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I N T R O D U C T I O N

I N T R O D U C T I O N

Small pelagic fishes are key species in most coastal ecosystems around the globe
(Peck et al., 2020). Indeed, they provide large ecological and socio-economic functions.
Located at an intermediate level of the trophic chain, they represent an essential link in
marine ecosystems (Brosset et al., 2017). Economically, they constitute a valuable resource,
with a high proportion of the catches being used to produce fishmeal and fish oil for
aquaculture (FAO, 2022). In 2021, sardines were the second species declared in fish auctions
by French fleets, with 15 169 tons sold (FranceAgriMer, 2022). Sardine is also of social
importance, with the use of specific fishing techniques such as bolinche (Duhamel et al.,
2011), as well as with a developed sardine can industry representing a significant cultural
heritage in Brittany (Celton and Oulhen, 2019).

Over the last decades, the average weight of sardines in the Bay of Biscay has
decreased sharply (Doray et al., 2018a), along with their total length and body condition
(Véron et al., 2020). A major scientific issue is to understand the processes at work behind
these declines. Several hypotheses have been put forward to explain them. This phenomenon
might be the result of fishing pressure, which could induce a selection by fishing sardines
above a certain length. Nevertheless, in the Bay of Biscay, the observed size reduction of
sardines catches has occurred even at low fishing pressure, so this may not be the main driver
(Boëns, 2022). Another hypothesis to explain this size decrease is the existence of a top-down
control by predators on prey populations. In the same way as fishing, top predators could
select sardines above a certain length and this selection could impact on life history traits
such as growth. The strength of this impact has not been quantified yet in the Bay of Biscay
(Véron et al., 2020), but was considered negligible in the Gulf of Lion where the decreasing
trend of sardine size was similar (Saraux et al., 2019). Another hypothesis to explain this size
decline is the existence of a bottom-up control of small pelagic fish populations by their
planktonic preys. Indeed, a modification of abundance and/or composition of plankton
communities could directly impact sardines phenotypes such as size through a change in their
food quantity and/or quality (Menu et al., 2023). In the present work, the focus is made on
this bottom-up control hypothesis.

Small pelagic fish populations are strongly influenced by the structure and dynamics
of lower trophic levels, i.e. plankton communities, themselves influenced by environmental
gradients in physical and biogeochemical conditions. Consequently, the observed changes in
phenotypes and population dynamics of small pelagic fishes are often representative of
regime shifts occurring in marine ecosystems (Chust et al., 2022). In the Bay of Biscay, adult
sardines mainly feed on mesozooplankton communities (Bachiller, 2012; Bertrand et al.,
2022), which are at 80% dominated by copepods (Chouvelon et al., 2015; Dessier et al.,
2018). Therefore, it is considered in this study that copepods account for most of the energy
intakes of Sardina pilchardus. The quantity and quality of sardine’s preys exhibit temporal
and spatial variability in the Bay of Biscay (Vandromme et al., 2014; Grandrémy, 2023), with
some areas being more beneficial energetically than others (Dessier et al., 2018). The
nutritional quality of zooplanktonic preys can be assessed in different ways, for instance
through fatty acid profiles or digestibility measurements (Colombo-Hixson et al., 2011). As a
proxy for small pelagic fish resource quality, the present study chose to use copepod body
size. Indeed, size is a master trait in marine ecosystems as it characterises the capabilities and
limitations of individuals in terms of physiology and trophic strategy (Andersen et al., 2016).
$
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I N T R O D U C T I O N

For instance, the prey-predator relationship is ruled by the size ratio (Andersen and Beyer,
2006). Through an experimental design, Queiros et al. (2019) highlighted the impact of food
size itself on sardine growth. This study reveals that fishes fed with food having a similar
energy content but with pellets of various sizes had different growth rates, with an advantage
conferred by larger pellets.

In the Bay of Biscay, a decline in the mean size of mesozooplanktonic organisms has
also been noticed over the last decade. Moreover, the mesozooplankton assemblages exhibit
time-consistent spatial patterns, characterised by gradients from coastal to offshore areas and
from north to south in terms of abundance, species composition and size structure
(Grandrémy et al., 2023). The distribution of mesozooplankton in the Bay of Biscay seems to
be driven by geographical features that reflect the hydrological conditions and the availability
of phytoplanktonic prey (Irigoien et al., 2011; Dessier et al., 2018). For this study, it was
chosen to focus on the spatial variability of plankton biomass and size structure over a year,
rather than to study the inter-annual variability, which is an objective of an ongoing PhD.

One scientific objective of this study is to explore how environmental gradients drive
the planktonic community structure in the Bay of Biscay. The second focus of this work is to
determine if the variability of copepods biomass and size structure impacts on sardine
growth.

To achieve these objectives, we use mechanistic modelling approaches that rely on physical
equations. The zooplankton compartment is usually represented in a simple way in fisheries
models (Heneghan et al., 2020). The plankton model we use in this study is a mechanistic
size-based model called NUM (Nutrient Unicellular Multicellular). It has the advantage of
explicitly representing both unicellular plankton and copepods with a large number of size
classes. In the NUM framework, unicellular plankton is characterised by its size and trophic
strategy with inclusion of autotrophic, mixotrophic and heterotrophic cells. Copepods are
represented by several populations with different adult sizes and are simulated with an
explicit life cycle. The abundance and size structure of copepods is already well described in
the Bay of Biscay but mainly during springtime, thanks to data sampled during the PELGAS
oceanographic cruise. The use of a modelling approach allows to resolve the abundance and
the size structure of copepods during the whole year, including a seasonal variability.

NUM outputs in terms of copepods biomass and size structure at springtime is compared to in
situ data acquired during the PELGAS oceanographic cruise. Then, indicators on copepods
biomass and on their size structure are derived from NUM size spectra to force a bioenergetic
DEB model (Dynamic Energy Budget) of sardine. The DEB model describes the processes of
energy allocation between different compartments of an organism. The objective with the use
of the DEB model in this study is to assess the spatial variability of sardine growth at
contrasted stations of the Bay of Biscay. The modelling framework that is used here is a first
step to model the transfer of the size structure of copepod preys to sardine predators through
the trophic chain.
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M A T E R I A L S A N D M E T H O D S

MA T E R I A L S A N D M E T H O D S

1. Study area

1.1. Description of the Bay of Biscay

The Bay of Biscay is a gulf located in the eastern North Atlantic Ocean, offshore the
French and Spanish coasts and between the cities of Brest and La Coruña. The bay has a
narrow continental shelf in its southern part, which becomes wider in the north. The
hydrological conditions in the Bay of Biscay are quite complex, with coastal upwellings,
seasonal currents, and river runoffs from the Loire, the Gironde, and to a lesser extent from
the Vilaine, the Adour and the Charente. These inputs strongly impact the physical and
biogeochemical characteristics of the Bay of Biscay (Lassalle et al., 2011). There is a strong
haline stratification from February to June and a thermal stratification between May and mid
September (Guillaud et al., 2008). These seasonal stratifications limit the plankton vertical
distribution.

In the Bay of Biscay, the main phytoplanktonic bloom occurs in spring and is mostly
composed of microphytoplankton, ranging from 20 to 200 µm (Houliez et al., 2021). There
are also winter phytoplankton blooms, mainly composed of diatoms, that are generated by the
presence of short anticyclonic conditions in the outer part of the estuaries (Labry, 2001). As
their resource, these primary producers drive the dynamics of zooplankton communities
(Dessier et al., 2018; Grandrémy et al., 2023).

1.2. Selection of contrasted stations based on the mesozooplankton community

The biomass and size structure of the mesozooplankton communities exhibit spatial
gradients in the Bay of Biscay. Coastal areas are known to display high zooplankton
abundance with a predominance of smaller individuals. In contrast, offshore areas show a
relatively higher proportion of large zooplankton, but with lower abundances (Sourisseau and
Carlotti, 2006; Vandromme et al., 2014; Grandrémy et al., 2023). Recently, Grandrémy et al.
(2023) emphasised the existence of a time-consistent spatial pattern of the mesozooplankton
community in the Bay of Biscay, structured by three main clusters (Figure 1). These clusters
differ in terms of taxonomic composition and biomass.
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M A T E R I A L S A N D M E T H O D S

Figure 1 – Time-consistent spatial pattern of the mesozooplankton community in the Bay of
Biscay (Grandrémy et al., 2023) and contrasted stations North, Coast and South

To conduct this study, three stations were selected based on their location within each of the
clusters defined by Grandrémy et al. (2023) : North(47.25, -5), Coast(47, -2.5) and South(44,
-2). The choice of these stations is also arising from the contrasted values they exhibit in
terms of nitrates concentration and temperature.

2. Modelling approach

2.1. Environmental forcing

The version of the plankton model used in this study is forced by nitrates (µg.L-1),
temperature (°C) and light (µE.m-2.s-1). Temperature and nitrates are extracted from the
existing outputs of the physico-biogeochemical ECO-MARS3D model for the Bay of Biscay.
To compute a climatology for these variables, temperature and nitrates are averaged daily
between 2012 and 2019. The available light L is computed using Equation 1. The light flux at
surface swhf (W.m-2) is extracted from the atmospheric reanalysis ERA5 and the attenuation
coefficient kw (m-1) is also extracted from the ECO-MARS3D outputs.
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M A T E R I A L S A N D M E T H O D S

L is calculated regarding time t in days and vertical sigma level σ ranging from 1 (bottom) to
30 (surface). The conversion factor EinConv = 4.57 converts W.m-2 into µmol of
photon.s-1.m-2. The fraction of total irradiance that is available for photosynthesis is noted
PARfrac and equals 40%. Light is computed daily for each year between 2012 and 2019, and
averaged daily in the same way as temperature and nitrates.

In order to have a vertical layer representative of the plankton development zone, it
was decided to average the environmental forcing over the mixed layer depth (MLD). The
MLD refers to the depth above which the physical and biogeochemical properties of the
water column are relatively well-mixed and uniform. This depth varies seasonally and
spatially depending notably on temperature, freshwater inputs, or winds. In this study, the
MLD is calculated based on the vertical temperature gradient. The MLD is computed daily
for each year between 2012 and 2019 and a MLD climatology is then derived by averaging
between each day of the years over that period (Figure 2).
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M A T E R I A L S A N D M E T H O D S

2.2. Plankton compartment : the NUM model

2.2.1. Simulation setup

To meet the objectives of this study, the NUM plankton model is adapted for a local
use in the Bay of Biscay. The model is set up in a 0D (0 dimension) configuration. This type
of test run considers a system aggregated in a single point, without considering spatial
variations along a dimension. A 0D simulation of the NUM model is made for each of the
three preselected stations North, Coast and South. At every station, the 0D simulation of
NUM loops over a spin-up of 10 years and only the last year is represented in the results.
This operation ensures a certain stability of the simulation as the seasonal dynamics is
reproductible.

The core equations of the NUM model are written in Fortran and interfaced with
Matlab through a library. Matlab 2022a is used for model modification and post-processing of
its outputs.

2.2.2. The NUM Framework

The model used to represent the planktonic community is called NUM, which stands
for Nutrient Unicellular Multicellular. It includes a pool of dissolved nitrogen N, a pool of
dissolved organic carbon DOC, a size-structured community of unicellular plankton named
the generalists G and a defined number of size-structured copepod populations C (see Figure
3). A closure variable, called mHTL, is set to 0.1 per day to implement a mortality by higher
trophic levels on copepods above a size corresponding to 1 µgC.

Figure 3 – Schematic representation of the ecosystem processes modelled by the NUM model
in this study, adapted from (Serra-Pompei et al., 2020; Kandylas, 2022)

The generalists cover a panel of potential mixotroph protists that are able to optimise
their trophic strategy according to their size and resources availability. They can be
osmotrophs and grow on DOC uptake, phototroph and growth through photosynthesis and N
uptake, and/or fed on smaller protists preys. The unicellular compartment of the NUM model
was created and developed by Chakraborty et al., 2017; Cadier et al., 2020; Andersen and
Visser, 2023. The generalists are divided in 10 size classes ranging from 3,16.10-9 to 1 µgC.
$$
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$$
The dynamic of their biomass is defined by their division rate δG and their mortality µG (see
Equation 2). The mortality µG includes the mortality due to viral lysis and the predation
mortality from larger generalists and from copepods.

The copepods are modelled as active feeders and can feed on generalists or smaller
copepods. The multicellular compartment of the model was further developed by
(Serra-Pompei et al., 2020). Five populations of copepods were defined by an implemented
adult size ; respectively 0.1, 1, 10, 100 and 1000 µgC. These sizes range between 200 and
4000 µm ESD (Equivalent Spherical Diameter ou inverse) according to Equation 3
(Vandromme et al., 2014). This interval encompasses the mesozooplankton size range in the
Bay of Biscay, comprised between 200 and 2000 µm ESD (Vandromme et al., 2014).

For carbon content cc in µgC and equivalent spherical diameter ESD in mm,

Each copepod population is divided into 10 logarithmically spaced size classes,
corresponding to several life stages : nauplii, eight copepodite stages and adult. The food
available for a given life stage, noted s, depends on the concentration of prey. Prey selection
is based on a prey/predator size ratio. Equation 4 represents size predation preference of
predators d on preys y, noted θd, y ; md stands for the mass of the predator, my is the mass of
the prey, β is the preferred predator/prey size ratio, and σ represents the width of the
preference function.

The dynamic process of the evolution of the copepod populations is represented in Figure 4.
It includes the following terms : C represents the biomass of copepod of a defined stage s ∈
[1;S], γ describes the transfer of biomass between size classes due to somatic growth, g is a
coefficient of biomass accumulation within a size class, μ is the mortality of a defined life
stage and b is the birth rate of the adult copepods. The mortality µ includes the mortality by
starvation, and the predation by larger copepods or higher trophic levels (Kandylas, 2022).
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M A T E R I A L S A N D M E T H O D S

Figure 4 – Schematic representation of the copepods biomass dynamic process, adapted from
(Serra-Pompei et al., 2020; Kandylas, 2022)

The process represented in Figure 4 can be summarised with the following equations :
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2.2.3. Overview of the parameters used in the NUM model

Table 1 – Parameters used in our set up of the NUM model

2.2.4. Post-processing of NUM outputs

The NUM model’s output structure contains especially the biomass of generalists and
copepods (in µgC.L-1), their sizes (in µgC), and the values of the fluxes (in day-1) transferred
in and out of the system. These variables are used to construct several plots : evolution of the
biomass of generalists and copepods regarding time, evolution of the biomass regarding time
and size, trophic strategies regarding time and size, and the Normalised Biomass Size Spectra
(NBSS) for copepods. In a first part, the focus is made on the whole planktonic community,
including generalists and copepods. Then, the emphasis is on the copepods to explore the
trophic link between copepods and sardines. For copepods, NBSS are computed daily and
averaged during the month of May in order to be compared to the data sampled during the
PELGAS survey. The method used to implement NBSS is similar to the method used to
compute them from the PELGAS data and is detailed in part 3.2..
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2.3. Small pelagic fish compartment : the DEB model

The Dynamic Energy Budget theory was developed by Kooijman (2010). This
framework describes the repartition of the energy fluxes from the food intake of an individual
to its use for growth, reproduction and maintenance. The DEB model comprises 4 state
variables characterising an organism, namely reserve, structure, and maturity or reproduction
depending on the life stage (Figure 6). The energy from the assimilated part of the ingested
food is stored in the reserve compartment. Then, this reserve energy is either allocated to the
individual’s structure or to its maturity or reproduction. Once the individual is mature, the
energy that was previously allocated to maturity switches to reproduction. A part of the
assimilated energy is used to maintain the organism, through somatic and maturity
maintenance. The DEB model allows to study the energy allocation within an organism at
$$$
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different stages of the life cycle (larvae, juvenile, adult) and at different seasons throughout
the year (Gatti, 2016; Queiros, 2019).

Figure 6 – Representation of the bioenergetic process modelled with DEB,
adapted from (Gatti, 2016; Menu et al., 2023)

This study uses the DEB model for sardine developed by Gatti, 2016 and then Menu
et al., 2023. Three average individuals are defined for each preselected stations North, Coast
and South. Their whole life cycle is modelled, from larvae to juvenile and finally adults up to
7 years. At each station, daily temperature, copepods biomass and their size structure were
extracted from the NUM model to be used as inputs of the DEB model. The copepods size
structure is provided in a synthetic way, through the slope of the daily Normalized Biomass
Size Spectra. The daily slopes are computed from linear regressions adjusted on the NBSS
obtained each day over the last year of the NUM simulation spin up. For a given biomass of
copepods, different slopes are possible that distribute the biomass differently among size
classes. This size information is important for sardines as they prey upon selected size
classes, depending on their own size.

3. Comparison with in situ data

3.1. PELGAS sampling scheme

The PELGAS survey covers the French continental shelf and takes place in May each
year since 2000 on board the RV “Thalassa”. It is designed to monitor the spring pelagic
ecosystem of the Bay of Biscay, with a scientific crew divided into four teams : an acoustic
team, a fishing team, a hydrobiology team and a megafauna team (Doray et al., 2018b). The
hydrobiology team samples the data we are interested in to compare to our model outputs. At
night, WP2 zooplankton nets of 200 µm mesh, equipped with a mechanical flowmeter, are
deployed up to 100 m deep, or up to 5 m above the seabed for coastal shallow stations (Doray
et al., 2018b). The WP2 net quantitatively samples objects whose equivalent spherical
diameter is between 400 and 2500 µm (Vandromme et al., 2014). Until 2016, the zooplankton
samples were preserved with 4% buffered formaldehyde and identified manually on land
using a ZooScan. From 2017 onwards, the WP2 samples are directly digitised and analysed
$$
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on board using a ZooCAM (Grandrémy et al., 2023). The ZooCAM allows a time-efficient
gross taxonomic identification of the zooplankton organisms using the Ecotaxa
semi-identification procedure (Colas et al., 2018). Grandremy et al. (In Press) constituted a
database combining the data obtained from the ZooScan and the ZooCAM between 2004 and
2019. The data obtained from both instruments are comparable (Colas et al., 2018). A subset
of this database, selecting only the copepods sampled between 2012 and 2019, is used in this
study.

3.2. Computation of Normalized Biomass Size Spectra and indicators derivation

The copepods Normalized Biomass Size Spectra (NBSS) obtained from NUM are
expressed in log(µgC.L-1 / µgC) with respect to the size of the organisms, expressed in
log(µgC). To obtain comparable results, the NBSS computed from PELGAS data is
calculated from the individual carbon content of copepods sampled in May between 2012 and
2019. The individual carbon content (in µgC) is calculated from the available data
object_area (in pixel) following the methodology described in Figure 7.

Figure 7 – Methodology used to compute the individual carbon content of copepods

To construct the NBSS, the individual carbon contents are organised in size classes. The
spectrum is computed on 21 size classes, logarithmically spaced, and ranging from 0.001
µgC to 1048.576 µgC to cover all the copepods sizes of the dataset and in line with the NUM
size classes defined for copepods. The middle points of these size classes are represented on
the x-axis of the NBSS, in log(µgC).

The normalised biomass is represented on the y-axis of the NBSS. This biomass is computed
from the sum of the carbon content by size class and weighted by the sampled volume. Then,
the obtained biomass is normalized by the width of the size class, so the obtained spectrum
does not depend on the definition of the size classes. The unit of the plotted normalised
biomass is in log(µgC.L-1 / µgC), which is consistent with the NUM model’s representation.
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The size spectra are calculated at the three stations and characterised by their slope a
and intercept b. These indicators are computed from a log-linear regression, following the
Equation 6 (Huret et al., 2012; Vandromme et al., 2014). Bi represents the copepods biomass
of the size class i in µgC.L-1, Δi is the width of the size class i in µgC and wi represents the
mid of the size class i in µgC.

In the Bay of Biscay, the mesozooplankton size range is between 200 and 2000 µm ESD
(Vandromme et al., 2014). This interval corresponds to the size classes comprised between
-2.40 and 5.22 log(µgC) according to Equation 3. The linear regressions are calculated on
this interval.
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1. Environmental contrasts between the stations selected in the Bay of Biscay

The evolution of nitrates throughout a climatology year exhibits a seasonality, with
lower values during summer and higher values at wintertime due to a higher mixing at this
period. Moreover, the coastal station has much higher nutrient values, linked to river runoffs
(Figure 8-a). In terms of temperature, the seasonality is also marked, and there is a spatial
variability with a warmer South station and a colder Coast station (Figure 8-b). The light
values seem less contrasted but the South station is brighter compared to the North station
(Figure 8-c). The three stations chosen present contrasting forcing for our NUM model, with
a nutrient rich and colder Coast station, a relatively nutrient poor and light limited North
station, and a relatively nutrient poor, warmer and brighter South station.

Furthermore, the period and timing of the seasonal pattern varies between stations.
For the stations North and Coast, the environmental variables undergo a sudden shift around
day 150, i.e. at the end of May for light and temperature. The South station experiences the
same shifts but later, around day 170, i.e. in the second part of June. The duration of these
shifts also varies between stations. This seasonal variability is associated with the calculation
of the mixed layer depth, which exhibits pronounced seasonal variations.
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2. The structure of the plankton community in the Bay of Biscay

2.1. Biomass and trophic composition

At the three stations, the NUM outputs in terms of biomasses of generalists and
copepods exhibit a seasonal pattern (Figure 9), following the variations of the environmental
forcing. The timing of the bloom starts around day 100, i.e. in the first part of April. At this
time, the environmental conditions are right for the development of the generalists. Then, the
copepod community grows, feeding on smaller organisms. In the first half of the bloom, until
day 200, the biomass levels of each group follow the size structure, with the smallest
organisms having the highest biomass, and the larger the organism, the lower their biomass.
This is the classic structure of biomass in a trophic chain. From the second half of the bloom,
at the North and South stations, the largest copepods, whose adult size is 1000 µgC, become
more abundant than copepods of 10 and 100 µgC. This phenomenon occurs later at Coast,
around day 250. At the coastal station, a steady state between copepods growth and mortality
seems to be reached during a period of around 50 days, with constant values of copepods
biomasses for sizes higher than 0.1 µgC.
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The Figure 10 represents the trophic strategies of the generalists regarding time and
size in µgC. Sizes range from 10-9 to 1 µgC, which corresponds to a size range for unicellular
plankton comprised between 0.6 and 500 µm ESD. The first pattern of the year is green,
which corresponds to photoautotroph organisms. Then, the coastal station especially is
characterised by a blue pattern of small osmoheterotroph organisms such as bacterias that fed
on nutrient uptakes. The presence of this pattern might be linked to higher concentrations of
dissolved organic carbon at this station. The red pattern corresponds to heterotrophy and the
other colours represent various degrees of mixotrophy. After the development of
phytoplanktonic organisms, all stations are characterised by mixotroph unicellular organisms.
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2.2. Biomass and size structure of the plankton community

At the North and South stations, a bloom of small plankton (10-8 µgC), likely
corresponding to osmotrophic bacteria, can be observed (Figure 11). At the northern station,
this bloom initiates around the 170th day (mid-June), while at South, a first peak is noted
starting from the 150th day (late May), followed by a second, longer peak from the 200th day
(mid-July). The remaining patterns, excluding the smallest bacteria, obtained for the stations
North and South are quite similar whereas the Coast station displays a more abundant
plankton bloom. Indeed, plankton biomasses at Coast remain higher throughout the summer
compared to North and South, for both generalists and copepods. The size range covered by
plankton patterns (excluding bacteria) differs at each station : at North, sizes start at 10-5 µgC,
at Coast, from 10-6 µgC, while at South, they start from 10-4 µgC. For each station, the five
copepod populations can be distinguished by vertical bands as they have been defined
discretely. The trophic cascading from abundant small copepods to less abundant large
copepods is noticed at each station.
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2.3. Focus on the copepods biomass and size structure

2.3.1. Comparing the NUM model outputs in May with PELGAS in situ data

The comparison of the NBSS obtained from NUM (Figure 12.a) reveals
dissimilarities between stations. Notably, the Coast station exhibits a steeper slope than the
North and South stations that seem more similar. The slope of the linear regression informs
on the balance between smaller and larger organisms. A flatter slope indicates an increase in
biovolume within the larger size classes (Grandrémy, 2023). The intercept can be seen as an
indirect indicator of the biomass level. Thus, during the month of May, the Coast station
displays a higher biomass of smaller organisms whereas the North and South stations exhibit
lower biomasses of larger organisms.

Figure 12 – Comparison of the copepods Normalised Biomass Size Spectra obtained from the
NUM model for the month of May (a.) and obtained from PELGAS in situ data (b.)
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The NBSS computed from PELGAS data also displays inter-station variability
(Figure 12.b). Indeed, the Coast station exhibits a steeper slope than the North and South
stations. By comparing the NUM spectra results with those from PELGAS, one can notice
that they exhibit relatively comparable slopes, suggesting that the NUM model aptly captures
the copepods size structure in May in the Bay of Biscay.

2.3.2. Copepods biomass and size structure over a year obtained from NUM outputs

The computation of the daily size spectra over a year with the NUM model reveals
that the copepods abundances are higher at Coast all over the year (Figure 13). The stations
North and South are more similar, with a noteworthy peak of biomass at South around day
170 (mid June).

Figure 13 – Total daily biomass of copepods for each station as simulated by the NUM model

Figure 14 displays the daily slopes and intercepts estimated from linear regressions computed
on daily NBSS derived from the NUM model. Throughout the year, the Coast station exhibits
steeper slopes than the North and South stations. Therefore, the coastal point tends to display
smaller organisms all over the year, whereas the offshore stations tend to display larger
organisms all over the year. Around day 170, this trend is reversed over a very short period.

Figure 14 – Daily Normalised Biomass Size Spectra slopes (a.) and intercepts (b.) for each
stations
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3. Effect of copepods biomass and size structure on sardine growth

The results of Figure 13 and Figure 14, i.e. the copepods biomass and size structure
under the form of the slope of the NBSS, are used as inputs of a DEB model for sardine.
Between stations, the growth curves are quite different. During the 40 first days, one can
notice a faster growth for sardine at Coast than at North and South (Figure 15.b.). Then, this
pattern reverses. The high biomass of small copepods displayed at Coast seems to be
favourable to very young sardine stages, whereas the lower abundance but with larger
copepods (North and South) seems to be more beneficial to older sardine stages. The South
station displays the most beneficial conditions for juvenile and adult sardine growth (Figure
15.a.). At Coast, at age 4-5 the growth curve decreases to 0, which means that the individual
dies.

Figure 15 – Sardine growth curves obtained from the DEB model at our three stations :
a. Representation on 7 years, b. Representation of the 60 first days of sardine development,

c. Representation of the 200 first days of sardine development

To determine whether these results mainly stem from variations in the biomass or
variations in the size structure of copepods, another DEB simulation is run with only the
slopes varying between each station (Figure 16). The temperature and the copepods biomass
are set to the Coast values. In this second simulation, the differences previously observed for
the South station no longer appear. Therefore, the observed variations in sardine growth
between the stations North and South Figure 15 is mainly due to differences in biomass at
those stations.
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Figure 16 – Sardine growth curves with only copepods size structure varying between
stations : a. Representation on 7 years, b. Representation of the 60 first days of sardine

development, c. Representation of the 200 first days of sardine development

For both simulations, adult sardine of age 4-5 dies at the Coast station. The
predominance of smaller copepods at this coastal station therefore seems to be detrimental to
the development of the adult stages of sardines.
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1. How do environmental spatial gradients impact the planktonic community in the Bay of
Biscay ?

1.1. Seasonal variations of the plankton biomass

For each of the three stations, the plankton biomass obtained from the NUM model
shows strong seasonal variations. In fact, the first part of the year is characterised by rather
low biomasses of generalists and copepods. An initial bloom of generalists begins in
April/May, followed a few days later by a bloom of copepods, whose concentrations
maintains relatively high throughout summer, especially at the Coast station. These variations
in plankton biomass are mainly the result of seasonal variations in environmental forcing in
terms of nitrates, temperature and light. These seasonal changes in environmental forcing are
themselves closely linked to the seasonal variability of the mixed layer depth over which they
have been averaged. The computation of the MLD is satisfactory for the purposes of this
study, as it provides a plankton development zone that varies seasonally and spatially,
between the three stations. However, the mixed layer depths obtained can be criticised. For
example, at the coastal station, the MLD values obtained around day 180 are very shallow (<
5 m). At the South station, very shallow values were also obtained around days 200 and 240.
To take the study further, the calculation of the MLD could be improved by revisiting the
algorithm used. For example, instead of calculating it on the basis of a temperature gradient,
it could be calculated on the basis of a density gradient, which would make it possible to
include vertical variations in salinity and obtain a more accurate stratification.

1.2. Spatial variations of the plankton biomass

Comparison of the biomasses obtained at the three stations North, Coast and South
revealed some disparities. The North and South stations are fairly similar in terms of
generalist and copepod biomass. The Coast station exhibits higher biomasses for both
generalists and copepods. This seems to be linked to the nitrate input at each station. In fact,
the coastal station is rich in nitrates, while the two stations further offshore seem to be more
nutrient-limited. These gradients in biomass from the coast to the open sea are in line with the
observations made in spring for mesozooplankton in the Bay of Biscay: biomasses are higher
at the coast whereas they tend to be lower in the offshore area (Sourisseau and Carlotti, 2006;
Bachiller, 2012; Vandromme et al., 2014; Grandrémy et al., 2023). In the literature, this
coast-offshore biomass gradient is less obvious for generalists, since they include bacteria,
phytoplankton and small zooplanktonic organisms. Marquis et al (2011) compared the
phytoplankton and nano-microzooplankton biomasses of a coastal station located in the
Gironde estuary and an offshore station. The biomasses recorded at the coast were higher
than those obtained offshore, which could partly confirm our model outputs for generalists.
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2. What is the copepods size structure in the Bay of Biscay ?

2.1. Comparing NUM outputs with in situ PELGAS data in May

A comparison of the NBSS from the NUM model with the NBSS from the PELGAS
data emphasises that the model correctly reproduces the differences in slope between the
stations. In fact, whether using the model or the data, the coastal station has a steeper slope
than the North and South stations, which are further offshore. These differences in slope can
be interpreted as a prevalence of small copepods at the Coast and a higher proportion of large
copepods at the North and South stations. The size structure of the copepods obtained from
the NUM model in May is also in line with the literature relating in situ observations made in
spring: prevalence of small organisms at the coast and a larger proportion of bigger organisms
offshore (Sourisseau and Carlotti, 2006; Vandromme et al., 2014; Grandrémy, 2023). The
coast-offshore size gradient can be seen on the map of slopes obtained by Grandrémy (2023)
from PELGAS in situ data (Figure 17). To produce this map, NBSS was calculated using
biovolumes (mm3). The slopes we obtained are quite different as they are calculated on the
basis of carbon content (µgC).

Figure 17 – Mean NBSS slopes obtained from PELGAS data between 2012 and 2019, red
dots represent our three stations North, Coast and South. (Grandrémy, 2023)
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2.2. Extrapolating copepods size structure over a year with NUM

NUM outputs over the last year of the spin-up year reveal variations in biomass and
size structure between stations. The Coast station has an overall higher biomass over the year,
with a dominance of small copepods. The North and South stations are fairly similar to each
other. They display lower biomasses over the year, with a higher proportion of large
copepods. Therefore, according to the NUM simulations, the spatial gradient in copepods size
observed at springtime is the same all over the year. This result is an important contribution
of the model compared with data sampled during the oceanographic cruises since it provides
information for the whole year.

3. How do the spatial variations in copepod biomass and size structure impact sardine
growth ?

The Coast station has an overall higher biomass over the year, with a dominance of
small copepods. The North and South stations exhibit lower biomasses over the year, with a
higher proportion of large copepods. Using these NUM outputs to force a DEB model for
sardine revealed inter-station differences. The coastal station, with a high biomass of small
copepods, seems to be more favourable to very young sardine stages. The DEB simulation
relying only on the size spectra slopes highlighted the very unfavourable size structure of
copepods at the Coast station for adult sardines, while the size structure of copepods at
stations further offshore seems to be more favourable to them. According to observations
made in the Bay of Biscay on anchovy, a similar small pelagic species in terms of ecology,
larvae and juveniles are indeed mainly concentrated in coastal areas (Cotano et al., 2008;
Boyra et al., 2013). There is also a coast-offshore size gradient, with young, small sardines at
coast and older, larger sardines offshore (Véron, 2020). These findings are in line with the
DEB model outputs. Indeed, we have a coastal station, with small organisms, more
favourable to young stages and offshore stations favouring older sardines, and presenting
larger copepods.

However, these results should be interpreted with caution, as adult sardines are also
capable of filter-feeding on small prey thanks to their gill rakers. In fact, although the size
range of catchable prey increases with the size of the predator, the diet of adult sardines does
not exclude small planktonic organisms (Bachiller, 2012; Gatti, 2016). In this study, sardines
were considered to feed mainly on copepods throughout their lives. An interesting
perspective could be to implement variable dietary intakes for sardines depending on their
life cycle. For the time being, the size of copepods varies according to life stage. However,
adult sardines have better filtration capacities than juveniles and are also able to feed on small
phytoplankton prey (Bachiller, 2012; Gatti, 2016). It would be possible to envisage a supply
of generalist prey and not only copepods for adult sardines.
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4. Is there a transfer in size structure through the trophic chain in the Bay of Biscay ?

In the Bay of Biscay over the last few decades, the size at age of sardines has
decreased (Véron et al., 2020). At the same time, a decline in the average size of
mesozooplankton, which makes up the bulk of sardines' diet (Bachiller, 2012), has been
observed in the same area (Figure 18). In fact, small mesozooplanktonic organisms tend to be
smaller and more numerous, and the size of larger organisms has also declined (Grandrémy,
2023).

Figure 18 - Time series of mean mesozooplankton size (mm Equivalent Spherical Diameter)
constructed by clusters between 2004 and 2019, the location of the stations used in this study

are written in the legend, next to the clusters, (Grandrémy, 2023)

In the Mediterranean sea, a decline in the size of sardines has also been observed
since 2008. This decrease in size seems to have coincided with a shift in the diet of sardines,
from a high proportion of large copepods between 1994 and 2007, to a dominance of small
copepods in 2011 and 2012 (Brosset et al., 2016). Smaller organisms generally have a lower
energy content than larger organisms (Zarubin et al., 2014; Barroeta et al., 2017).
Independently from energy content, it has been shown that food size alone influences sardine
growth. The consumption of small particles seems to be less favourable to predators than that
of larger particles. The hypothesis put forward to explain this phenomenon is that sardines
consuming smaller preys expend more energy to filter feed than sardines hunting larger preys
(Queiros, 2019). A reduction in the average size of mesozooplankton could therefore be
unfavourable to predators such as sardines. The results obtained in this study show that the
reduction in zooplankton size would a priori be favourable to sardine juveniles but not to
adult stages. This could explain the fact that there have been good recruitments over the last
few decades and, at the same time, a reduction in the size of adult sardines in the Bay of
Biscay.

In addition, the reduction in zooplankton size is sometimes associated with a
reduction in the size of primary producers. Indeed, the reduction in algal cell size has an
impact on the size structure of microzooplankton (Labry, 2001; Marquis et al., 2011). Yet, the
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hypothesis of a transfer of size structure within the trophic chain must be treated with caution,
as the reduction in the size of mesozooplankton has not been directly linked to a reduction in
the size of its prey (Grandrémy, 2023).

In order to explore this hypothesis, it would be interesting to obtain a finer size
structure for generalists from the NUM model in order to better understand the impact of the
size structure of generalists on the size structure of copepods. Moreover, since our results
showed a significant dependency of the sardine growth towards the copepods size structure
(see DEB simulation relying on the size spectra slopes), it would be also enriching to study
interannual variability in addition to the spatial aspect. This would make it possible to
determine whether the NUM model can reproduce the decrease in mesozooplankton size over
the last few decades and to better understand the impact of this decrease on variations in
sardine growth over time.
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In conclusion, the NUM model appears to capture well the impact of spatial and
seasonal variability in environmental conditions on plankton biomass in the Bay of Biscay.
Throughout the year, the station close to the coast has high biomasses of small copepods,
while the stations further offshore have lower biomasses of larger organisms. This spatial size
structure in the Bay of Biscay is confirmed by in situ observations from springtime scientific
surveys. Spatial variations in copepod resources have an impact on sardine growth. Using the
DEB model, the size structure of copepods in the coastal station appears to be favourable for
very young sardine stages, whereas it is highly unfavourable for adult stages.
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A P P E N D I C E S

Appendix 1 – a. Map of annual surface temperature (°C) between 2012 and 2020 ;
b. Map of annual surface nitrates (µmol.L-1) between 2012 and 2020

Note that the colour scale is set to a maximum value of 20 µmol.L-1 of nitrates but the values in rivers can go up
to almost 400 µmol.L-1.

Appendix 2 – Map of the hydrobiological stations sampled during the PELGAS
oceanographic cruise (in black), with the North, Coast and South stations (in red) and the

stations chosen to compute the NBSS
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