet shell (Ruditapes decussatus) for aquaculture in Europe, we used
Dynamic Energy Budget (DEB) theory to perform extensive parametrization on the species and compared its
energy allocation strategy with those of commonly farmed bivalve species: mussels (Mytilus edulis and Mytilus
galloprovincialis), oysters (Ostrea edulis and Magallana gigas), the common cockle (Cerastoderma edule), and

great scallop (Pecten maximus). The comparison was based on DEB primary parameters relevant to aquaculture
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Aquaculture production, such as maximum assimilation rate and kappa, which represents the fraction of energy allocated to
Production efficiency maintenance and growth, and compound parameters like the von Bertalanffy growth coefficient and maximum
Bivalves

storage density. Furthermore, we evaluated the production efficiency at the population level, which represents
the ratio of assimilated energy converted into biomass. Our results revealed notable differences in energy
utilization strategies among species. However, uncertainties in parameter estimation and environmental factors
challenge the direct translation of these parameters to real-world aquaculture, therefore our interpretation
focuses on how these parameters might influence a species’ potential for aquaculture. The grooved carpet
shell exhibits a balanced energy allocation strategy with a low growth coefficient and low maintenance costs,
leading to high production efficiency. Similarly, the common mussel focuses on growth with significant biomass
investment over reproduction, while the Pacific oyster and Mediterranean mussel prioritize reproductive
development. The flat oyster and scallop demonstrate rapid growth at the cost of the low production
efficiencies. The grooved carpet shell and mussels face constraints such as limited reserves, making them
comparatively more susceptible to low food quality and quantity. In contrast, high storage densities in species
like the common cockle, scallop, and Pacific oyster suggest resilience to fluctuating food conditions. These
findings, along with both agreements and discrepancies with existing literature, highlight the need for further
experimental research to refine DEB parameters and enhance their application in aquaculture. Overall, the
DEB framework proves effective for exploring aquaculture traits across species and underscores the need for
additional work on temperature-related processes, life-history events, and morphological variation.

1. Introduction species in relation to their environment. Using one unified theory to
research these individual dynamics allows a comparison among species.

The rise of the global population and need for food safety has Subsequently, the resulting insights can be used in ecosystem modelling

led to an increasing interest in low-trophic aquaculture (Campbell
et al., 2017; Chary et al., 2023; van der Meer, 2020). Bivalves are a
promising avenue, with high nutritional values and low environmental
impacts compared to higher trophic marine species or terrestrial live-
stock (Koehn et al., 2022; van Riel et al., 2023). In order to predict
productivity and ecosystem impacts, also known as production and
ecological carrying capacity (Inglis et al., 2002), we need to gain
deeper understanding of the physiology of a range of aquacultural
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to predict productivity on different locations, scales, and environments
(van der Meer et al.,, 2022). Dynamic Energy Budget (DEB) theory
provides a comprehensive framework applicable to all organisms, fa-
cilitating both intra- and inter-specific comparisons (Cardoso et al.,
2006). Its increasing use in ecological modelling can be attributed to
its broad applicability and the need to understand individual dynamics
in relation to the environment. DEB-based models use various primary
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parameters to describe energy flows in and through organisms, looking
at assimilation, growth, maintenance, maturation, and reproduction,
in relation to temperature and food availability (Kooijman, 2000).
These primary DEB parameters (or compound parameters, which are
combinations of primary parameters) can be used to compare different
strategies among species, where certain parameters provide insight into
how resources are assimilated and allocated by the organism, as well
as the efficiency at which the resource is utilized for internal processes.
Furthermore, DEB parameters can be used to calculate species-specific
traits, reflecting the organisms’ life history events, resource usage,
mortality and growth rates at the individual or population level. For
instance, the von Bertalanffy growth coefficient iz, which is a com-
pound parameter, is an individual trait that helps predict how quickly
an organism can reach commercial size, while the maximum storage
density [E,,], which is also a compound parameter, reflects its capacity
to endure periods of low food availability. The maximum assimilation
rate {p,,,} is the (primary) parameter giving the rate for utilizing
available food resources and the fraction of energy allocated to growth
(primary parameter k) reveals the strategy for balancing growth and
reproduction. The yields of structure and reserves on food (which are
derived properties or traits) reveal how efficiently assimilated energy
is converted into biomass at the population level. By comparing these
parameters and traits, we can better understand the energy utilization
strategies of various bivalve species and their potential performance in
aquaculture settings. DEB model parametrizations have been performed
on many aquatic species, including those commonly used in aquacul-
ture, resulting in a substantial database. In Europe, bivalve aquaculture
currently consists mainly of blue mussels (Mytilus edulis and Mytilus
galloprovincialis), the native flat oyster (Ostrea edulis), invasive Pacific
oyster (Magallana gigas) and great scallop (Pecten maximus) (Jansen
et al.,, 2016; Wijsman et al., 2019), and all these species have been
parametrized in DEB and analysed by various studies: blue mussel by
Rosland et al. (2009), Sara et al. (2012) and Taylor et al. (2021),
flat and Pacific oyster by Stechele et al. (2022), and great scallop by
Lavaud et al. (2014). Additionally, the common cockle, (Cerastoderma
edule), having been significant export product of fisheries in the Nether-
lands (Pronker et al., 2015), shows promise for aquaculture, and has
been parameterized by Cardoso et al. (2006). Yet, many native and
edible species in Europe with cultivation potential have not yet under-
gone comprehensive DEB parameterization, which is essential for their
inclusion in comparative analyses and consequent modelling efforts.
The grooved carpet shell (Ruditapes decussatus) is one of these species.
While Lopes (2017) initiated the DEB parameterization for this species,
their work was based on limited data and was not thoroughly analysed
in a dedicated publication. Consequently, accurately estimating all
parameters and understanding the environmental effects on this species
requires further efforts. The grooved carpet shell, Ruditapes decussatus
(Linnaeus, 1758), is a clam found along the coast of Western Europe,
ranging from the North Sea and North-Eastern Atlantic Ocean to the
Mediterranean Sea. The clam represents an important source of income
in many regions, especially in Portugal where the clam constitutes
27% of the total aquaculture revenue (Machado et al., 2018), but
also in Turkey (Serdar and Lok, 2009), France (FAO, 2006), Egypt
(Mohammad et al., 2014), and Spain (Rodriguez-Moscoso and Arnaiz,
1998). Although not currently cultivated north of France, its natural
occurrence, long shelf life, and international market value suggest
potential for production in more northern regions (FAO, 2006). The
aim of this study is to apply DEB theory to gain insight into the
characteristics of the grooved carpet shell as an aquacultural species,
to understand its response to different environmental conditions, and
to perform a comparative analysis of individual and population traits
of the clam with other bivalve species viable for aquaculture in Euro-
pean temperate waters. The aim will be achieved through three steps:
(1) estimation of species-specific parameters for the grooved carpet
shell using datasets from various locations and experimental setups,
(2) calculating the individual and population traits for the grooved
carpet shell, (3) comparison of growth and reserve related parameters,
individual and population traits with those of other bivalve aquaculture
species.
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2. Method: Parameter estimation
2.1. Adjustments to the standard DEB model

A model based on dynamic energy budget (DEB) theory was used
here to estimate and assess the parameters and traits dictating growth,
maturation and reproduction in the grooved carpet shell. For a com-
prehensive explanation of DEB theory and its assumptions, we refer to
Kooijman (2010) and van der Meer (2006).

The life cycle of the grooved carpet shell consists of a larval and
settlement phase, and therefore we adopted the typified abj DEB model,
which is commonly used for bivalve species. The abj-model differs
from the standard DEB model in its addition of a larval stage, between
birth and puberty, to the standard three phases: embryonic, juvenile
and adult. According to DEB theory we define birth as the moment
organisms starts feeding, which occurs after about one to two days
after fertilization for the grooved carpet shell, when the digestive tract
forms and the cilia evolve into the velum (organ used swim and feed),
marking the veliger stage (Aranda-Burgos et al., 2014). The larval stage
ends when the clam enters metamorphosis after approximately twenty-
seven days. During metamorphosis the larvae settle and lose the velum,
but develop the mature shell, reproductive organs and gills. Sexual
maturity, defined as puberty in DEB, is typically attained after one to
two years, initiating the reproductive phase (Mohammad et al., 2014;
Pérez-Camacho, 1980).

The standard model assumes species are isomorphic, meaning that
they do not change in shape over time. However, the addition of the
larval stage is accompanied by a change in shape of the organism
and an acceleration of growth between birth and metamorphosis. This
metabolic acceleration is modelled as V1-morphy, where surface area
remains proportional to volume until the maturity threshold for meta-
morphosis, E;{ (J), is reached and the clam continues development
according to the standard DEB model. We added three additional
parameters to the standard DEB model, first the maturity at metamor-
phosis, E/ , and consequently two additional shape coefficients, ,;, for
the egg and larval stage. Lastly, an acceleration factor s,, was added
to ensure continuity after acceleration. Data on the age and size of
these life-history events were used to estimate the maturity thresholds
at birth EZ, metamorphosis EL and puberty EZ.

In addition to estimating the abj-model parameters, functional re-
sponses (f) were estimated for some datasets, which is necessary when
data on food conditions are unavailable (Cardoso et al., 2006; Lavaud
et al., 2019).

2.2. Optimization procedure

The Add-my-Pet portal (AmP) contains MATLAB (The MathWorks
Inc., 2023) scripts for estimating DEB model parameters for various
animal species. We used the existing entry for the grooved carpet
shell developed by Lopes (2017) as a basis for estimation using the
existing four files: the mydata file with zero- and uni-variate ob-
servational data, the predict file for model predictions, the parsinit
file with initial parameters, and the run file for setting optimization
conditions. Additionally, the DEBtool software package was used for
the estimation procedure (Marques et al., 2018). The DEBtool offers
two estimation procedures, we used the Nelder-Mead simplex method
for the parameter estimation, which minimizes the weighted sum of
squared deviations between predictions and data, yielding mean rel-
ative errors and symmetric mean squared errors (Lika et al., 2011).
DEBtool also allows users to assign weights to different data types,
prioritizing more reliable data. More accurate data received higher
weights, while datasets with many outliers were weighted less to
prevent skewed predictions. Zero-variate data, such as egg size and size
at birth, received higher weights due to lower variability compared to
trend data or life history events such as puberty.
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Table 1
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DEB parameter values for the grooved carpet shell at reference temperature of 20 °C. The reference temperature and searching rate were based

on reference values by Lika et al. (2011).

Notation Units Value Description
T.r K 293.1 Reference temperature
T, K 3459 Arrhenius temperature
z - 1.025 Zoom factor
{F,} Ld? em2 65 Maximum specific searching rate
Ky - 0.6859 Digestion efficiency of food to reserve for I galbana diet
Kxa - 0.472 Digestion efficiency of food to reserve for T. suecica diet
Ky3 - 0.5497 Digestion efficiency of food to reserve for P. tricornutum diet
0 cm d7! 0.03201 Energy conductance
K - 0.8055 Allocation fraction to soma
KR - 1 Reproduction efficiency
[Pp] Jd?! em™3 5.484 Volume specific somatic maintenance
k, da! 0.002 Maturity maintenance rate coefficient
[Eg] J cm™3 2346 Specific cost for structure
Eb, J 0.0006386 Maturity at birth
Ey, J 0.03763 Maturity at metamorphosis
E, J 1119 Maturity at puberty
h, d2 5.483 x 10~° Weibull aging acceleration
sG - 0.0001415 Gompertz stress coefficient
St - 1.192 Shape coefficient before metamorphosis
Srn - 0.5864 Shape coefficient after metamorphosis
Syy - 1.744 Shape coefficient egg
{Ppm) - 6.9807 Maximum surface specific assimilation rate
Table 2

Zero-variate data, a point-specific value describing the individual at a specific moment in their life-history, and predicted
value from the DEB model of the grooved carpet shell. T: temperature and RE: relative error.

Description DEB notation T Data Prediction Units RE
Age at birth? a, 20 °C 1.625 1.74 d 0.07
Age at metamorphosis® a; 20 °C 27 20.95 d 0.22
Age at metamorphosis® a; 28 °C 13 15.32 d 0.18
Time since birth at puberty® a, 20 °C 365 521 d 0.43
Life span? o 20 °C 2920 2919 d <0.01
Egg diameter” L, - 0.0067 0.0069 cm 0.02
Length at birth? L, - 0.01 0.0087 cm 0.13
Length at metamorphosis® L; - 0.0208 0.0340 cm 0.64
Length at puberty® L, - 2 2.11 cm 0.06
Ultimate total length® L, - 6.8 6.8 cm <0.01
Daily egg production® R, 17 °C 2.20 x 10* 2.05 x 10* #d! 0.07

a Aranda-Burgos et al. (2014).
b Beiras et al. (1994).

¢ Pérez-Camacho (1980).

d Urrutia et al. (1999).

¢ Maynou et al. (2020).

In order to ensure parameters remained within realistic ranges,
we implemented filters in the estimation procedure, constraining the
functional response and digestion efficiency between 0 and 1, and
assessed the realism of output parameters by comparing them to other
bivalve entries. We also re-ran the estimation procedure with different
combinations of starting values. Some parameters, like searching rate
and reference temperature and were based on reference values from
Lika et al. (2011) and were not estimated (Table 1). The accuracy of
the model and its parameters was evaluated using the relative error
for each data point/set, the mean relative error (range O to oo, zero
describing a perfect fit) and the symmetrical mean squared error (range
0 to 1) for the entire model were calculated using the DEBtool.

2.3. Datasets

Data were collected from various experimental studies, encompass-
ing a range of environmental conditions. Published datasets were used
when available, and additional data were extracted from figures using
the Rpackage metaDigitise (Pick et al., 2019; R Core Team, 2023).
The collected datasets were integrated into the mydata file and stan-
dardized to match the units employed in DEB theory. In the predict
file, the appropriate DEB equations were incorporated to compute
each response variable. Adjustments were made to the pars_init file to

accommodate new data specific parameters, including initial lengths,
reproduction buffers, and functional responses (Appendix A). The full
script is available on the Add-my-Pet database.

2.3.1. Zero-variate data

Zero-variate data refer to data consisting of single, point-specific
values, such as measurements of size at birth or a specific age at
maturity. Data for embryonic and larval development were obtained
from Aranda-Burgos et al. (2014), who looked at the development
of the clam between fertilization and settlement at 20 °C (Table 2).
Additional comparisons of metamorphosis under different temperatures
was possible due to experiments performed by Beiras et al. (1994)
rearing larvae under different temperatures (10, 16, 22 and 28 °C).
Notably, there is a discrepancy between the two studies: Aranda-Burgos
et al. (2014) describe metamorphosis as occurring when the velum is
shed and adult gills develop, as the clam settles at a size of 208 pm.
However, Beiras et al. (1994) provide no additional explanation and
assumes metamorphosis occurs at a specific length (240 pm), reporting
the age at which this size is reached. Age and length at puberty were
obtained from Pérez-Camacho (1980) and life span from Urrutia et al.
(1999) who both looked at growth and reproduction of the grooved
carpet shell. Lastly, daily egg production was obtained from Maynou
et al. (2020).
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Table 3

Uni-variate data, trend data containing a vector of dependent variables and associated independent variables,

carpet shell, T: temperature, f: functional response.
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and relative errors (RE) from DEB model prediction of the grooved

Description Groups DEB notation T f Units RE
Wet weight vs. Length® L-Ww - 1 g - cm 0.07
Wet weight vs. Total length® L-Ww - 1 g - mm 0.04
Live weight vs. Length! L-Ww - 1 g -cm 0.15
Wet weight vs. Length® L-Ww - 0.5 g - cm 0.06
Length vs. Age' tL.T1 10 °C 0.85 ug - days 0.10
t-L_T2 16 °C 0.07
t-L_T3 22 °C 0.11
t-L_T4 28 °C 0.11
Dry weight vs. Age’ t-Wd_T1 10 °C 0.85 pm - days 0.32
t-Wd_T2 16 °C 0.10
t-Wd_T3 22 °C 0.21
t-Wd_T4 28 °C 0.31
Ingestion rate vs. Concentration® Length: 108 pm X-JX L1 20 °C - g Ch! - cells pl! 0.26
Length: 172 pm X-JX L2 - 0.11
Length: 196 pm X-JX L3 - 0.19
Length: 226 pm X-JX L4 - 0.35
Ingestion rate vs. Wet weight” I. galbana Ww-JX f1 20 °C - g organic dry weight d! - g 0.19
T. suecica Ww-JX_f2 - 0.25
P. tricornutum Ww-JX 3 0.19
Wet weight vs. Time" I galbana t-Ww_f1 20 °C 0.79 mg - days 0.13
T. suecica t-Ww_f2 0.86 0.14
P. tricornutum t-Ww_f3 0.67 0.10
Length vs. days after fertilization' Starvation t-L_f1 22 °C 0 cm - days 0.03
Isochrysis aff galbana t-L_f2 0.44 0.05
Chaetoceros calcitrans t-L_f3 0.51 0.09
Length vs. Time since start experiment/ t-L 17.5 °C 0.69 cm - days 0.13
Tissue dry weight vs. Time since start experiment® Age class 0 t-Wd_a0 a a g - days 0.21
Age class 1 t-Wd_al 0.22
Age class 2 t-Wd_a2 0.10
Age class 3 t-Wd_a3 0.07
Age class 4 t-Wd_a4 0.07
Age class 5 t-Wd_a5 0.06
Age class 6 t-Wd_a6 0.06
Tissue dry weight vs. Time since start starvation' t-Wd 17 °C 0 g - days 0.03
Length vs. Time since start experiment? Location A t-L_f1 a 0.96 cm - days 0.04
Location B t-L_f2 0.96 0.04
Location C t-Lf3 1 0.05
Weight vs. Time since start experiment? Location A t-Ww_f1 a 0.96 g - days 0.07
Location B t-Ww_f2 0.96 0.12
Location C t-Ww_3 1 0.12
Change in shell length vs. Shell length/ L-dL 17.5 °C 0.69 cm d! - cm 0.38

2 Variable.

b pérez-Camacho (1980).
¢ Qjea et al. (2004).

4 Erdal and Onal (2020).
¢ de Sousa et al. (2011).
f Beiras et al. (1994).

& Pérez-Camacho et al. (1994).
h Albentosa et al. (1996).
i Matias et al. (2011).

J Juric et al. (2012).

k Urrutia et al. (1999).

1 Albentosa et al. (2007).

2.3.2. Uni-variate data

Uni-variate data, describing changes in size, ingestion and repro-
duction, were obtained from a range of studies gathering data or
performing experiments on the grooved carpet shell (Table 3). Beiras
et al. (1994) performed laboratory experiments looking at the effect of
four temperatures, 10, 16, 22 and 28 °C, on the growth, ingestion,
and clearance rates of the larvae, revealing that all rates increased
linearly with increasing temperature. The data on growth were used to
estimate the Arrhenius temperature. Additional data on growth were
added to improve the estimation of the growth related parameters:
shell length measurements in the eastern Adriatic Sea by Juric et al.
(2012) and length and weight measurements from three locations in

the Ganakkale strait in Turkey by Erdal and Onal (2020). Data to
estimate the shape coefficient, containing length and weight data, were
obtained from four studies, from Pérez-Camacho (1980), Erdal and
Onal (2020), Ojea et al. (2004) and de Sousa et al. (2011). Matias
et al. (2011) performed experiments measuring the change in length of
larvae under three food conditions: 50 cells pl~! Isochrysis galbana or
Chaetoceros calcitrans, or no food at all at 22 °C. The change in length
under three food conditions was modelled using the function developed
by Augustine et al. (2011), who rewrote the functions in the model
to more accurately describe allocation of energy and accommodate
for a functional response of 0 (no food) for the zebrafish. Given the
shared abj typified model of both zebrafish and the grooved carpet
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shell, these functions were adapted to predict the grooved carpet shell’s
response to starvation. The same function was used to predict the
change in weight for data from Albentosa et al. (2007) who measured
the change in weight of the clam subject to starvation for 84 days.
Albentosa et al. (1996) explored ingestion rates in relation to individual
weight of grooved carpet shell larvae across three microalgal diets:
Isochrysis galbana, Tetraselmis suecica and Phaeodactylum tricornutum,
they fed the diets at concentration of 2% of live body weight per
day and reported variation in absorption efficiency for each diets. The
highest absorption efficiency in the experiment was found for Isochrysis
galbana (88.6%), followed by Tetraselmis suecica (67.9%) and the lowest
for Phaeodactylum tricornutum (56.9%). Lower absorption efficiencies
were compensated by higher mean ingestion rates, particularly for T.
suecica (168.6 pg AFDW ind~! d~1) compared to P. tricornutum (111.0 pg
AFDW ind~! d-1), with the lowest ingestion rate observed for I. galbana
(102.9 pg AFDW ind~! d~1). Using the estimation procedure, digestion
efficiencies (xy), which in DEB theory is the fraction of ingested
energy assimilated into the reserves, were determined for each diet.
Pérez-Camacho et al. (1994) looked at the effect of food concentration
on larvae of four different body sizes, they fed Isochrysis galbana in
five concentrations (10, 50, 100, 200, 300 cells pul~1) and measured
ingestion rates. The ingestion rates were formatted from cells h~! to g
C h~! using a rough approximation of 20 peta-gram C per microalgal
cell (Pérez-Morales et al., 2015). The half-saturation constant was
estimated, whereas the «y that was used for the estimation of ingestion
of the Isochrysis galbana diet from Albentosa et al. (1996) was used
here as well, contributing to the estimation of the value. The functional
responses were estimated for the datasets from experiments using fixed
food levels, which were from Albentosa et al. (1996, 2007), Matias
et al. (2011), Ojea et al. (2004) and field experiments from Beiras et al.
(1994), Erdal and Onal (2020) and Juric et al. (2012). A seasonally
varying f was estimated for the dataset from Urrutia et al. (1999),
who sampled the grooved carpet shell in the Urdaibai Estuary (Basque
Country, Spain) from September 1987 to March 1989. The variable
temperature was added using data from the World sea temperature
website. Apart from the seasonal changes, Urrutia et al. (1999) also
observed clear spawning events between July and August when the
body mass of the clam noticeably declined. For this reason spawning is
added to the formulations as a forcing function, as has been previously
done by Rosland et al. (2009). We implemented a temperature and
reproductive buffer threshold, which were both estimated using the
estimation procedure, which after being met empties the reproduction
buffer, mimicking spawning.

3. Methods: Interspecific comparison

3.0.1. Species characteristics

For comparison, next to the grooved carpet shell, six additional
filter-feeding bivalve species were selected, all of which are commer-
cially cultivated in Europe and have relevant parameters available:
common mussel (Mytilus edulis), Mediterranean mussel (Mytilus gallo-
provincialis), flat oyster (Ostrea edulis), Pacific oyster (Magallana gigas),
common cockle (Cerastoderma edule), and great scallop (Pecten max-
imus). There are important distinctions among these species (Table 4).
Most are temperate bivalves native to the Northern Atlantic; however,
the Pacific oyster is an invasive species. The Mediterranean mussel,
as its name suggests, occurs in warmer climates. The flat oyster is
unique in being larviparous, meaning its eggs remain in the shell after
fertilization and only leave after developing into larvae. Both oyster
species, Ostrea edulis and Magallana gigas, utilize an ‘asj’ typified
model which delays acceleration until a specified maturity level and
are also hermaphroditic. The great scallop is also hermaphroditic and
unique in its ability to spawn multiple times per year. While most
of these species are epifaunal, living on the surface of substrates, the
grooved carpet shell and common cockle are distinct burrowing species
(infaunal).
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3.1. Aquaculture related traits

Using the DEB model, various individual, or implied, traits can be
calculated. Implied traits are available at the Add-my-Pet portal for
all DEB entries and give predictions on, among other things, the age
and size at life-history events, residence time of compounds in the
reserve and fluxes of carbon, oxygen, nitrogen and heat during life-
history. Implied traits and parameters were selected based on their
effect on growth and reserve dynamics. The von Bertalanffy growth
coefficient i (with the unit d~!) indicates how quickly the growth
rate decelerates, and where (assuming the same ultimate size) a higher
value thus results in a steeper growth curve. The maximum reserve
capacity [E,,], also called maximum storage density, is the energetic
content of the reserve in J cm™ at optimal food conditions and a larger
content enables an organism to pay maintenance for longer and resist
starvation. The maximum surface specific assimilation rate {p,,,} (unit
J d~! em~2) represents the efficiency at which the organism can take up
food from the environment. The volume-specific cost of growth [E;], is
the parameter describing the energy needed to grow a specific volume
of structure (J cm~3). The parameter kappa (x) describes the fraction
of reserve energy allocated to growth and maintenance whereas 1-x
goes into maturation and reproduction. The Arrhenius temperature, in
Kelvin, is the parameter used to calculate the temperature correction
factor. A high Arrhenius temperature results in a large difference in
rates between different temperatures. Lastly, the volume specific main-
tenance costs [p,,] are the costs to maintain a unit of body volume, J
d-! em~3, and combined with the reserve capacity it reflects the ability
of an organisms to maintain its structure under low food conditions.

Using the script developed by Kooijman et al. (2020), incorporated
in the so-called AmPtool (AmPtool), population traits were calculated
for the grooved carpet shell. These traits are available for nearly all
AmP entries and give insight into life-history traits and patterns in
population growth potential. The population traits consist of yield
coefficients of food, age and size structure, population doubling time,
survival probabilities and stable age distributions. The yield coefficients
include yield of food on, feces Yp, (dead) structure Y}, ,, (dead) reserves
Yg4, yield in carbon dioxide Y, and nitrogenous waste Y. Using
these yield coefficients the production-assimilation (P:A) ratio was
calculated (van der Meer et al., 2024) which describes the efficiency
of converting assimilated energy into biomass (structure and reserves):
PA = (Yy;+4Ygy)/(1-Yp). A high P:A ratio indicates a high production
efficiency, where most of the assimilated energy is converted into
biomass, whereas a low ratio indicates a low production efficiency
and more energy lost to metabolic processes. Utilizing the data on
population traits from the AmP database and the script from van der
Meer et al. (2024), the P:A ratio was calculated for the grooved carpet
shell and other relevant bivalve aquaculture species.

Additionally, we simulated all species using the AmP tool (function
simu_my pet) to predict the age at which they reach commercial size
under three different food conditions (f = 1, f = 0.75, and f =
0.5) at 20 °C. Furthermore, we calculated the cumulative investment
into reproduction and reserve size when they reach commercial size.
Commercial size approximations were as follows: 3 cm for the grooved
carpet shell (FAO, 2006), 6 cm for the flat oyster (Montes et al.,
2003), 5 cm for the blue mussel (Fisheries and Oceans Canada, 2003),
7.5 cm for the Pacific oyster (FAO, 2024), 2 cm for the common cockle
(Pronker et al., 2015), 10 cm for the great scallop (Bergh and Strand,
2001), and 8 cm for the Mediterranean mussel (FAO, 2009).

4. Results
4.1. Zero-variate data
Relative errors (RE) for age and length at metamorphosis were

on the higher end, since the model underestimates the age at meta-
morphosis at 20 °C (RE: 0.22) whereas it overestimates the age at
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Table 4

Bivalve aquaculture species characteristics.
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Species Grooved carpet Blue mussel: Blue mussel: Flat oyster Pacific oyster Common cockle Great scallop
shell Common Mediterranean
Ruditapes Mytilus edulis Mytilus Ostrea edulis Magallana gigas Cerastoderma Pecten maximus
decussatus galloprovincialis edule
Area Intertidal® Intertidal & Intertidal & Inter-/sub- tidal® Inter-/sub- tidal® Inter-/sub- tidal® Subtidal®
subtidal® subtidal’
Lifestyle infaunal® Epifaunal, reef Epifaunal’ Epifaunal Epifaunal, reef Infaunal Epifaunal®
forming forming
Substrate Burrows in Rock and sand Rock, mud and Rock and sand® Rock® Burrows in Sand, sandy
sand/silt® sand! sand/mud gravel®
Commercial size 3 5 8 6 7.5 2 10
(cm)
Lifespan (years) 8 24 12 35 30 14 14
Spawning mode Oviparous® Oviparous® Oviparous’ Larviparous® Oviparous?® Oviparous® Oviparous®
Reproduction Gonochoristic Gonochoristic? Gonochoristic Sequential Consecutive Gonochoristic! Hermaphroditism®
strategy/sexual hermaphroditism® hermaphroditism?®
differentiation

2 Helm et al. (2004).

b pronker et al. (2015).

¢ van der Veer et al. (2006).
4 Tyler-Walter (2007).

¢ Urrutia et al. (1999).

f FAO (2009).

& Bergh and Strand (2001).

metamorphosis at 28 °C (RE: 0.18) (Table 2). The size at metamorpho-
sis is also overestimated (RE: 0.64), almost doubling the original value,
indicating the need to further research the variability of metamor-
phosis and its dependency of temperature. Furthermore, the estimate
for length at puberty is relatively accurate (RE: 0.06), and although
age at puberty is less accurate with an overestimation (RE: 0.43)
this is more acceptable given the inherent variability of puberty. The
model performs well in estimating age at birth, egg size, daily egg
production, ultimate length and life span (RE < 0.1) albeit with a slight
overestimation of length at birth (RE: 0.13).

4.2. Uni-variate data

The increase in ingestion rate due to the increase in mass was well
reproduced by the model, with T. suecica showing the highest ingestion
rates, followed by P. tricornutum and I galbana (Fig. 1a). The highest
digestion efficiency was found for I. galbana (xy: 0.69), followed by
P. tricornutum (xy: 0.55) and the lowest for T. suesica (ky: 0.47). The
model prediction follows the general trend of the data but due to the
high scatter the relative errors are quite high (Table 3). The predicted
change in ingestion rate due to food concentration captures the general
trend, however, the model fails to accurately predict the decrease in
ingestion rates beyond a concentration of 200 cells pl~! (Fig. 1b).
Starvation in two experiments at 22 °C and 17 °C were predicted well
(RE: <0.05), especially over longer times where the shrinkage due to
somatic maintenance becomes visible (Fig. 1c and d).

Seasonal growth with varying temperature and food conditions were
well reproduced (Fig. 2). The variation in growth rate was mainly deter-
mined by the functional response, and to a small extent by the variation
in temperature. The lowest functional response value was observed at
the end of winter/early spring (0.42), peaking in summer (1), dropping
significantly in autumn (0.68), and declining slightly towards winter
(0.63). Furthermore, the prominent dip in the prediction around 550
days corresponded to spawning events observed in the data, which was
introduced in the model as a forcing function in which the reproduction
buffer was completely depleted, resulting in a abrupt reduction in
weight. However, in natural settings, spawning is influenced by various
environmental factors such as food availability and temperature, as
well as internal dynamics. This variability was evident in the observed

data, where individuals spawned at different times, resulting in a more
gradual decline in weight over time.

The change in shell length as a function of shell length shows a
general trend of decreasing growth rate with increasing shell length
which was reproduced by the model (Fig. 3). The large variability
around the regression line, especially for juveniles (<2 cm), indicates
that while shell length is a significant predictor of growth rate, other
factors also influence the growth dynamics of the clam. The predicted
trend suggests a linear decrease in growth rates with increasing shell
length and predicts higher growth rates for larger sizes (>3.5 cm) than
is observed in the data, suggesting a larger ultimate size when the
growth rate becomes zero (~4.7 cm). However, in the data growth
slows down fast initially but becomes less steep for larger sizes in what
appears to be a decay curve. This implies that clams can continue
growing at larger sizes, where the growth rate becomes very low but
not zero leading to a larger ultimate size.

The performance of the estimated parameters is measured by the
alignment between observations and predictions and resulted in a mean
relative error of 0.125 and a symmetrical mean squared error of 0.027
for the entire model.

4.3. Parameters

4.3.1. Shape coefficient

The three shape coefficients estimated for the grooved carpet shell
were 1.74 for the egg, 1.19 for the larval stage and 0.59 for the
juvenile and adult species and appeared accurate in predicting the
length-weight relation for the four datasets (Fig. 4). The adult shape
coefficient performed best for the length-weight data from locations
in Spain and Portugal (RE: <0.1) and less for data from an estuary
in Turkey (RE: 0.15), where a larger shape coefficient would have
fitted the data better, indicating a less elongated shape. The decrease in
shape coefficient from egg to adult reflects the change in relationship
between physical length and structural volume in the model, since:
L, = v4/3/s,, indicating that adult species have a more elongated
form compared to larvae. Lastly, the shape coefficient for the egg was
estimated using the egg diameter (67.4 pm) which was accurately
estimated as well with 68.5 pm (RE: <0.05).
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Fig. 1. DEB model predictions (lines) for the grooved carpet shell for ingestion, length and weight data (points) (A) ingestion rate for three diets (I. galbana, T. suecica and P.
tricornutum) vs. clam live weight, experimental data obtained from Albentosa et al. (1996) (B) ingestion rates vs. algal cell concentration for four body sizes 228 pm, 196 pm,
172 pm and 108 pm, experimental data obtained from Pérez-Camacho et al. (1994) (C) length vs. age (time since fertilization) data for three diets started at day 2 (starvation,
Isochrysis aff galbana and Chaetoceros calcitrans), experimental data obtained from Matias et al. (2011) (D) dry weight vs. time since start starvation, experimental data obtained

from Albentosa et al. (2007).

4.4. Arrhenius temperature

Model simulations using the Arrhenius temperature partially cap-
tured the temperature response dynamics. An Arrhenius temperature of
3459 K was found to best predict growth changes due to temperature.
All four temperature experiments started with clams of the same size,
and conditioning at different temperatures led to differences in growth
rates. Higher temperatures (up to 28 °C) resulted in increased growth
rates which were much steeper in the model prediction, while the
lowest temperature (10 °C) showed very low growth rates and high
mortality, an effect that was not as pronounced in the model prediction
(Fig. 5). While all rates increased with rising temperatures, the model’s
exponential temperature-growth rate relationship resulted in deviations
from observed linear trends, particularly in age-weight predictions at
higher temperatures.

4.5. Aquaculture related traits

The Von Bertalanffy coefficient is a growth parameter that indicates
the rate at which an organism approaches its maximum size. The
grooved carpet shell has a relatively low value (0.0007 d~1), suggesting
slower growth compared to other species, though even lower values
were found for the blue mussel and Pacific oyster (0.0003 and 0.0004
d-1, respectively), high values such as for the flat oyster (0.0015
d~1) and the scallop (0.0021 d—1) suggest steeper growth curves. The
maximum reserve capacity represents the maximum amount of energy
an organism can store under optimal food conditions and exhibits
notable variation among the bivalve species. The Pacific oyster shows
an exceptionally high value (14 469 J cm~3), suggesting a high capacity
for energy storage. In contrast, the grooved carpet shell and blue mussel
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Fig. 2. Seasonal growth DEB model predictions (lines), dry weight vs. time, for the
grooved carpet shell in Urdaibai Estuary (Basque Country. N. Spain), data (points)
obtained from Urrutia et al. (1999), with spawning occurring when the reproduction
threshold (903.4 J) is exceeded and temperatures are above 20 °C. Four functional
responses were estimated per season: Spring: 0.42 Summer: 1.0 Autumn: 0.68 Winter:
0.63.

have much lower reserve capacities (208 and 181 J cm~3), indicating
limited energy storage capability. Volume—specific cost of structure
measures the energy cost to build and maintain structural biomass
and the values were relatively consistent across species, with slight
variations. The grooved carpet shell (2346 J cm™3) and blue mussel
(2348 J cm™3) are on the lower end, whereas the flat oyster (2392
J em™3) and scallop (2372 J cm~3) have slightly higher costs. Kappa
represents the fraction of energy allocated to maintenance and growth
versus maturation and reproduction. The blue mussel has an exception-
ally high kappa value (0.996), indicating nearly all energy is allocated
to somatic processes, which leaves minimal energy for reproduction.
The grooved carpet shell has a kappa value of 0.81, suggesting a more
balanced allocation between somatic and reproductive efforts. The
Pacific oyster and Mediterranean mussel have the lowest kappa values
(0.26 and 0.48) which suggest low investment in growth and high
energy allocation to reproductive efforts. The Arrhenius temperature
parameter indicates the temperature sensitivity of metabolic rates. The
Mediterranean mussel has the highest value (14 821.2 K), suggesting
high sensitivity to temperature changes, whereas the grooved carpet
shell has a much lower value (3459 K), indicating less sensitivity.
The Arrhenius temperature values for both oyster (8000 K) is likely a
reference value and not estimated. Volume-specific maintenance costs
reflects the energy required for maintaining a unit volume of structure
per day, combined with the maximum reserve density these reflect
an organism’s ability to withstand starvation. The scallop exhibits the
highest maintenance costs (49.1 J d~! em~3), while the blue mussel has
the lowest (2.6 J d~! ecm~3). The maximum surface-specific assimilation
rate indicates the organisms ability to use the available food source.
The Pacific oyster has the highest assimilation rate (77.60 J d~! cm~2),
followed by the scallop (58.20 J d-! cm~2), whereas the Mediterranean
mussel and grooved carpet shell have the lowest assimilation rates
(7.13 and 6.72 J d~! cm™2) (see Table 5).

The production assimilation ratio is a measure of the efficiency of
a species in converting assimilated energy into biomass (structure and
reserves). P:A ratios for all AmP entries range from 1 x 107 to 0.99,
with a mean of 0.07 which shows the extremely skewed distribution
of the P:A ratio (Fig. 6a). The mean P:A for the bivalves is much
higher with 0.12, ranging from 3 x 1073 to 0.58 (Fig. 6b). Both the
blue mussel (0.3344) and carpet shell (0.1898) have high P:A ratios,
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while both oyster species display low P:A ratios (x0.01). The P:A
ratios show a negative correlation with the von Bertalanffy growth
coefficient (Fig. 7). Generally, bivalves show widespread variation in
growth coefficient and P:A ratios. However, the species chosen here
that share a native geographical range (mussels, carpet shell, cockle,
flat oyster, and scallop) show similarity in growth coefficient and P:A
ratio. Whereas the Pacific oyster, which is not native to the area, shows
a lower growth coefficient and lower P:A ratio.

Age and energy investment at commercial size are relevant metrics
to asses the trade-off between biomass production, growth rates and
efficient energy allocation (Appendix B). The simulation suggest that
the pacific oyster, scallop and Mediterranean mussel are the fastest
growers with average growth rate higher than the other species. In
contrast, the grooved carpet shell, blue mussel and common cockle
have the lowest average growth rates (Fig. 8a). When examining the
cumulative energy investment in reproduction per unit of volume, it is
evident that the flat oyster, Pacific oyster, and Mediterranean mussel
allocate significantly more energy towards reproduction. Conversely,
the scallop, blue mussel, grooved carpet shell, and common cockle
invest much less in reproduction (Fig. 8b).

5. Discussion

Overall, the DEB model successfully predicted the changes in
weight, length, and ingestion over time for the grooved carpet shell
under varying conditions of food availability and temperature. The
accuracy of the model holds across diverse datasets from multiple ge-
ographical locations and laboratory conditions, confirming the robust-
ness and predictive power of DEB theory in determining species-specific
parameters. Yet, several datasets lacked the specific detail required
for comprehensive DEB parameter estimation, as it was not initially
collected with DEB modelling in mind. This limitation necessitated,
for example, the estimation of critical steering factors such as food
conditions.

5.1. Grooved carpet shell parametrization

Model predictions for ingestion rates, based on the experiment
conducted by Albentosa et al. (1996), revealed a different order of the
digestion efficiency parameter «y for the three diets (I. galbana > P. tri-
cornutum > T. suecica) compared to reported absorption efficiencies (L.
galbana > T. suecica > P. tricornutum), but aligned better with reported
ingestion rates (T. suecica > P. tricornutum > I. galbana). This discrep-
ancy between prediction and reality highlights that in DEB theory, low
digestibility is only compensated by higher ingestion rates although
in reality other processes such as selective ingestion and the concen-
tration of indigestible particles also play a role (Prins et al., 1991).
Further research is necessary to fully understand ingestion and assim-
ilation processes, particularly in aquaculture where food conditions
vary. Additionally, the grooved carpet shell exhibits distinct length-
weight relationships across different geographical locations, such as
the Cardak estuary in Turkey which shows different morphological
characteristics compared to those from a basin in Spain and the Rio
de Aveiro in Portugal (de Sousa et al., 2011; Erdal and Onal, 2020;
Ojea et al., 2004; Pérez-Camacho, 1980). Such variation in morphology
can be attributed to both genetic differences and phenotypic plasticity,
where environmental factors can lead to different morphologies within
the same species (Steeves, 2022). Significant morphological differences
have been reported between populations from the Atlantic Ocean and
the Mediterranean Sea, as well as within single bays (Costa et al., 2008;
Ghozzi et al., 2022), suggesting that distinct environments and poten-
tial genetic divergence influence the development of the grooved carpet
shell. Understanding the drivers of phenotypic variation is essential
for enhancing knowledge of adaptive responses in bivalve populations
and their implications for production and ecosystem dynamics. Lastly,
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Fig. 3. Growth DEB model predictions (blue lines) of the grooved carpet shell in the Eastern Adriatic Sea, data (red points) obtained from Juric et al. (2012) (A) shell length vs.
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Table 5
Parameters, implied properties, and population traits for 7 aquacultural species obtained from the AmP website.

Species Compound parameter Primary parameter Trait
Von Bertalanffy Maximum Cost of Kappa  Arrhenius Volume specific Maximum Production
growth reserve capacity growth/structure temperature maintenance assimilation assimilation ratio
rate/coefficient costs
’p [Ep] [Eg] K T, [P {Pam} -

d? J em™3 J cm™3 - K Jd?! em™ J d?! em? -

Grooved carpet shell 7.2 x 1074 218.1 2346 0.806 3459 5.485 6.98 0.1898

(Ruditapes decussatus)

Flat oyster 14.6 x 1074 931.1 2392.32 0.954 8000 14.4 18.30 0.0924

(Ostrea edulis)

Blue mussel 3.0 x 104 181.4 2348 0.996 7022 2.6 11.07 0.334

(Mytilus edulis)

Pacific oyster 3.6 x 10~* 14469.1 2374 0.264 8000 17.3 77.60 0.0101

(Magallana gigas)

Common cockle 10.2 x 1074 1550.9 2353.29 0.969 5290 18.3 14.19 0.116

(Cerastoderma edule)

Scallop (Pecten 21.1 x 10~* 1926.3 2372.03 0.887 7671.14 49.1 58.20 0.0427

maximus)

Mediterranean mussel 12.0 x 1074 299.9 2380.62 0.477 14821.2 9.0 7.13 0.0478

(Mytilus

galloprovincialis)

optimal temperature ranges for the grooved carpet shell differ de-
pending on geographical origin as well as between larval and adult
stages, as they have different metabolic demands and live in different
environments (pelagic vs. benthic) (da Costa et al., 2020; Matias, 2013;
Pérez-Camacho et al., 1994). This suggests that additional temperature
tolerance parameters might be necessary depending on the organism’s
life stage and origin, although the extent of its impact on the accuracy
of the prediction remains to be explored.

5.2. Species comparison and implications for aquaculture

To determine the suitability of various bivalve species for aquacul-
ture, we compared the DEB primary/compound parameters and traits
across seven bivalve species. While we expected to find similarities in
traits among closely related species, our results revealed notable differ-
ences in energy utilization strategies that highlight the differences in

their aquaculture potential. However, due to uncertainties in parameter
estimation and the significant influence of environmental factors, direct
translation of these parameters to real-world aquaculture scenarios is
challenging. Consequently, our interpretation focuses on understanding
how these parameters might influence their potential for aquaculture.

5.2.1. Growth efficiency

The efficiency with which an organism utilizes available energy for
growth is captured in several key DEB parameters and traits. From
the von Bertalanffy growth coefficient (i-3), the cost for growth [E;]
and allocation to growth (x), we can infer an organism’s strategy to-
wards growth and reproduction. The maximum assimilation rate {p4,,}
indicates the organism’s capacity to utilize available food resources
while the production-assimilation ratio (P:A) measures how efficiently
assimilated energy is converted into biomass. The blue mussel (Mytilus
edulis) demonstrates a strategy characterized by significant investment
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in growth at the expense of reproduction, as shown by a high « (0.99).
The low i3 (0.0003 d~!) and minimal maintenance costs (2.6 J d-!
cm~3) result in the highest P:A ratio (0.334), which aligns with the
theoretical expectation that low overhead costs and slow growth (com-
pared to reproduction rate) lead to the highest production efficiency
(van der Meer et al.,, 2024). Slow growth is demonstrated by the
simulation predicting commercial size to be achieved relatively late
(3.5-9.5 years), however, the slow growth rates found here contrast
with field observations, which indicate much higher growth rates,
particularly in warmer regions (Camacho et al.,, 1995). But even in
temperate areas, commercial size can often be reached within two years
(van Stralen and Dijkema, 1994), whereas the slow growth predicted
by the model is more consistent with populations in the Baltic region
(Kautsky, 1982). The flat oyster (Ostrea edulis) also prioritizes growth
over reproduction (x: 0.95). However, due to a high rgz (0.0015 db,
and substantial maintenance costs (14.4 J d~! cm~3), commercial size
is attained more rapidly (2-4 years) at the cost of lower production
efficiency (P:A: 0.092). In contrast, the Pacific oyster (Magallana gi-
gas) and the Mediterranean mussel (Mytilus galloprovincialis) adopt a
strategy that prioritizes reproductive investment over somatic growth
as reflected in their low « values (0.26 and 0.48, respectively). Still
these species reach the commercial size relatively quickly (1-2 years
for the Pacific oyster and 2-3 years for the Mediterranean mussel).
Furthermore, it is important to note that in shellfish, the gonads are
harvested along with the rest of the body, thereby contributing to
the organism’s total weight (Cho et al., 2023). However, the high
investment in reproduction primarily benefits spat production and is
mainly advantageous for harvest before the first spawning event. De-
spite having relatively low to moderate r values (0.00036 and 0.0012
d-1, respectively) and average maintenance costs (17.3 and 9.05 J
d~! em™3), these species exhibit low P:A ratios (0.010 and 0.048),
suggesting less efficient energy allocation strategies for biomass produc-
tion. The scallop (Pecten maximus) demonstrates efficient utilization of
available food and rapid growth, evidenced by its relatively fast growth
to commercial size (10 cm in 2 years under optimal food conditions
at 20 °C) and high assimilation rate (58.20 J d-! cm~2). However, the
low production-assimilation (P:A) ratio (0.043) and high structural and
maintenance costs (2372.03 and 49.1 J cm~3) suggest a low efficiency
in converting assimilated energy into biomass. The great scallop grows
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rapidly, especially under optimal conditions; however, its growth is
significantly hindered by low food availability or temperatures. This
is reflected in its inability to reach a commercial size of 10 cm at a
functional response of 0.5 and its relatively high Arrhenius temper-
ature (7671 K), which aligns with findings on its sensitivity to low
temperatures (Bergh and Strand, 2001). Lastly, the common cockle
(Cerastoderma edule) and grooved carpet shell (Ruditapes decussatus)
show a more balanced growth strategy, characterized by moderate rp
(0.0010 d~! and 0.0007 d-1, respectively) and assimilation rates (14.19
and 6.98 J d~! cm~2, respectively). The cockle has a notably higher «
(0.97 vs. 0.81) and maintenance costs (18.3 vs. 5.5 J d~! cm~3). Both
species reach commercial size relatively fast (1-2.5 years for the cockle
and 2-4 for the carpet shell), mainly due to the smaller commercial
sizes (2 and 3 cm), but combined with high P:A ratios (0.12 and 0.19)
these species are interesting candidates for aquaculture.

5.2.2. Reserve and maintenance processes

Species that can efficiently store and allocate energy are more
resilient to fluctuating food conditions and have the potential to resist
starvation for longer periods, which are advantageous traits in both
aquaculture and natural systems. The Pacific oyster has an exception-
ally high maximum storage density (14469.1 J cm~3), combined with
moderate maintenance costs, indicating strong resistance to starvation
and an ability to thrive under fluctuating food conditions. Due to
its high assimilation rate (77.60 J d~! ecm~2), the oyster can quickly
fill its reserves to survive low food conditions. This is supported by
literature as the pacific oyster’s resistance to starvation is notable.
Larvae experience minimal mortality over 8 days of starvation, due
to their buffering capacity from lipid reserves, and the immediate
decrease of metabolic rates during starvation (Garcia-Esquivel et al.,
2002). Adult Pacific oysters starved up to 80 days showed less than
4% mortality by decreasing metabolic rates, although they undergo
physiological changes that reduce immune capacity and delay post-
spawning recovery (Li et al., 2009). Remarkably, Pacific oysters have
even been documented to survive up to 400 days without food (Whyte
et al., 1990). The second and third largest reserves are found in the
scallop and common cockle (1926.34 and 1550.9 J cm~3, respectively).
However, these species differ greatly in maintenance costs (49.1 vs.
18.3J d~! em~3), making the scallop comparatively more susceptible to
starvation. On the other hand, the low assimilation rate of the cockle
makes it more difficult to refill its reserves in short periods of time,
whereas the scallop shows one of the highest assimilation rates. The
common cockle decreases their metabolic rate during winter when food
and temperatures are low, often ceasing feeding altogether (Newell
and Bayne, 1980). This adaptation allows them to avoid the cost of
processing large amounts of food with little nutritional benefit, unlike
for instance the blue mussel, which increase filtration rates and pro-
duces large amounts of pseudofeces in similar conditions. This seasonal
dormancy in cockles is compensated by high feeding and absorption ef-
ficiency during more favourable conditions, when reserves are restored
for winter survival. The flat oyster has a moderate storage density and
moderate maintenance costs, allowing it some resistance to low food
conditions but making it more sensitive in the long term. Lastly, the
grooved carpet shell, common blue mussel, and Mediterranean mussel
have low reserve densities (218.1, 181.43, and 299.93 J cm™3, respec-
tively) and low maintenance costs (5.485, 2.6, and 9.05 J d~! ecm™3,
respectively), making these species less resistant to long-term low food
conditions. While their low maintenance costs allow them to withstand
short periods of limitation, their low assimilation rates (6.98, 11.07
and 7.13 J d”! cm~2) mean they need comparatively longer periods
of sufficient food to replenish their reserves. During starvation, these
species can reduce their metabolic rates. However, the high growth
rates and filtration capacity of the mussels lead to increased metabolic
demands during low food conditions (Prieto et al., 2018). The grooved
carpet shell, although quickly depleting its carbohydrate reserves, uses
lipids more conservatively (Albentosa et al., 2007). Notably, despite
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being more susceptible than other species, mussels have been shown
to survive at least 80 days under starvation, and the grooved carpet
shell for at least 84 days (Harbach and Palm, 2018; Albentosa et al.,
2007).

5.2.3. Environment

Higher assimilation rates indicate a greater ability to utilize avail-
able food resources, promoting faster growth. However, assimilation
rates are diet-dependent and therefore also influenced by location and
temperature. Different locations provide varying qualities and quanti-
ties of food and temperature affects metabolic rates. These insights are
crucial in understanding species-specific responses to environmental
changes and for optimizing aquaculture practices. The diet-dependency
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in rates, as shown here for the grooved carpet shell, further empha-
sizes the importance of environmental factors, such as location and
temperature, in determining the success of aquaculture species.

6. Concluding remarks

Among the species examined, the grooved carpet shell demonstrates
a balanced strategy in energy allocation, with a mean kappa value,
moderate growth coefficient, and temperature sensitivity, leading to
relatively high production efficiency. Alternative strategies are ob-
served in species such as the flat oyster (Ostrea edulis) and common
cockle (Cerastoderma edule), which invest more energy in growth at
the expense of reproduction. Conversely, the Pacific oyster (Crassostrea
gigas) and Mediterranean mussel (Mytilus galloprovincialis) shows a
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higher investment in reproduction at the cost of growth and production
efficiency. The blue mussel (Mytilus edulis) demonstrates a strategy
with high investment in growth, resulting in high production efficiency
due to lower maintenance rates. Lastly, the scallop (Pecten maximus)
appears to have a balanced strategy but with a moderate growth
coefficient and high maintenance costs, resulting in lower production
efficiency. Bivalves generally display a high production efficiency,
making them a sustainable and viable option in food production,
with the blue mussel and grooved carpet shell emerging as the most
efficient species among those examined. Overall, robust individual-
based models such as DEB hold promise for informing future ecosystem
modelling endeavors and optimizing sustainable aquaculture practices
and ecosystem management strategies, especially in the context of
changing climatic and socio-economic conditions.
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Table A.6
Dataset specific parameter values for the DEB model of the grooved carpet shell.
Parameter Units Value Description
Eror J 0 Initial reprod buffer in Urrutia et al. (1999) data age class 1
Erp J 0 Initial reprod buffer in Urrutia et al. (1999) data age class 2
Epgs J 182.3 Initial reprod buffer in Urrutia et al. (1999) data age class 3
Egos J 97.89 Initial reprod buffer in Urrutia et al. (1999) data age class 4
Eros J 730.3 Initial reprod buffer in Urrutia et al. (1999) data age class 5
Epes J 1118 Initial reprod buffer in Urrutia et al. (1999) data age class 6
Egpaion J 903.4 Threshold in reproduction for spawning in Urrutia et al. (1999) data
Kperez cells/pl 128.4 Half saturation concentration (Pérez-Camacho et al., 1994) data
LyUrr0 cm 3.47 x 107° Initial struct length (Urrutia et al., 1999) data
LyUrr01 cm 0.4054 Initial struct length (Urrutia et al., 1999) data age class 1
LyUrr02 cm 0.8267 Initial struct length (Urrutia et al., 1999) data age class 2
L,Urr03 cm 1.12 Initial struct length (Urrutia et al., 1999) data age class 3
Ly Urr04 cm 1.351 Initial struct length (Urrutia et al., 1999) data age class 4
LyUrr05 cm 1.49 Initial struct length (Urrutia et al., 1999) data age class 5
L,Urr06 cm 1.606 Initial struct length (Urrutia et al., 1999) data age class 6
LyAlb cm 0.03781 Initial length for Albentosa et al. (2007) data
LyAlbl cm 0.05076 Initial length for Albentosa et al. (1996) data
L\Chi cm 0.008752 Initial length for Chicharo and Chicharo (2001) data
LyErdal cm 2.6 Initial length for Erdal and Onal (2020) data
LyJuric cm 0.8984 Initial length for Juric et al. (2012) data
LyMatias cm 0.01154 Initial length for Matias et al. (2011) data
Tspawn K 293.4 Threshold in temp for spawning for Urrutia et al. (1999) data
. - 1 Scaled functional response
fai - 1 Scaled functional response for Albentosa et al. (2007) data
Fant - 0.7908 Scaled functional response for Albentosa et al. (1996) data food type 1
fam - 0.86 Scaled functional response for Albentosa et al. (1996) data food type 2
fais - 0.6669 Scaled functional response for Albentosa et al. (1996) data food type 3
S Beir - 0.85 Scaled functional response for Beiras et al. (1994) data
Seam - 1 Scaled functional response for Pérez-Camacho (1980) data
feni - 0.3147 Scaled functional response for Chicharo and Chicharo (2001) data
SErdal - 1 Scaled functional response for Erdal and Onal (2020) shape data
SErdait - 0.9 Scaled functional response for Erdal and Onal (2020) data location SA
fErdan - 0.91 Scaled functional response for Erdal and Onal (2020) data location SB
SErdas - 0.96 Scaled functional response for Erdal and Onal (2020) data location SC
Frurie - 0.66 Scaled functional response for Juric et al. (2012) data
[ Matiast - 0.4344 Scaled functional response for Matias et al. (2011) food type 1 data
[ Matias2 - 0.5067 Scaled functional response for Matias et al. (2011) food type 2 data
Sojea - 1 Scaled functional response for Ojea et al. (2004) data
S Sousa - 0.5079 Scaled functional response for de Sousa et al. (2011) data
SUrrAut - 0.68 Scaled functional response for Urrutia et al. (1999) data in autumn
Surrspr - 0.42 Scaled functional response for Urrutia et al. (1999) data in spring
JUreSum - 1 Scaled functional response for Urrutia et al. (1999) data in summer
fumwin - 0.63 Scaled functional response for Urrutia et al. (1999) data in winter
Table B.7

DEB growth simulations for seven bivalve aquaculture species at 20 °C for three food conditions (f = 1, 0.75 and 0.5).

Species Commercial size Age at size Reserve Cumulative energy f
reproduction

cm d J J -

Grooved carpet shell 3 810 1187 2713 1

Flat oyster 6 710 2816 1865 1

Blue mussel 5 1258 900.91 56.9706 1

Pacific oyster 7.5 324 46134 34533 1
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Species Commercial size Age at size Reserve Cumulative energy f
reproduction

cm d J J -
Common cockle 2 320 552 36 1
Scallop 10 326 71991 34148 1
Mediterranean mussel 8 674 1877 26202 1
Grooved carpet shell 3 1211 890 3217 0.75
Flat oyster 6 1351 2123 4739 0.75
Blue mussel 5 1808 677 66 0.75
Pacific oyster 7.5 387 34619 37778 0.75
Common cockle 2 429 412 44 0.75
Scallop 10 778 53855 103374 0.75
Mediterranean mussel 8 1096 1404 36324 0.75
Grooved carpet shell 3 0.5
Flat oyster 6 0.5
Blue mussel 5 3434 452 96.8 0.5
Pacific oyster 7.5 546 23237 47155 0.5
Common cockle 2 804 276 77 0.5
Scallop 10 0.5
Mediterranean mussel 8 0.5
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