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Abstract
Amongst the increasing number of anthropogenic stress factors threatening ocean equilibrium,
microplastics (MP;<5 mm) have emerged as particularly worrisome. In situ observations have
shown that MP accumulate in large areas at the surface ocean where it may threaten the functioning
marine species. In particular, experimental evidence has shown that the grazing rates of several
zooplankton species may be significantly altered by MP. These direct impacts on zooplankton may
alter nutrient and carbon cycling. However, how these laboratory results may translate into impacts
on the global ocean is yet unknown. Here, we use a global coupled physical-biogeochemical model
including MP (NEMO/PISCES-PLASTIC) to investigate the impacts of MP exposure on
zooplankton grazing rates. Drawing from experimental results, we use varying water
contamination impact thresholds to explore the biogeochemical consequences of MP impacts on
short (10 years) and long timescales (100 years). Our simulations show that the geographical extent
of MP impacts on zooplankton remains restricted to about 10% of the global ocean surface, even
after 100 years of constant MP contamination. However, in the most contaminated regions (e.g.
the sub-tropical gyres), [MP] has surged from a few mgm−3 to>50 mgm−3. Despite their
oligotrophic nature and limited contribution to the overall ocean carbon cycle, MP impacts on
zooplankton grazing could disrupt carbon cycling in these highly contaminated regions (up to 50%
reduction in yearly primary production, carbon export fluxes and organic matter remineralisation
after 100 years). Our research suggests that persistent MP pollution in the ocean could diminish
primary production by 4%. In spite of the large sensitivity of our results to the water
contamination impact threshold, we suggest MP impacts on zooplankton grazing may cause an
annual loss of 1 Gt yr−1 of exported carbon after 100 years, if MP inputs remain constant globally.

1. Introduction

Zooplankton play a crucial role in ocean ecosystems,
both ecologically and biogeochemically. Zooplankton
form the base of the marine food web, serving as
a primary food source for many invertebrates, fish,

birds and mammal species (Bertram et al 2001,
Macias et al 2014). They also play an important role in
controlling phytoplankton populations, thereby reg-
ulating primary productivity (Steinberg and Landry
2017, Ratnarajah et al 2023). Biogeochemically,
zooplankton are also involved in the cycling of key
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macro and micronutrients (Boyd et al 2015, Rafter
et al 2017, Richon et al 2020, Richon and Tagliabue
2021), and play a vital role in the export of par-
ticulate organic matter from the surface ocean to
the deep sea, thereby influencing the global carbon
cycle (Longhurst and Harrison 1988, Cavan et al
2015, Turner 2015, Hansen and Visser 2016). Since
the onset of the Anthropocene (Zalasiewicz et al
2015), the number and magnitude of anthropogenic
stressors on marine ecosystems has rapidly increased
(Heinze et al 2021). Such stressors include rapid
changes in water temperature, acidification, and the
introduction of new pollutants such as microplastics
(MP; <5 mm), pharmaceuticals, or endocrine dis-
rupters (Lloyd-Smith and Immig 2018, Richon et al
2024).

Amongst all anthropogenic stressors threatening
marine ecosystems, MP constitute a family of emer-
ging contaminants of particular interest due to their
abundance, ubiquity, persistence and wide diversity
in terms of size, morphology and chemical compos-
ition (Rochman et al 2019, Richon et al 2023). MP
are found in all ocean regions and their global fluxes
to the ocean have been increasing since the onset of
their global production and increased usage in the
1950s (Auta et al 2017, Crawford and Quinn 2017).
Observational and modeling work has highlighted
regions like gyres and coastal areas close to major
sources (lands and rivers) as accumulation zones of
MP (Eriksen et al 2014, van Sebille et al 2015, 2020,
Onink et al 2021, Richon et al 2022). In such regions,
MPmassmay already exceed that of plankton (Moore
et al 2002, Collignon et al 2014), which poses signi-
ficant risks for zooplankton populations fitness and
the overall food web contamination (Setälä et al 2014,
Richon et al 2022). Over the past decades, the rapid
increase in environmental contamination caused by
MP and their associated chemical additives has con-
tributed to the crossing of the planetary boundary
for novel entities (Persson et al 2022). In this context,
understanding the impacts of emerging contaminants
such as MP in environmentally relevant conditions
is instrumental to design and inform the necessary
remediation policies. Global ocean models coupling
physics and biogeochemistry are useful tools in such
endeavors (Alekseenko et al 2018, Richon et al 2022,
Kvale et al 2023).

A breadth of experimental and observational
works have demonstrated that zooplankton may
ingest MP (Desforges et al 2015, Bessa et al 2019,
Cau et al 2019, Hossain et al 2020, Gurjar et al
2021, Johnston et al 2023), with impacts ranging
from impaired feeding, reproduction, motility and
growth to increased mortality (Lee et al 2013, Jeong
et al 2016, 2017, Yu et al 2020). In particular, sig-
nificant MP impacts on zooplankton grazing rates

have been observed since the 1980s (Ayukai 1987).
Experimental studies conducted on various species
demonstrated thatMPmay decrease grazing by 25%–
80% (Cole et al 2015, Coppock et al 2019, Yu et al
2020). Grazing is a key function for zooplankton,
driving the amount of food ingested, nutrient recyc-
ling and fecal pellet production (Atkinson et al 2012,
Richon et al 2020). Moreover, grazing rates describe
the predatory behaviour of zooplankton and trophic
interactions with its microbial prey (Lampert et al
1986, Franks 2001, Sterner 2009, Karakuş et al 2022).
Thus, disturbance of zooplankton grazing rates upon
MP exposure may modify the equilibrium between
planktonic species as well as the biogeochemical
cycles of carbon and nutrients (McManamay et al
2011, Atkinson et al 2012). Therefore, quantifyingMP
impacts on grazing rates at the global scale is essen-
tial to understand their ecosystem impacts. The use of
modeling tools can help bridge the gaps in our under-
standing of such impacts.

In this article, we explore the impacts of MP
on global ocean biogeochemistry through alteration
of zooplankton grazing rates with an environmental
contamination threshold forMP impacts. To this end,
we used a global model representing the environ-
mentally relevant 3D distribution of MP and biogeo-
chemical tracers (Richon et al 2022) to simulate
impacts on zooplankton grazing rates. With the res-
ults from our idealized simulations, we first investig-
ate the changes in MP surface distribution over 100
years. Then, we explore how various environmental
contamination thresholds modulate MP impacts on
the global surface plankton biomass and carbon cycle.
Finally, we discuss the implications of our results for
global ocean ecosystems and future MP studies.

2. Methods

2.1. The NEMO/PISCES-PLASTICmodel
Ocean circulation is based on the NEMO model
(Madec 2008). Similarly to Richon et al (2019, 2020,
2022), we used a climatological year for physical for-
cing with 5 day resolution. The model horizontal
resolution is 2◦, and includes 31 z-levels of variable
thickness (10 m at the surface to over 500 m at the
bottom).

This physical model is coupled one-way with the
biogeochemical model PISCES-PLASTIC (Richon
et al 2022), developed from the biogeochemical
model PISCES (Aumont et al 2015). In PISCES
the 3D distribution and biogeochemical transform-
ations of 6 nutrients (PO4, NO3, NH4, Si, CaCO3

and Fe) are represented. The biomass and produc-
tion of two phytoplankton functional types (nano-
phytoplankton and diatoms) and two zooplankton
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size classes (micro and mesozooplankton) are rep-
resented. Microzooplankton represent small organ-
isms preying on phytoplankton and small particu-
late matter. Mesozooplankton represent larger organ-
isms, such as copepods, preying on both phytoplank-
ton groups, small and large particulate matter, and
microzooplankton (see Aumont et al 2015, for details
and prey preference). Finally, organic matter is rep-
resented under the dissolved, small and large particu-
late forms (see Aumont et al 2015, for a full descrip-
tion and equations of PISCES). In PISCES, zooplank-
tonmetabolism and interactionswith othermicrobial
species is represented through three main functions:
respiration, grazing and nutrient recycling (see also
Richon et al 2020).

Recent developments to PISCES allowed repres-
enting the 3D distribution ofMP of 3 density categor-
ies with fixed physical properties (i.e. vertical velo-
city, Richon et al 2022). No explicit size distribution
of MP were used. Floating, neutral and sinking MP
are simulated with fixed vertical velocities of −64,
0 and +90 md−1, respectively (negative indicates
MP movement towards the surface). In this model,
rivers are the only source of MP and deliver about
1.4 Mt yr−1 with seasonal variability (input fluxes are
taken from Lebreton et al 2017).

2.2. Simulating microplastic effects on
zooplankton grazing
Microplastic impacts on zooplankton grazing rate
were demonstrated in laboratory experiments that
usedMP/food ratio from 0.1 to>0.5 (Cole et al 2015,
Coppock et al 2019, Yu et al 2020). Yet, the com-
munity response, which depends on the types and
concentration of MP as well as the community struc-
ture, is poorly known (e.g. Malinowski et al 2023,
Yin et al 2024). As a first approach and without prior
information regarding the shape of the relationship
between water contamination and zooplankton graz-
ing rates, we simulated MP impacts using a threshold
for the MP contamination level (equation (1)) that
triggers a zooplankton grazing rate decrease by 50%.
This set up allows representing the strongMP impacts
observed experimentally while considering that these
impacts are negligible at low environmental con-
tamination levels (as demonstrated by Ayukai 1987).
Sensitivity tests using five contrasted contamination
threshold (0.01, 0.1, 0.3, 0.5 and 0.9) as well as
another value for the decrease of the zooplankton
grazing rate (25%) have also been performed.

In our modeling experiments, environmental
contamination is represented as the MP/food mass
ratio in the water. When the level of environmental
contamination surpasses a designated threshold (α),
MP impacts occur and zooplankton grazing rates
decrease (see Hämer et al 2014, Cole et al 2015,

Ogonowski et al 2016, Coppock et al 2019, and
equations (1), (2)).

Total zooplankton grazing rates (Tot. Grazing) are
affected by MP according to equation (1):

If
[MP][
foodj

] > α :

Tot. Grazing=

∑
j

grazingj × 0.5

 . (1)

With grazingj the grazing rates of zooplankton j (j
= microzooplankton or mesozooplankton), [MP]
microplastic mass concentration in the water and
foodj the available prey for zooplankton j defined as:

foodj =
∑
i

Pi × pji. (2)

With Pi the biomass of prey i and pji the preference of

zooplankton j for prey i (see Aumont et al 2015, for pji
values).

In equation (1), α represents the threshold envir-
onmental contamination level beyond which MP
impacts are simulated. This threshold modulates the
geographical extent of MP impacts (see appendix
A1 for a sensitivity test on MP impacts geograph-
ical extent). Crossing the environmental contamin-
ation threshold (MP/food > α) can occur for two
reasons, high [MP] or low prey availability. The lat-
ter favors MP ingestion through increased encounter
rates betweenMP and zooplankton (Cheng et al 2020,
Richon et al 2022).

In these experiments, no impacts of zooplankton
grazing on MP concentrations or vertical dynamics
were considered. Furthermore, no retention of MP
in zooplankton was considered because most experi-
mental studies report rapid egestion (withinminutes,
see Ogonowski et al 2016, Yu et al 2020), which is
quicker than the model’s time step (5 h).

2.3. Simulations
Initial biogeochemical and MP conditions are taken
from Richon et al (2022), which represent the MP
concentration at present time (see figure 1 in Richon
et al 2022, for a comparison of modelled MP concen-
tration with in situ measurements). MP impacts on
zooplankton grazing were simulated globally over a
100 year period during which constant contamina-
tion of the surface ocean by MP was assumed, using
the fluxes from Lebreton et al (2017).

Despite their importance to marine food webs
and biogeochemical cycling, relatively few studies
have considered the impact of microplastics on
microzooplankton (e.g. Cole et al 2015, Coppock
et al 2019). Here, we conducted the simulations
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with similar MP impacts on micro and mesozo-
oplankton since no experimental evidence of differ-
ent impacts exist between these two specific groups.
In appendix A.1.3, we analyse the impacts of MP on
micro and mesozooplankton separately (simulations
MICRO and MESO).

After an initial perturbation, most biogeochem-
ical tracers reach quasi-equilibrium (i.e. only the
trend from the added MP remains) within 3–8 years
in the surface layer (0–100 m, where 90% of the
modeled plankton biomass is found). In the follow-
ing sections, we report the impacts of MP contamin-
ation at short and long timescales, corresponding to
years 10 and 100 of our simulations, respectively. Our
results account for all types of MP (floating, neutral,
and sinking) and are presented as surface (0–100 m)
averages.

In our reference simulation (EXP), α is set to
an average value of 0.5 for both micro and meso-
zooplankton, which is coherent with the ratio of
MP/foodused inCoppock et al (2019) to demonstrate
alteration of zooplankton grazing rates. Additional
simulations were performed considering various
MP/food impact thresholds (α = 0.01, 0.1, 0.3, 0.5
and 0.9). The results from these simulations are ana-
lysed in appendix A.1. All results were compared with
a control simulation (CTL) in which ocean contam-
ination by MP did not impact zooplankton grazing.

Finally, in all our simulations, MP impacts lead
to 50% decrease in zooplankton grazing rates (as
observed in Cole et al 2015, Coppock et al 2019). In
order to explore the consequences of potential lower
MP impacts, we performed an additional sensitivity
test (simulation ‘LOW_IMP’) whereMP impacts lead
to 25% decrease in zooplankton grazing rates (which
corresponds to the lower boundary ofMP impacts, Yu
et al 2020).

3. Results and discussion

3.1. Short and long termMP distribution and
simulated impacts
3.1.1. Simulated microplastic distribution at the ocean
surface
In the initial state of our EXP simulation (α =
0.5, figure 1(a)), 10 Mkm2 (<3% of the global
ocean surface) is susceptible to MP impacts. On
short timescales (after 10 years), MP surface dis-
tribution remained similar to the initial distribu-
tion (figure 1(b)). MP concentration increased by a
few mgm−3 in the most contaminated areas (sub-
tropical gyres and coastal regions close to major
sources). An exception was the Indian Ocean, likely
due to eastward MP transport south of Australia
(Maes et al 2018). The South Pacific sub-tropical gyre
(30–40◦ S) is the only region where [MP] strongly
increased on short timescales (by 0.4–1 mgMPm−3,
figures 1(a) and (b)). On longer timescales (after
100 years), [MP] strongly increased in all sub-tropical

gyres (figure 1(c)) so that MP surface accumulation
zones expanded. In these regions, [MP] reached over
50 mgm−3 and even >100 mgm−3 in the North
Pacific. After 100 years, about 10% of the global
surface ocean is directly impacted by MP, based on
our water contamination impacts threshold (α =
0.5, see contours on figure 1(c) and table A1). Our
sensitivity analysis demonstrates that the extent of
impacted areas is overall weakly sensitive to the envir-
onmental contamination threshold, with the fraction
of the global surface ocean potentially impacted by
MP varying between 7% and 25% after 100 years of
MP contamination. Only in the case of extremely low
environmental contamination impacts threshold (α
= 0.01, which is currently not backed by observa-
tions), MP impacts may expand to over 75% of the
surface ocean (see appendix A.1, table A1). The low
sensitivity of the spatial extent ofMP impacts toα can
be attributed to the steep [MP] gradient in the gyres.

Our model assumes that MP inputs remain con-
stant over a 100 year period. However, this conservat-
ive approach may underestimate the true impacts of
MP, as projections indicate that MP riverine inputs
are likely to increase in the future, thus implying an
increase in MP concentrations in all ocean regions
(Lebreton and Andrady 2019, Borrelle et al 2020,
Sonke et al 2022). Thus, long-termMP impacts could
occur in larger areas than our simulations highlight.
Additionally, our model does not account for any
MP sinks, such as coastal areas and beaches (Onink
et al 2021), and thus may overestimate MP impacts
in such areas. Moreover, our model does not con-
sider variations in MP sinking rates due to inter-
actions with zooplankton or other environmental
factors (e.g. biofouling, fragmentation, Kaandorp
et al 2021, Lobelle et al 2021, Onink et al 2022). The
impacts of such changes on MP surface residence
times and impacts on zooplankton are yet difficult to
anticipate.

3.1.2. Short and long term impacts on zooplankton
grazing
Zooplankton grazing rates at the surface ocean are
linked to global primary production, with higher
grazing occurring in productive regions (coastal and
upwelling regions, figure 2(a) where food is abund-
ant. In CTL, zooplankton grazing is stable over the
simulation (figure 2(b)). In EXP, short-term MP
impacts on zooplankton grazing occur in highly con-
taminated regions (figures 1 and 2(c)). The largest
decrease in zooplankton grazing occurs along the
coastal regions of Southeast Asia and India, where
MP riverine fluxes are highest (>1 mgm−3 d−1,
figure 2(c), but a significant decrease also occurs in
the North Pacific oligotrophic gyre. In these regions,
MP/food is >α (i.e. 0.5 in EXP) and zooplankton
grazing rates decrease by several mgCm−3 d−1 (see
also figure A6).
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Figure 1.Maps of simulated microplastic concentration ([MP], in mgMPm−3) in surface waters (0–100 average) at the start of
the simulations (a), on year 10 of simulation (b) and year 100 (c). Contours represent the areas impacted by MP defined by the
environmental contamination impact threshold (α, see Methods).

Figure 2.Maps of MP impacts on total zooplankton grazing (Tot.Grazing, equation (1)). Maps (a) and (b) represent zooplankton
total grazing (microzooplankton+mesozooplankton grazing rates, averaged in 0–100 m) in the CTL simulation after 10 (a) and
100 years of simulation (b). Maps (c) and (d) show the absolute impacts of MP on total grazing (EXP-CTL) in 0–100 m. Maps (e)
and (f) represent the absolute MP impacts on total grazing in the LOW_IMP sensitivity test (MP impacts limited to 25% decrease
in grazing rate). Contours on maps (c) and (d) indicate oligotrophic regions sensu Longhurst et al (1995) (total daily primary
production in the first 100 m<0.4 gCm−2 d−1).
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Over long timescales, MP impacts on zooplank-
ton grazing spread over the inter-tropical zone
(figure 2(d)). The largest decreases in zooplank-
ton grazing occur around the gyres boundaries (>1
mgCm−3 d−1 in the North Pacific and Atlantic gyres,
around 40◦ N and for the South Pacific gyre at
90◦ W, figure 2(d). In these regions, [MP] is high
enough to directly impact zooplankton grazing rates.
Additionally, we observe MP impacts outside these
regions due to the transport of water masses con-
taining less planktonic biomass. These non local
impacts may decrease zooplankton grazing by up to
0.4 mgCm−3 d−1 (20%) even in regions where [MP]
is low (e.g. in the Eastern Tropical Pacific figure 2(d).
Moreover, our sensitivity test (appendix A.1) reveals
that the location ofMP impacts on zooplankton graz-
ing has a limited sensitivity toαbecause of the stability
of MP accumulation zones (i.e. the sub-tropical gyres
concentrate high amounts of MP, figure A1). Thus,
even in the case of high environmental contamina-
tion impacts threshold (α= 0.9, the most conservat-
ive case), these highly contaminated ocean areas still
experience MP impacts.

As expected, our sensitivity test simulating
low MP impacts on zooplankton grazing rates
(LOW_IMP, 25% decrease, figures 2(e) and (f))
yields a similar spatial extent of MP impacts than
EXP. On short and long timescales, the same regions
are affected by MP in EXP and in LOW_IMP, with
the overall impacts on grazing being twice as low in
LOW_IMP. Yet, the lowerMP impacts on grazing lead
to a limited decrease of only 0.5mgCm−3 d−1 at the
northern bounday of the North Pacific sub-tropical
gyre on short term and to−0.5–0.7mgCm−3 d−1 on
long term (figures 2(e) and (f)).MP impacts are over-
all similar in EXP and LOW_IMPwith regards to spa-
tial distribution and the intensity of these impacts can
be inferred from the imposed decrease in zooplank-
ton grazing rates, thus we will focus the rest of the
manuscript on the EXP simulation. All results from
LOW_IMP can be found in appendix (figures A3 and
A4) .

Finally, results from ourMICRO andMESO sens-
itivity tests demonstrate that the MP impacts on total
zooplankton grazing aremostly due to impacts on the
microzooplankton size class, which constitutes most
of the zooplankton biomass in our simulations (see
appendix A.1.3).

Here, we evaluate direct impacts of MP contam-
ination on zooplankton through decreased grazing
rate. However, MP may have other impacts on ocean
biogeochemistry and food-webs that are not currently
represented in our model. For example, incorpora-
tion of buoyant MP particles in zooplankton faecal
pellets significantly reduces their sinking velocity,
thus increasing the likelihood of remineralisation of

organic matter in the upper ocean (Long et al 2015,
Cole et al 2016, Coppock et al 2019). Furthermore,
MP may interfere with zooplankton physiology,
including fecundity and development (Cole et al
2015, 2019). Such impacts could be exacerbated given
MP can act as carriers of harmful contaminants and
pathogens (Foulon et al 2016, Bowley et al 2021).
As a result, the true impacts of MP contamination
on ocean ecosystems may be greater than what we
have estimated based solely on the effects of MP on
zooplankton grazing rate.

3.2. MP impacts on planktonic functional groups
MP impacts on zooplankton grazing rates affect the
balance between plankton species (figure 3). Reduced
grazing rates due to MP contamination lead to
decreased zooplankton growth and biomass. This has
significant biogeochemical implications, as demon-
strated by the simulated decrease in remineraliza-
tion rates in figures 3(d) and (g). In our simulation,
the decrease in remineralization rates is less than 1
mgm−3 d−1 in the oligotrophic gyres both on short
and long timescales (figures 3(d) and (g)). Yet, this
corresponds to halving yearly remineralization rates
in extensive oceanic regions, as depicted in figure A7.

The consequences of decreased zooplankton bio-
mass following MP impacts affect phytoplankton
differently depending on the f -ratio at the surface
ocean. The f -ratio represents the proportion of new
to total primary production. Most MP impacts occur
in regions with low f -ratio (i.e. the sub-tropical gyres
where f -ratio <0.25, figures 3(e) and (h) where
primary production strongly relies on recycled nutri-
ents. In these regions, decreased zooplankton biomass
leads to reduced nutrient recycling and remineraliz-
ation, thus limiting nutrient availability for phyto-
plankton growth. Conversely, decreased zooplank-
ton biomass in regions with high f -ratio lowers
the predatory pressure on phytoplankton, with lim-
ited relative impacts on nutrient concentrations. In
these regions (i.e. over 40◦ S and in the Eastern
Tropical Pacific upwelling zone), the simulated MP
impacts on zooplankton grazing rate trigger a lim-
ited increase in phytoplankton biomass (about 0.1
mgCm−3, figure 3(h). This positive effect of MP on
phytoplankton, triggered by decreased predation has
been experimentally observed by Malinowski et al
(2023).

3.3. MP impacts on the carbon cycle
MP impacts on zooplankton grazing trigger feed-
backs that propagate across the entire ocean car-
bon (C) cycle (figure 4). On short timescales, most
MP impacts occur in oligotrophic regions (figure 2)
where C fluxes are low (figures 4 (a) and (b)).
Similarly to the impacts on plankton biomass, short
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Figure 3.MP impacts on surface remineralization rates and plankton biomass. Top row (a)–(c) shows the surface remineralization
rate (mgCm−3 d−1) and biomasses of total phytoplankton and zooplankton (mgCm−3) averaged over 0–100 m on year 10 of the
CTL simulation. Middle row (c)–(e) shows absolute differences between EXP and CTL averaged over 0–100 m and over after 10
years of MP impacts. Bottom row (e)–(g) show the absolute differences between EXP and CTL averaged over 0–100 m and after
100 years of MP impacts. Black contours on maps (d) and (g) show the regions directly impacted by MP (MP/food> α). Thin
purple contours on maps (b), (e) and (h) show regions where the f -ratio is>0.25 and thick contours indicate where f -ratio>0.5.

term MP impacts on C fluxes are maximal in the
MP accumulation zones of the Indian, Southeast
Asian and South Australian coasts as well as on the
North Pacific gyre (figures 4(c) and (d)). Decreased
C export of about 3–5 mgCm−2 d−1 is observed
on short timescales in the North Atlantic gyre and
in the coastal region of Western Equatorial Africa
(figure 4(f)). These negative impacts are the con-
sequence of the low f -ratio in most MP accumula-
tion zones (see figure 3). The negative feedback loop
triggered byMP impacts on grazing rate leads to lower
primary production. This general decrease in C cyc-
ling ultimately leads to decreased C export.

While short-term MP impacts on ocean C cyc-
ling are confined to regions with elevated [MP]
(figures 4(c) and (d)), long-term effects may extend
across most of the ocean at low and mid latitudes
(figures 4(e) and (f)), leading to reduced primary pro-
duction andC export by up to 50% in gyres and 10%–
20% in the Equatorial region (figure A8). Conversely,

there are negligible positive effects on C fluxes in mid
to high latitudes (figures 4(e) and (f)), attributed to
the high f -ratio in those regions, triggering a positive
feedback loopwith less grazing and increased primary
production. Despite the rise in primary production
and carbon export by less than 0.05 gCm−3 d−1 and
0.05 mgCm−2 d−1, respectively, the annual surface
carbon fluxes remain quasi-unaltered in these areas
(see figure A8).

Our simulations provide a quantification of
MP impacts on zooplankton-mediated C cycling at
the surface ocean. Based on experimental estim-
ates of acute MP impacts on zooplankton graz-
ing, we demonstrate that short-term MP impacts
on the global carbon budget are limited (−1.3%
total primary production and −1.4% carbon export,
figure 5). However, long-term MP impacts expand
over most of the inter-tropical zone, leading to
about −4% total primary production and carbon
export globally (−2GtC yr−1 for primary production
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Figure 4.Maps MP impacts on C fluxes. Top row: averaged C fluxes in the first 100 m on year 10 of the CTL simulation. Middle
row, absolute differences between EXP and CTL on short timescales (year 10, averaged in 0–100 m). Bottom row: absolute
differences between EXP and CTL on long timescales (year 100, averaged in 0–100 m).

and 0.2 GtC yr−1 for C export). In our sensitivity
tests, we used environmental contamination impacts
thresholds from experimental work (ranging from
<0.1 to >0.5, Cole et al 2015, Ogonowski et al 2016,
Coppock et al 2019, Yu et al 2020). Such thresholds
probably vary with ecosystem composition, MP type
and environmental conditions. Overall, simulated
MP impacts on the global C cycle show that, except
in the case of an extremely low threshold (α= 0.01),
long term MP impacts on the zooplankton-mediated
global surface carbon cycle are between 2.5 and
13.5% (figure A2). Our additional sensitivity test
(LOW_IMP) also demonstrates that MP impacts
on zooplankton-mediated surface C cycling at the
global scale are overall robust to variations in impacts
intensity (becausemost impacts occur in oligotrophic
zones, see figure A2 for global fluxes values). Finally,

we simulated MP impacts on zooplankton grazing
only, but other types of impacts may occur (e.g.
Cole et al 2016, measured significantly lower sinking
speed ofMP-laden fecal pellets). Future works should
aim at quantifying the full range of MP impacts
on zooplankton, in order to understand its net
effects.

While our findings are consistent with Kvale
et al (2021) regarding the increase in C export in
high f -ratio regions due to reduced zooplankton
predatory pressure and subsequent primary pro-
duction increase, our model, which includes macro
and micronutrient biogeochemical cycles, projects
a larger area of nutrient limitation (i.e. prone to
a negative impact of MP on primary production
through its effect on remineralization). Therefore,
our model suggests more negative effects of MP
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Figure 5. Schematics of MP impacts on the global carbon cycle in CTL (a) and EXP (short timescales, b, and long timescales, (c).
Values in black are in GtC yr−1, values in parenthesis are the relative impacts of MP.

on surface C cycling. Our results provide further
evidence of potentially significant impacts of MP on
surface ocean biogeochemical cycles, as previously
demonstrated by Kvale et al (2021), and confirm the
potential for long-term MP effects, as hypothesized
by Kvale and Oschlies (2022), Richon et al (2023).
Additionally, we emphasize the importance of sur-
face ocean nutrient limitation regimes and recycling
in regulating the response of primary production to
MP-induced grazing rate changes.

3.4. Implications for ocean biogeochemistry and
ecosystem functioning
Our simulations demonstrate that MP impacts on
zooplankton grazing rates are spread in similar pro-
portions throughout the simulated carbon cycle, thus
leading to a local 50% decrease in annual C cyc-
ling rates (primary production, export and organic
matter remineralization) in the most contaminated
regions (figure A8). These regional effectsmay impact
the surface ocean C cycling globally by decreas-
ing primary production by 4% (range: 2.5%–13%)
over 100 years. These impacts are similar in mag-
nitude to those of climate change (global projec-
tion around −2% ± 8%, Tagliabue et al 2021) and
may occur on the same timescales (see Kwiatkowski
et al 2020, Tagliabue et al 2021, for global projec-
tions with the CMIP6 model ensembles). Despite

large uncertainties in both climate change and MP
impact projections, our findings indicate that MP
could represent an equally significant threat to ocean
biogeochemical cycles, albeit based on limited exper-
imental data, with no data available for microzo-
oplankton. The projected expansion of oligotrophic
gyres (Bopp et al 2013), which are MP accumula-
tion hotspots (Eriksen et al 2014, van Sebille et al
2015, Richon et al 2022), may lead to a geograph-
ical expansion of MP impacts. Finally, overlapping
impacts between MP and other stressors, such as cli-
mate change or other contaminants, may amplify the
overall impact of MP on ocean ecosystems (Richon
et al 2024). In this context, ensemble simulations of
all MP impacts on ocean biogeochemistry, mirroring
the work made by the climate science community, is
urgently needed. This collective endeavor is crucial
to bridge knowledge gaps regarding the oceanic MP
cycle and its global impacts on biogeochemistry and
ecosystem functioning.

4. Summary and conclusions

We assessed the global-scale impacts of MP on
zooplankton grazing rates over a 100 year period
of constant MP contamination using model simu-
lations. As expected, our results showed that MP
impacts on zooplankton grazing rates are primarily
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localized in highly contaminated regions, such as
coastal areas and sub-tropical oligotrophic gyres.
Within these regions, MP can exert substantial influ-
ence on ocean biogeochemistry and food webs by
altering the composition and functioning of plank-
tonic communities. Our results indicate thatMP con-
tamination may substantially modify plankton bio-
mass and zooplankton-mediated carbon fluxes in
sub-tropical gyres and coastal regions near major MP
sources. Although the spatial scope of MP impacts
on zooplankton grazing rates is limited, their long-
term effects on carbon cycling extend across a sig-
nificant portion of the ocean surface. We estimate a
global decrease in carbon export and primary pro-
duction of approximately 4% after 100 years, assum-
ing an average environmental contamination impacts
threshold. Sensitivity analysis further revealed that
the long-term global impact of MP on the surface
ocean carbon fluxes could range from 2.5% to 17%.
These global estimates reveal that MP impacts may
be of similar magnitude than those of climate change.
Although uncertainties in MP impacts on ocean eco-
systems persist, our results underscore potential risks
for oceanic food webs through trophic amplification
of MP impacts (Chust et al 2014, Kwiatkowski et al
2018, Lotze et al 2019). We also highlight the need
for a comprehensive evaluation of MP contamina-
tion levels and impacts on ocean biogeochemistry and
food webs. This requires continued data acquisition
and model developments. Our study provides new
insights into the global-scale impacts of MP on ocean
biogeochemistry and planktonic food webs. These
findings have important implications for our under-
standing of the potential consequences of MP pollu-
tion on marine environments.
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Appendix

A.1. Sensitivity tests
A.1.1. Exploring different geographical extent of MP
impacts
As a complement to our EXP simulation, we con-
ducted sensitivity tests in which we explored the
model response under different values of α, repres-
enting varying degrees of environmental contamin-
ation threshold for impacts. We examined extreme
scenarios with very low threshold, leading to large
scale impacts (α= 0.01) and very high threshold lead-
ing to spatially limited impacts (α = 0.9), as well as
intermediate cases.

In our simulations, the low initial [MP] in the
surface ocean limits the spatial extent of MP impacts
on zooplankton. The fraction of the surface ocean
potentially impacted byMP varies between 4.9 and 50
Mkm2, depending on the environmental contamina-
tion impact threshold (see table A1 and figure A1).
Only a particularly low threshold (α = 0.01) results
in large fractions of the surface ocean affected by MP
impacts (over 75%of the global ocean surface on long
timescales).

Moreover, exploring the response of our model
to various environmental contamination impact
thresholds reveals that MP impacts on total graz-
ing rates at the global scale have a limited sensitivity
to α (figure A2). Strong variations of α (between 0.1
and 0.9) only result in long term variations of global
grazing of 6 GtC yr−1 (figure A2). These results are
due to the small changes in MP distributions, which
concentrate in low productivity regions (i.e. the sub-
tropical gyres, figure A1).

Overall, our sensitivity analysis demonstrates
that, except in the case of an extremely low impact
threshold, model results are weakly sensitive to α
(figure A2). The extreme threshold case (α = 0.01)
allows estimating an upper boundary for global MP
impacts on primary production and C export (−60%
after 100 years of constant contamination). These
sensitivity tests allow us to constrain the global-scale
impacts of MP on zooplankton and the marine C
cycle across the surface ocean. Thus, these results lend
credibility to our modelling assessment of the global
MP impacts on ocean biogeochemistry.
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Table A1. Ocean areas impacted MP (Mkm2) at the beginning of the simulations (initial), on short (year 10) and long term (year 100)
depending on the environmental contamination impact threshold (α).

Environmental contamination
impact threshold (α)

Area impacted (Mkm2)

Initial Short term Long term

0.01 156 184 272
0.1 50 56 89
0.3 19 25 46
0.5 10 16 35
0.9 4.9 9.1 26

Figure A1.Maps of simulated microplastic concentration ([MP], in mgMPm−3) in surface waters (0–100 average) at the start of
the simulations (a), on year 10 of simulation (b) and year 100 (c). Contours represent the areas impacted by MP (defined by the
threshold α, see Methods). Cyan: α= 0.01, purple: α= 0.1, blue: α= 0.3, black: α= 0.5, white: α= 0.9.

Figure A2. Sensitivity of the modeled global C cycle to the environmental contamination impact threshold (α). Bars represent the
annual C fluxes (in GtC yr−1) in different simulations with varying α. Red and orange bars correspond respectively to the EXP
and LOW_IMP simulations.
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A.1.2. Evaluating zooplankton sensitivity to MP impacts

Figure A3.MP impacts on surface remineralization rates and plankton biomass. Top row (a)–(c) shows the surface
remineralization rate (mgCm−3 d−1) and biomasses of total phytoplankton and zooplankton (mgCm−3) averaged over
0–100 m on year 10 of the CTL simulation. Middle row (c)–(e) shows absolute differences between LOW_IMP and CTL averaged
over 0–100 m and over after 10 years of MP impacts. Bottom row (e)–(g) show the absolute differences between LOW_IMP and
CTL averaged over 0–100 m and after 100 years of MP impacts. Black contours on maps (d) and (g) show the regions directly
impacted by MP (MP/food> α). Thin purple contours on maps (b), (e) and (h) show regions where the f -ratio is>0.25 and
thick contours indicate where f -ratio>0.5.

A.1.3. Contrasting MP impacts on micro and
mesozooplankton
In the surface ocean, micro and mesozooplankton fill
different niches. On the one hand, microzooplankton
are smaller species with faster growth rates that dom-
inate in low nutrient regions (they constitute up to
90% of the zooplankton biomass in the oligotrophic
gyres). On the other hand, mesozooplankton are lar-
ger organisms with slowermetabolism that constitute
the apex predators in PISCES and tend to dominate
plankton biomass in more productive regions and in
high latitudes (Aumont et al 2015, Richon et al 2020).

To evaluate the respective impacts of MP on
microzooplankton and mesozooplankton (and
the subsequent changes in ocean biogeochem-
istry), two additional simulations were performed:
‘MICRO’ and ‘MESO’. In MICRO, microplastics
only affect microzooplankton grazing rates, while

mesozooplankton grazing rates remain unchanged.
Conversely, only mesozooplankton grazing rates
are affected by MP in the MESO simulation (see
figure A5).

Figure A5 highlights that microzooplankton con-
tributes to the majority of total zooplankton graz-
ing in the surface ocean. Indeed, in the MICRO
simulation, the global MP impacts on total graz-
ing are similar to those presented in figure 2(f)
of the main manuscript. Conversely, if MP exclus-
ively affects mesozooplankton, the overall response
of zooplankton is minimal due to the relatively small
contribution of mesozooplankton to total zooplank-
ton biomass in our model. These additional simu-
lations demonstrate that the response of microzo-
oplankton toMP, given its dominance over zooplank-
ton biomass, predominantly influences the ecosystem
response in ourmodel, despite being the least studied.
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Figure A4.Maps MP impacts on C fluxes. Top row: averaged C fluxes in the first 100 m on year 10 of the CTL simulation. Middle
row, absolute differences between LOW_IMP and CTL on short timescales (year 10, averaged in 0–100 m). Bottom row: absolute
differences between LOW_IMP and CTL on long timescales (year 100, averaged in 0–100 m).

Figure A5. Long term MP impacts (i.e. after 100 years, in %) on total zooplankton grazing (i.e. microzooplankton+
mesozooplankton grazing) in the MICRO (a) and MESO (b) simulations. Black contours represent the areas impacted by
microplastic (defined by the threshold α= 0.5, see Methods) and red contours indicate the regions where mesozooplankton
dominates zooplankton biomass.
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A.2. Relative impacts of MP on surface biogeochemistry on short and long timescales

Figure A6.Maps of simulated relative MP impacts on surface total zooplankton grazing rates. Maps (a) and (b), represent MP
impacts in the LOW_IMP simulation. Maps (c) and (d) represent EXP. Contours represent the oligotrophic regions.

Figure A7.Maps of simulated relative MP impacts on surface remineralization (a), (d) and plankton biomasses (0–100 m
averages). Maps (a)–(c) represent short term impacts (year 10) and maps (d)–(f) represent long term impacts (year 100).
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Figure A8.Maps of simulated relative MP impacts on surface C cycling (averaged over 0–100 m). Top row represents the short
term impacts ((a), (b), year 10 of simulation), bottom row represents long term impacts ((c), (d), year 100 of simulation).

ORCID iDs

Camille Richon https://orcid.org/0000-0001-
7097-7173
Christophe Maes https://orcid.org/0000-0001-
6532-7141

References

Alekseenko E, Thouvenin B, Tronczyński J, Carlotti F, Garreau P,
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