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Abstract. Mesozooplankton present a wide range of functionally diverse heterotrophic organisms ranging from 200 ym to 2 cm
that are essential to marine ecosystems and biogeochemical cycles. In most ocean biogeochemical models, mesozooplankton
are represented as a single compartment along with microzooplankton (< 0.2 mm), thereby overlooking their large functional
diversity. Yet observational and modelling studies relying on functional trait-based approaches have shown how important the
diversity of the functional traits of marine zooplankton is in driving ecosystem dynamics and biogeochemistry.

Here, we use such a functional trait-based approach by modelling the effect of various mesozooplankton feeding strategies
on the ocean carbon cycle globally, using the ocean biogeochemical model PISCES. Three new mesozooplankton functional
types (PFTs) and their associated trade-offs were integrated in PISCES: cruisers (active swimmers feeding on suspension
particles), ambushers (passive suspension feeder, relying on a sit-and-wait strategy) and flux-feeders (passively feeding on
particles). An additional foraging effort for cruisers was implemented to account for the optimization of their active behaviour.
Our new configuration shows that these functional groups have distinct latitudinal and vertical distributions: the two suspension
feeding groups share the epipelagic zone, with ambushers being the dominant group at global scale (0.11 GtC/yr, 54.8% of
total mesozooplankton in the top 150 m) and cruise feeders (0.03 GtC/yr) prevailing in the productive regions near the poles,
whereas flux-feeders (0.06 GtC/yr) dominate in the mesopelagic zone of coastal regions. We also demonstrate how the deep-
dwelling flux feeders directly affect carbon export at depth more strongly by consuming the particles that would otherwise be
transported to deeper layers (the carbon export increases by 40.8% when flux-feeders are removed). This study provides more
knowledge on functional diversity of mesozooplankton and emphasizes the necessity for a better integration of the trophic

strategies of this planktonic compartment within global biogeochemical models.

1 Introduction

Marine zooplankton are heterotrophic organisms that drift along ocean currents and are essential components of ocean bio-

diversity (Ratnarajah et al., 2023; Le Quéré et al., 2016). They encompass more than 28,000 species (Bucklin et al., 2021)
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covering a wide variety of organisms whose size range between < 1 mm to > 1 m. Within zooplankton, one of the most studied
size class is the mesozooplankton which usually range from 0.2 to 20 mm (Sieburth et al., 1978) and include organisms such
as copepods, pteropods, and other small invertebrates (Steinberg and Landry, 2017). Mesozooplankton play crucial roles in
marine ecosystem functioning, particularly through their major contribution to energy transfer from primary producers towards
higher trophic levels, for whom they are an essential food source (Verity and Smetacek, 1996; Steinberg and Landry, 2017).
Additionally, they actively contribute to the biological carbon pump (Ratnarajah et al., 2023; Steinberg and Landry, 2017).
In particular, they produce particulate organic matter as carcasses, molt, particles from sloppy feeding and large fecal pellets
that rapidly sink into the water column (Turner, 2002). Through their diel vertical migrations, mesozooplankton also actively
transport carbon to different ocean layers (Kelly et al., 2019; Aumont et al., 2018). This migrating behaviour is estimated to
account for 15 to 20 % of local carbon export (Pinti et al., 2023; Nowicki et al., 2022) and promotes the sequestration of carbon
at depth and thus contributes to global climate regulation (Steinberg and Landry, 2017). Among mesozooplankton, copepods
also contribute to carbon export through the seasonal lipid pump (Jénasdéttir et al., 2015).

These various contributions of mesozooplankton to biogeochemical cycles depend on the expression of numerous functional
traits and their trade-offs (Litchman et al., 2013). Functional traits are defined as individual characteristics of organisms (such as
body size, feeding strategy, trophic regime, or migratory behaviour) that influence individual fitness and ecosystem functioning
(Violle et al., 2007; Martini et al., 2021). For instance, zooplankton body size has been described as a "master" trait (Kigrboe
et al., 2018a; Orenstein et al., 2022) and has gained attention to classify zooplankton and study the impact of various size
classes in the trophic web. Several studies showed how environmental conditions control mesozooplankton growth rate and
body size which, in turn, influence the expression of other functional traits (Hébert et al., 2016; Kigrboe and Hirst, 2014). The
distribution of temperature or prey availability (Brun et al., 2016) affects the fundamental functions of organisms (Litchman
et al., 2013) and directly impacts ecosystem dynamics through variations in metabolic traits, body size (Evans et al., 2020),
preferred prey size (Almeda et al., 2018), amplitude of the diel vertical migrations (Kelly et al., 2019; Aumont et al., 2018)
or fecal pellets size (Steinberg and Landry, 2017; Uye and Kaname, 1994; Stamieszkin et al., 2015). Because zooplankton
diversity is commonly studied from a taxonomic point of view and organized through size classes due to sampling constraints
(Ratnarajah et al., 2023), potentially important functional traits such as feeding strategies (Kigrboe, 2011) have been less
studied. Yet, the feeding strategy has implications for functions such as energy uptake, predation risk, energetic losses and
mate finding, inducing trade-offs between gains and costs, and implying variations in ecosystem dynamics and biodiversity
distribution (Stukel et al., 2019; Kigrboe, 2011; Litchman et al., 2013). Feeding strategies have been classified based on
factors such as motility, food preferences, and physiological and environmental requirements, with distinct strategies emerging
according to the behaviour and predatory modes of the organisms (Kigrboe, 2011). For example, ambush feeders are stationary
organisms that passively wait for prey encounters while active cruise feeders are organisms that swim through the water and
modulate their foraging effort to capture prey detected at a distance. Feeding-current feeders generate a current to capture prey
that are detected remotely, whereas flux-feeders are capable of collecting sinking particles (Litchman et al., 2013; Kigrboe,
2011; Ohman, 2019).
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Over the past few decades, many methods have been developed to study the diversity of mesozooplankton: by imaging the
organisms (Ohman, 2019) after they have been collected using plankton nets, as well as with in situ camera like the Underwater
Vision Profiler (UVP), which represents a less intrusive method (Picheral et al., 2022), through acoustics (Parra et al., 2019),
genomics (Karsenti et al., 2011) or modelling (Kigrboe et al., 2018a). Ocean biogeochemical models have proven to be a
valuable tool to quantify carbon fluxes within planktonic ecosystems at both regional and global scales (Gentleman et al., 2003;
Fennel et al., 2022). Despite the increasing complexity of these models over the years (Gentleman, 2002), the representation
of functional diversity in zooplankton in biogeochemical models remains crude and zooplankton is still usually represented
through a few size classes, for instance micro-, meso- and macro-zooplankton (Le Quéré et al., 2005; Clerc et al., 2023),
Therefore, accurately modelling the zooplankton-mediated processes of the biological carbon pump, such as zooplankton
grazing (Rohr et al., 2023; Chenillat et al., 2021), remains a huge challenge that needs to be tackled as the responses of the ocean
carbon cycle to ongoing climatic stressors remain highly uncertain (Henson et al., 2022). To develop marine ecosystem models,
plankton organisms that share similar characteristics and similar ecological and biogeochemical functions have been classified
into Plankton Functional Types (PFTs) (Le Quéré et al., 2005). Functional traits-based approaches thus offer new opportunities
to unravel the relation between the diversity of zooplankton traits, their trade-offs and marine ecosystem functioning (Martini
et al., 2021; Barton et al., 2013; Kigrboe et al., 2018a, b). More recently, a variety of modelling frameworks were developed
to enable more elaborate representations of zooplankton functional diversity (Negrete-Garcfia et al., 2022; Serra-Pompei et al.,
2020; Chenillat et al., 2021). In particular, recent studies on the feeding strategies of mesozooplankton have demonstrated the
complexity of such a representation, where similar traits are represented through a large range of parameters based on different
hypotheses (Visser, 2007; Serra-Pompei et al., 2020). The behavioural adaptation emerges as a consequence of trade-offs
between energy acquisition, predation risk, metabolic loss and the modulation of the foraging effort (Visser, 2007; Kigrboe,
2011; Kigrboe et al., 2018a; Van Someren Gréve et al., 2017). These variations in the mesozooplankton community thus have
impacts in global, regional and vertical distribution of the feeding traits (Benedetti et al., 2023; Prowe et al., 2019; Brun et al.,
2016), which induces variations in the trophic web and in carbon export at depth (Stukel et al., 2019).

In this study, we aim to focus on three specific feeding strategies and to provide valuable information for the understanding
of the role of mesozooplankton in the global ocean and more broadly the functioning of marine ecosystems. The following
questions are addressed: (i) Do different mesozooplankton feeding strategies display various biogeographies and what are
their underlying drivers (i.e., trade-offs)? and (ii) How does this diversity of feeding strategies affects ecosystem dynamics
and impact the global ocean carbon cycle? To answer these questions, we include three mesozooplankton feeding strategies
(i.e., cruise-feeders, ambush-feeders and flux-feeders) into a new version of the PISCES biogeochemical model, which is
coupled with the NEMO ocean dynamical model at global scale. Using this modelling framework, we examine the spatial and
temporal distribution of the three feeding strategies and analyze their effects on ecosystem dynamics and the carbon cycle. We
first compare the model outputs with existing observations to confirm that it accurately represents the realised distribution of
plankton biomass and then describe the biomass distribution of the newly-considered mesozooplankton groups. We then focus

on the biogeography of the feeding traits and explore the seasonality. Finally, we investigate the impact of considering these
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three distinct feeding strategies on global biomass of lower trophic layers (microzooplankton and phytoplankton) and carbon

export through several sensitivity experiments.

2 Material and methods

2.1 Biogeochemical model description

NUTRIENTS

e : ———» Nutrient uptake

] —————— Remineralisation
——» Grazing by zooplankton
—  Particle production

Figure 1. Architecture of the PISCES biogeochemical model, omitting oxygen and the carbonate system for the sake of clarity. In the
FOREFF (FORaging EFFort) configuration presented in this study, three mesozooplankton functional groups are considered. They are

represented in the left corner of the figure. Figure adapted from Aumont et al. (2015).

In this study, we performed ocean simulations based on the offline version of the coupled physical/biogeochemical model
NEMO-PISCES. NEMO (Nucleus for European Modelling of the Ocean) version 4.2 (Madec et al., 2023) is a model of global
ocean circulation comprised of three major components: an ocean dynamical code OPA (Madec et al., 2023), a sea-ice model
SI3 (Vancoppenolle et al., 2023), and a marine biogeochemical model PISCES (Pelagic Interaction Scheme for Carbon and
Ecosystem Studies, Aumont et al. (2015), Figure 1).

The ocean dynamics simulated by NEMO are used as forcing into the PISCES model. PISCES simulates marine biologi-
cal productivity, plankton dynamics and biogeochemical fluxes. The standard version (PISCES-STD) includes 24 prognostic
variables with five nutrients concentrations (i.e., nitrate, silicate, phosphate, ammonium and iron) and four plankton compart-
ments: two phytoplankton groups (diatoms and nanophytoplankton) and two zooplankton size-classes: microzooplankton and
mesozooplankton. PISCES integrates a detailed representation of the biogeochemical cycles of carbon, dissolved and particular
organic matter, total alkalinity and dissolved oxygen. In PISCES-STD, phytoplankton growth is constrained by light availabil-

ity, temperature, and nutrients’ (N, P, Fe and Si) concentrations. Phytoplankton and small organic particles are consumed by
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both zooplankton groups and mesozooplankton additionally feed on microzooplankton and particles. PISCES-STD considers
mesozooplankton as a single PFT, where the flux-feeding mode is implicitly accounted for in addition to the explicit represen-
tation of suspension feeding (Aumont et al., 2015): mesozooplankton are parametrized as a single population with a proportion
of flux-feeders that is calculated as the ratio of flux-feeding on total mesozooplankton grazing.

In this study, we chose to represent three PFTs for the mesozooplankton compartment, with distinct feeding strategies to
differentiate active organisms from passive ones, while also differentiating suspension feeders from flux feeders. Compared
to PISCES-STD, we explicitly modelled a flux-feeding mesozooplankton compartment and further separated the suspension
feeding mesozooplankton into two separate compartments: active cruise-feeders and passive ambush-feeders. Cruisers (also
called cruise-feeders, CF) account for both cruise feeders sensus stricto and feeding-current feeders, though we do not explicitly
distinguish between the two of them in our study, as their diets are assumed identical here (Kigrboe, 2011). They will be referred
to as cruisers from now and are organisms that are actively swimming or produce a feeding current to encounter preys as well
as mates, similar to calanoid copepods (Kigrboe, 2011). This active behaviour increases predation risk but also enhances the
likelihood of encountering prey (Kigrboe, 2011; Kigrboe et al., 2015; Serra-Pompei et al., 2020).

Ambushers are organisms that adopt a sit-and-wait strategy (Kigrboe, 2011; Almeda et al., 2018). They wait motionless for
motile prey to pass within their reach or they capture preys directly colliding with them (Almeda et al., 2018). Despite having
a lower feeding efficiency, this strategy has the advantage of a much lower mortality rate (up to an order of magnitude (Van
Someren Gréve et al., 2017)) as well as lower metabolic expenses (Kigrboe et al., 2015). In our study, we do not distinguish
between active ambushers that capture their preys by active attacks (Kigrboe, 2011), like Oithona copepods and chaetognaths,
and passive ambushers that passively capture their preys, like pteropods, ctenophores of foraminifera.

Flux feeders (FF) are predominantly passive organisms, such as pteropods (but could also be active feeders like the copepods
of the genera Temora and Oncaea), that feed on rapidly sinking organic particles (Stukel et al., 2019). They inhabit the interface
between the euphotic zone and deeper waters, acting as ’gatekeepers’ of the mesopelagic zone by regulating carbon transfer
in the water column (Stukel et al., 2019). This feeding strategy also contributes to lower mortality rates and higher growth
efficiency.

In the new configuration developed in this study, called FOREFF (for FORaging EFFort), the three main feeding strategies

of mesozooplankton are considered, each of them being represented by one PFT. Their dynamics follows equation 1:

oM
T = Mix x M x gV (P) + g4 (D) + g (POC) + g4 (2) + g} (GOC) + g}’ (POO) |
M
M (T) <K+XMX + 3A(02)> My
—mMX far (T)Mx Y Mx (1)
X

In this equation, Mx represents the mesozooplankton biomass of one of the three newly modelled feeding groups X (AF,

CF and FF). The first right-hand term represents growth, where e is the growth efficiency, and gévgﬁ( and g%ﬁ‘ represent

grazing of suspension feeders and flux feeders on the different preys. The second term represents mesozooplankton metabolic
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losses through respiration and swimming (with coefficient r*x), where K, is the half-saturation constant for metabolism.
The last term represents mortality by density-dependent processes such as predation and diseases, with the quadratic mortality
coefficient m™x_. A full description of the parameters and their values is given in Tablel. All three terms have the same
temperature dependence by, with a Q19 = b}é} set to 2.14 (Aumont et al., 2015).

In addition to the explicit representation of these three PFTs (Figure 1), the FOREFF configuration implements a foraging
effort p for cruisers (see equation 2). This parameter is based on the assumption that ambushers have an invariant foraging
effort due to their passive behaviour, while cruisers may modify their foraging effort in response to prey abundance to reduce
the cost of searching for preys when these are absent or very abundant, and then optimize their fitness (Tiselius et al., 1997;

Kigrboe et al., 2018a). The foraging effort p is computed as follows:

_ Lfe(r=m)—+/pm— fe(p—m)(m—r)

= @)
) Jolm—r)—m
With:
rMor _ pMar mMcr _ mMar R d f mMar 3)
r = . m=-——————, = — an = -
(TJWAF % Mop ) mMar P Kg c Gm X eMcr
Km+Mcr

In equation 3, 7M4F and m™AF represent the background metabolism and mortality rates. rMcr —pMar and mMer —mpMar
represent the specific metabolic costs and mortality risk of active feeding. p represents the scaled resource concentration (with
R the prey concentration) and f. is the scaled standard metabolism (Kigrboe, 2011).

The foraging effort of cruisers p (equation 2) is adapted from equation 8 of Kigrboe (2011). Here, the foraging effort is
implemented in the mortality terms of equation 1. Hence, the equations for the two mortality terms of cruisers are defined

according to the following equations:

. Mcr > M, M )
Respiration = | rMar [ = 4+ 3A(O + (rMer —pMAr) xp | M, 4
piaton = (147 (08— 4380 ) + )xp) Mo @
Quadratic mortality = (m*4r + (mMer —mMar) s p) far.  (T)Mcr ZMX &)
X

In addition, the foraging effort varies in response to prey density (as shown on Figure 2) to optimize the fitness of cruisers,
so it decreases to zero in regions of low resource concentration to minimize the net energy loss of cruisers (Kigrboe, 2011).
This way, the foraging effort differs from zero only if the prey concentration R is greater than a minimum prey concentration
Rynin:

Mc Mar

rCr —p

Rmin = Kg X (6)

M
9m X €op
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Figure 2. Theoretical curve of the foraging effort versus prey concentration based on the parameter set of FOREFF (Tablel).

To represent these feeding strategies and incorporate the foraging effort, model parameters (Tablel) are adjusted to reflect
trade-offs between growth, reproduction, and survival (Barton et al., 2013; Kigrboe et al., 2018a, 2015).
Since cruisers swim continuously to encounter preys, they face a higher predation risk than ambushers (Kigrboe et al., 2015).
Consequently, their quadratic mortality parameter m % is set three times higher than that of ambushers (0.015 (umolC.L~1)~td =1,
165 Almeda et al. (2018); Van Someren Gréve et al. (2017), see Tablel). The metabolic losses parameter ré/[F of cruisers is also set
higher (0.03 d—1), to account for the increased energetic expenses due to active feeding (equation 2) introduced from Kigrboe
(2011). Additionally, we differentiated the maximum grazing rates for cruisers and ambushers g,,,, based on the data analysis
from Serra-Pompei et al. (2020). Higher maximum grazing rates are assigned to cruisers than ambushers (0.8 d~! and 0.2 d~!,

respectively).
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Variable Description Unit FOREFF LGE
CF=04 CF=0.34
eMx Maximum growth efficiency / AF=04 AF=04
FF=0.4 FF=04
Half saturation constant for
Ky ) wmolC. L1 0.1 0.1
mortality
CF=0.015 CF=0.02
mMx Quadratic mortality (umolC.L~Y)~td=! | AF=0.005 AF =0.005
FF = 0.005 FF = 0.005
CF=20 CF=10
Half saturation constant for
K, ) umolC.L~1 AF =20 AF =30
’ grazing
FF =20 FF =20
CF=0.03 CF =0.005
PMx Metabolic loss d=! AF =0.005 AF =0.005
FF = 0.005 FF = 0.005
CF=0 CF=0
JFF Flux-feeding rate (molC.L~1)~1 AF=0 AF=0
FF = 3% 10? FF =3%10°
CF=0.8 CF=0.5
gMx Maximum grazing rate d1 AF=0.2 AF=0.5
FF=0 FF=0

Table 1. Parameters used in the equation for mesozooplankton dynamics in the new version of PISCES (FOREFF) and the modified values
used for the LGE experiment ("Low Growth Efficiency" experiment, where the grazing rate is similar for both suspension feeders and the
growth efficiency is lower for cruisers). The parameters for FOREFF are also used for the NO_FOREFF (similar to FOREFF but with a
constant foraging effort), KILL._AF, KILL_CF and KILL_FF (all three similar to FOREFF but one mesozooplankton group is killed in
each) experiments. M x represents the mesozooplankton biomass of one of the three newly modelled feeding groups X: CF: cruisers, AF:

ambushers, FF: flux feeders.

2.2 Sensitivity experiments

Five sensitivity experiments were conducted to investigate the relative impact of feeding strategies and the modulation of the
foraging effort on ocean biogeochemistry and ecosystem functioning.
The first experiment (i.e., NO_FOREFF) is carried out to investigate the impact of foraging effort. NO_FOREFF is the same

as FOREFF except that cruisers have a constant foraging effort set to one.
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The second experiment (i.e., Low Growth Efficiency, LGE) is less similar to the basic FOREFF model as it is based on a
different set of hypotheses and does not include a foraging effort for cruisers. In LGE, parameters are adapted to differentiate
active and passive feeding strategies through their efficiency at capturing preys (see Table 1). This experiment is set to study
a different way to represent the trade-offs between the metabolic cost associated to swimming, grazing capacity and mortality
from predation. In LGE, the feeding efficiency of cruisers is estimated to be 3 to 10 times higher than the feeding efficiency
of ambushers. Thus, their half-saturation constant for grazing (K,) is set to 10 pwmolC.L~1 whereas that of ambushers is set
to 30 umolC.L~. Furthermore, active feeding is thought to increase metabolic losses by 15 to 25 % (Morris et al., 1985).
We represent this process by decreasing the maximum growth efficiency eMc of cruisers from 0.4 to 0.34 (Vlymen, 1970;
Alcaraz and Strickler, 1988). The quadratic mortality m ¥ for cruisers is set to be four times higher than for ambushers
(0.02 (umolC.L‘l)_ld_l, following Van Someren Gréve et al. (2017)) to reflect higher predation risks inherent to cruise-
feeding. Finally, we assume that the basal metabolism is the same for all groups, meaning that their respiration parameter ;.
is identical.

The last three experiments (i.e., KILL_AF, KILL_CF and KILL_FF) include the foraging effort for cruisers, have similar
parameters to FOREFF (see Table 1) and are designed to eliminate one PFT, respectively ambushers, cruisers and flux-feeders,
by setting their grazing rate (or flux-feeding rate) to zero. This way, we are able to get more insights on the relative impact of
each group on ecosystem dynamics and their contribution to the carbon cycle.

To characterize and compare the biogeography of the two suspension-feeding groups (cruisers and ambushers Kigrboe
(2011)) across experiments, a dominance index is defined based on their biomass M x (equation 7). This index is calculated
at each time step and on every vertical level, then averaged over the year and the top 150 m. Positive values approaching 1
indicate a dominance toward cruisers, negative values close to -1 signify a dominance toward ambushers, and values around 0

suggest a co-dominance of the two groups.

: Mcrp — Mar
Index of dominance = —————— 7
Mep+Marp ™

To evaluate how mesozooplankton feeding strategies impact biogeochemical fluxes, we focused on carbon export. We inves-
tigated carbon export at 150 and 1000 m (respectively C159 and C100), and calculated the efficiency of carbon transfer from

150 to 1000 m (equation 8), which indicates how efficiently sinking organic matter is exported to the deep ocean.

C1o00
Ciso

Carbon Transfer Efficiency = 100 x ®)

2.3 Model setup

Simulations were run offline for 20 years, using the coupled model NEMO-PISCES. The configuration and circulation are the
same as in Aumont et al. (2015). We used the ORCA-2 global configuration of NEMO, which has a spatial horizontal resolution
of 2° that increases to 0.5° latitudinal resolution at the equator. Along the vertical dimension, it has 31 vertical levels, with a

thickness increasing from 10 m at the surface to 500 m at 5000 m. Nitrate, phosphate, silicate, and oxygen are initialized from
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the World Ocean Atlas 2009 climatology (Garcia et al., 2010a, b), DIC and alkalinity from GLODAP-v1 (Key et al., 2004) and

iron and DOC are initialized from an existing quasi-steady state simulation (Aumont et al., 2015).
2.4 Comparison with observations

The reference FOREFF simulation was evaluated against in situ data. We used the Biomass Distribution Models (BDM)-
ensemble developed by Clerc et al. (2024) that estimates monthly fields of mesozooplankton biomass for the global epipelagic
ocean. Data from the monthly climatology from MAREDAT (MARine Ecosystem DATa, Buitenhuis et al. (2013)) re-gridded
on the ORCA?2 grid and integrated over the top 200 m was used to train the BDMs pipeline. Monthly satellite data from the
Ocean Colour Climate Change Initiative project (OC-CCI, Sathyendranath et al. (2019)) were re-gridded on the ORCA?2 grid,
and are used to evaluate the surface fields of chlorophyll a concentration. The modelled fields of mesozooplankton biomass
were annually averaged and integrated over 200 m. For surface chlorophyll, a mask corresponding to the seasonal lack of data
is applied to the modelled data.

Field-based estimates of global biomass are lacking for the three PFTs (Buitenhuis et al., 2013), therefore we must evaluate
the quality of our PFT-specific fields against observations in a more indirect fashion. To do so, we used the global distribution
maps of copepod functional groups published by Benedetti et al. (2023). Benedetti et al. (2023) defined eleven functional
groups (FGs) based on five species-level functional traits (i.e;, body size, trophic group, feeding mode, myelination and spawn-
ing mode) and modelled the distribution of these groups across the global surface ocean based on field occurrences and species
distribution models. The maps of Benedetti et al. (2023) estimate where the environment is most suitable for the copepod func-
tional groups to be present or not (i.e., habitat suitability indices). They do not aim to represent actual biomass patterns but they
are useful to compare the biogeography of copepod PFTs based on in sifu observations. Here, we focused on those copepod
functional groups that best correspond to the suspension feeders we modelled. The following groups of Benedetti et al. (2023)
were used to evaluate the biogeography of our cruisers: FG1 (small, myelinated cruise-feeding herbivores), FG5 (medium
size, current/cruise-feeding carnivores) and FG6 (large myelinated current-feeding herbivores). For ambushers, we considered:
FG4 (small, amyelinated ambush-feeding carnivores), FG8 (small, amyelinated ambush/current-feeding carnivores) and FG10
(large, amyelinated ambush-feeding omnivores). For both cruisers and ambushers, we pooled together and summed the habitat
suitability indices of their corresponding copepod functional groups and then calculated the dominance index following equa-
tion 7. This way, we obtained a map of the dominance index that is comparable to the one based on our model projections for

the global surface ocean.

10
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3 Results

3.1 Global distribution of mesozooplankton and chlorophyll

(b) Modelled Chlorophyll

e 3

Concentration (mmolC/m?)

(c) Ob§erved Mesozooplankton

Concentration (mmolC/m?) Concentration (gChl/m?3)

Figure 3. Comparison between modelled (top) and observed (bottom) log-scaled mean annual mesozooplankton biomass concentration in-
tegrated over the top 200 m and mean annual surface chlorophyll concentration. (a) Total modelled mesozooplankton concentration, (b)
modelled chlorophyll, (c) observed mesozooplankton biomass obtained from the BDM pipeline trained on the MAREDAT annual climatol-
ogy made by Clerc et al. (2024) and (d) observed chlorophyll concentration from OC-CCI (ESA). Mesozooplankton biomass are expressed

in mmolC/m? and chlorophyll concentration in gChl/m?>.

Our modelled fields of mean annual total mesozooplankton biomass concentration and surface chlorophyll concentration are
coherent compared to observations (Figure 3). The Pearson correlation coefficient between observed and modelled mesozoo-
plankton biomass concentration is equal to 0.49 (see Table 2). Regions of high mesozooplankton biomass concentrations are
correctly simulated although biomass is slightly overestimated compared to observations (Figures 3a, c¢), which is confirmed
by a positive bias (+ 0.05 mmol/m?, Table 2). The modelled mean annual mesozooplankton biomass concentration is coher-
ent with previous studies, where higher concentrations are found in the subpolar regions such as in the Northern Atlantic and
Pacific oceans (Stromberg et al., 2009; Serra-Pompei et al., 2022; Drago et al., 2022).

Our model also reproduces the regions of high phytoplankton biomass (Pearson correlation coefficient = 0.24) although it
overestimates the concentration of surface chlorophyll as evidenced by a positive bias (+ 0.11 gChl/m3, Table 2), especially

in the Southern Ocean (Figure 3b).
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Mesozooplankton Chlorophyll
(mmolC/m3) (gChl/m?)
Mean 0.25 0.47
Model Median 0.2 0.24
STD 0.21 0.71
Mean 0.2 0.37
Observation Median 0.18 0.19
STD 0.1 0.76
Correlation 0.49 (p < 0.001) 0.24 (p < 0.001)
Bias 0.05 0.11
RMSE +0.15 +0.88

Table 2. Statistics of the comparison of our modelled fields of mesozooplankton and phytoplankton (i.e., chlorophyll) biomass concentration
against observations on a global mean annual scale. Mesozooplankton biomass observations were sourced from the annual climatology made
by Clerc et al. (2024) and based on MAREDAT. Surface chlorophyll biomass observations were sourced from the Ocean Colour Climate
Change Initiative (OC-CCI) data. Mesozooplankton was integrated over 200 m.

3.2 Mesozooplankton biomass and biogeography
3.2.1 Global modelled biomass and mesozooplankton grazing

The total integrated plankton biomass within the first 150 meters is estimated at 1.25 GtC, with mesozooplankton accounting for
16% of this total (0.2 GtC) and primary producers contributing to 42.7%. The predicted mesozooplankton biomass is consistent
with previous estimates, which report values of approximately 0.19 GtC (Moriarty and O’Brien, 2013) or 0.12 GtC +£ 0.07 GtC
(Liu et al., 2024) for the upper 200 meters (in our study, the total mesozooplankton biomass over this depth range is estimated
at 0.24 GtC). Ambushers are the dominant mesozooplankton group, representing 54.8 % of total mesozooplankton, with a
simulated integrated biomass of 0.11 GtC and a mean global concentration of 0.154 mmolC /m3 over the top 150 m (see Table
3 for the concentrations averaged over the top 150 m and supplementary materials, Figure A.3b for their spatial distribution).
The integrated biomass of cruisers over the same layer is significantly lower (0.03 GtC, with a mean concentration of 0.093
mmolC/m3, see supplementary materials, Figure A.3a) and remains consistently below the average biomass of ambushers,
no matter the depth layer. Over the top 500 m, we find a total integrated mesozooplankton biomass of 0.36 GtC, which is 11.7
% lower than the biomass estimated by Drago et al. (2022) from in situ imaging (0.403 GtC over the top 500 m). Over this
layer, our model predicts that flux-feeders are the most abundant group (integrated biomass of 0.19 GtC against 0.12 GtC for
ambushers and 0.04 GtC for cruisers), reflecting their increasing abundance in deeper waters.

The globally integrated total grazing by mesozooplankton in the top 150 m amounts to 7.91 GtC/yr, with ambushers con-

tributing to 52 % of this amount (Figure 4 and see Table 2), in line with their larger abundance at global scale (see supplemen-
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tary materials, Figure A.3b). This estimate of the total grazing falls within the range reported by similar studies, including 5.5
GtCl/yr (Calbet, 2001), 11.2 GtC/yr (Aumont et al., 2015), and the range provided by Herndndez-Ledn and Ikeda (2005) (10.4
+ 3.7 GtC/yr). Grazing by flux-feeders is highest below the euphotic layer, consistent with their feeding behaviour (Stukel
et al., 2019). Although their integrated global biomass in the top 150 m is only 0.06 GtC, it peaks around 150 m depth, surpass-
ing the biomass of suspension feeders below 100 m, as previously noted. This is further highlighted by their greater grazing
below 100 m, which remains higher than that of suspension feeders at all depths below 100 m (Figure 4, yellow curve).

In the upper 30 m, cruisers exhibit higher grazing rates than ambushers (0.08 GtC'/(m.yr) for cruisers and 0.07 GtC/(m.yr)
for ambushers ; Figure 4, red and orange curves) despite their lower integrated biomass (0.04 GtC for ambushers and 0.02 GtC
for cruisers). This result is consistent with the higher maximum grazing rates assigned to cruisers with respect to ambushers
(see Table 1). Nevertheless, the higher grazing rates of cruisers are insufficient to offset their higher metabolic needs and higher

mortality by predation, which explains their overall lower global biomass.

01 yi

T -200
=
B
o —300 1
[a]

~400 1

Grazing by Grazing by Grazing by
—500 1 == ambushers cruisers flux-feeders |
0.00 0.02 0.04 0.06 0.08

Grazing (GtC/(m. yr))

Figure 4. Annual mean of the modelled grazing rate (GtC'/(m.yr)) of the different mesozooplankton groups (ambushers in red, cruisers in

orange, and flux-feeders in yellow) along the vertical dimension from 0 to 500 m deep.

3.2.2 Biogeography of suspension feeders

We focus here on the biogeography of the two groups of suspension feeders (ambushers and cruisers, Figures 5a, d) in the top
150 m. As they feed on preys in suspension in the water column, cruisers and ambushers are found in the surface layers where
their preys are the most abundant overall (Figure 4 red and orange curves). The spatial distribution of both groups appears to
be broadly consistent with the literature (Benedetti et al., 2023): cruisers dominate over ambushers at high latitudes and in the
very productive regions, such as the Eastern Boundary Upwelling systems (for instance the Humboldt and Benguela current
Systems). In contrast, ambushers are the most abundant at lower latitudes in regions characterized by weak seasonality and low
nutrients levels (Figures 5a,d ; see also supplementary material Figure A.3 for mesozooplankton concentrations). When zonally
averaged over the top 150 m, there is no significant vertical variation in the dominance patterns between the two feeding mode

groups (Figure 5d). Thus, when one group dominates at the surface, it also dominates throughout the entire euphotic layer.
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The trade-offs that control the two suspension feeding modes drive the emergent biogeography highlighted above. The passive
behaviour of ambushers results in a lower grazing rate but also reduced energy expenditure from swimming and much lower
285 predation mortality. This allows them to thrive in regions of low productivity, compared to cruisers. In contrast, cruisers face
higher predation risks and increased energetic costs due to their continuous swimming behaviour. To offset these drawbacks,
they rely on a higher grazing rate, which leads to greater food intake, allowing them to thrive in more productive regions, such

as in high latitudes (Figure 5a).

(c) LGE

(a) FOREFF

(d) FOREFF (e) NO_FOREFF

Depth (m)
|
@
o

—100+ —100+

—120+ —120+

-140 -140+

80 —60 -40 -20 O 20 40 60 20 40 60 80 -60 -40 -20 O 20 40 60
Latitude Latitude Latitude

~1.00 —0.75 —0.50 —0.25 0.00 0.25 0.50 0.75 1.0

AF codominance CF

Figure 5. Annual mean of dominance index between cruisers (CF) and ambushers (AF), averaged over 150 m (top) and zonally averaged
(bottom) for the different experiments: (a, d) reference (FOREFF), (b, e) constant foraging effort (NO_FOREFF) and (c, f) same growth rate

for suspension feeders but lower growth efficiency for cruisers (LGE).

3.3 Distribution of foraging effort for active suspension feeders and seasonality of suspension feeders

290 In addition to explicitly modelling cruisers, ambushers, and flux-feeders, the main novelty here is to model the optimal foraging
effort of cruisers which represents the effort invested into searching for preys as a function of prey availability. As active
behaviours account for a higher predation risk, this foraging effort is also an asset to increase their overall fitness, while

avoiding predators (Kigrboe, 2024).
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(a) Foraging effort

P

(b) Temporal variance

o

Figure 6. (a) Annual mean of the foraging effort (unitless) for cruisers and (b) temporal variance of the foraging effort, averaged on the top
150 m.

Figure 6a illustrates the foraging effort of cruisers averaged over the top 150 m. Consistent with Figure 2, the effort is zero
in highly oligotrophic regions and peaks around one in regions with intermediate productivity to maximize ingestion. The
foraging effort declines in areas of high productivity (for prey concentrations higher than 11.4 mmolC/m?). This suggests
that cruisers would decrease or cease their foraging and eventually die in the least productive regions, such as the subtropical
gyres, due to insufficient prey availability to meet their metabolic needs. This result has been shown on Figure 5a, where
cruisers dominate over ambushers (and see supplementary materials, Figure A.3a). In very productive regions, the decrease in
foraging effort suggests that cruisers are able to save energy and reduce their predation risk while benefiting from abundant
prey concentrations.

The seasonal variation of the foraging effort over the year is presented through a map of its temporal variance (Figure 6b).
The highest seasonal variations are found at high latitudes and decrease towards the equator. High latitudes are characterized
by strong seasonal variations in the prey concentration (for instance in the Southern Ocean, prey concentration varies from
3.33 mmolC/m? during the seasonal bloom to 0.22 mmol/m? in Austral winter), which leads consequently to important
variations in the foraging effort of cruisers. During winter, when phytoplankton and microzooplankton concentrations are very
low, the foraging effort decreases to zero. Conversely, during the favourable season, the foraging effort remains close to 1,
except during the spring bloom when prey concentration may locally become sufficiently high to trigger its down regulation
(Figure 6). At the edges of the subtropical gyres, seasonal variations are smaller yet still important. These variations are
caused by their seasonal spatial contraction and expansion which leads prey abundance to fluctuate around the minimum prey
concentration required to sustain a non-zero foraging effort (i.e., R,.:n, see equation 6). At the center of the subtropical gyres,
prey concentration remains below R, all year long, resulting in a consistently null foraging effort and no seasonal variability.
In the highly productive regions of the low latitudes, such as the eastern boundary upwelling systems, prey abundance remains
always high. Consequently, the foraging effort displays very modest variations in these productive regions, as evidenced in

Figure 6.
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Figure 7. Time series (in months) over the high latitudes of the Southern Ocean (> 60°S) for the suspension feeders’ concentration (cruisers
in orange, ambushers in red, in mmolC/m?®) and the foraging effort (unitless, in blue), averaged over the top 150 m. The vertical bars

represent the standard deviation.

To investigate the seasonality of suspension feeders, we focus on the Southern Ocean (south of 60°S), where strong variations
are observed, in accordance with the temporal variance of the foraging effort parameter (Figure 6b). This region, with its highly
seasonal environment, is examined to explore the relationship between the biomass of suspension feeders and the foraging
effort (Figure 6b). Cruisers consistently dominate over ambushers in these regions throughout the year (Figure 5a). Overall, if
one group of suspension feeders dominates in a region, it dominates all year long, and our model does not predict alternation
between suspension feeders (see supplementary materials, Figure A.7). In the Southern Ocean, both cruisers and their foraging
effort exhibit a similar seasonal pattern (Figure 7, blue and orange dots) peaking in March at respectively 0.41 mmolC/m3
and 0.4. The favourable season is also characterized by a very large spatial variability of both the biomass and the foraging
effort. During this season, prey concentration in the Southern Ocean increases (to reach a maximum of 3.3 mmolC/m3, with a
minimum of 0.22 mmolC/m? in Austral winter). This resulting larger pool of prey combined with an enhanced foraging effort
boosts the concentration of cruisers. The large spatial variability underscores the contrast between HNLC regions and highly
productive areas near Antarctica, as well as downstream of islands and plateaus. Following the summer period, cruiser biomass
steadily declines, until it reaches its minimum in November (0.065 mmolC'/ m3, i.e. 84% lower than its maximum summer
value). Yet, cruisers remain four times more abundant than ambushers (0.016 mmolC/m?). Ambushers biomass remains
low throughout the year (0.023 mmolC/m?) and presents weak seasonality (Figure 7, in red). A small peak of ambushers
(0.03 mmol /m3) occurs after the seasonal bloom, in April. Similar temporal patterns are observed at high Northern latitudes
(> 60°N, not shown here), with a peak of foraging effort and of cruisers’ concentration in August, followed by a peak of
ambushers later in October. At low latitudes (between 0° and 30°N/S, not shown here), seasonal variations are much lower

(less than 20 % for ambushers) as these regions are mainly characterized by low productivity in the gyres throughout the year,
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except in Eastern Boundary Upwelling systems. Ambushers largely dominate over cruisers such that no successive dominance

is observed in these regions as well (see supplementary materials, Figure A.7).
3.4 Sensitivity experiments

In this section, we first compare the reference simulation FOREFF with two experiments with three PFTs: i) NO_FOREFF,
which is similar to FOREFF but with a constant foraging effort for cruisers (set to its maximum value of 1) and ii) LGE
(Low Growth Efficiency, for cruisers), in which both suspension feeders have the same maximum grazing rate, but cruisers are
assigned a lower half-saturation constant for grazing and reduced growth efficiency. Next, we examine the impact of removing

one of the feeding groups in FOREFF, hence reducing the representation of mesozooplankton from three to two PFTs.
3.4.1 Impact of a constant foraging effort on global biomass (NO_FOREFF experiment)

By keeping the foraging effort for cruisers to its maximum value of 1 (i.e. NO_FOREFF), the biogeography of suspension
feeders (Figures 5b, e) moderately differs from that of FOREFF. Cruisers are largely outcompeted by ambushers on a global
scale, but remain slightly dominant at high latitudes and in the most productive regions of the low and mid-latitudes (Figure
5b). At depth, the dominance of cruisers is also strongly diminished at high latitudes: the dominance of ambushers is only
lower in the top 100 m in the Southern Hemisphere and in the top 60 m in the Northern Hemisphere, indicating a trend toward
co-dominance in these regions (Figure 5e). Even if cruisers become widely dominated by ambushers in this experiment, they
are still present in the same regions as in the reference FOREFF simulation (see supplementary materials, Figures A.3a, d),
but their concentration is lower while the concentration of ambushers is higher than in the reference FOREFF simulation
(Figures 8d, e, light blue dotted curves). The NO_FOREFF experiment indicates that maintaining a constant foraging effort
at its maximum value is too restrictive for cruisers at low and high prey availability. In regions where prey abundance is very
low all year long, active organisms lose too much energy to their swimming activity, failing to gather enough resources during
the more favourable season to survive. In regions of high productivity, this leads to a strong mortality of cruisers by predation,
making them less successful than in FOREFF.

Despite important differences in the spatial patterns of dominance, the zonally average distribution of total mesozooplankton
biomass in NO_FOREFF remains similar to FOREFF (Figure 8a, dark blue and light blue dotted curves), except in the mid to
high latitudes of both hemispheres, especially south of 40°S where total mesozooplankton biomass is lower. In these regions, the
biomass of cruisers is strongly reduced, a decrease that is only partly compensated by an increase in ambushers. Globally, the
cruisers concentration is 71.7% lower in this experiment with constant forging effort whereas it is 24.2% higher for ambushers
(Figure 8e). The biomass of flux-feeders is also significantly decreased (-16.1%) in the mid to high latitudes as a consequence
of a lower export of organic matter below 150 m (see section 3.5). Overall, the global mesozooplankton concentration in this
experiment decreases by 13%, with a total integrated biomass over 150 m of 0.16 GtC, including 74.2% of ambushers and only
6.7% of cruisers. Furthermore, the decline in cruisers driven by their constant foraging effort, along with the reduction in flux
feeders due to decreased carbon export, results in lower grazing by both groups (Table 3 and supplementary materials, Figure

A.4b). As a result, total grazing by mesozooplankton declines in the NO_FOREFF simulation, which explains the increase in
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microzooplankton biomass (+12.5 %, Figure 8b), while phytoplankton biomass presents almost no variation (-0.6 %, Figure
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Figure 8. Annual and zonal (averaged over 150 m depth) mean biomass of (a) total mesozooplankton, (b) microzooplankton, (c) phytoplank-
ton, (d) cruisers, (¢) ambushers and (f) flux-feeders for the different experiments (in mmolC'/ m?®): FOREFF in dark blue line, NO_FOREFF
in dotted blue is similar to FOREFF but with constant foraging effort, LGE (Low Growth Efficiency) in dashed pink corresponds to same
growth rate for suspension feeders but lower growth efficiency for cruisers, and KILL._AF in dash and dotted green is similar to FOREFF but

ambushers are removed.

370 3.4.2 Impact of the parameters variation for 3 PFTs on global biomass (LGE experiment)

In the LGE experiment, the spatial distributions of ambushers and cruisers present a reversed biogeography compared to the
reference FOREFF simulation: cruisers now dominate at low latitudes in oligotrophic regions whereas ambushers dominate at
higher latitudes and in productive regions (Figure 5c). In low productivity regions, cruisers are outcompeted by ambushers in
the FOREFF experiment as their foraging effort drops down to zero (i.e., they stop feeding), which is not the case in the LGE
375 experiment. In comparison to NO_FOREFEF, cruisers perform better in LGE thanks to their increased ingestion rate, as their
half-saturation constant is reduced by a factor of 2 while their maximum ingestion rate is only divided by 1.6. Furthermore,
respiration resulting from their active feeding behaviour is a fraction of ingestion, which remains very low in oligotrophic

regions. It is therefore much lower than in NO_FOREFF, where respiration is constant and independent of food availability. In
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LGE, cruisers also outperform ambushers, as they consume three times more food due to their lower half-saturation constant
for grazing (three times lower), while maintaining the same maximum grazing rate. Their metabolic loss due to their active
feeding mode is only slightly increased and predatory loss remains secondary in these low productive regions since we assumed
a quadratic parametrization for mortality. In more productive regions, changes in dominance patterns are primarily attributed
to the greater success of ambushers in LGE, while the performance of cruisers is less affected compared to NO_FOREFF.
Ambushers have a maximum grazing rate that is now identical to that of cruisers and thus 2.5 times higher than in FOREFF
and NO_FOREFF and an unchanged mortality by predation. At high food levels, they ingest thus more food comparatively to
FOREFF and NO_FOREFF while still experiencing a much lower mortality by predation which is critical. Additionally, their
much higher biomass leads to a stronger mortality for cruisers, reinforcing their dominance.

The total integrated biomass over 150 m increases compared to FOREFF reaching 0.27 GtC, with 0.16 GtC for ambushers
(69% of the total mesozooplankton biomass), 0.07 GtC for cruiser (26%) and 0.04 GtC for flux-feeders (15%). As a result, this
set of parameters leads to an increased mesozooplankton grazing of + 57.7%. Notably, grazing is higher for cruisers near the
surface in the reference simulation (FOREFF) but rapidly decreases below the levels of ambushers at depth (Figure 4, orange
and red curves). In contrast, in the experiment where suspension feeders are assigned the same grazing rate as the other two
groups (i.e., LGE), grazing by cruisers at the surface is initially lower than that of ambushers but remains nearly constant, only
decreasing at around 80 m depth (see supplementary materials, Figure A.4, orange curve), resulting in overall higher grazing
levels.

A large increase in mean annual total mesozooplankton concentration is observed in LGE compared to FOREFF, especially
at high latitudes (+ 56.9%, Figure 8a, dashed pink and dark blue curves). The biomass of both suspension feeding groups
increases (+ 24.6% for cruisers and + 105.5% for ambushers, Figures 8d, e). However, the latitudinal pattern for the concen-
tration of cruisers presents an increase of that group at low latitudes, and a decrease at high latitudes. Meanwhile, ambushers
concentration decreases at low latitudes and increases strongly in the high latitudes and in the productive regions of the low
latitudes, resulting in the pattern observed in Figure 5c. The increase in mesozooplankton biomass concentration leads to a
global reduction in microzooplankton concentration within the top 150 m (-41.2%, Figure 8b) due to enhanced mesozooplank-
ton grazing. As a result, phytoplankton biomass concentration increases by + 5.3%, (Figure 8c) thanks to this relaxation of

microzooplankton grazing.
3.4.3 Impact of considering only two PFTs on global biomass (KILL_AF, KILL_CF & KILL_FF experiments)

Eliminating ambushers (KILL_AF, Figure 8, green dash-dotted curves) results in the largest decrease in total mesozooplank-
ton biomass (-31%, Figure 8a), especially at low latitudes where ambushers are the dominant mesozooplankton group in the
reference experiment FOREFF. However, removing one feeding group favours the remaining two since the quadratic mortality
depends on the sum of all three groups. In the absence of competition from ambushers, the biomass concentration of cruisers
increases significantly (+42%, Figure 8d), with this increase primarily occurring at low to mid-latitudes. Nevertheless, their
greater concentration does not fully offset the loss of ambushers, resulting in a net decrease in total mesozooplankton biomass.

Flux-feeders also experience an increase in biomass as they are no longer out-competed by ambushers (+18.2%), particularly
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at depth in productive regions (Figure 8f, green dash-dotted curve). Total grazing by mesozooplankton remains globally un-
changed (less than 1%). Consequently, removing ambushers has almost no impact on microzooplankton and phytoplankton
biomass concentration (less than 1.5% for both), except for a slight increase in the low latitudes for microzooplankton (Figure
8b, green dash-dotted curve).

When removing the cruisers (KILL_CF, not shown here, see supplementary materials, Figure A.5, orange dash-dotted
curves), mesozooplankton biomass also decreases (- 13.3%), yet less than in the KILL_AF experiment. This decrease is pri-
marily observed at high latitudes, where cruisers were the most abundant and where they are partly replaced by ambushers as
evidenced by their 51% increase in biomass concentration. Furthermore, ambushers produce fewer big particles due to their
lower grazing efficiency which, together with a strong competition with flux-feeders in the lower part of the euphotic zone,
leads to a significant reduction in flux feeders biomass concentration (-36.6%). Removing the cruisers makes ambushers the
sole suspension feeding group, therefore they are able to reach their maximum grazing levels (see Table 3). However, total graz-
ing by mesozooplankton is lowered compared to the reference FOREFF configuration (-23.5%), leading to a strong increase in
microzooplankton biomass concentration (+21.1%).

When removing flux-feeders (KILL_FF experiment, not shown here, see supplementary materials, Figure A.5,), variations
in ecosystem dynamics remained similar although less pronounced. Total mesozooplankton biomass decreases by 21.2%, a
change largely attributable to the direct removal of flux-feeders, as changes in cruisers and ambushers biomass concentration
are small, respectively +1.2% and +4.3%. Contrary to the other two experiments (KILL_AF and KILL_CF), the lack of re-
placement of one group of suspension feeders by another (cruisers or ambushers) is explained by their distinct feeding mode.
Feeding mainly on rapidly sinking, weakly abundant large particles, flux-feeders predominantly reside at depth where food

levels are anyhow insufficient to sustain ambushers and cruisers.
3.5 Impact of considering several mesozooplankton feeding behaviours on the global carbon cycle

Distinguishing three mesozooplankton feeding groups impacts the amount of carbon export at depth (Table 3). In the reference
FOREFF configuration, total carbon export is 5.01 GtC/yr at 150 m and 1.69 GtC/yr at 1,000 m. The spatial pattern of the
amount of carbon exported at depth is similar to the one obtained by Henson et al. (2012), with highest export in productive
regions and at high latitudes (Figure 9a). These global carbon export values are within the range of recent independent studies
(DeVries and Weber, 2017), but they are lower than values found in previous PISCES-based model studies (6.9 GtC/yr at 150
m depth by Aumont et al. (2015), or 7.71 GtC/yr at 100 m depth by Clerc et al. (2023)). In our model, the global carbon transfer
efficiency, defined as the carbon flux at 1000 m relative to the flux at 150 m, reaches a proportion of about 33.7% (Table 3).
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Figure 9. Annual mean of carbon export at 150 m (left panels, in gC/m?/yr) and of carbon transfer efficiency between 150 and 1000 m
(right panels, in %). (a,b) Values obtained for the reference FOREFF simulation. (¢, d) Differences between FOREFF and NO_FOREFF
(similar to FOREFF but without a variable foraging effort). (e, f) Differences between FOREFF and KILL_FF (similar to FOREFF but

flux-feeders are killed).

In our reference FOREFF simulation, carbon transfer efficiency is maximum (up to 50%) in the productive areas at high
latitudes, intermediate (around 30 to 35%) in regions of moderate productivity at mid and low latitudes, and minimum (less
than 30%) in highly oligotrophic regions (center of the gyres) and in the Eastern Boundary Upwelling Systems (less than
10%). The latter corresponds to those regions where flux-feeders thrive (see flux-feeders concentration averaged between 150
and 1000 m in Supplementary materials Figure A.9a), as they are able to efficiently feed on abundant sinking particles, hence
lowering the carbon export at depth (Figure 9b).

Variations in carbon export across different model experiments are controlled by two main factors. First, the production of
organic particles in the upper ocean, which partly depends on the relative contributions of the two suspension feeding modes.

Suspension feeders influence production both directly, through differences in grazing intensity and mortality losses, and in-
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directly, by modulating microzooplankton biomass and primary productivity. Second, the fate of sinking organic particles,
and thus the transfer efficiency, is affected by flux-feeders. According to our experiments, an increase in grazing by suspension
feeding mesozooplankton leads to a higher export at 150 m (Table 3). This result is expected since suspension feeding mesozoo-
plankton are the main source of large organic particles through both fecal pellet production and mortality. Furthermore, cruisers
appear to be more efficient at sustaining export than ambushers. This is demonstrated by the experiments NO_FOREFF and
KILL_CEF, both of which result in a significant reduction in export at 150 m of -6.41% and -11%, respectively (Table 3). Spa-
tially, the most substantial decreases in export in NO_FOREFF and KILL_CF occur at high latitudes, where a sharp decline in
export (-48.8% and -60%, respectively) aligns with a significant reduction in cruisers abundance (Figure 9c for NO_FOREFF
and supplementary Figure A.8i for KILL_CF). In contrast, the variation of carbon export is much smaller when ambushers are
eliminated (KILL_AF). Spatially, this corresponds to moderate increases in export in productive regions, balanced by moderate
decreases in less productive areas (see supplementary materials, Figure A.8g).

In all experiments, absolute changes in average transfer efficiency remain relatively modest globally (less than 5.5%), except
when flux-feeders are eliminated. In the latter case, average transfer efficiency is strongly increased from 33.66% to 45.96%
(KILL_FF, Table 3 and Figure 9f). The KILL_FF experiment demonstrates the critical role played by flux-feeding on the fate
of the particulate organic matter sinking down in the mesopelagic domain. Spatially, the impact of flux-feeders is maximum in
productive regions such as upwelling systems and the high latitudes (Figure 9f), where their abundance in the mesopelagic do-
main is high thanks to a higher concentration of organic particles exported from the upper ocean (see supplementary materials,
Figure A.9f). In the other experiments, such as NO_FOREFF and KILL_CF, a decrease in flux-feeders concentration at depth

generally leads to an increase in the transfer efficiency and vice versa (see supplementary materials, Figures A.9 and A.8).
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‘ H FOREFF ‘ NO_FOREFF ‘ LGE ‘ KILL_AF ‘ KILL_CF ‘ KILL_FF ‘
Mesozooplankton (mmolC/m?) 0.324 0.282 0.509 0.224 0.281 0.255
Cruisers 0.093 0.026 0.116 0.133 0. 0.094
Ambushers 0.154 0.191 0.316 0. 0.232 0.16
Flux-feeders 0.077 0.065 0.076 0.091 0.05 0.
Grazing by mesozooplankton (GtC'/yr) 791 7.02 12.55 7.9 6.04 6.62
Cruisers 2.88 1.75 5.95 6.7 0. 2.66
Ambushers 4.12 4.43 5.41 0. 5.51 3.96
Flux-feeders 0.91 0.84 1.19 1.21 0.53 0.
Microzooplankton (mmolC/m?) 0.774 0.871 0.455 0.785 0.937 0.755
Carbon export at 150 m (GtC'/yr) 5.01 4.69 6.15 4.98 4.47 5.19
Carbon export at 1000 m (GtC' /yr) 1.69 1.6 2.12 1.59 1.57 2.38
Carbon transfer efficiency, 150-1000 m (%) 33.66 34.05 34.46 31.97 352 45.96

Table 3. Summary statistics of mean total zooplankton biomass concentration and mean total carbon flux at depth obtained for the different
model simulations. Micro- and meso- zooplankton are averaged over 150 m and mesozooplankton grazing is integrated over 150 m. The
carbon export values are globally integrated sinking flux of organic carbon. Carbon transfer efficiency is defined as the ratio of carbon flux at
1000 m relative to the flux at 150 m. FOREFF is the reference simulation. NO_FOREFF is similar to FOREFF but with a constant foraging
effort for cruisers. In LGE (Low Growth Efficiency, for cruisers), both suspension feeders have the same maximum grazing rate, but cruisers
are assigned a lower half-saturation constant for grazing and reduced growth efficiency. KILL_AF is similar to FOREFF but ambushers are

removed. KILL_CF is similar to FOREFF but cruisers are removed. KILL_FF is similar to FOREFF but flux-feeders are removed.

4 Discussion

We implemented three mesozooplankton feeding strategies in the marine biogeochemical model PISCES: one group of flux-
feeders and two groups of suspension feeders (i.e., cruisers and ambushers). The different model experiments show that sus-
pension feeders predominate in the epipelagic layer while flux-feeders thrive more at depths lower than 100 m where they
substantially decrease the amount of particles sinking to the mesopelagic domain. In most of the regions, ambushers prevail
over cruisers thanks to their lower metabolic expanses and lower predation risk. Yet, cruisers may outcompete ambushers in
the most productive regions thanks to their higher grazing rates. As we also explicitly considered the cost of the foraging of
cruisers, we found that despite a higher predation risk due to their active behaviour and higher metabolic costs when actively
foraging, cruisers have access to a larger range of prey as well. Indeed, their foraging effort allows to better optimize their

search, since they save their energy and avoid predation in the least and most productive regions.
4.1 Comparison with previous studies and data on the biogeography of copepod feeding strategies

Theoretical modelling studies on feeding strategies of zooplankton have shown various biogeographies for these organisms

(Prowe et al., 2019; Visser, 2007). For instance, the model proposed by Prowe et al. (2019) focuses on encounter rates between
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zooplankton and their preys, which are controlled by trade-offs between motility, body size, and predation risk. It showed a
stronger competition among suspension feeders at high latitudes, where ambushers tend to dominate over cruisers. It is also the
case in our Low Growth Efficiency (LGE) experiment, where ambushers dominate in productive regions and exclude cruisers
(Figure 5c). Similarly, Visser (2007) and Visser et al. (2008) showed in their theoretical studies how trade-offs, specifically
the net energy gain versus predation (Visser, 2007), allow to predict the biogeography of these organisms. They suggest that
more passive suspension feeders, such as ambushers, would dominate in regions characterized by higher prey levels, higher
turbulence and higher predation risk. Conversely, cruisers would perform better at intermediate or lower food levels as well
as at lower levels of turbulence (Visser, 2007; Kigrboe, 2011). This leads to a pattern similar to our LGE experiment as well.
These modelling studies suggest that ambushers would dominate on a global scale, particularly at high latitudes and in areas
with high prey densities. This overall dominance of ambushers is a consistent finding across all our experiments (Figure 5,
top row, and Table 3). However, the preference for a passive ambushing strategy in regions with higher prey concentrations is
simulated only in our LGE experiment (Figure 5c).

To our knowledge, the study by Serra-Pompei et al. (2020) is the only modelling work that predicts a biogeography similar
to that simulated in our experiments FOREFF and NO_FOREFF. This study examines the distribution of passive and active
organisms alongside their body size, demonstrating that small passive-feeding organisms tend to dominate in low-productivity
environments, whereas large active-feeding organisms prevail in more productive systems. Consistent with our findings in
FOREFF and NO_FOREEFF, the study also shows that active feeding strategies are entirely eliminated under low food avail-
ability. However, a key distinction from our work and the work of Serra-Pompei et al. (2020) is their explicit representation
of the mesozooplankton size distribution, which plays a crucial role in shaping the predicted biogeography. Among small
organisms, passive feeding consistently emerges as the dominant strategy, explaining its prevalence in low-productivity envi-
ronments. In contrast, large organisms, which thrive in highly productive systems, are hypothesized to be exclusively active
feeders due to their high sinking speeds, which render a passive strategy unviable.

Our predicted biogeography can also be compared with recent observational studies on zooplankton traits, particularly the
global surface distribution of copepod functional groups established by Benedetti et al. (2023). This study integrates species-
level occurrence data, niche modelling, and a species-level functional trait database, providing a biogeographical perspective
on suspension feeders based on in situ observations. In Benedetti et al. (2023), ambushers and cruisers are classified into three
distinct functional groups each (see Section 2.4). By comparing the distribution of these functional groups, represented through
a habitat suitability index, with the cruiser and ambusher plankton functional types (PFTs) considered in our study, we observe
a spatial pattern of active and passive organisms similar to that predicted in our FOREFF experiment. The co-dominance index
(Figure 10) suggests that, as in FOREFF, active organisms dominate over passive ones at high latitudes and in highly productive
regions such as the Eastern Boundary Upwelling Systems. However, the observed biogeography exhibits greater co-dominance
than our model predictions, as indicated by co-dominance index values closer to zero (Figure 10). Notably, in the oligotrophic
subtropical gyres, active feeders are not completely absent in contrast with what we found in FOREFF.

However, caution is required when comparing the observation-based dataset from Benedetti et al. (2023) with our modelling

results. Their study is based on presence data and habitat suitability indices estimated from niche models, and hence it does not
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consider biomass which is what is simulated by our model. This difference with our study must be taken into account when
comparing our results to theirs. In particular, because their approach is based on presence and habitat suitability rather than

biomass, it may introduce bias and lead to underestimation of the proportion of the different organisms.

-0.4 -02 00 02 04
AF codominance CF

Figure 10. Mean annual codominance index for projections of the Community Weighted Mean (CWM) traits values for the global surface
ocean of cruise-feeders (CF) and ambush feeders (AF). This map is based on the dataset for copepods functional groups defined by Benedetti

et al. (2023).

4.2 Competition between suspension feeders in the experiments with 3 PFTs

Cruise-feeding and ambush-feeding mesozooplankton display distinct spatial biomass distribution but similar vertical profiles.
Both groups are more concentrated in surface layers, whereas flux feeders are found in the deeper part of the euphotic zone
and prevail in the mesopelagic and bathypelagic domains. In the euphotic zone, ambushers are found everywhere and dominate
over cruisers except in productive regions and at high latitudes, as mentioned above (see section 4.1).

The different experiments showed a strong sensitivity of the biogeography of the suspension feeding groups to the assump-
tions made on the trade-offs between the energy obtained from feeding and invested into competing functions such as growth,
reproduction and survival (Martini et al., 2021). For instance, active organisms spend more energy searching for food as well
as mates, but are more subject to predation by higher trophic levels. Meanwhile, passive organisms are characterized by lower
metabolic expenses but also lower probabilities of finding mates (Kigrboe, 2011; Kigrboe et al., 2015; Van Someren Gréve
et al., 2017). Moreover, a common behaviour of actively foraging zooplankton is to slow down its foraging activity when their
prey become more abundant (Kigrboe et al., 2018a; Werner and Anholt, 1993; van Someren Gréve et al., 2019).

In the reference configuration of our study (i.e. FOREFF), adaptive behaviour is incorporated using the theoretical framework
proposed by Kigrboe et al. (2018a). Comparing this reference setup to the NO_FOREFF sensitivity experiment provides
insights into the effects of variable adaptive foraging effort. In productive regions with high prey concentrations, such as
low-latitude upwelling systems and high latitudes, reduced foraging effort explains the dominance of cruisers over ambushers

(Figures 6a and 5a), as minimizing predation losses becomes more critical than maximizing energy gain. When food levels are
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low (< 1.5 mmolC/m?), cruisers stop feeding because saving energy becomes critical. In the subtropical gyres, cruise feeders
are outcompeted by ambushers and even completely eliminated when foraging effort is kept maximum, because food levels
are never sufficient to sustain their metabolic needs. At high latitudes, reduced metabolic expenditure resulting from ceasing
foraging enables cruisers to better endure the winter and, hence, maintains a sufficient population to outcompete ambushers
when prey becomes abundant in the spring (Figure 7). This is evident from the sharp decline in their abundance predicted in
the NO_FOREFF experiment (Figure 8d). The ability of mesozooplankton to adjust their foraging effort thus plays a crucial
role in their success in seasonally productive regions, such as high latitudes and low-latitude upwelling systems. However, even
in regions where active feeders dominate, ambushers are never entirely excluded (see supplementary materials, Figure A.3b).
Thus, ambush feeding remains a viable predation strategy across all regions of the upper ocean, unlike active feeding modes,
as already shown in previous studies (Prowe et al., 2019; Becker et al., 2021).

In the LGE experiment, we assumed different hypotheses than in the reference experiment FOREFF. While keeping the
same maximum grazing rate for both suspension feeding groups (cruisers and ambushers), we assigned to cruisers a lower
half-saturation constant for grazing to reflect their superior foraging efficiency and a lower gross growth efficiency to represent
their higher metabolic needs relative to ambushers (Kigrboe, 2011; Kigrboe et al., 2015; Alcaraz and Strickler, 1988). With
these assumptions and the parameters values prescribed in LGE, cruisers are outcompeted by ambushers in productive regions
and high latitudes (see Table 3 and supplementary materials, Figures A.4c and A.6c¢). This outcome is driven by the fact that
cruisers experience a predation mortality rate four times higher than that of ambushers, requiring them to assimilate at least
four times more food to remain competitive. Yet, with a lower gross growth efficiency and a half-saturation constant only three
time lower, this is not achievable.

Our different configurations implement in different manners a common set of trade-offs related to feeding modes: active
organisms are more efficient foragers and reproducers but experience a greater predation risk and higher metabolic losses. So
far, there are still little experimental data with which we can accurately quantitatively constrain these trade-offs. Furthermore,
these previous theoretical and laboratory studies provide a broad range of possible parameter values for representing meso-
zooplankton feeding modes, adding to the challenge of accurately constraining these dynamics.(Kigrboe, 2011; Morris et al.,
1985; Vlymen, 1970; Van Someren Gréve et al., 2017). This challenge is reflected through important variations in our exper-
iments, such as the spatial and temporal repartition of the suspension feeding groups and the impact on carbon export. This
strong sensitivity of zooplankton and its role in plankton ecosystem dynamics and carbon cycle has been previously evidenced
(Chenillat et al., 2021; Van Someren Gréve et al., 2017; Rohr et al., 2023).

Two parameters were found to be particularly important in our modelling experiments: the maximum grazing rate g}/x
and the quadratic mortality rate m**. A higher maximum grazing rate of cruisers was found to be necessary to predict a
biogeography in which cruisers dominate at high latitudes and in highly productive regions but are dominated in low productive
regions. A similar biogeography was found by Serra-Pompei et al. (2020) who made the same assumption. When similar
maximum grazing rates are prescribed, cruisers are generally outcompeted except at low food and turbulence levels as found
in previous modelling studies (Prowe et al., 2019; Visser et al., 2008; Visser, 2007). The assumed excess in predation risk

due to an active feeding mode, i.e. the value of m*x, is also a key parameter. When maximum grazing rates of cruisers and
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ambushers are identical, a high excess risk leads to an exclusion of the former in highly productive regions and at high latitudes

(as in our LGE experiment) whereas a weak excess risk results in a domination by cruisers everywhere in the surface ocean.
4.3 Contribution of flux-feeders to ecosystem dynamics and carbon flux

We find flux-feeding mesozooplankton to be more abundant below the euphotic zone where they outcompete the suspension
feeding modes (Figure 4, Jackson (1993)). This is not surprising since the main source of energy for mesozooplankton in the
mesopelagic layer is the flux of sinking organic particles, making flux-feeding the most advantageous mesozooplankton feeding
strategy. In particular, they prefer large, rapidly sinking particles, as the particle flux constraints the probability of feeding and
flux-feeders would clear large particles more efficiently than smaller ones, that sink more slowly (Jackson, 1993; Kigrboe,
2011). In the interior of the ocean, the abundance and vertical distribution of flux feeders closely correspond to particle flux.
Their abundance peaks in highly productive areas and declines with depth, mirroring the particle flux, which is itself influenced
by flux feeders. The depth at which flux-feeders become dominant depends on the euphotic depth and therefore, on surface
productivity (the euphotic depth being shallower in productive zones and deeper in oligotrophic regions, Stemmann et al.
(2004)). As aresult, in the top 150 m (see supplementary materials, Figure A.3, right panels), the vertically integrated biomass
of flux feeders is comparable to that of suspension feeders in the highly productive regions where the euphotic depth is shallow
and the flux of particles elevated (Stukel et al., 2019).

Stukel et al. (2019) showed that suspension feeders do not significantly affect carbon export at depth due to insufficient
clearance rates. In contrast, flux-feeders play a major role in regulating deep-sea carbon export, influencing both the vertical
attenuation and the overall magnitude of particle flux (Steinberg and Landry, 2017; Stukel et al., 2019). In our study, we show
that carbon export and transfer efficiency are strongly influenced by flux-feeders. This is particularly true in highly productive
areas such as the Eastern Boundary Upwelling Systems, where flux-feeders are very abundant (see supplementary materials,
Figure A.3, right panels) and where the carbon efficiency is minimal (Figure 9b). Our different experiments show that an
increase in flux-feeders abundance decreases carbon efficiency and vice versa, which is especially evident in the experiment
where flux-feeders are removed (KILL_FF). This experiment simulates the highest carbon transfer efficiency values (Figure
9f) due to the absence of flux-feeders grazing on particles. It thus highlights the key role that these organisms play in the water
column, in particle in highly productive regions: they decrease the efficiency of carbon export, increase the remineralization of
particles in the upper mesopelagic zone and thus favour productivity in the upper ocean.

Another key process affecting the fate of organic particles in the ocean interior is their degradation by heterotrophic bacteria
(Buesseler and Boyd, 2009; Nguyen et al., 2022). Bressac et al. (2024) recently showed that flux-feeders have a greater influ-
ence on flux attenuation than bacteria in the upper mesopelagic zone, as bacterial degradation accounts for only 7 to 29% of flux
attenuation. We also compare the remineralization of particulate organic carbon by bacterial activity and by flux-feeder grazing
(not shown here; see supplementary materials, Figure A.10). Our results indicate that, on a global scale and between 150 and
1000 m, bacterial activity has a greater impact than flux-feeder grazing (see supplementary materials, Figure A.10a, b). How-
ever, regionally, the dominance index between flux-feeders and bacterial activity reveals a stronger influence of flux-feeders in

coastal and highly productive regions (see supplementary materials, Figure A.10c), with a tendency toward co-dominance in
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regions of intermediate productivity and at high latitudes. This highlights that in areas where flux-feeders are abundant within
the 150-1000 m depth range, their activity surpasses bacterial activity, underlining the key role flux-feeders play in the carbon

cycle.
4.4 Model limitations

As in any theoretical modelling exercise, our results strongly rely on our hypotheses and parameter choices. In our case, even
though this study was designed to investigate the impact of mesozooplankton functional diversity on ecosystem dynamics
and carbon fluxes through their feeding modes, the mesozooplankton compartment was only expanded to three coarse feeding
strategies. However, observations reveal far greater diversity in these feeding modes. Among cruise-feeding zooplankton, some
organisms generate feeding currents such as the copepod Temora longicornis, to either filter prey from the current or capture
them when entrapped (Kigrboe, 2011). Others swim actively, such as the copepod Centropages hamatus and employ raptorial
strategies upon detecting prey using chemotactic, rheotactic, or visual cues, which influence both detection efficiency and
dietary preferences. Similarly, within ambushers, Kigrboe (2011) distinguished between passive ambush feeders that encounter
and capture prey passively such as Oithona nana or Acartia tonsa copepods (Almeda et al., 2018) and active ambush feeders
that actively attack their prey such as ciliates of the Mesodinium genus (Kigrboe, 2011). This wide diversity in the foraging
techniques and detection modes controls the feeding efficiency and the types of prey that are ingested by mesozooplankton,
a diversity that is only crudely represented in our modelling framework. Thus, our model and experiments underestimate the
diversity of feeding strategies by considering only three main groups.

This large diversity in the feeding strategies and their success finds its source in the foraging but also in the defence trade-offs
which reflect the fundamental dilemma between eating and being eaten (Tilman, 1990; Cadier et al., 2019; Werner and Anholt,
1993). Here, we use a simple representation of these trade-offs between gain (ingestion) and lost (metabolic costs and predatory
risk) from a specific set of hypotheses solely based on the foraging activity. Yet, other factors modulate the behavioural strategy
of the zooplanktonic organisms. For instance, mate seeking leads to a systematic higher mortality by predation in males,
particularly among ambushers, such as Oithona copepods (Almeda et al., 2017; Kigrboe, 2008). Additionally, zooplankton can
mitigate their mortality risk through defensive adaptations such as chemical signalling and morphological changes to reduce
ingestion likelihood, as well as avoidance and escape behaviours — like seeking spatial refuges, performing diurnal vertical
migrations or forming swarms for euphausiids — to decrease predators’ chances of successful encounters and captures (Ohman,
1988). For instance, diurnal vertical migration performed by active feeders such as Calanoid copepods, is an efficient defence
strategy (Ohman, 1990) and may reduce lateral transport, that can contribute to their success in very productive upwelling
systems (Batchelder et al., 2002; Atkinson et al., 2018).

In our study, we assumed that mesozooplankton are not able to switch from one feeding strategy to another. In other words,
organisms are assigned an obligate feeding strategy which cannot change depending on the abiotic or biotic conditions. Yet,
numerous studies showed that some zooplankton taxa, such as Acarcia tonsa copepods (Kigrboe et al., 1996), can switch
from one to another predation mode, for instance as a function of prey abundance (as it is the case for A. tonsa) and type

(Tiselius and Jonsson, 1990; Benedetti et al., 2016). Accounting for this flexibility in our model would change the dynamics of
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the zooplankton community, notably inducing more co-dominance since there would be a very rapid switch of feeding mode
whereas, in our approach, one functional group should be replaced by another one. Representing this ability to switch and
having more co-dominance would also lead to predicting seasonal alternations among suspension feeders. Yet, introducing a
generalist feeding group capable of dynamically adjusting its feeding strategy would require a detailed understanding of the
trade-offs between generalist and specialist feeding strategies. To our knowledge, these trade-offs have not been quantified so
far. While some modelling studies did explore the dynamics of adaptive feeding strategies, we are unaware of any that integrate
both obligate and facultative feeding strategies (Mariani et al., 2013; Kenitz et al., 2017).

Observations and laboratory experiments also suggest that ambushers tend to consume larger, more motile prey such as
microzooplankton or dinoflagellates, while cruisers prefer smaller less motile prey (Almeda et al., 2018; Kigrboe, 2011). In
our modelling experiments, prey preferences are not modified from the standard configuration of the PISCES model (PISCES-
STD), which includes only one PFT for mesozooplankton. Consequently, we assume that both suspension feeding groups
share the same diet. Allowing for differences in prey preferences is another perspective that could lead to a different spatial
and temporal distribution of cruisers and ambushers. It could also modify the structure and composition of the prey community
through a trophic trait cascade (Kenitz et al., 2017). However, this approach would require accurate representation of the
dynamics of both microzooplankton and phytoplankton, in particular a description of their motility capacities (Buitenhuis
et al., 2010; Schmoker et al., 2013).

Finally, body size is a master trait that impacts metabolic losses, ingestion rates, diet and predatory losses (Kigrboe, 2016;
Serra-Pompei et al., 2022) and that also interact with feeding strategies. Additionally, it plays a crucial role in shaping diurnal
vertical migration patterns and fecal pellet size, as larger body size is associated with deeper migrations and increased fecal
pellet size. Both factors significantly impact carbon export, particularly its effectiveness in sequestering carbon in the ocean
(Ohman and Romagnan, 2016; Aumont et al., 2018; Stamieszkin et al., 2015). Size also governs sinking speed, which, ac-
cording to Stokes’ Law, increases with the square of the organism’s equivalent spherical diameter. For ambushers, the length
of repositioning jumps scales approximately with body length, meaning jump frequency should scale with their body length
(Kigrboe et al., 2010). As a consequence, ambush feeding mode becomes increasingly risky and energetically more costly for
larger organisms, making it less advantageous. Serra-Pompei et al. (2020) showed that above a size of about 1 mm, ambush
feeding is systematically outcompeted by active feeding modes, as they would lose too much energy in swimming to maintain
their position in the water column. Observations also suggest that ambushers are rare among large copepods, while active or-
ganisms are found among smaller and larger copepods (Benedetti et al. (2023) and see supplementary materials, Figure A.12).
Additionally, in the study of Benedetti et al. (2023), the size of the organisms is another major trait that is taken into account.
The biogeography of their active organisms present very different patterns depending on their body size, while more similar
spatial distributions are obtained for ambushers, no matter their size. Furthermore, from the Benedetti et al. (2023) dataset, the
majority of large copepod species corresponds to active organisms such as cruisers, while for the smallest copepods species,
there is no clear dominance between passive and active organisms (see supplementary materials, Figure A.12). This is corre-

lated with Figure 5 of Benedetti et al. (2023), where the largest copepods are found at high latitudes, and would thus correspond
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to their cruisers (Figures 5b and 5k of Benedetti et al. (2023)), while the smallest ones are found at lower latitudes and would
correspond to ambushers (Figures 5b and 5i of Benedetti et al. (2023)).

Therefore, dividing suspension feeders into at least two size classes and representing DVM and/or fecal pellet in our model
could provide a more accurate representation of reality, where big cruisers would have a greater contribution to carbon export

through deeper migrations and larger fecal pellets.

5 Conclusions

Mesozooplankton are frequently considered as a single compartment in marine biogeochemical models. The wide functional
diversity and ecological functions roles they ensure in marine ecosystems are thus not taken into account. To tackle this issue
and evaluate its impacts on our understanding of the biological carbon pump, we integrated three distinct feeding strategies
in the PISCES biogeochemical model. The simulated fields of total plankton biomass were positively evaluated against obser-
vational data and we showed that suspension feeders (cruisers and ambushers) are most abundant in the surface layers with
ambushers being the dominant group while flux-feeders thrive at depth. The resulting biogeography depends on the trade-offs
between ingestion, respiration and mortality by predation and the hypotheses we made, based on the current knowledge of
mesozooplankton diversity in feeding behaviours. This spatial repartition of the feeding strategies also depends on the chosen
parameters, such as quadratic mortality and grazing rates, which affects lower trophic levels such as microzooplankton and phy-
toplankton. However, there is still a great deal of uncertainty in quantifying these trade-offs, making it difficult to understand
and interpret the biogeography. Additionally, we showed that the representation of flux-feeders plays a major role on carbon
export at depth due to their position in the water column. Then, making this group explicit leads to a better understanding of
the fate of carbon at depth as flux-feeders have direct implications on sinking particles, while suspension feeders (cruisers and
ambushers) have different ecological roles, such as impacting the food web and producing particles that will directly benefit
flux-feeders.

While this study showed the importance of various predation strategies at global scale and the necessity to enhance the
representation of mesozooplankton functional diversity in biogeochemical models, it also underlined the need for more in
situ and experimental quantitative data, to better quantify the trade-offs between functional traits and thus better constrain our
modelling framework. Data obtained in controlled laboratory experiments would for instance allow us to better represent and
parametrize predation strategies in biogeochemical models, hence contributing to better evaluating the impact of feeding strate-
gies on global biomass and biogeochemical fluxes. Furthermore, an interesting perspective would be to use this configuration
in the context of climate projections to investigate how mesozooplankton biogeography would evolve under climate change, as

well as evaluate the projected changes in ecosystem-driven carbon fluxes.
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Code and data availability. This section needs to be completed. All data sets will be made publicly available in open access within the
framework of the TRAITZOO project, under grant ANR-22-CE02-0023-1. Preliminary DOIs can be made available to the reviewers upon

request. All model outputs necessary to reproduce the results in this manuscript will be made publicly available.

Appendix A: Supplementary material

Al Comparison between model and observations
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Figure A.1. Annual and zonal mean of (a) mesozooplankton integrated over 200 m and (b) surface chlorophyll for the FOREFF configuration

(blue curves) and the observations (green curves).

Maps A.2 present the surface nitrate from our study (fig. A.2a) and from the World Ocean Atlas climatology (fig. A.2b).
The model represents particularly well the surface nitrate, with a correlation of 0.9 (p < 0.001) and a positive bias of 1.7
mmol/m?3. The global distribution is accurately represented as well, with a maximum of nitrate in the Southern Ocean, and a
slight overestimation at high latitudes in the Northern hemisphere.

it

(b) Observed Nitrates

a) odelled Nitrates
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Figure A.2. Comparison between modelled and observed annual average surface nitrates. Observed surface nitrates are from World Ocean

Atlas (Garcia et al., 2010b)
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A2 Mesozooplankton concentrations

(b) FOREFF - AF

Concentration (mmolC/m?)

Figure A.3. Log scale annual mean concentrations of the mesozooplankton feeding strategies (cruisers: CF, ambushers: AF and flux-feeders:

FF) for the different experiments averaged over the top 150 m.
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A3 Mesozooplankton grazing at depth
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Figure A.4. Annual and spatial mean of the modelled grazing for the different mesozooplankton groups in (a) FOREFF, (b) NO_FOREEFF,
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A4 Biomass variation
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Figure A.5. Annual and zonal mean averaged over 150 m different tracers for the different experiments. (a) Total mesozooplankton, (b)

microzooplankton, (c) phytoplankton, (d) cruisers, (e¢) ambushers and (f) flux-feeders.

A5 Seasonal variation of suspension feeders (cruisers and ambushers)

Figure A.6 presents the seasonality in the Southern hemisphere for every three PFTs experiment. In FOREFF (fig. A.6a), a
peak of cruisers (orange curve) occurs in late winter (March), a little before the peak in ambushers (red curve). A similar
pattern is obtained in NO_FOREFF (fig. 5b), with the peak of cruisers and ambushers occurring at the same period, but with
much lower concentrations of cruisers, and slightly higher concentrations of ambushers compared to FOREFF. Thus cruisers
become dominated by ambushers most of the year, except during the seasonal peak in March and April, where cruisers are
more abundant than ambushers. In LGE (fig. 5c), the seasonal variation of ambushers is much higher as they dominate in these
regions, and their concentration peaks in March, at the same time when cruisers peak.

On figure A.7, we assigned the value one to each point on the grid and in time where the concentration of ambushers
(averaged over 150 m) is larger than that of cruisers, zero else. While resembling the dominance index (Fig. 5a), this map
indicates where we have a dominance of ambushers all year long (values close to one, red shading) or of cruisers (values close
to zero, white shading). We see that there are very few regions with intermediate values (between 0.3 and 0.7), meaning few
regions where there is a seasonal succession of the dominance between the suspension feeders. Thus in general, we obtain that

when one group dominates, it does all year long.
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Figure A.6. Time series (in months) averaged over the top 150 m of cruisers (orange) and ambushers (red) in Southern latitudes (> 60°S) for

(a) FOREFF, (b) NO_FOREFF and (c) LGE.

Figure A.7. Annual mean of the dominance of ambushers over cruisers, averaged over 150 m.
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A6 Impact of flux-feeders on carbon cycle
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Figure A.8. Annual mean of (a) FOREFF carbon export at 150 m difference in carbon export and (b) FOREFF carbon transfer efficiency
between 150 and 1000 m. Difference between FOREFF and (c, d) NO_FOREFF, (e, f) LGE, (g, h) KILL_AF, (i, j) KILL_CF and (k, 1)
KILL_FF in carbon export over 150 m (left) and carbon transfer efficiency between 150 and 1000 m (right).
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Figure A.9. Annual mean flux-feeders concentration averaged between 150-1000 m (a) and difference in flux-feeders concentration averaged
between 150-1000 m for (b) NO_FOREFF - FOREFF, (c) LGE - FOREFF, (d) KILL_AF - FOREFF, (e) KILL_CF - FOREFF and (f)
KILL_FF - FOREFE.
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Figure A.10. Annual mean (a) grazing by flux-feeders, (b) bacterial activity and (c) dominance index between the effect of flux-feeders and
bacterial activities, averaged between 150 and 1000 m. Regions in blue indicate a larger bacterial activity, while regions in red indicate a
larger flux-feeders activity. The black line indicates where the index is 0, i.e. where we obtain a co-dominance between the effect of flux-

feeders and the effect of bacterial activity.
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Figure A.11. Representation of the global ecosystem dynamics in the FOREFF configuration. Values are in GtC/yr. Values in black corre-
spond to the biomass of each plankton group integrated over the top 150 m. Values in blue correspond to grazing by zooplankton and in green

to phytoplankton primary production, integrated over the top 150 m. Values in dark blue correspond to carbon export and efficiency.

A8 Copepod distribution from Benedetti et al. (2023)

Figure A.12 represents the relative proportion of the feeding modes for small (25th quantile) and big (75th quantile) copepods,
from the Benedetti et al. (2023) dataset. Among the small copepods, there is no clear dominance of active feeding strategy.
However, in the largest copepods, there is a clear dominance of active suspension feeders (i.e. cruisers and current feeders),

735 while passive organisms such as ambushers’ proportion is very low.

Feeding modes of smallest (25th) copepod species Feeding modes of largest (75th) copepod species

Relative
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Ambush
Cuise+Current
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Particles
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Figure A.12. Relative proportion of feeding modes for small (25th quantile) and large (75th) copepods, based on the dataset from Benedetti
et al. (2023).
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