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Abstract. Mesozooplankton present a wide range of func-
tionally diverse heterotrophic organisms ranging from
200um to 2cm that are essential to marine ecosystems
and biogeochemical cycles. In most ocean biogeochemical
models, mesozooplankton are represented as a single com-
partment along with microzooplankton (< 0.2 mm), thereby
overlooking their large functional diversity. Yet, observa-
tional and modelling studies relying on functional trait-based
approaches showed how important the functional traits diver-
sity of marine zooplankton is in driving ecosystem dynamics
and biogeochemical cycles.

Here, we use such a functional trait-based approach by
modelling the effect of various mesozooplankton feeding
strategies on the ocean carbon cycle, using the global ocean
biogeochemical model PISCES. Three new mesozooplank-
ton functional types (PFTs) and their associated trade-offs
were integrated into PISCES: cruisers (active swimmers
feeding on suspension particles), ambushers (passive sus-
pension feeder, relying on a sit-and-wait strategy) and flux-
feeders (passively feeding on particles). An additional for-
aging effort was implemented for cruisers to account for the
optimization of their active behaviour. Our new configura-
tion shows that these functional groups have distinct lati-
tudinal and vertical distributions: the two suspension feed-
ing groups (cruisers and ambushers) share the epipelagic
zone, with ambushers being the dominant group globally

(0.11 GtCyr~!, 54.8 % of total mesozooplankton in the top
150 m) and cruise feeders (0.03 GtCyr~!) prevailing in the
productive regions near the poles. Meanwhile, flux-feeders
(0.06 GtCyr~!) dominate in the mesopelagic zone of coastal
regions. The change of parameters, thus trade-offs, in our
sensitivity experiments also shows how we can modulate and
even reverse the latitudinal pattern of suspension feeders. Fi-
nally, we demonstrate how the deep-dwelling flux-feeders di-
rectly affect carbon export at depth more strongly by con-
suming the particles that would otherwise be transported to
deeper layers (the carbon export increases by 40.8 % when
flux-feeders are removed). This study emphasizes the neces-
sity for a better integration of the trophic strategies of this
planktonic compartment within global biogeochemical mod-
els.

1 Introduction

Marine zooplankton are heterotrophic organisms that drift
along ocean currents and are essential components of ocean
biodiversity (Ratnarajah et al., 2023; Le Quéré et al., 2016).
They encompass more than 28 000 species (Bucklin et al.,
2021) covering a wide variety of organisms whose size range
between < 1 mm to > 1 m. Within zooplankton, one of the
most studied size classes encompasses the mesozooplankton,
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which ranges 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). Mesozoo-
plankton play crucial roles in marine ecosystem function-
ing, particularly through their major contribution to energy
transfer from primary producers towards higher trophic lev-
els, for whom they are an essential food source (Verity and
Smetacek, 1996; Steinberg and Landry, 2017). Addition-
ally, they actively contribute to the biological carbon pump
(Ratnarajah et al., 2023; Steinberg and Landry, 2017). In
particular, they produce particulate organic matter as car-
casses, molt, particles from sloppy feeding and large fe-
cal pellets that rapidly sink into the water column (Turner,
2002). Through their diel vertical migrations, mesozooplank-
ton also actively transport carbon to different ocean layers
(Kelly et al., 2019; Aumont et al., 2018). This migrating be-
haviour is estimated to account for 15 %—20 % of global car-
bon export (Pinti et al., 2023; Nowicki et al., 2022) and pro-
motes the sequestration of carbon at depth, thus contributing
to global climate regulation (Steinberg and Landry, 2017).
Within the mesozooplankton, copepods also contribute to
carbon export through the seasonal lipid pump (Jénasdéttir
et al., 2015).

These various contributions of mesozooplankton to bio-
geochemical cycles depend on the expression of numer-
ous functional traits and their trade-offs (Litchman et al.,
2013). Functional traits are defined as individual characteris-
tics of organisms (such as body size, feeding strategy, trophic
regime, or migratory behaviour) that influence individual fit-
ness and ecosystem functioning (Violle et al., 2007; Martini
et al., 2021). For instance, 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 meso-
zooplankton growth rate and body size which, in turn, influ-
ence the expression of other functional traits (Hébert et al.,
2016; Kigrboe and Hirst, 2014). The distribution of tem-
perature 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 ver-
tical 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 zooplank-
ton diversity is commonly studied from a taxonomic point of
view and organized through size classes due to sampling con-
straints (Ratnarajah et al., 2023), potentially important func-
tional traits such as feeding strategies (Kigrboe, 2011) have
been overlooked. Yet, variations in feeding strategies has im-
plications for ecological 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
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et al., 2019; Kigrboe, 2011; Litchman et al., 2013). Feeding
strategies have been classified based on factors such as motil-
ity, food preferences, and physiological and environmental
requirements, with distinct strategies emerging according to
the behaviour and predatory modes of the organisms (Kigr-
boe, 2011). For example, ambush feeders are stationary or-
ganisms that passively wait to encounter preys while active
cruise feeders are organisms that swim through the water and
modulate their foraging effort to capture preys detected at a
distance. Feeding-current feeders generate a current to cap-
ture preys that are detected remotely, whereas flux-feeders
are capable of collecting sinking particles (Litchman et al.,
2013; Kigrboe, 2011; Ohman, 2019).

Over the past few decades, many methods have been de-
veloped to study the diversity of mesozooplankton: by imag-
ing the organisms (Ohman, 2019) after they have been col-
lected using plankton nets, as well as with in situ cameras
like the Underwater Vision Profiler (UVP), which represents
a less intrusive method (Picheral et al., 2022), through acous-
tics (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 car-
bon 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 di-
versity in zooplankton in biogeochemical models remains
crude and zooplankton are 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 zooplank-
ton 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 re-
main highly uncertain (Henson et al., 2022). To develop ma-
rine ecosystem models, plankton organisms that share sim-
ilar characteristics and similar ecological and biogeochemi-
cal 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 rela-
tion 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 have been developed to
enable more elaborate representations of zooplankton func-
tional diversity (Negrete-Garcia 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 challenges of such a representation, where
similar traits are represented through a large range of pa-
rameters based on different hypotheses (Visser, 2007; Serra-
Pompei et al., 2020). The behavioural adaptation emerges as
a consequence of trade-offs between energy acquisition, pre-
dation risk, metabolic loss and the modulation of the foraging
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effort (Visser, 2007; Kigrboe, 2011; Kigrboe et al., 2018a;
Van Someren Gréve et al., 2017). Variations in mesozoo-
plankton community composition thus have impacts on the
global, regional and vertical distribution of the feeding traits
(Brun et al., 2016). These biogeographies may even contra-
dict one another depending on the modelling framework. For
example, the niche modelling study by Benedetti et al. (2023)
shows an opposite distribution of ambushers and cruisers
compared to the dynamic model of Prowe et al. (2019). Such
discrepancies can lead to variations in the trophic web dy-
namics and the amplitude of carbon export to the deep ocean,
as highlighted by Stukel et al. (2019).

In this study, we focus on three specific feeding strategies
to provide insights into the role of mesozooplankton in the
global ocean and, more broadly, in the functioning of ma-
rine ecosystems. We address the following questions: (i) Do
different mesozooplankton feeding strategies display vari-
ous biogeographies and what are their underlying drivers?
and (ii) How does this diversity of feeding strategies affect
ecosystem dynamics and impact the global ocean carbon
cycle? To answer these questions, we include three meso-
zooplankton 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 on a global scale. Using this mod-
elling framework, we examine the spatial and temporal distri-
bution of these three feeding strategies and analyze their ef-
fects on ecosystem dynamics and carbon cycle. We first com-
pare the model outputs with existing observations to confirm
that it accurately represents the realised distribution of plank-
ton biomass and then describe the biomass distribution of
the newly-included mesozooplankton groups. We then focus
on the emergent biogeography and seasonality of the feeding
traits. Finally, we investigate the impact of considering these
three distinct feeding strategies on global biomass of lower
trophic layers (microzooplankton and phytoplankton) and on
carbon export through several sensitivity experiments.

2 Material and methods
2.1 Biogeochemical model description

In this study, we performed ocean simulations based on
the offline version of the coupled physical/biogeochemi-
cal 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: the ocean dynamical code OPA (Madec et al.,
2023), the sea-ice model SI3 (Vancoppenolle et al., 2023),
and the marine biogeochemical model PISCES (Pelagic In-
teraction Scheme for Carbon and Ecosystem Studies, Au-
mont et al., 2015, Fig. 1a).

The ocean dynamics simulated by NEMO is used as forc-
ing to the PISCES model. PISCES simulates marine bio-
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logical productivity, plankton dynamics and biogeochemi-
cal fluxes. The standard version (PISCES-STD) includes 24
prognostic variables with five nutrients (i.e. nitrate, silicate,
phosphate, ammonium and iron) and four plankton compart-
ments: two phytoplankton groups (diatoms and nanophyto-
plankton) and two zooplankton size-classes: microzooplank-
ton and mesozooplankton. PISCES-STD integrates a detailed
representation of the biogeochemical cycles of carbon, dis-
solved and particulate organic matter (with two size classes:
sPOC for the carbon content of small organic particles (1-
100 um) and bPOC for the carbon content of big organic
particles (100-5000 um), total alkalinity and dissolved oxy-
gen Aumont et al., 2015). In PISCES-STD, phytoplankton
growth is constrained by light availability, temperature, and
nutrients (N, P, Fe, and Si) concentrations. Phytoplankton
and small organic particles are consumed by both zooplank-
ton groups and mesozooplankton additionally feed on mi-
crozooplankton and large particles. PISCES-STD considers
mesozooplankton as a single PFT, where the flux-feeding
mode is implicitly accounted for in addition to the explicit
representation 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 ra-
tio of flux-feeding to total mesozooplankton grazing and has
a Holling type II functional response.

In this study, we chose to represent three PFTs for the
mesozooplankton compartment, with distinct feeding strate-
gies to differentiate active organisms from passive ones,
while also differentiating suspension feeders from flux-
feeders (Fig. 1). Compared to PISCES-STD, we explic-
itly modelled a flux-feeding mesozooplankton compartment
and further separated the suspension feeding mesozooplank-
ton 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 dis-
tinguish between the two of them in our study, as their diets
are assumed identical here (Kigrboe, 2011). From this point
on, we refer to them as cruisers—organisms that actively swim
or generate feeding currents to encounter prey and mates,
similar to calanoid copepods (Kigrboe, 2011). This active
behaviour increases predation risk but also enhances the like-
lihood of encountering prey items (Kigrboe, 2011; Kigrboe
et al., 2015; Serra-Pompei et al., 2020).

Ambushers (AF) are organisms that adopt a sit-and-wait
strategy (Kigrboe, 2011; Almeda et al., 2018). They wait mo-
tionless for motile prey items to pass within their reach or
they capture their prey directly colliding with them (Almeda
et al., 2018). Despite having a lower feeding efficiency and
lower probabilities of finding mates, this strategy has the ad-
vantage 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 Oithonid
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Figure 1. (a) Architecture of the PISCES biogeochemical model, omitting the 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 top right corner of the figure. POM is for particulate organic matter and DOM is for dissolved organic matter. Figure
adapted from Aumont et al. (2015). (b) FOREFF reference configuration, (¢) NO_FOREFF experiment, and (d) LGE experiment. The
thickness of the lines account for the intensity of the grazing rate gMSF or flux-feeding rate ¢MF¥ (blue), metabolic loss parameter rMx
(purple) and quadratic mortality parameter mMx (red). The transparent orange shading for cruisers in LGE (d) accounts for the lower growth
efficiency eMx NO_FOREFF (c) is the same as FOREFF (b) but with a constant foraging effort equals to 1. P stands for phytoplankton,
MicroZ for microzooplankton and POC for particulate organic carbon.

copepods and chaetognaths, and passive ambushers that pas-
sively capture their prey, like ctenophores or foraminifera.
Flux-feeders (FF) are predominantly passive organisms,
such as pteropods (but they could also represent active feed-
ers like copepods of the Temora and Oncaea genera), 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
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(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
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L. Di Matteo et al.: Mesozooplankton feeding strategies’ impact on the carbon cycle

Eq. (1):
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In this equation, My represents the mesozooplankton
biomass of one of the three newly modelled feeding groups
X (AF, CF, and FF) based on a Michaelis—Menten param-
eterization with no switching and a threshold, to avoid ex-
tinction of mesozooplankton at very low food concentra-
tion (Aumont et al., 2015). The first right-hand term rep-
resents growth, where oyp,ss is the non-assimilated fraction
of ingested food, eMx is the growth efficiency, GM* repre-
sents the ingested matter by mesozooplankton, fu, (T) is
the temperature dependence and A(Oy) is an oxygen fac-
tor. A full description of the equations for G is pro-
vided in the Appendix A2. The second term represents
mesozooplankton metabolic losses due to basal respiration
and swimming activity, at a rate rMx and where K, is a
half-saturation constant. The last term represents mortality
by density-dependent processes such as predation and dis-
eases, with the quadratic mortality coefficient m™X . Here we
choose a formulation of quadratic mortality corresponding to
predation by a generalist predator: the predation pressure on
one group depends on the total mesozooplankton biomass.
Consequently, the more advantageous a strategy is in a given
region, the more it tends to outcompete and exclude alter-
native strategies. A full description of the parameters and
their values is given in Table 1. Both suspension feeders
feed indiscriminately on small living organisms and partic-
ulate marine snow, similar to the standard representation of
mesozooplankton in Aumont et al. (2015). Only flux-feeders
feed exclusively on particles, due to their feeding mode. All
three terms have the same temperature dependence with a
Q1o set to 2.14 (Aumont et al., 2015) and as we assume
that mesozooplankton are unable to cope with anoxic wa-
ters, the growth rate and quadratic mortality are reduced and
the metabolic losses are enhanced in oxygen depleted regions
(A(O3), Aumont et al., 2015).

In addition to the explicit representation of these three
PFTs (Fig. 1), the FOREFF configuration implements a non-
dimensional foraging effort p for active organisms (i.e. cruis-
ers). The foraging effort p varies between O—1 and repre-
sents an optimization of the fitness via the fraction of time
spent foraging. The parameter is adapted from Kigrboe et al.
(2018a) and implemented in Eq. (1) (see Appendix A2 for
more details). It is based on the assumption that ambush-
ers have an invariant foraging effort due to their passive be-
haviour, while cruisers may modify their swimming activity
in response to prey abundance to reduce the cost and risk of
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Figure 2. Foraging effort vs. prey concentration based on the pa-
rameter set of FOREFF (Table 1).

searching for prey items and optimize their fitness (Tiselius
et al., 1997; Kigrboe et al., 2018a). The foraging effort of
cruisers varies in response to prey density (see Fig. 2 for
the theoretical curve) in order to maximize their fitness, bal-
ancing food intake, predation risk, and the metabolic cost of
searching for food (Kigrboe et al., 2018a; Werner and An-
holt, 1993; van Someren Gréve et al., 2019). Thus, at high
prey densities, cruisers reduce their foraging effort to lower
both predation risk and metabolic expenditure, while at inter-
mediate prey densities, the foraging effort reaches its maxi-
mum value of 1. At low prey densities, the foraging effort de-
creases, implying that cruisers no longer swim or swim very
little but do not have access to food, so they eventually die.
Moreover, the foraging effort is set to zero when the prey
concentration falls below a minimum threshold concentra-
tion Rmin (see Eq. A10), as in Kigrboe et al. (2018a). In our
case, this threshold is 1.56 mmolm—3, which corresponds to
the minimum prey concentration at which the energetic gain
from foraging offsets the maintenance costs of cruisers.

To represent these feeding strategies and incorporate the
foraging effort, model parameters (Table 1) are adjusted
as follows to reflect trade-offs between growth, reproduc-
tion, and survival (Barton et al., 2013; Kigrboe et al.,
2018a, 2015).

Since cruisers swim continuously to encounter prey items,
they face a higher predation risk than ambushers (Kigr-
boe et al., 2015). Consequently, their quadratic mortality
parameter m™CF is set three times higher than the one
of ambushers (0.015 (umolCL~")~'d~!, Almeda et al.,
2018; Van Someren Gréve et al., 2017, see Table 1). The
metabolic losses parameter YCF of cruisers is also set higher
(0.03d™1), to account for the increased energetic expenses
due to active feeding (Eq. A4) introduced from Kigrboe
(2011). Additionally, we differentiate the maximum grazing
rates for cruisers go'" and ambushers g A, based on the
data analysis from Serra-Pompei et al. (2020). Higher max-
imum grazing rates are assigned to cruisers than ambushers
(0.8 and 0.2d~!, respectively).

Biogeosciences, 22, 7233-7268, 2025
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Table 1. Parameters used in the equation for mesozooplankton dynamics in the new version of PISCES (FOREFF), the experiment with
constant foraging effort (NO_FOREFF) and the modified values used for the LGE experiment (“Low Growth Efficiency” experiment, where
the maximum grazing rate is similar for both suspension feeders (SF: cruisers and ambushers) and the growth efficiency is lower for cruisers).
The parameters for FOREFF are also used for the KILL_AF, KILL_CF and KILL_FF (all three similar to FOREFF but one mesozooplankton
group is killed in each) experiments. My represents the mesozooplankton biomass of one of the three newly modelled feeding groups X:

CF: cruisers, AF: ambushers, FF: flux-feeders.

Variable  Description Unit FOREFF NO_FOREFF LGE
P Foraging effort - Variable Constant Not included
(for cruisers only) (between 0-1) (=1)
eMx Maximum growth - CF=0.4 CF=04 CF=0.34
efficiency AF =04 AF =04 AF =04
FF=0.4 FF=0.4 FF=0.4
K Half saturation constant pmolCL_l 0.1 0.1 0.1
for metabolic loss
mMx Quadratic mortality (umolCL~H~ld=!  CF=0.015 CF=0015 CF=0.02
AF = 0.005 AF = 0.005 AF = 0.005
FF = 0.005 FF = 0.005 FF = 0.005
Ky Half saturation constant ~ umol CL ™! CF=20 CF=20 CF=10
for grazing AF =20 AF =20 AF =30
FF =20 FF =20 FF =20
rMx Metabolic loss d-! CF=0.03 CF=0.03 CF =0.005
AF = 0.005 AF = 0.005 AF = 0.005
FF = 0.005 FF = 0.005 FF = 0.005
g Mrr Flux-feeding rate (molCd~!'m=2%~!  CF=0 CF=0 CF=0
AF=0 AF=0 AF=0
FF=3x10> FF=3x10> FF=3x10’
g,I:,/ISF Maximum grazing rate d-! CF=0.8 CF=0.8 CF=0.5
for suspension feeders AF=0.2 AF=0.2 AF=0.5
(cruisers and ambushers) FF=0 FF=0 FF=0

2.2 Sensitivity experiments

Five sensitivity experiments were conducted to investigate
the relative impact of feeding strategies and the effect of for-
aging effort on ocean biogeochemistry and ecosystem func-
tioning. A visual representation of the various configura-
tions and sensitivity experiments (FOREFF, NO_FOREFF,
LGE and KILL_XX experiments) can be found in the Ap-
pendix Al.

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 foraging effort
set to a constant value of one.

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 vari-
able foraging effort for cruisers. In LGE, parameters are
adapted to differentiate active and passive feeding strategies
through their efficiency at capturing prey items (see Table 1).
This experiment is set to study a different way to repre-

Biogeosciences, 22, 7233-7268, 2025

sent 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 three to ten times higher than the feeding efficiency of
ambushers. Thus, their half-saturation constant for grazing
(Ky) is set to 10 pmolCL’1 whereas that of ambushers is
set to 30 pmolCL’l. Furthermore, active feeding is thought
to increase metabolic losses by 15 %-25 % (Morris et al.,
1985). We represent this process by decreasing the maxi-
mum growth efficiency eMCF of cruisers from 0.4 to 0.34
(Vlymen, 1970; Alcaraz and Strickler, 1988). The quadratic
mortality m™CF for cruisers is set to be four times higher
than for ambushers (0.02 (umol CL~1)~!d~!, 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 res-
piration parameter X is identical.

The last three experiments (i.e. KILL_AF, KILL_CF and
KILL_FF) include the foraging effort for cruisers, have sim-
ilar parameters to FOREFF (see Table 1) and are designed

https://doi.org/10.5194/bg-22-7233-2025
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to eliminate one PFT, respectively ambushers, cruisers and
flux-feeders, by setting their maximum grazing rate (or flux-
feeding rate) to zero. This way, we are able to get more in-
sights about 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, Kigr-
boe, 2011) across experiments, a dominance index is defined
based on their biomass My (Eq. 2). 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 close to 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.

Index of dominance = M 2)
Mcr + MaF

To evaluate how mesozooplankton feeding strategies im-
pact biogeochemical fluxes, we focused on carbon export.
We investigated carbon export at 150 and 1000 m (respec-
tively C150 and Ciggp), and calculated the efficiency of car-
bon transfer from 150 to 1000 m (Eq. 3), which indicates
how efficiently sinking organic matter is exported to the deep
ocean.

C1000
Cis0

Carbon Transfer Efficiency = 100 x 3)

2.3 Model setup

Simulations were run offline for 20 years using the cou-
pled model NEMO-PISCES. The configuration and circula-
tion 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 the climatology of the World
Ocean Atlas 2009 (Garcia et al., 2013, 2010), DIC and alka-
linity 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. To do so, we used the Biomass Distribution Mod-
els (BDM)-ensemble developed by Clerc (2024) in Clerc
et al. (2024) that estimates monthly fields of mesozooplank-
ton biomass for the global epipelagic ocean. Data from the
monthly climatology from MAREDAT (MARine Ecosystem
DATa, Buitenhuis et al., 2013) re-gridded on the ORCA2
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, Sathyen-
dranath et al., 2019) were re-gridded on the ORCA?2 grid, and
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are used to evaluate the surface fields of chlorophyll a con-
centration. The modelled fields of mesozooplankton biomass
were annually averaged and integrated over 200 m. For sur-
face 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 mesozooplankton PFTs (Buitenhuis et al., 2013).
Therefore we have evaluated 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 func-
tional 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 spawning mode) and
modelled the distribution of these groups across the global
surface ocean based on field occurrences and species dis-
tribution models. The maps of Benedetti et al. (2023) esti-
mate where the environment is most suitable for the copepod
functional groups to be present or not (i.e. habitat suitabil-
ity indices). They do not aim to represent actual biomass
patterns, but they are useful to compare the biogeography
of copepod PFTs based on in situ observations. Here, we
focused on the copepod functional groups that best cor-
respond to the suspension feeders (cruisers and ambush-
ers) we modelled. The following functional groups (FG) of
Benedetti et al. (2023) were used to evaluate the biogeogra-
phy of our cruisers: FG1 (small, myelinated cruise-feeding
herbivores), FG5 (medium size, current/cruise-feeding car-
nivores) and FG6 (large myelinated current-feeding herbi-
vores). For ambushers, we considered: FG4 (small, amyeli-
nated ambush-feeding carnivores), FG8 (small, amyeli-
nated 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
Eq. (2). 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.

3 Results

3.1 Global distribution of mesozooplankton and
chlorophyll

Our modelled fields of mean annual total mesozooplankton
biomass concentration and surface chlorophyll concentration
are in line with observations (Fig. 3). The Pearson correlation
coefficient between observed and modelled mesozooplank-
ton biomass concentration is equal to 0.49 (see Table 2).
Regions of high mesozooplankton biomass concentrations
are correctly simulated although biomass is slightly over-
estimated compared to observations (Fig. 3a and c), which
is indicated by a positive bias (4-0.05 mmolm~3, Table 2).

Biogeosciences, 22, 7233-7268, 2025
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The modelled mean annual mesozooplankton biomass con-
centration is coherent 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 phyto-
plankton biomass (Pearson correlation coefficient = 0.24) al-
though it overestimates the concentration of surface chloro-
phyll as evidenced by a positive bias (+0.11 gChlm~3, Ta-
ble 2), especially in the Southern Ocean (Fig. 3b).

3.2 Mesozooplankton biomass and biogeography

3.2.1 Global modelled biomass and mesozooplankton
grazing

The total integrated plankton biomass within the first 150 m
is estimated at 1.25 GtC, with mesozooplankton accounting
for 16 % of this total biomass (0.2GtC) and primary produc-
ers 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+£0.07GtC (Liu et al., 2024) for the upper
200m (in our study, the total mesozooplankton biomass
over this depth range is estimated at 0.24 GtC). Ambush-
ers are the dominant mesozooplankton group at global scale
(Fig. 4b), representing 54.8 % of total mesozooplankton,
with a simulated integrated biomass of 0.11 GtC and a
mean global concentration of 0.154 mmol Cm™> over the top
150 m. Flux-feeders are especially abundant in coastal re-
gions (Fig. 4c, with an integrated biomass of 0.06 GtC and a
mean global concentration of 0.077 mmol C m_3), and cruis-
ers are only present in productive regions and at high lati-
tudes (Fig. 4a). Their integrated biomass over the top 150 m
is significantly lower (0.03 GtC, with a mean concentration
of 0.093mmolCm™3) and remains consistently below the
average biomass of ambushers, no matter the depth layer.
Over the top 500m, we find a total integrated mesozoo-
plankton 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 Gt C 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 am-
bushers and 0.04 Gt C for cruisers), reflecting their increasing
abundance in deeper waters.

The globally integrated total mesozooplankton grazing in
the top 150m amounts to 7.91 GtCyr~!, with ambushers
contributing to 52 % of this amount (Fig. 5 and see Ta-
ble 3), in line with their larger abundance at global scale
(Fig. 4b). This estimate of the total grazing falls within the
range reported by similar studies, including 5.5GtCyr~!
(Calbet, 2001), 11.2 GtCyr_1 (Aumont et al., 2015), and
the range provided by Herndndez-Le6n and Ikeda (2005)
(10.4 £3.7GtCyr~1). Grazing by flux-feeders is highest be-
low the euphotic layer, consistent with their feeding be-
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haviour (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, surpassing the biomass of suspension feeders
(cruisers and ambushers) below 100 m, as previously noted.
This is further highlighted by their greater grazing below
100 m, which remains higher than that of suspension feed-
ers at all depths below 100 m (Fig. 5, yellow curve).

In the upper 30m, cruisers exhibit higher grazing
rates than ambushers (0.08 GtC(myr)_1 for cruisers and
0.07 GtC (myr)~! for ambushers; Fig. 5, red and orange
curves) despite their lower integrated biomass (0.04 GtC for
ambushers and 0.02 GtC for cruisers). This result is con-
sistent with the higher maximum grazing rates assigned to
cruisers with respect to ambushers (see Table 1). Neverthe-
less, 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.

3.2.2 Biogeography of suspension feeders (cruisers and
ambushers)

We focus here on the biogeography of the two groups of sus-
pension feeders (ambushers and cruisers, Fig. 6a and d) in
the top 150 m. As they feed on prey items in suspension in
the water column, cruisers and ambushers are found in the
surface layers where their prey are the most abundant over-
all (Fig. 5 red and orange curves). The spatial distribution of
both groups appears to be broadly consistent with the litera-
ture (Benedetti et al., 2023): cruisers dominate over ambush-
ers at high latitudes and in the very productive regions, such
as the Eastern Boundary Upwelling systems (e.g. the Hum-
boldt and Benguela current Systems). In contrast, ambushers
are the most abundant at lower latitudes in regions charac-
terized by weak seasonality and low nutrients concentrations
(Figs. 6a and d and 4 for mesozooplankton concentrations).
When zonally averaged over the top 150 m, there is no sig-
nificant vertical variation in the dominance patterns between
the two feeding mode groups (Fig. 6d). Thus, when one
group dominates at the surface, it also dominates through-
out the entire euphotic layer. The trade-offs that control the
two suspension feeding modes drive the emergent biogeogra-
phy highlighted above. The passive behaviour of ambushers
results in a lower grazing rate but also reduced energy ex-
penditure from swimming and much lower predation mortal-
ity. This allows them to thrive in regions of low productivity,
compared to cruisers. In contrast, cruisers face higher preda-
tion risks and increased energetic costs due to their contin-
uous 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 (Fig. 6a).
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Concentration (mmolC/m?)

Concentration (gChl/m3)

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

mmol Cm~3 and chlorophyll concentration in g Chl m~3.

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.

Mesozooplankton Chlorophyll

(mmolCm™3) (gChlm™3)

Model Mean 0.25 0.47
Median 0.2 0.24

STD 0.21 0.71

Observation  Mean 0.2 0.37
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

3.3 Distribution of foraging effort for active suspension
feeders (cruisers) and seasonality of suspension
feeders (cruisers and ambushers)

In addition to explicitly modelling cruisers, ambushers, and
flux-feeders, the main novelty of our study is to model the
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foraging effort of cruisers which represents the effort in-
vested into searching for prey items as a function of their
availability. As active behaviours account for a higher preda-
tion risk, this foraging effort is also an asset to increase their
overall fitness, while avoiding predators (Kigrboe, 2024).
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Figure 4. 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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Figure 5. Annual mean of the modelled grazing rate (GtC (m yr)_l)
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.

Figure 7a illustrates the foraging effort of cruisers aver-
aged over the top 150 m. Consistent with Fig. 2, the forag-
ing is zero in highly oligotrophic regions. This suggests that
cruisers would decrease or cease their foraging and eventu-
ally die in the least productive regions, such as the subtrop-
ical gyres, due to insufficient prey availability to meet their
metabolic needs. The impact on cruisers concentration has
been shown on Fig. 6a, where ambushers completely outclass
cruisers in regions of low productivity (see also Fig. 4a). The
foraging effort peaks around one in regions with intermedi-
ate productivity to maximize ingestion and declines in areas
of high prey concentrations. 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 (Fig. 7b).
The highest seasonal variations are found at high latitudes
and decrease towards the equator. High latitudes are charac-
terized by strong seasonal variations in the prey concentra-
tion (for instance in the Southern Ocean, prey concentration
varies from 3.33 mmol Cm™3 during the seasonal bloom to
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0.22 mmol m~3 in Austral winter), which leads consequently
to important variations in the foraging effort of cruisers. Dur-
ing winter, when phytoplankton and microzooplankton con-
centrations 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 (Fig. 7). Seasonal variations are smaller
yet still important at the edges of the subtropical gyres. 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. Rmin, see Eq. A10). At the center
of the subtropical gyres, prey concentration remains below
Rpin 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 up-
welling systems, prey abundance remain always high all year
long. Consequently, the foraging effort displays very modest
variations in these productive regions, as evidenced in Fig. 7.

To investigate the seasonality of suspension feeders (cruis-
ers and ambushers), we focus on the Southern Ocean (south
of 60°S), where strong variations are observed, in accor-
dance with the temporal variance of the foraging effort
(Fig. 7b). This region, with its highly seasonal environment,
is examined to explore the relationship between the biomass
of suspension feeders and the foraging effort (Fig. 7b). Cruis-
ers consistently dominate over ambushers in these regions
throughout the year (Fig. 6a). Overall, we find that if one
group of suspension feeders dominates in a region, it dom-
inates all year long. Therefore, our model does not pre-
dict alternation between suspension feeders (see Appendix,
Fig. A8). In the Southern Ocean, both cruisers and their for-
aging effort exhibit a similar seasonal pattern (Fig. 8, blue
and orange dots) peaking in March at 0.41 mmol Cm~> and
0.4 respectively. The favourable season is also character-
ized by a very large spatial variability of both the biomass
and the foraging effort. During this season, prey concentra-
tion in the Southern Ocean increases (to reach a maximum
of 3.3 mmol Cm~3, with a minimum of 0.22 mmolCm™3 in
Austral winter). This resulting larger pool of prey items com-
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Figure 6. Annual mean of the dominance index between cruisers (CF) and ambushers (AF), averaged over 150 m (a—c) and zonally aver-
aged (d-f) 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).
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Figure 7. (a) Annual mean of the foraging effort (unitless) for cruisers and (b) temporal variance of the foraging effort, averaged on the top

150 m.

bined with an enhanced foraging effort boosts the concentra-
tion of cruisers. The large spatial variability underscores the
contrast between HNLC regions and highly productive ar-
eas near Antarctica, as well as downstream of islands and
plateaus. Following the summer period, cruisers’ biomass
steadily declines, until it reaches its minimum in November
(0.065 mmolCm™3, i.e. 84 % lower than its maximum sum-
mer value). Yet, cruisers remain four times more abundant
than ambushers (0.016 mmolCm™>). Ambushers biomass
remains low throughout the year (0.023 mmolCm™3) and
presents weak seasonality (Fig. 8, in red). A small peak of
ambushers (0.03 mmolm~?) 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 lat-
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itudes (between 0-30° N/S, not shown here), seasonal varia-
tions are much lower (less than 20 % for ambushers) as these
regions are mainly characterized by low productivity in the
gyres throughout the year, except in Eastern Boundary Up-
welling systems. Ambushers largely dominate over cruisers
such that no successive dominance is observed in these re-
gions as well (see Appendix, Fig. A8).

3.4 Sensitivity experiments

In this section, we first compare the reference simula-
tion 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 cruis-
ers), in which both suspension feeders have the same max-
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Figure 8. 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 mmol Cm™3) and the foraging effort (unitless, in blue), averaged over the top 150 m. The vertical bars

represent the standard deviation.

imum grazing rate, but cruisers are assigned a lower half-
saturation constant for grazing and reduced growth effi-
ciency. Next, we examine the impact of removing one of the
feeding groups in FOREFF, hence reducing the representa-
tion 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 of cruisers to its maximum
value of 1 (i.e. NO_FOREFF), the biogeography of suspen-
sion feeders (Fig. 6b and e) differs moderately from the one
predicted in 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 (Fig. 6b). 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 North-
ern Hemisphere, indicating a trend toward co-dominance in
these regions (Fig. 6¢). Even if cruisers become widely dom-
inated by ambushers in this experiment, they are still present
in the same regions as in the reference FOREFF simulation
(see Appendix, Fig. Ada and d), but their concentration is
lower while the concentration of ambushers is higher than in
the reference FOREFF simulation (Fig. 9d and 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 productiv-
ity, this leads to a strong mortality of cruisers by predation,
making them less successful than in FOREFF.
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Despite important differences in the spatial patterns of
dominance, the zonally average distribution of total meso-
zooplankton biomass in NO_FOREFF remains similar to
FOREFF (Fig. 9a, dark blue and light blue dotted curves),
except in the mid to high latitudes of both hemispheres, es-
pecially 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, cruisers concentration is
71.7 % lower in this experiment with constant forging ef-
fort whereas it is 24.2 % higher for ambushers (Fig. 9e).
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 150m (see
Sect. 3.5). Overall, the global mesozooplankton concentra-
tion in this experiment decreases by 13 %, with a total in-
tegrated 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 (Ta-
ble 3 and Appendix, Fig. ASb). As a result, total grazing by
mesozooplankton declines in the NO_FOREFF simulation,
which explains the increase in microzooplankton biomass
(+12.5 %, Fig. 9b), while phytoplankton biomass presents
almost no variation (—0.6 %, Fig. 9c).

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

In the LGE experiment, the spatial distributions of ambush-
ers and cruisers present a reversed biogeography compared
to the reference FOREFF simulation: cruisers now domi-
nate at low latitudes in oligotrophic regions whereas am-
bushers dominate at higher latitudes and in productive re-
gions (Fig. 6¢). In low productivity regions, cruisers are out-
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Figure 9. 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 mmol C m—3 ): 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.

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 correspond to the 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.

FOREFF NO_FOREFF LGE KILL_AF KILL_CF KILL_FF
Mesozooplankton (mmol C m_3) 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_l) 7.91 7.02  12.55 7.9 6.04 6.62
Cruisers 2.88 1.75 5.95 6.7 0 2.66
Ambushers 4.12 443 5.41 0 5.51 3.96
Flux-feeders 0.91 0.84 1.19 1.21 0.53 0
Microzooplankton (mmol C m_3) 0.774 0.871 0.455 0.785 0.937 0.755
Carbon export at 150 m (GtC yr_l) 5.01 4.69 6.15 4.98 4.47 5.19
Carbon export at 1000 m (GtC yr_l) 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
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competed 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 experiment. In compari-
son to NO_FOREEFF, cruisers perform better in LGE thanks
to their increased ingestion rate, as their half-saturation con-
stant is reduced by a factor of 2 while their maximum in-
gestion 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.
Respiration is therefore much lower than in NO_FOREFF,
where it is constant and independent of food availability.
In LGE, cruisers also outperform ambushers, as they con-
sume 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 oligotrophic re-
gions since we assumed a quadratic parametrization for mor-
tality. In more productive regions, changes in dominance pat-
terns are primarily attributed to the greater success of am-
bushers in LGE, while the performance of cruisers is less
affected compared to NO_FOREFF. Ambushers have a max-
imum 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 mor-
tality by predation which is critical. Additionally, because
each mesozooplankton group experiences quadratic mortal-
ity based on their total concentration, the significantly higher
biomass of ambushers increases overall mortality rates, dis-
proportionately affecting cruisers and further reinforcing am-
busher dominance.

The total biomass integrated over 150 m in the LGE exper-
iment increases compared to FOREFF reaching 0.27 GtC,
with 0.16 GtC for ambushers (69 % of the total mesozoo-
plankton biomass), 0.07 Gt C 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 be-
low the levels of ambushers at depth (Fig. 5, orange and
red curves). In contrast, in the experiment where suspension
feeders are assigned the same grazing rate (i.e. LGE), graz-
ing by cruisers at the surface is initially lower than that of
ambushers but remains nearly constant, only decreasing at
around 80 m depth (see Appendix, Fig. AS5c, orange curve),
resulting in overall higher grazing levels.

A large increase in mean annual total mesozooplankton
concentration is observed in LGE compared to FOREFF, es-
pecially at high latitudes (+56.9 %, Fig. 9a, dashed pink and
dark blue curves). The biomass of both suspension feed-
ing groups increases (+24.6 % for cruisers and +105.5 %
for ambushers, Fig. 9d and e). However, the latitudinal pat-
tern for the concentration of cruisers presents an increase of
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that group at low latitudes, and a decrease at high latitudes.
Meanwhile, ambushers concentration decreases at low lati-
tudes and increases strongly in the high latitudes and in the
productive regions of the low latitudes, resulting in the pat-
tern observed in Fig. 6¢. The increase in mesozooplankton
biomass concentration leads to a global reduction in micro-
zooplankton concentration within the top 150 m (—41.2 %,
Fig. 9b) due to enhanced mesozooplankton grazing. As a
result, phytoplankton biomass concentration increases by
+5.3 %, (Fig. 9c) thanks to this relaxation of microzooplank-
ton grazing.

3.4.3 Impact of considering only two PFTs on global
biomass (KILL_AF, KILL_CF and KILL_FF
experiments)

Eliminating ambushers (KILL_AF, Fig. 9, green dash-dotted
curves) results in the largest decrease in total mesozoo-
plankton biomass (—31 %, Fig. 9a), especially at low lati-
tudes where ambushers are the dominant mesozooplankton
group in the reference experiment FOREFF. However, re-
moving 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
grazing of cruisers increases as there is more food available
for the remaining groups (Fig. A5d) and the biomass concen-
tration of cruisers increases significantly (+42 %, Fig. 9d),
with this increase primarily occurring at low to mid-latitudes.
Nevertheless, their greater concentration does not fully off-
set the loss of ambushers, resulting in a net decrease in to-
tal mesozooplankton biomass. Flux-feeders also experience
an increase in biomass as they are no longer out-competed
by ambushers (+18.2 %), particularly at depth in produc-
tive regions (Fig. 9f, green dash-dotted curve). Total grazing
by mesozooplankton remains globally unchanged (less than
1 %). Consequently, removing ambushers has almost no im-
pact on microzooplankton and phytoplankton biomass con-
centration (less than 1.5 % for both), except for a slight in-
crease in the low latitudes for microzooplankton (Fig. 9b,
green dash-dotted curve).

When removing the cruisers (KILL_CF, not shown here,
see Appendix, Fig. A6, orange dash-dotted curves), meso-
zooplankton biomass also decreases (—13.3 %), yet less than
in the KILL_AF experiment. This decrease is primarily ob-
served at high latitudes, where cruisers were the most abun-
dant and where they are partly replaced by ambushers as evi-
denced by their 51 % increase in biomass concentration. Fur-
thermore, ambushers produce fewer big particles due to their
lower grazing efficiency which, together with a strong com-
petition with flux-feeders in the lower part of the euphotic
zone, leads to a significant reduction in flux-feeder biomass
concentration (—36.6 %). Removing the cruisers makes am-
bushers the sole suspension feeding group. As a result, they
are able to reach their maximum grazing levels (see Table 3).
However, total grazing by mesozooplankton is lowered com-
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pared 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 Appendix, Fig. A6), variations in ecosystem
dynamics remained similar although less pronounced. To-
tal 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 replacement of flux-feeders by any group of suspension
feeders (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 TImpact of considering several mesozooplankton
feeding behaviours on the global carbon cycle

Distinguishing three mesozooplankton feeding groups im-
pacts the amount of carbon export at depth (Table 3). In
the reference FOREFF configuration, total carbon export is
5.01GtCyr~! at 150m and 1.69 GtCyr—! at 1000 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
(Fig. 10a). These global carbon export values are within
the range of recent independent studies (DeVries and We-
ber, 2017), but they are lower than values found in previous
PISCES-based model studies (6.9 GtCyr~! at 150m depth
by Aumont et al., 2015, or 7.71 GtCyr~! 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).
In our reference FOREFF simulation, carbon transfer ef-
ficiency is maximum (up to 50 %) in the productive areas at
high latitudes, intermediate (around 30 %-35 %) in regions
of moderate productivity at mid and low latitudes, and mini-
mum (less than 30 %) in highly oligotrophic regions (center
of the gyres) and in the Eastern Boundary Upwelling Sys-
tems (less than 10 %). The latter corresponds to those regions
where flux-feeders thrive (see flux-feeders concentration av-
eraged between 150—1000 m in the Appendix Fig. A10a), as
they are able to efficiently feed on abundant sinking particles,
hence lowering the carbon export at depth (Fig. 10b).
Variations in carbon export across different model experi-
ments are controlled by two main factors. First, the produc-
tion of organic particles in the upper ocean, which partly
depends on the relative contributions of the two suspen-
sion feeding modes. Suspension feeders influence produc-
tion both directly, through differences in grazing intensity
and mortality losses, and indirectly, by modulating micro-
zooplankton biomass and primary productivity. Second, the
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fate of sinking organic particles, and thus the transfer effi-
ciency, is affected by flux-feeders. According to our exper-
iments, an increase in grazing by suspension feeding meso-
zooplankton leads to a higher export at 150 m (Table 3). This
result is expected since suspension feeding mesozooplankton
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 ambush-
ers. 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 (Ta-
ble 3). Spatially, 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
(Fig. 10c for NO_FOREFF and Fig. A9i in the Appendix
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 Appendix, Fig. A9g).

In all experiments, absolute changes in average trans-
fer 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 Fig. 10f). 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 im-
pact of flux-feeders is maximum in productive regions such
as upwelling systems and the high latitudes (Fig. 10f), where
their abundance in the mesopelagic domain is high thanks to
a higher concentration of organic particles exported from the
upper ocean (see Appendix, Fig. A10f). In the other exper-
iments, such as NO_FOREFF and KILL_CF, a decrease in
flux-feeders concentration at depth generally leads to an in-
crease in the transfer efficiency and vice versa (see Appendix,
Figs. A10 and A9).

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 suspension feeders predominate in the epipelagic
layer while flux-feeders thrive more at depths lower than
100 m where they substantially decrease the amount of par-
ticles sinking to the mesopelagic domain. In most of the re-
gions, 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. We also explicitly con-
sidered the cost of the foraging of cruisers, where cruisers

Biogeosciences, 22, 7233-7268, 2025



7248

10 20 30 40
Export (gC/m3/yr)

(c) NO_FOREFF - FOREFF

.

=5
Export (gC/m3/yr)

L. Di Matteo et al.: Mesozooplankton feeding strategies’ impact on the carbon cycle

(b) FOREFF

10 20 30 40 50 60
Efficiency (%)

(d) NO_FOREFF - FOREFF

Efficiency (%)

Figure 10. Annual mean of carbon export at 150m (a, ¢, e,in gC m—3 yr_l) and of carbon transfer efficiency between 150-1000 m (b, d, f, 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).

have access to a larger range of prey despite a higher preda-
tion risk due to their active behaviour and higher metabolic
costs when actively foraging. Indeed, their foraging effort al-
lows them to better optimize their search for food, 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 zoo-
plankton have shown various biogeographies for these or-
ganisms (Prowe et al., 2019; Visser, 2007). For instance, the
model proposed by Prowe et al. (2019) focuses on encounter
rates between zooplankton and their prey, which are con-
trolled by trade-offs between motility, body size, and preda-
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tion risk. Their model predicts 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 (Fig. 6¢). Similarly,
Visser (2007) and Visser et al. (2008) showed how trade-
offs, specifically the net energy gain vs. predation (Visser,
2007), allow to predict the biogeography of these organ-
isms. They suggest that more passive suspension feeders,
such as ambushers, would dominate in regions characterized
by higher prey levels, higher turbulence and higher preda-
tion risk. Conversely, cruisers would perform better at in-
termediate 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 mod-
elling studies suggest that ambushers would dominate on a
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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 (Fig. 6, top
row, and Table 3). However, the preference for a passive am-
bushing strategy in regions with higher prey concentrations
is simulated only in our LGE experiment (Fig. 6c).

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 pas-
sive and active organisms alongside their body size, demon-
strating that small passive-feeding organisms tend to domi-
nate in low-productivity environments, whereas large active-
feeding organisms prevail in more productive systems. Con-
sistent with our findings in FOREFF and NO_FOREFF, the
study also shows that active feeding strategies are entirely
eliminated under low food availability. However, a key dis-
tinction from our work and the work of Serra-Pompei et al.
(2020) is their explicit representation of the mesozooplank-
ton size distribution, which plays a crucial role in shaping
the predicted biogeography. Among small organisms, pas-
sive feeding consistently emerges as the dominant strategy,
explaining its prevalence in low-productivity environments.
By contrast, large organisms, which thrive in highly produc-
tive systems, are hypothesized to be exclusively active feed-
ers due to their high sinking speeds, rendering a passive strat-
egy unviable.

Our predicted biogeography (Fig. 4) can also be compared
to recent observational studies, particularly the global sur-
face distribution of copepod functional groups established
by Benedetti et al. (2023). This study integrates species-
level occurrence observations, species distribution modelling
and a species-level functional trait data, providing an empir-
ical biogeographical perspective on suspension feeders. In
Benedetti et al. (2023), ambushers and cruisers are classi-
fied into three distinct functional groups each (see Sect. 2.4).
They observe a spatial pattern of active and passive or-
ganisms similar to that predicted in our FOREFF experi-
ment. Their co-dominance index (Fig. 11) 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 ob-
served biogeography exhibits greater co-dominance than our
model predictions, as indicated by co-dominance index val-
ues closer to zero (Fig. 11). Notably, in the oligotrophic sub-
tropical gyres, active feeders are not completely absent in
contrast with what we found in FOREFFE.

However, caution is required when comparing the
observation-based biogeography from Benedetti et al. (2023)
to our modelling results. Their study is based on presence
data and habitat suitability indices estimated from species
distribution models, and hence it does not consider biomass
which is the property simulated by our model. The fact that
their approach is based on presence and habitat suitability
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Figure 11. Mean annual co-dominance index for projections of the
Community Weighted Mean (CWM) traits values for the global sur-
face ocean of cruise-feeders (CF) and ambush feeders (AF). This
map is based on the copepod functional groups biogeography mod-
elled by Benedetti et al. (2023).

rather than biomass, may introduce bias and underestimate
the relative proportions of the different groups.

4.2 Competition between suspension feeders in the
experiments with 3 PFTs

Cruise-feeding and ambush-feeding mesozooplankton dis-
play distinct spatial biomass distribution but similar verti-
cal 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 pro-
ductive regions and at high latitudes, as mentioned above
(see Sect. 4.1). The different experiments showed a strong
sensitivity of the biogeography of the suspension feeding
groups to the assumptions made on the trade-offs between the
energy obtained from feeding and invested into competing
functions such as growth, reproduction and survival (Mar-
tini et al., 2021; Kigrboe, 2011; Kigrboe et al., 2015; Van
Someren Gréve et al., 2017).

In the reference configuration of our study (i.e. FOR-
EFF), adaptive behaviour is incorporated using the theoret-
ical framework proposed by Kigrboe et al. (2018a). Compar-
ing this reference setup to the NO_FOREFF sensitivity ex-
periment provides insights into the effects of variable adap-
tive foraging effort. In productive regions with high prey con-
centrations, such as low-latitude upwelling systems and high
latitudes, reduced foraging effort explains the dominance of
cruisers over ambushers (Figs. 7a and 6a), as minimizing pre-
dation losses becomes more critical than maximizing energy
gain. When food levels are low (< 1.5 mmol Cm™3), cruis-
ers stop feeding because saving energy becomes critical. In
the subtropical gyres, cruise feeders are outcompeted by am-
bushers and even completely eliminated when foraging ef-
fort is kept to its maximum value, because food availability
is never sufficient to sustain their metabolic needs. At high
latitudes, reduced metabolic expenditure resulting from ceas-
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ing foraging enables cruisers to better endure the winter and,
hence, maintains a sufficient population to outcompete am-
bushers when preys becomes abundant in the spring (Fig. 8).
This is evident from the sharp decline in their abundance pre-
dicted in the NO_FOREFF experiment (Fig. 9d). The ability
of mesozooplankton to adjust their foraging effort thus plays
a crucial role in their success in seasonally productive re-
gions, such as high latitudes and low-latitude upwelling sys-
tems. However, even in regions where active feeders domi-
nate, ambushers are never entirely excluded (see Appendix,
Fig. A4b). 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 feed-
ing 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 effi-
ciency to represent their higher metabolic needs relative to
ambushers (Kigrboe, 2011; Kigrboe et al., 2015; Alcaraz and
Strickler, 1988). Under these assumptions and the parameters
values prescribed in the LGE experiment, cruisers are out-
competed by ambushers in productive regions and high lati-
tudes (see Table 3 and Appendix, Figs. A5c and A7c). This
outcome is driven by the fact that cruisers experience a preda-
tion 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 effi-
ciency and a half-saturation constant only three time lower,
such assimilation level remains unachievable.

Our various configurations implement a common set of
trade-offs related to feeding modes in different manners: ac-
tive organisms are more efficient foragers and reproducers
but experience a greater predation risk and higher metabolic
losses. So far, there are still too little experimental data
enabling us to quantitatively constrain these trade-offs ac-
curately. Furthermore, previous theoretical and laboratory
studies provide a broad range of possible parameter values
for representing mesozooplankton 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 experiments, such as the
spatial and temporal repartition of the suspension feeding
groups and the impact on carbon export. This strong sen-
sitivity 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 particularly important in our mod-
elling experiments: the maximum grazing rate of suspen-
sion feeders (cruisers and ambushers) g*sF and the quadratic
mortality rate m™X. A higher maximum grazing rate for
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cruisers was required to reproduce a biogeography where
they dominate in high-latitude and highly productive regions,
but are outcompeted in low-productivity areas. A similar bio-
geography was found by Serra-Pompei et al. (2020) who
made the same assumption. When similar maximum graz-
ing rates are prescribed, cruisers are generally outcompeted
except at low food and turbulence levels as found in previ-
ous 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 pa-
rameter. When maximum grazing rates are identical for both
cruisers and ambushers, a high excess risk leads to an exclu-
sion of the former in highly productive regions and at high
latitudes (as in our LGE experiment), whereas a weak ex-
cess 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 abun-
dant below the euphotic zone where they outcompete the
suspension feeding modes (Fig. 5, Jackson, 1993). This is
not surprising since the main source of energy for meso-
zooplankton in the mesopelagic layer is the flux of sink-
ing organic particles, making flux-feeding the most advanta-
geous mesozooplankton feeding strategy. In particular, they
prefer large, rapidly sinking particles, as the particle flux
constrains 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 distribu-
tion of flux-feeders closely align with the flux of particles.
Their abundance peaks in highly productive areas and de-
clines 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 there-
fore, on surface productivity (the euphotic depth being shal-
lower in productive zones and deeper in oligotrophic regions,
Stemmann et al., 2004). As a result, in the top 150 m (see
Appendix, Fig. A4, 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
etal., 2019).

Stukel et al. (2019) showed that suspension feeders do
not significantly affect carbon export at depth due to insuf-
ficient 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 Up-
welling Systems, where flux-feeders are very abundant (see

https://doi.org/10.5194/bg-22-7233-2025



L. Di Matteo et al.: Mesozooplankton feeding strategies’ impact on the carbon cycle

Appendix, Fig. A4, right panels) and where the carbon effi-
ciency is minimal (Fig. 10b). 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 (Fig. 10f) due to the absence of flux-feeders’ grazing
on particles. It thus highlights the key role that these organ-
isms play in the water column, in particular in highly pro-
ductive regions: they decrease the efficiency of carbon ex-
port, 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 influence on flux attenuation than bacteria in the
upper mesopelagic zone, as bacterial degradation accounts
for only 7 %-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 Ap-
pendix, Fig. A11). Our results indicate that, on a global scale
and between 150-1000 m, bacterial activity has a greater im-
pact than flux-feeder grazing (see Appendix, Fig. Alla and
b). However, regionally, the dominance index between flux-
feeders and bacterial activity reveals a stronger influence of
flux-feeders in coastal and highly productive regions (see Ap-
pendix, Fig. Allc), with a tendency towards co-dominance
in 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. Even though
this study was designed to investigate the impact of meso-
zooplankton functional diversity on ecosystem dynamics and
carbon fluxes through their feeding modes, the mesozoo-
plankton compartment was only expanded to three coarse
feeding strategies. However, observations reveal greater di-
versity in these feeding modes. Among cruise-feeding zoo-
plankton, some organisms generate feeding currents such as
the copepod Temora longicornis, to either filter prey items
from the current or capture them when entrapped (Kigr-
boe, 2011). Others swim actively, such as the copepod Cen-
tropages hamatus and employ raptorial strategies upon de-
tecting prey items 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 items passively such as Oithona nana or
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Acartia tonsa copepods (Almeda et al., 2018) and active am-
bush feeders that actively attack their prey such as ciliates
of the Mesodinium genus (Kigrboe, 2011). This wide diver-
sity 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 repre-
sented in our modelling framework. Thus, our model and ex-
periments underestimate the diversity of feeding strategies by
considering only three main groups.

This large diversity in the feeding strategies and their suc-
cess 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 represen-
tation of these trade-offs between gains (ingestion) and losses
(metabolic costs and predatory risk) from a specific set of hy-
potheses solely based on the foraging activity. Yet, other fac-
tors 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 chemi-
cal signalling and morphological changes to reduce ingestion
likelihood, as well as avoidance and escape behaviours — like
seeking spatial refuges, performing diurnal vertical migra-
tions or forming swarms for euphausiids — to decrease preda-
tors’ chances of successful encounters and captures (Ohman,
1988). For instance, diurnal vertical migration performed by
active feeders such as Calanoid copepods, is an efficient de-
fence strategy (Ohman, 1990) and may reduce lateral trans-
port that may 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 con-
ditions. Yet, some zooplankton taxa, such as Acarcia tonsa
copepods (Kigrboe et al., 1996), can switch from one to an-
other predation mode, for instance as a function of prey abun-
dance (as it is the case for A. tonsa) and type (Tiselius and
Jonsson, 1990; Benedetti et al., 2016). Integrating this flex-
ibility in our model might change the dynamics of the zoo-
plankton community, notably inducing more co-dominance
of the predation modes since there would be a very rapid
switch in occurrence of the feeding mode, whereas, in our ap-
proach, a change in the dominance by a feeding mode is only
achieved through a change in the relative abundance of spe-
cialized functional groups. Representing this ability to switch
and having more co-dominance would also lead to predicting
seasonal alternations among suspension feeders, which is not
the case here, as both groups have the same prey preferences.
Thus, in our modelling framework, variations in the relative
abundance of different prey types cannot induce such alter-
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nations. Yet, introducing a generalist feeding group capable
of dynamically adjusting its feeding strategy would require
a detailed understanding of the trade-offs between general-
ist and specialist feeding strategies. To our knowledge, these
trade-offs have not been quantified so far. While some mod-
elling studies did explore the dynamics of adaptive feeding
strategies, we are unaware of any that integrate both obli-
gate 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 preys such
as microzooplankton or dinoflagellates, while cruisers pre-
fer smaller less motile preys (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 sus-
pension feeding groups share the same diet. Allowing for dif-
ferences 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 com-
position of the prey community through a trophic trait cas-
cade (Kenitz et al., 2017). However, this approach would re-
quire accurate representation of the dynamics of both micro-
zooplankton 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 interacts 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 im-
pact carbon export, particularly its effectiveness in sequester-
ing carbon in the ocean (Ohman and Romagnan, 2016; Au-
mont et al., 2018; Stamieszkin et al., 2015).

Body size also governs sinking speed, which, according
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 en-
ergy in swimming to maintain their position in the water
column. Observations also suggest that ambushers are rare
among large copepods, while active organisms are found
among smaller and larger copepods (Benedetti et al., 2023
and see Appendix, Fig. A13). Additionally, the study by
Benedetti et al. (2023) also considered organism size as a
major trait. The biogeography they predicted for active or-
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ganisms varies depending on their body size whereas more
similar spatial distributions are obtained for passive organ-
isms, no matter their size. Furthermore, in the trait dataset
used by Benedetti et al. (2023), the majority of large cope-
pod species corresponds to active organisms such as cruis-
ers, while for the smallest copepods species, there is no clear
dominance between passive and active organisms (see Ap-
pendix, Fig. A13). This is correlated with Fig. 5 of Benedetti
et al. (2023), where the largest copepods are found at high
latitudes, and would thus correspond to their cruisers (Fig. Sb
and k of Benedetti et al., 2023), while the smallest ones are
found at lower latitudes and would correspond to ambushers
(Fig. 5b and i of Benedetti et al., 2023).

Therefore, dividing suspension feeders into at least two
size classes and including DVM and/or fecal pellet produc-
tion in our model could provide a more realistic representa-
tion of pelagic ecosystems, with larger cruisers contributing
more to carbon export through deeper migrations and larger
fecal pellets.

5 Conclusions

Mesozooplankton are frequently considered as a single com-
partment in marine biogeochemical models. Their wide di-
versity of traits and the multiple ecological functions they
ensure in marine ecosystems are thus insufficiently resolved.
To tackle this issue and evaluate its impacts on our un-
derstanding of the biological carbon pump, we integrated
three distinct feeding strategies in the PISCES biogeochem-
ical model. The simulated fields of total plankton biomass
were positively evaluated against observational data and we
showed that suspension feeders (cruisers and ambushers)
are most abundant in the surface layers with ambushers be-
ing the dominant group while flux-feeders thrive at depth.
The resulting biogeography depends on the trade-offs be-
tween ingestion, respiration and mortality by predation and
the hypotheses we made, based on the current knowledge of
mesozooplankton diversity in feeding behaviours. This spa-
tial 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 microzoo-
plankton and phytoplankton. However, there is still a great
deal of uncertainty in quantifying these trade-offs, making it
difficult to understand and interpret the biogeography. Ad-
ditionally, we showed that the representation of flux-feeders
plays a major role on carbon export at depth due to their po-
sition 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 the lack of representation of mesozooplankton func-
tional diversity (in grazing for instance) is considered as the
greatest uncertainty in climate projections of carbon cycle
(Rohr et al., 2023), this study showed the importance of var-
ious predation strategies on a global scale and the necessity
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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 ob-
tained in controlled laboratory experiments would for in-
stance allow us to better represent and parameterize preda-
tion strategies in biogeochemical models, hence contribut-
ing to better evaluating the impact of feeding strategies on
global biomass and biogeochemical fluxes. Such representa-
tion does not drastically modify the marine biogeochemistry
at global scale. Hence, if computing cost is a concern and
details in the mesozooplankton description are not a prior-
ity, this more detailed representation can likely be omitted.
However, if mesozooplankton dynamics are central, for in-
stance when investigating higher trophic levels (Mitra et al.,
2014), this configuration is certainly worth considering. Fur-
thermore, an interesting perspective would be to use this con-
figuration in the context of climate projections to investigate
how mesozooplankton biogeography would evolve under cli-
mate change, as well as evaluate the projected changes in
ecosystem-driven carbon fluxes.
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Figure Al. (a) FOREFF reference configuration, (b) NO_FOREFF experiment, and (¢) LGE experiment. The thickness of the lines account
for the intensity of the grazing rate gMSF or flux-feeding rate gMFF (blue), metabolic loss parameter rMx (purple) and quadratic mortality
parameter mMX (red). The transparent orange shading for cruisers in LGE (c) accounts for the lower growth efficiency ¢™X . NO_FOREFF
(b) is the same as FOREFF (a) but with a constant foraging effort equals to 1. The KILL_XX experiments (where XX accounts for CF
(cruisers), AF (ambushers) and FF (flux-feeders)) are the same as FOREFF (a) but one group is removed. P stands for phytoplankton and Z

for microzooplankton.
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A2 Mesozooplankton dynamics

Mesozooplankton grazing for suspension feeders (cruisers
and ambushers) in PISCES is concentration-dependant and
based on a Michaelis—Menten parameterization with no
switching and a threshold (Aumont et al., 2015; Gentleman
et al., 2003).

GMst =gt (P) 4 ¢M5" (D) + ¢M5* (sPOC)
+ gMSF (Z) (A1)

Where the different preys are nanophytoplankton (P), di-
atoms (D), microzooplankton (Z) and small organic parti-
cles (sSPOC). gMsF(I) represent the grazing rate of suspen-
sion feeders on the different preys I:

M
Msk () — MSFFlimPXPISF]
g =g — T %
F Ke+pxF

F=Y P/
1

Fim =max (0, F —min (0.5F, Fpis, )) (A2)

Where F is the food availability of each prey 7, Fjin is a food
limitation term, K, is the half-saturation constant for graz-
ing, Py is the preference on prey I (set to 0.3 for nanophyto-
plankton and sPOC and 1 for diatoms and microzooplankton,
Aumont et al., 2015) and F%‘Z:h is a food threshold. p is the
foraging effort for cruisers. It is thus only implemented in the
grazing formulation of cruisers and defined in Eq. (A4).
Flux-feeding is accounted for such that it depends on the
product of the concentration of particles by the sinking speed.

GMrF = gMF (bPOC) + g™ (sPOC)
g (D) = g w1 (A3)

Where gMFF(I) is the ﬂux-feediAr/l[g on small and big
particles I (sPOC and bPOC) and g, is the flux-feeding
rate.

The foraging effort of cruisers p is computed as follows:

o= L =m) = o = T =my =)

(A4)
P Jelm—=r)—m
With:
FMcF _ Mar
Km+Mcp
Mcr S~ My — mMAr S Mf Mcr _ j, MaF
m=" ZMX MY My mT —m (A6)
mMar ZMX mMAar
R mMar
= — and = —- A7
p . fC gm % eMCF ( )

In Eqgs. (AS) and (A6), rMAF and mMAF represent the back-
ground metabolism and mortality rates. rMcF — pMar and
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mMcF i MAF represent the specific metabolic costs and mor-

tality risk of active feeding. p represents the scaled resource
concentration (with R the prey concentration) and f, is the
scaled standard metabolism (Kigrboe et al., 2018a).

The foraging effort is adapted from Eq. (8) of Kigr-
boe et al. (2018a). In our study, it is implemented in Fiiy
(Eq. A2) and in the respiration and quadratic mortality terms
of Eq. (1). Hence, the equations for the two mortality terms
of cruisers are now defined as:

. Mcr
Respiration = | rMaF (— + 3A(02))
P < Km + MCF
+ (FMCF — rMAF) X p) McEg (A8)

Quadratic mortality = (mMAF + (mMCF — mMAF) X p)

X fucr(T)YMcry My (A9)
X

The foraging effort varies in response to prey density (as
shown on Fig. 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 et al.,
2018a). This way, the foraging effort differs from zero only
if the prey concentration R is greater than a minimum prey
concentration Rpyin:

FMcE _ pMAF
Riin = K¢ X e (A10)
gm " X eé/IF
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A3 Comparison between model and observations

Figure A3 presents the surface nitrate from our study
(Fig. A3a) and from the World Ocean Atlas climatology
(Fig. A3b). The model represents particularly well the sur-
face nitrate, with a correlation of 0.9 (p < 0.001) and a pos-
itive bias of 1.7mmolm™>. The global distribution is accu-
rately represented as well, with a maximum of nitrate in the
Southern Ocean, and a slight overestimation at high latitudes
in the Northern Hemisphere.
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Figure A2. 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).

(a) Modelled Nitrates
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Figure A3. Comparison between modelled and observed annual average surface nitrate. Observed surface nitrate are from World Ocean
Atlas (Garcia et al., 2010).
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A4 Mesozooplankton concentrations

100

Concentration (mmolC/m?3)

Figure A4. 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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A5 Mesozooplankton grazing at depth
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Figure AS. Annual and spatial mean of the total modelled grazing fluxes (in GtC yr_l) for the different mesozooplankton groups in
(a) FOREFF, (b) NO_FOREFF, (¢) LGE, (d) KILL_AF, (e) KILL_CF, and (f) KILL_FF.
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Figure A6. Annual and zonal average calculated over 150 m for different tracers in different experiments. (a) Total mesozooplankton,
(b) microzooplankton, (c) phytoplankton, (d) cruisers, (e) ambushers, and (f) flux-feeders.
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A7 Seasonal variation of suspension feeders (cruisers
and ambushers)

Figure A7 presents the seasonality in the Southern Hemi-
sphere for every three PFTs experiment. In FOREFF
(Fig. A7a), 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. A7b), with the peak of cruisers and ambushers occur-
ring 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. A7c), the seasonal variation of am-
bushers is much higher as they dominate in these regions, and
their concentration peaks in March, when cruisers also peak.
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Figure A7. 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.
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On Fig. A8, we assigned the value one to each point on the
grid and in time where the concentration of ambushers (av-
eraged over 150 m) is larger than that of cruisers, zero else.
While resembling the dominance index (Fig. 6a), 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 0.3-0.7), meaning
that there are few regions where there is a seasonal succes-
sion of the dominance between the suspension feeders. Thus
in general, when one group dominates, it does so all year
long.
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0.6

0.8

1.0

Figure A8. Annual mean of the dominance of ambushers over cruisers, averaged over 150 m.
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A8 Impact of flux-feeders on carbon cycle
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Figure A9. Annual mean of (a) FOREFF carbon export at 150 m difference in carbon export and (b) FOREFF carbon transfer efficiency
between 150-1000 m. Difference between FOREFF and (¢, 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 150-1000 m (right).
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Figure A10. Annual mean flux-feeders concentration averaged between 150-1000 m (a) and difference in flux-feeders concentration aver-
aged between 150-1000m for (b) NO_FOREFF - FOREFF, (¢) LGE - FOREFF, (d) KILL_AF - FOREFF, (e) KILL_CF - FOREFF, and
(f) KILL_FF - FOREFF.
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Figure A11. 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 150-1000 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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A9 Ecosystem dynamics
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Figure A12. Representation of the global ecosystem dynamics in the FOREFF configuration. Values are in GtC yr_1 . Values in black
correspond 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.

A10 Copepod distribution from Benedetti et al. (2023)

Figure A13 represents the relative proportion of the feeding
modes for small (25th quantile) and big (75th quantile) cope-
pods, from the Benedetti et al. (2023) dataset. Among the
small copepods, there is no clear dominance of active feed-
ing strategy. However, in the largest copepods, there is a clear
dominance of active suspension feeders (i.e. cruisers and cur-
rent feeders), while passive organisms such as ambushers’
proportion is very low.
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Figure A13. 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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to reproduce the figures are openly available from Zenodo
(https://doi.org/10.5281/zenodo.15065240, Di Matteo et al., 2025).
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