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Abstract
It is often suggested that gelatinous zooplankton may benefit from anthropogenic 
pressures of all kinds and in particular from climate change. Large pelagic tunicates, 
for example, are likely to be favored over other types of macrozooplankton due to 
their filter- feeding mode, which gives them access to small preys thought to be less 
affected by climate change than larger preys. In this study, we provide model- based 
estimate of potential community changes in macrozooplankton composition and esti-
mate for the first time their effects on benthic food supply and on the ocean carbon 
cycle under two 21st- century climate- change scenarios. Forced with output from an 
Earth System Model climate projections, our ocean biogeochemical model simulates 
a large reduction in macrozooplankton biomass in response to anthropogenic climate 
change, but shows that gelatinous macrozooplankton are less affected than nongelat-
inous macrozooplankton, with global biomass declines estimated at −2.8% and −3.5%, 
respectively, for every 1°C of warming. The inclusion of gelatinous macrozooplankon 
in our ocean biogeochemical model has a limited effect on anthropogenic carbon 
uptake in the 21st century, but impacts the projected decline in particulate organic 
matter fluxes in the deep ocean. In subtropical oligotrophic gyres, where gelatinous 
zooplankton dominate macrozooplankton, the decline in the amount of organic matter 
reaching the seafloor is reduced by a factor of 2 when gelatinous macrozooplankton 
are considered (−17.5% vs. −29.7% when gelatinous macrozooplankton are not con-
sidered, all for 2100 under RCP8.5). The shift to gelatinous macrozooplankton in the 
future ocean therefore buffers the decline in deep carbon fluxes and should be taken 
into account when assessing potential changes in deep carbon storage and the risks 
that deep ecosystems may face when confronted with a decline in their food source.
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1  |  INTRODUC TION

Due to increased stratification associated with reduced surface nu-
trient supply, net primary production (NPP) is projected to decrease 
by 3.00 ± 9.10% by the end of the century under the SSP5.85 high 
emission scenario (Cooley et al., 2022; Kwiatkowski et al., 2020). As 
a consequence, zooplankton biomasses are projected to decrease 
by 9.0 ± 8.9% by the end of the century (Cooley et al., 2022) due to 
trophic amplification and reduced transfer efficiency (Kwiatkowski 
et al., 2019; Stock et al., 2014).

Yet, in contrast with the overall projected decline in total 
zooplankton biomass, many studies assert that gelatinous zoo-
plankton might increase globally as a result of climate change 
(Brotz et al., 2012; Condon et al., 2012, 2013; Gibbons & Rich-
ardson, 2013; Purcell, 2012; Richardson et al., 2009). Several 
factors are likely to influence gelatinous zooplankton abundance 
under climate change: warming (Condon et al., 2012, 2014; Lucas 
et al., 2014; Pitt et al., 2014; Purcell, 2012), hypoxic and eutrophic 
conditions (Purcell et al., 2007), and acidification (Pitt et al., 2018; 
Richardson et al., 2009; Richardson & Gibbons, 2008). Impacts 
may be direct, or indirect via a competitive advantage over di-
rectly impacted organisms (Acuña et al., 2011; Francis et al., 2012; 
Roux et al., 2013). Nevertheless, there is a clear lack of observa-
tional data on these organisms and a large uncertainty about the 
mechanisms involved.

Compared with carnivorous gelatinous macrozooplankton 
(e.g., hydrozoans, scyphozoans, cubozoans, and ctenophores), 
on which most studies have focused, filter- feeding gelatinous 
macrozooplankton (FFGM; e.g., salps, pyrosomes, and doliolids) 
have been particularly neglected (Henschke et al., 2016). Be-
yond direct physiological impacts which are solely documented, 
FFGM may be favored by changes in the planktonic ecosystem 
structure. Associated with a climate change- induced decrease 
in NPP, marine ecosystem models project a decrease in the av-
erage body size of phytoplankton (Peter & Sommer, 2013) and 
zooplankton, as low- productive environments favor smaller body 
sized organisms (Armengol et al., 2019). As recently suggested by 
Heneghan et al. (2023) using a model representing nine zooplank-
ton groups, including salps and larvaceans, FFGM could replace 
other macrozooplankton organisms (e.g., krill and large cope-
pods; Everett et al., 2022) due to their high clearance rate (Acuña 
et al., 2011), their access to prey up to five orders of magnitude 
smaller than themselves (Sutherland et al., 2010; Sutherland & 
Thompson, 2022), and their ability to exploit low- chlorophyll en-
vironments (Clerc, Bopp, Benedetti, et al., 2023; Luo et al., 2022; 
Sutherland & Thompson, 2022). Climate change has the potential 
to alter the composition of zooplankton and consequently their 
role in marine biogeochemical cycles (Chelsky et al., 2015; McKin-
ley et al., 2017; Steinberg & Landry, 2017) and in the regulation 
of upper trophic levels (UTLs; Dupont et al., 2022; Heneghan 
et al., 2023).

Because of their rapidly sinking carcasses and fecal pellets, large 
zooplankton (Stamieszkin et al., 2015), and in particular gelatinous 

zooplankton (Henschke et al., 2016; Lebrato et al., 2013), are more 
likely to efficiently transport particulate organic carbon (POC) 
to the seafloor. “Jelly- falls”, defined as the sinking of gelatinous 
zooplankton carcasses in the water column following a swarming 
event, can result in the export of huge amounts of organic mat-
ter to the seafloor (Lebrato et al., 2012, 2019; Luo et al., 2020; 
Sweetman et al., 2014; Sweetman & Chapman, 2015). In particular, 
recent studies suggest that FFGM may play a central role in deep 
ocean carbon fluxes (Clerc, Bopp, Benedetti, et al., 2023; Décima 
et al., 2023; Henschke et al., 2016; Luo et al., 2022; Steinberg 
et al., 2023). Their role in the carbon cycle in a changing climate 
remains unknown.

Fluxes of POC to the deep ocean are the primary source of food 
for benthic organisms (McClain et al., 2012). Because most benthic 
communities are limited by food supply (Young et al., 1994) and be-
cause there is a positive relationship between primary production 
and this supply (Smith et al., 2008), benthic communities are likely 
to be negatively affected by climate change (Cooley et al., 2022). In-
deed, model- based studies agree in projecting a global decrease in 
particulate carbon fluxes to the seafloor (DeVries et al., 2017; Sweet-
man et al., 2017) resulting in a reduction in benthic biomass (Jones 
et al., 2014; Yool et al., 2017). Nevertheless, current estimates of 
POC fluxes to the deep ocean are based on Earth System Models 
(ESM) that do not include macrozooplankton and thus large organic 
matter particles (Sweetman et al., 2017; but see Luo et al., 2022 for 
upper ocean export). As important potential contributors to the flux 
of POC to the seafloor (Clerc, Bopp, Benedetti, et al., 2023), and thus 
as a potentially essential source of food for the benthos (Ates, 2017; 
Smith et al., 2016; Sweetman et al., 2014; van der Reis et al., 2020), a 
proper assessment of the impacts of macrozooplankton, and in par-
ticular of FFGM, on these fluxes in a changing climate could provide 
key insights on future changes in benthic ecosystems.

In this study, we present a first analysis of the projected re-
sponse to climate change in a spatially resolved biogeochemical 
model that explicitly represents FFGM and their interaction with 
the carbon cycle through the entire water column. The model used 
here is PISCES- FFGM (Clerc, Bopp, Benedetti, et al., 2023), a revised 
version of Pelagic Interactions Scheme for Carbon and Ecosystem 
Studies volume 2 (PISCES- v2; Aumont et al., 2015) that includes one 
FFGM group and one crustacean- like generic macrozooplankton 
group. We ran the model across the historical period (1850– 2005) 
and both the RCP8.5 and RCP2.6 scenarios (2006– 2100) using out-
put from the IPSL- CM5A- LR ESM (Dufresne et al., 2013). When an-
alyzing these biogeochemical projections, we investigated how the 
trophic structure will be affected by climate change when consid-
ering two macrozooplankton groups with a particular focus on the 
potential future shift from crustaceans to gelatinous zooplankton 
organisms. We then evaluated how the impacts of climate change on 
macrozooplankton biomass and composition will affect the benthic 
food supply as macrozooplankton are key players for deep particu-
late carbon export. Lastly, we explored the potential effect of gelat-
inous and nongelatinous macrozooplankton representation on how 
the carbon cycle will be affected by climate change.
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2  |  MATERIAL S AND METHODS

2.1  |  Model and configuration

The marine biogeochemical model used in the present study is 
PISCES- FFGM (Clerc, Bopp, Benedetti, et al., 2023), a revised ver-
sion of PISCES- v2 (Aumont et al., 2015) that explicitly accounts 
for macrozooplankton. PISCES- v2 includes five nutrient pools (Fe, 
NH4

+, Si, PO4
3−, and NO3

−), two phytoplankton groups (diatoms and
nanophytoplankton), two zooplankton groups (one micro-  and one 
mesozooplankton group), and an explicit representation of particu-
late and dissolved organic matter, reaching a total of 24 prognostic 
variables (tracers).

In PISCES- FFGM, two groups of macrozooplankton were added, 
one corresponding to generic macrozooplankton organisms (here-
after referred to as GM) and the other to salp- like FFGM organ-
isms (hereafter referred to as FFGM). In addition to their carbon 
biomass, three additional tracers were introduced into the model 
for each macrozooplankton group corresponding to fecal pellets in 
carbon and iron units and carcasses in carbon units (GM Carcasses, 
GM Fecal Pellets, FFGM Carcasses and FFGM Fecal Pellets, see 
Figure S1).

Because PISCES- FFGM explicitly represents the macrozoo-
plankton carcasses and fecal pellets, it accounts for the high sinking 
velocities of these detritus that result in an efficient POC export to 
the deep sea. It also explicitly represents the filtration behavior of 
FFGM, which implies a different diet composition than that of ge-
neric macrozooplankton (Figure S1), resulting in a different trophic 
response to ecosystem composition in the two compartments (GM 
and FFGM).

Here, we use PISCES- FFGM, embedded in the Nucleus for Eu-
ropean Modeling of the Ocean (NEMO) within a global ocean con-
figuration and in “offline” mode, that is, forced with already existing 
ocean physical fields (e.g., temperature, salinity, and ocean cur-
rents). To reduce computational costs, we use the coarse- resolution 
ORCA2 configuration from NEMO, with a horizontal resolution of 
2°× 2°cos(latitude), increased latitudinally to 0.5° at the equator, 
and 31 vertical levels with vertical resolution decreasing with depth 
(Madec, 2008).

A full description of the model and its parameterizations is pro-
vided in Clerc, Bopp, Benedetti, et al. (2023).

2.2  |  Experimental design

We use three different versions of PISCES- FFGM: (1) the standard 
version with the same parameter values as in Clerc, Bopp, Benedetti, 
et al. (2023), hereafter called PISCES- FFGM, (2) a version in which 
FFGM growth rate is set to 0 so that GM only can grow, hereaf-
ter called PISCES- GM, and (3) a version in which both FFGM and 
GM growth rates are set to 0 so that tracers dynamics is similar to 
that of PISCES- v2 (Aumont et al., 2015), hereafter called PISCES-
 v2. The comparison of PISCES- FFGM versus PISCES- GM allows 

to quantify the effect of including FFGM, while PISCES- v2 versus 
PISCES- GM comparison allows to quantify the effect of including 
macrozooplankton.

We use these three versions in forced offline mode with monthly 
fields from the IPSL- CM5A- LR ESM (Dufresne et al., 2013), for 
both historical (1850– 2005) and future (2006– 2100) periods. The 
choice of IPSL- CM5A- LR that was used for CMIP5 (fifth phase of 
the Coupled Model Intercomparison Project, Taylor et al., 2012), 
instead of IPSL- CM6A- LR (Boucher et al., 2020) used for CMIP6 
(sixth phase of the Coupled Model Intercomparison Project, Ey-
ring et al., 2016), was dictated by our decision to use the coarse- 
resolution ORCA2 grid. Indeed, using outputs from the ocean 
component of IPSL- CM6A- LR on the eORCA1 grid (1° horizontal 
resolution and 75 vertical levels) would have increased the CPU 
cost of our simulations by 15.

The climate projections follow two scenarios: (1) a high emission 
pathway, namely Radiative Concentration Pathway 8.5 (RCP8.5), a 
scenario in which the radiative forcing steadily increases to 8.5 W m−2 
in 2100 due to high greenhouse gas emissions and (2) a low emission 
pathway, namely Radiative Concentration Pathway 2.6 (RCP2.6), in 
which the radiative forcing reaches 2.6 W m−2 (Moss et al., 2010). 
Note that if we had used outputs from IPSL- CM6A under ssp5- 8.5, 
the qualitative effects of including FFGM and GM on the ecosystem 
structure and on the carbon cycle under a climate- change scenario 
would probably have been quite similar to the ones discussed here, 
as suggested in Bopp et al. (2022) for NPP and plankton biomass 
responses using a similar PISCES version under RCP8.5 using IPSL- 
CM5A forcing and under ssp5- 8.5 within IPSL- CM6A- LR.

In parallel to the historical and projection simulations, we also 
run a 250- year control simulation with preindustrial climate and 
atmospheric CO2 for the three model configurations PISCES- v2, 
PISCES- GM, and PISCES- FFGM. This enables to estimate anthropo-
genic carbon uptake and storage and to check for any inherent drifts 
in the simulations. These simulations are called pi- control runs.

In detail, PISCES- FFGM is run first for 500 years with a monthly 
climatological forcing as described in Clerc, Bopp, Benedetti, 
et al. (2023). Starting from this last run, PISCES- FFGM, PISCES- GM, 
and PISCES- v2 are then run for 100 years with preindustrial climate 
and atmospheric CO2 forcing. The pi- control and historical/projec-
tions simulations are branched from these 100 years of short spin- up 
simulations. A schematic representation of the experimental design 
is presented in Figure S2.

2.3  |  Analysis of model outputs

Consistent with the convention from the latest IPCC reports (AR6 
WG1 and WG2), two time periods have been defined to calculate 
the anomalies. The “present- day” (PD) period (1995– 2014) is used as 
a reference. The “long- term” (LT) period (2081– 2100) characterizes 
the state of the system at the end of the century. With the exception 
of time series, the results presented are averaged over the 20 years 
of each period.
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In order to compensate for any internal drift in the system (which 
is found to be very small, especially for surface ocean fields), the 
fields presented in this study are corrected with the pi- control runs. 
For spatially averaged analyses (e.g., global and by- region means), 
a linear regression is calculated on the evolution of the considered 
variable over time in the pi- control run. The obtained trend is then 
removed from the variable in the historical/projection run. For other 
analyses (e.g., maps and zonal averages), the LT- PD (2081– 2100 vs. 
1995– 2014) anomaly calculated for the considered variable in the 
pi- control is removed from the LT- PD anomaly of the climate- change 
run.

In order to analyze the PISCES- specific spatial structure of bio-
masses response to climate change (Figure S3), five regions are de-
fined for the regional analysis (Figure 1b), based on latitudes and 
on the distribution of surface chlorophyll in the PISCES- FFGM 
present- day climatology. High- latitude regions are as follows: the 
Southern Ocean (SO) defined as waters south of 50°S and the Arc-
tic Ocean (AO) defined as waters north of 60N. The definition of 
low and mid- latitude regions is based on annual mean chlorophyll 
concentrations: areas with values below 0.07 mg Chl m−3 constitute 
the low- chlorophyll region (LC), areas with values between 0.07 and 
0.25 mg Chl mm−3 constitute the intermediate chlorophyll region 
(IC), and areas with values higher than 0.25 mg Chl mm−3 constitute 
the high- chlorophyll region (HC). Note that similar regional analy-
sis have been performed based on the three biomes used in Luo 
et al. (2022; see Figure S4), but that this spatial separation did not 
capture the specific response of PISCES biomass at high latitude 
(see Section 3.1.1).

To focus on implications for deep benthos, we limit the analy-
ses of organic matter fluxes at the ocean floor (Section 3.2) to areas 
where depth is greater than 1000 m.

3  |  RESULTS

3.1  |  Pelagic ecosystem

3.1.1  |  Biomasses and trophic structure

PISCES- FFGM projects a strong biomass decline for all organisms 
under the RCP8.5 scenario, but with an important trophic amplifica-
tion (Table 1, Figure 1a). The integrated biomass across all trophic 
levels in the upper 300 m of the ocean is projected to decline by 
8.7% at the end of the 21st century (LT, 2081- 2100) relative to pre-
sent day (PD, 1995– 2014). Phytoplankton biomass decreases by 
4.5% while zooplankton biomass decreases by 12.8%, consistent 
with the trophic amplification hypothesis (Chust et al., 2014; Kwiat-
kowski et al., 2019). Within zooplankton, the decline increases with 
trophic level (TL): −9.3% for microzooplankton (TL = 2), −12.0% for 
FFGM (TL = 2.2), −14.0% for mesozooplankton (TL = 2.4), and −15.1% 
for GM (TL = 3.3); Table 1, Figure 1a. Because of their filter- feeding 
mode, which shortens the food chain and gives them access to preys 
less affected by climate change, the decline in FFGM is not only 
less than that of GM, which have the same body size, but also less 
than that of mesozooplankton, which are smaller. Thus, although 
FFGM decline is larger than the estimated available food decline  

F I G U R E  1  Mean global and regional changes in PISCES- FFGM phyto-  and zooplankton biomasses under historical and RCP8.5 scenario. 
(a) Time series of upper 300 m mean global biomass anomalies relative to 1850– 1900 preindustrial values. PD and LT indicate present- day 
(1995– 2014) and long- term (2081– 2100) reference periods, respectively. (b) Spatial distribution of the different regions (see Section 2.3 for 
their definition). (c) Regional anomalies in LT biomass averaged over the top 300 m, by region, relative to the PD.
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(computed as the preference- weighted sum of all preys) of −5.4% 
which reveals a trophic amplification (Figure S5), FFGM are less sen-
sitive to climate change than meso-  and macrozooplankton at the 
global scale.

Those organism- dependent climate- change impacts induce 
slight changes in the biomass structure: the “gelatinous pathway” 
(i.e., energy that flows through microzooplankton and FFGM) is fa-
vored over the “crustacean pathway” (i.e., energy that flows through 
mesozooplankton and GM). Indeed, while total grazing by crusta-
ceans is reduced by 2.7% and 6.7% for mesozooplankton and GM, 
respectively, grazing fluxes for the gelatinous pathway are less af-
fected: FFGM grazing flux is reduced by 2.6% and microzooplankton 
one even increases by 1.6% (Table 1). In terms of relative composi-
tion, the contribution of plankton types to the total planktonic bio-
mass decreases by −1% and −4% for microzooplankton and FFGM, 
respectively, while it decreases by −6% and −7% for mesozooplank-
ton and GM, respectively (Table 1).

However, neither zooplankton- specific diet composition 
 (Figure 2) nor estimated trophic levels (Table 1 and Figure S6) are sig-
nificantly affected by climate change (TL global changes <0.1%, diet 
global composition changes <1%). Consequently, while our model 
projects significant impacts on biomass (Figure 1) and on absolute 
grazing fluxes (Table 1), it does not show significant changes in the 
trophic structure of the ecosystem. The results are therefore pre-
sented here assuming that the trophic structure of the ecosystem 
remains constant over time.

A regional analysis reveals a strong regional variability of these 
climate- change effects on the ecosystem structure (Figure 1b,c). In 
high- latitude regions (AO and SO), total biomasses increase by +19.6% 
and +1.8% in the AO and SO, respectively. The trophic structure of 
the anomalies is however different between the two regions: in the 
Southern Ocean, which is highly productive (mean chlorophyll at 
0.43 mg Chl m−3), crustaceans (mesozooplankton and GM) are favored 
over microzooplankton and FFGM (Figure 1c). In the Arctic, which is 
less productive (mean 0.28 mg Chl m−3), it is the opposite (Figure 1c). In 
tropical and temperate regions (LC, IC and HC), total biomasses decline 
(LC −7.7%, IC −15.4% and HC −10.5%, Figure 1c). In LC and IC, anom-
alies follow the global pattern with a strong trophic amplification. The 
effect is greatest in IC, where biomasses decrease by on average 7% 
more than in LC (Figure 1c). This greatest sensitivity is due to a partial 
switch from historical IC to future LC (Figure 4b). The effect of climate 
change is more moderate in HC with the exception of a strong decline 
in diatom biomass (Figure 1c). In IC and LC, microzooplankton and 
FFGM biomass decline less than that of mesozooplankton and GM, 
and diatoms, which represent less than 10% of total phytoplankton 
biomass, are slightly less affected than nanophytoplankton (Figure 1c).

Under the RCP2.6 scenario, PISCES- FFGM projects a lower 0– 
300 m biomass decline (LT- PD change of −1.2%), but similar trophic 
amplification patterns to the RCP8.5 scenario (Figure S7). Overall, 
the relationship between macrozooplankton biomass trends and 
global surface warming is consistent between the two RCP scenar-
ios and the historical period (Figure 3a): GM decline (−3.54 ± 0.03% 
per degree of warming) is one quarter higher than FFGM decline  TA
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(−2.79 ± 0.02% per degree of warming). Note that GM decline is 
similar in the PISCES- GM simulation (−3.57 ± 0.03% per degree of 
warming, Figure 3a), so the inclusion of FFGM has no or little impact 
on the projected GM decline under climate change.

3.1.2  |  Macrozooplankton composition

Due to their filter- feeding mode of predation that shortcuts the food 
chain, FFGM decline less than GM. Indeed, the trophic amplifica-
tion is significantly reduced for this group. Considering the relation-
ship between macrozooplankton composition and chlorophyll levels, 
we relate changes in ecosystem composition with environmental 
changes.

At PD, FFGM dominate macrozooplankton in low- productive 
areas of tropical and temperate latitudes. As shown in Figure 4a, the 
chlorophyll iso- contour corresponding to 0.07 mg Chl m−3 approxi-
matively delineates the regions where the FFGM:GM ratio is greater 
than 1. In the long term, the link between low- chlorophyll waters and 
high FFGM:GM ratio is conserved (Figure 4b). This pattern partially 
explains the difference in the overall variations in GM and FFGM 
(Figure 3a). In Figure 4b (RCP8.5) and in Figure S8b (RCP2.6), the 
black contour indicates a FFGM:GM ratio of 1.4, arbitrarily chosen 
to provide the best fit with the chlorophyll contour. The projected 
future extension of the area within this contour (solid vs. dotted line) 
indicates a 32% extension of the area where the ratio exceeds this 
value (PD area: 1.11 x 108 km2, LT area: 1.47 x 108 km2). Similarly, 
the chlorophyll contours indicate a 38% extension of low- productive 
areas (solid vs. dotted green lines; PD area: 1.11 x 108 km2, LT area: 
1.52 x 108 km2). Even in HC areas where GM dominates, the FF-
GM:GM ratio is increasing due to declining productivity and bio-
masses (Figure 1c and Figure S7c). In AO, productivity is increasing 
but is still low enough so that FFGM are favored and FFGM:GM ratio 

increases. The only exception is the SO where productivity is already 
high and is projected to further increase. This favors GM, so that the 
FFGM:GM ratio decreases in this region. Thus, globally there is an 
extension of the areas of FFGM dominance due to the extension of 
the low- productivity areas.

3.2  |  POC export fluxes

3.2.1  |  Global changes in POC export fluxes at 
100 and 1000 m

Changes in particulate organic carbon (POC) sinking fluxes are 
largely driven by changes in surface productivity. Under the RCP8.5 
scenario, the decreases in POC fluxes at 100 m depth for PISCES- 
FFGM and PISCES- GM are similar, −16.9% and −17.2%, respectively 
(Table 2, Table S3 and Figure 5a,b). PISCES- v2 shows a lower sen-
sitivity to climate change with a decline of −14.3% (Table S4 and 
Figure 5c), which can be related to a different ecosystem struc-
ture projected by PISCES- v2 compared with the two other model 
configurations (Table 1, Tables S1 and S2). At 1000 m, the export 
flux decreases by −15.9%, −17.3% and −18.0% for PISCES- FFGM, 
PISCES- GM, and PISCES- v2, respectively (Table 2, Tables S3 and 
S4 and Figure 5a– c). Differences are particularly important in low- 
productive oligotrophic areas (LC in Table S5) where the decrease 
in POC fluxes is attenuated by 6% in PISCES- GM and by 12% in 
PISCES- FFGM compared with PISCES- v2 (decrease of −32% at the 
end of the 21st century, see Table S5). The dampened anomaly at 
1000 m compared to 100 m in PISCES- FFGM simulations is mostly 
explained by the higher contribution of FFGM carcasses and fecal 
pellets, less affected by climate change than other particles, to the 
deeper POC flux. For the same reason, the 1000 m POC flux decline 
is higher in PISCES- GM than in PISCES- FFGM.

F I G U R E  2  Mean current and future global annual zooplankton diet in PISCES- FFGM for the present day (PD; 1995– 2014, upper panels) 
and for the end of the 21st century under RCP8.5 (LT; 2081– 2100, lower panels). All are expressed in % of the total diet and in absolute 
carbon fluxes in TgC year−1.
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3.2.2  |  Global changes in seafloor POC fluxes and 
impact on benthos

POC is an important source of food for the benthos. Since macro-
zooplankton, and in particular FFGM, are important contributors to 
deep export (Clerc, Bopp, Benedetti, et al., 2023; Luo et al., 2020), 

their representation in a model could affect the simulated amount 
of organic carbon reaching the sea floor and thus have potential im-
plications for benthic communities. As shown in Figure 5a, organic 
carbon export declines twice as much as the total biomass in PISCES- 
FFGM: at 100 m it decreases by 16.9% during LT compared with PD 
(Table 2). This translates into a 14.9% decrease in total POC flux to 

F I G U R E  3  Projected changes in macrozooplankton biomass and their impacts on carbon fluxes and carbon uptake under RCP8.5 and 
RCP2.6 scenarios. (a) Projected trends of PISCES- FFGM upper 300 m mean GM and FFGM biomass in relation to global air temperature 
changes since preindustrial times (1850– 1900). Gray boxes show the relationships estimated with linear regression fits. The slope is a proxy 
for biomass change per degree of warming. (b) Projected trends of PISCES- FFGM and PISCES- GM POC export at the seafloor (>1000 m) as 
a function of global air temperature changes since preindustrial times (1850– 1900). Gray boxes show the relationship estimated from linear 
regression fits. The slope is a proxy of export flux change per degree of warming. (c) Time series of the mean anthropogenic carbon uptake 
(PgC year−1). Shaded area is the Global Carbon Budget 2021 ocean sink product (uncertainty of ±0.4 PgC year−1 on average) and is estimated
from the average of eight global ocean biogeochemistry models (including NEMO- PISCES) and the average of seven ocean fCO2 data 
products (Friedlingstein et al., 2022). PD and LT indicate present- day (1995– 2014) and long- term (2081– 2100) reference periods. (d) Time 
series of the annual differences in mean anthropogenic carbon uptake (PgC year−1) for PISCES- v2 and PISCES- GM compared with PISCES- 
FFGM.
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the seafloor. While at 100 m, small and large particles together rep-
resent 90% of the total exported organic matter (Table 2), and thus 
dominate the flux changes (Figure 6b), at the seafloor, macrozoo-
plankton (GM + FFGM) carcasses and fecal pellets become dominant 
at 75% (Table 2) and drive the flux changes (Figure 6d). Therefore, 
macrozooplankton drive climate- change impacts on benthic particu-
late food supply.

The attenuation of the flux decline at the seafloor relative to 
the surface (by 2%, Table 2) is explained by two mechanisms: (1) 
organisms living below 100 m are less affected by climate change 
than those living at the surface (12.5% biomass decline between 
0 and 100 m vs. 2.1% biomass decline between 100 and 300 m). It 
induces lower seafloor anomalies of large particles, carcasses, and 

fecal pellets fluxes than at 100 m (1%– 2%, Table 2). Note that the 
small particle flux decline is larger at the seafloor than at 100 m 
but the effect is negligible on total anomalies, as they only account 
for a few % of this decline at the seafloor (Table 2). (2) FFGM- 
produced particles are less affected by climate change than other 
types of particles and their contribution to POC flux increases 
with depth. Indeed, the flux of FFGM carcasses and fecal pellets, 
accounting for 43% of the total POC export decline at the seafloor 
(compared to 5% at 100 m), decreases by 11% and 13%, respec-
tively, while other particle fluxes decrease by more than 16% at 
the seafloor (Figure 6b,e, Table 2).

Of these two processes, the second one is the more important in 
explaining the dampened decline at the sea floor compared to 100 m: 

F I G U R E  4  Historical and RCP8.5 future FFGM:GM ratios. (a) Present day (1995– 2014) and (b) long term (2081– 2100). Yellow tones 
indicate FFGM dominance, whereas red tones indicate GM dominance. Dark green lines indicate 0.07 mg Chl m−3 iso- chlorophyll 
concentration (plain lines for present day and dotted lines for long term). Black lines indicate 1.4 iso- FFGM:GM ratio (plain lines for present 
day and dotted lines for long term).

TA B L E  2  Mean global particulate organic carbon (POC) fluxes and particle composition over the 1995– 2100 period under RCP8.5 
scenario.

Depth Value

All organisms GM FFGM

Total POCSmall Large Ca. FP Ca. FP

100 m Flux PD (TgC year−1) 2416 4254 94 169 133 282 7348

Change in flux LT- PD (%) −14.5 −18.4 −19.5 −20.7 −13.7 −14.6 −16.9

Contribution to total POC flux (−) 0.3288 0.5790 0.0127 0.0230 0.0180 0.0384 1

Change in contribution LT- PD (−) +0.0095 −0.0099 −0.0004 −0.0010 +0.0007 +0.0011

1000 m Flux PD (TgC year−1) 116 1184 117 151 153 278 2000

Change in flux LT- PD (%) −19.1 −16.3 −16.4 −18.9 −11.0 −13.3 −15.9

Contribution to total POC flux (−) 0.0582 0.5919 0.0587 0.0756 0.0766 0.1391 1

Change in contribution LT- PD (−) −0.0023 −0.0033 −0.0004 −0.0027 +0.0045 +0.0042

Seafloor (>1000 m) Flux PD (TgC year−1) 14 134 87 71 121 217 643

Change in flux LT- PD (%) −23.3 −16.5 −16.9 −19.6 −11.1 −13.2 −14.9

Contribution to total POC flux (−) 0.0213 0.2075 0.1350 0.1109 0.1879 0.3373 1

Change in contribution LT- PD (−) −0.0021 −0.0038 −0.0032 −0.0062 +0.0085 +0.0067

Note: Fluxes and contributions are computed for the present day (PD; 1995– 2014). Changes are computed as the difference between long- term (LT; 
2081– 2100) and present- day values. They are expressed in % for fluxes, while absolute values are given for relative contribution changes.
Abbreviations: FFGM, filter- feeding gelatinous zooplankton; GM, generic macrozooplankton.
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when FFGM are removed, as in PISCES- GM, the export decline at 
100 m is similar, but the export decline at the seafloor is 3.0% higher in 
PISCES- GM than in PISCES- FFGM and thus reaches values similar to 
those modeled at 100 m (Figure 5b and Table S3). Consistently, when 
considering RCP8.5, RCP2.6 and historical export trend in response 
to global air temperature changes (Figure 3b), the decline in export to 
the seafloor simulated with PISCES- GM (−4.16 ± 0.05% per degree 
of warming) is 16% higher than the decline in export to the seafloor 
simulated with PISCES- FFGM (−3.59 ± 0.05% per degree of warming).

3.2.3  |  Spatial patterns

Under the RCP8.5 scenario, seafloor and 100 m POC flux anoma-
lies display contrasting spatial patterns. Figure 6a– c shows the 
POC flux anomalies at 100 m. The pattern driving the sign of this 
anomaly is the same as that described for the biomass anomalies: 

export increases at high latitudes (AO and SO, Table S5, Figure 6b) 
and decreases at mid and low latitudes (LC, IC, and HC, Table S5, 
Figure 6b). However, since high- latitude regions (AO and SO) con-
tribute to 15% of total PD export flux, it results in a significant 
export decrease at the global scale (Figure 5a, Table 2). At the sea-
floor, the sign of the anomaly is mostly similar (Figure 6d– f) and 
we do not focus on the areas where the sign of the anomaly is 
opposite because they represent a negligible area at the global 
scale (interval between the solid and dashed lines in Figure 6d). 
Areas where the seafloor anomaly is attenuated relative to 100 m 
anomaly are located in the oligotrophic gyres as well as in the Arc-
tic. FFGM dominate in these regions. Areas where the seafloor 
anomaly is amplified relative to the surface (positive amplifica-
tion in the SO, negative amplification in the North Pacific and the 
North Atlantic) correspond to regions where GM dominate (Fig-
ure 6a,c,d,f). When removing FFGM in PISCES- GM (dashed line), 
the same zonal pattern of amplification/attenuation of POC flux 

F I G U R E  5  Evolution of particulate organic carbon export under RCP8.5 scenario. (a) Time series of the mean global anomalies (%) of 
PISCES- FFGM POC export at 100, 1000 m and to the seafloor relative to 1850– 1900 preindustrial values. (b) (resp. [c]) Time series of the 
difference between PISCES- GM (resp. PISCES- v2) and PISCES- FFGM mean global POC export anomalies (%) at the same horizons. The color 
code for the different depth horizons is the same as in panel (a).



10  | CLERC et al.

anomalies from 100 m to the seafloor is observed (Figure 6c,f), yet 
with a reduced intensity.

Thus, due to the strong trophic amplification of macrozooplank-
ton and the major contribution of their carcasses and fecal pellets 
to the deep POC flux, the supply of organic matter to the benthos 
is projected to be strongly reduced in response to climate change. 
However, this reduction is mitigated at the global scale by the rep-
resentation of FFGM, which, due to a lower trophic amplification, 
induces a slightly lower decrease in POC flux at the bottom than 
in the upper ocean. This effect is particularly important in the low- 
latitude oligotrophic areas (Figure 6, Table S5) in which FFGM dom-
inate macrozooplankton by a factor of 2 (Figure 4), so that FFGM 
have a buffering role on the deep POC flux in these areas strongly 
affected by climate change.

3.3  |  Anthropogenic carbon uptake

The PISCES- FFGM integrated anthropogenic carbon uptake over 
the historical period (1850– 2014) of 142.28 PgC is consistent with 

the estimate from the Global Carbon Budget 2021 of 150 ± 30 PgC 
 (Figure 3c, Friedlingstein et al., 2022). Over the whole simulation period 
(1850– 2100), the ocean anthropogenic carbon uptake remains almost 
unchanged when FFGM are removed (Figure 3d) and even compared 
with the PISCES- v2 version: under RCP8.5 (resp. RCP2.6) scenario the 
integrated uptake is 554.27 PgC (resp. 308.02 PgC), that is, +0.04% 
(resp. +0.21%) compared with PISCES- GM and − 0.40% (resp +0.23%) 
compared with PISCES- v2. Thus, the addition of two new macrozoo-
plankton compartments to the PISCES marine biogeochemical model 
has virtually no impact on the anthropogenic carbon flux to the ocean 
in either the historical simulations or the projections.

4 | DISCUSSION AND PERSPECTIVES

In this study, we provide a model- based estimate of potential com-
munity shifts in macrozooplankton composition and evaluate for the 
first time their effects on benthic food supply and carbon cycling 
under RCP2.6 and RCP8.5 scenarios. The model, which explicitly 
represents one gelatinous (FFGM) and one nongelatinous (GM) 

F I G U R E  6  Global and zonally averaged POC flux anomalies for LT (2081– 2100) versus PD (1995– 2014) for the PISCES- FFGM RCP8.5 
simulation. Anomaly (%) computed (a) at 100 m and (d) at the seafloor (>1000 m). Black lines indicate the limits between positive and negative 
anomalies at 100 m (plain) and at the seafloor (>1000 m, dotted). (b) and (e) Zonal mean absolute anomalies computed (b) at 100 m and  
(e) at the seafloor (gC m−2 year−1). The dashed line shows the anomaly for total POC. The fill colors show the contribution of the different 
components of the POC: small and medium particles in gray, GM carcasses and fecal pellets in red, and FFGM carcasses and fecal pellets in 
yellow. (c) and (f) Zonal mean anomalies (%) at 100 m and at the seafloor, respectively, for the standard PISCES- FFGM run (plain line) and the 
two sensitivity experiments: PISCES- GM (dashed line), and PISCES- v2 (dotted line).
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macrozooplankton, shows that macrozooplankton biomass declines 
under climate- change scenarios, but that gelatinous zooplankton 
are less affected than nongelatinous zooplankton, consistent with 
the jellification hypothesis (Parsons & Lalli, 2002; Roux et al., 2013). 
Inclusion of those organisms has a limited effect on anthropogenic 
carbon uptake over the 21st century, but it consequently affects the 
projected changes in deep particulate carbon fluxes and composi-
tion, with potential implications for benthic ecosystems and deep 
carbon sequestration.

4.1  |  Model caveats

Although this study provides an overview of the impacts of FFGMs 
on biogeochemical processes in a context of climate change, the 
model used here has limitations and simplifying assumptions that 
the reader should bear in mind when interpreting the results.

First, PISCES- FFGM represents a simplified marine planktonic 
ecosystem with a limited number of plankton functional types (two 
phytoplankton and four zooplankton), especially when compared 
to models that already include gelatinous zooplankton (ZooMSS, 
COBALT and PLANKTOM11 simulate 10, 10, and 11 PFTs, respec-
tively; Heneghan et al., 2023; Luo et al., 2022; Wright et al., 2021). 
Consequently, our PISCES- FFGM model probably has a limited 
capacity to quantify in detail the impacts of climate change on 
the trophic structure of the planktonic ecosystem. For example, 
the FFGM PFT (i.e., pelagic tunicates) does not take appendicu-
larians into account. Although it has been suggested that these 
organisms contribute less to the production of detritus than large 
tunicates (Luo et al., 2022), they have access to even smaller prey 
than other FFGMs, which allows them to shorten food chains even 
further. This “appendicularian shunt” is likely to affect the trophic 
structure in a context of climate change and should be taken into 
account to properly study the future impact of tunicates on the 
ecosystem structure (Heneghan et al., 2023; Jaspers et al., 2023). 
Also, there are critical gaps in knowledge on the impact of ap-
pendicularians on carbon export, their discarded houses, absent in 
larger tunicates, are likely to significantly contribute to the carbon 
cycle (Jaspers et al., 2023) and should be considered in further 
model developments. That said, the highly simplistic ecosystem 
framework used here has enabled an explicit representation of 
both FFGM carcasses and fecal pellets, leading to a comprehen-
sive analysis of the potential impacts of FFGM on deep carbon 
export and sequestration.

Second, the physical framework used here is based on an offline 
approach. This approach limits the computational costs of the sim-
ulations, but prevents the inclusion of biogeochemical feedbacks on 
ocean physics (Lengaigne et al., 2007). In addition, the main draw-
back of this offline approach is probably linked to the fact that we 
use temporal interpolation of the monthly averages of all the physi-
cal fields (e.g., temperature, ocean currents, and depth of the mixing 
layer) to force the biogeochemical model. This approach therefore 
smoothes out all the effects of high- frequency events and prevents 

any analysis of the response of biogeochemistry and ecosystems to 
this high- frequency variability.

Third, as noted in Clerc, Bopp, Benedetti, et al. (2023), model 
evaluation is difficult due to the scarcity and patchiness of macro-
zooplankton observations. In addition, the ocean physics used here 
comes from the IPSL ESM (Boucher et al., 2020) and has larger bi-
ases than the forcing used in Clerc, Bopp, Benedetti, et al. (2023). 
Consequently, the performance of PISCES- FFGM evaluated in com-
parison with the observation datasets AtlantECO for pelagic tuni-
cates (Clerc, Bopp, Benedetti, et al., 2023) and MAREDAT for total 
macrozooplankton (Moriarty et al., 2013) is degraded compared 
with the scores indicated in Clerc, Bopp, Benedetti, et al. (2023; see 
Table S6). Although the model only partially reproduces the regional 
contrasts of the macrozooplankton biomasses reconstructed from 
the observations, the order of magnitude of the simulated biomasses 
remains consistent with the observations, with the exception of the 
Arctic where the data coverage is extremely low (<2% for FFGM; 
Table S6, Text S1). The ratios between FFGM and macrozooplankton 
biomasses are also consistent with what is shown in Clerc, Bopp, 
Benedetti, et al. (2023; Table S6, Text S1). In conclusion, the pro-
jected evolution of the carbon cycle and the impacts on the eco-
system must here be interpreted as a proof of concept rather than a 
quantitative projection of the future ocean.

4.2  |  Toward a more gelatinous ocean?

Under RCP8.5 scenario, our results show that macrozooplankton 
will be strongly affected by climate change (−12% biomass for GM 
and −15.1% for FFGM). Simulated increased stratification limits nu-
trient supply and induces a 9% decline in phytoplankton biomass at 
the end of the 21st century. Due to trophic amplification, macrozoo-
plankton biomass declines are amplified compared with phytoplank-
ton. An opposite trend is observed at high latitudes, but the mid-  and 
low- latitude oceans drive at the global scale the projected decline 
in biomass and the trophic amplification, consistent with previous 
studies (Chust et al., 2014; Kwiatkowski et al., 2019). The inclusion 
of an additional trophic level (macrozooplankton) allows trophic 
amplification to go one step further, but the projected decrease in 
total zooplankton biomasses remains within the range of the CMIP5 
(−13.6 ± 3.0% in Kwiatkowski et al., 2019) and CMIP6 (−9.0 ± 8.9% in 
Cooley et al. 2022; Kwiatkowski et al. 2020) models.

Macrozooplankton composition is also affected by climate 
change: FFGM are less affected than GM due to their feeding 
mode that gives them access to small preys and to the expansion 
of low- productive areas in which they are favored over GM (simu-
lated biomass decline per degree of warming is −3.5% for GM and 
−2.8% for FFGM). It implies that the flow of NPP that goes through 
macrozooplankton tends to be preferentially directed to FFGM 
 (“gelatinous pathway”) and not to GM (“crustacean pathway”). The 
direction of the effect is consistent with what has been hypothe-
sized (Clerc, Bopp, Benedetti, et al., 2023; Luo et al., 2022; Suther-
land & Thompson, 2022) and quantified (Heneghan et al., 2023). As 
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a consequence, as FFGM provide a direct pathway from small phy-
toplankton to higher trophic levels, they could buffer the expected 
climate change- induced lengthening of food webs (Heneghan 
et al., 2023). A coupled version of PISCES with a higher trophic level 
model, such as APECOSM (Dupont et al., 2022; Maury, 2010), would 
be relevant to properly quantify this effect. Moreover, simulated 
zooplankton trends are not spatially homogeneous. In particular, in 
the SO, where our model projects an increase in GM over FFGM, the 
projection is opposite to that described for the ratio of krill (included 
in GM) to salps (included in FFGM; Atkinson et al., 2004; Groeneveld 
et al., 2020). Nevertheless, at the scale of the SO, many uncertainties 
remain about the effects of climate change and the biotic and abi-
otic conditions favoring the proliferation of salps or krill (Atkinson 
et al., 2004, 2019; Cox et al., 2018).

The conservative and highly simplistic assumptions in our model 
(growth rate and temperature dependency identical for GM and 
FFGM, no life cycle representation) can however explain these low 
variations. An improved understanding of the ecological and en-
vironmental factors driving bloom- and- burst dynamics of FFGM 
populations is key before accurately model their complexity in an 
ocean ecosystem model (Clerc, Bopp, Benedetti, et al., 2023; Pitt 
et al., 2014). Also, contrary to cnidarians, large pelagic tunicates 
are open ocean species (Henschke et al., 2016). Coastal and shal-
low ecosystems are confronted with multiple other anthropogenic 
stressors (e.g., eutrophication and fisheries; Harley et al., 2006) that 
are more likely to provide environmental conditions that would favor 
gelatinous zooplankton over other organisms (Lucas et al., 2014; 
Purcell, 2012). Still, large pelagic tunicates could also proliferate 
in coastal environments, which are not properly resolved in our 
model due to its coarse spatial resolution, as many unprecedented 
swarms in coastal areas have been reported during the last decades 
(Abdelsalam et al., 2022; Boero et al., 2013; Li et al., 2016). Lastly, 
an explicit representation of UTL is likely to introduce top- down 
climate- change impacts (Dupont et al., 2022), and differential preda-
tion by UTL on both macrozooplankton groups is likely to affect their 
response to climate change as suggested by Parsons and Lalli (2002).

4.3  |  Macrozooplankton impacts on deep carbon 
export and benthic food supply

Because of their large and dense carcasses and fecal pellets, GM and 
FFGM efficiently transfer POC to the ocean floor. This has two ef-
fects: macrozooplankton- produced particles dominate the POC flux 
to the seafloor, but they also drive the effects of climate change on 
these fluxes. At the global scale, these fluxes are greatly impacted 
by climate change due to trophic amplification, that is, a 14.9% (resp. 
−2.7%) reduction in their magnitude under RCP8.5 (resp. RCP2.6) 
scenario for the end of the 21st century. Spatial patterns of the 
anomalies are similar to those projected by Jones et al. (2014) and 
Sweetman et al. (2017) and are largely driven by changes in surface 
productivity, with positive anomalies at high latitudes and negative 
anomalies at low latitudes. However, our global projected seafloor 

(>1000 m) POC flux decline is much lower than what was projected 
by Yool et al. (2017; −29.3% under RCP8.5, −8.7% under RCP2.6). 
In fact, their larger decline is similar to that projected for seafloor 
fluxes by small organic carbon particles in PISCES- v2 (−25.5%, 
under RCP8.5, Table S4, −6.8% under RCP2.6). Also, the seafloor 
(>1000 m) historical POC flux value of 643 TgC year−1 projected
by PISCES- FFGM is similar to their value of 710 TgC year−1. Deep 
climate- change impacts on POC fluxes under both RCP8.5 and 
RCP2.6 scenarios are mitigated by the representation of FFGM at 
the global scale, which, due to a lower trophic amplification than 
GM, induces a slightly lower decrease in POC flux at depth than in 
the surface ocean. An opposite vertical trend is projected in Yool 
et al. (2017) and in PISCES- v2. This effect is particularly important 
in low- latitude oligotrophic areas in which FFGM dominates macro-
zooplankton by a factor of 2. Therefore, FFGM play a buffering role 
on the deep POC flux in these areas strongly affected by climate 
change.

Beyond the attenuation of the projected anomalies in POC 
fluxes to the seafloor due to the addition of macrozooplankton, and 
in particular FFGM, our study gives some insights in the potential 
drivers of POC fluxes to the seafloor and on the associated benthic 
food supply (Henschke et al., 2013). It provides deep POC flux fields 
that could be used in benthos models (e.g., Jones et al., 2014; Kelly- 
Gerreyn et al., 2014; Yool et al., 2017) to better project the benthic 
biomass evolution under climate change by distinguishing anoma-
lies for six types of particles (small, large, GM and FFGM carcasses 
and fecal pellets). Direct evidence of gelatinous zooplankton car-
casses and fecal pellets representing a significant portion of benthic 
food supply supports this claim (Pfannkuche & Lochte, 1993; Smith 
et al., 2014; Sweetman et al., 2014). In particular, a large salp swarm 
in the northeastern Pacific in the spring of 2012 resulted in major 
deposition of carcasses and fecal pellets on the seafloor, so that a 
dominant megafauna species increased sevenfold in density within a 
2- month delay (Smith et al., 2014).

4.4  |  Macrozooplankton impacts on the 
anthropogenic carbon uptake

The effects of adding macrozooplankton (GM and FFGM) in a ocean 
biogeochemical model on the ocean carbon cycle have been de-
scribed in Clerc, Bopp, Benedetti, et al. (2023) and Luo et al. (2022). 
In brief, the inclusion of macrozooplankton and the associated 
production of carcasses and fecal pellets redistributes parti-
cles between the different particle compartments in the surface 
ocean, with more of large particles, without significantly altering 
the total amount of particulate carbon exported from the surface 
ocean. This change in particle composition however is explaining 
the major role that macrozooplankton play in carbon export to the 
deep ocean, due to higher transfer efficiency and resulting into 
higher deep carbon fluxes at 1000 m and at the sea floor. This sug-
gests a deepening of the remineralization depth (depth at which 
the sinking carbon is converted back to carbon dioxide) in a model 
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that includes macrozooplankton, explained by higher mean particle 
sinking speeds. Kwon et al. (2009) showed that a modest change 
in the remineralization depth in a 3D biogeochemical model could 
have a substantial impact on atmospheric carbon dioxide concen-
trations as a result of the redistribution of remineralized carbon 
from intermediate waters to bottom waters.

The effects of climate change on POC fluxes in the water col-
umn are modulated by the introduction of macrozooplankton (GM 
and FFGM). At 100 m, the addition of macrozooplankton amplifies 
the POC flux decline due to changes in ecosystem composition (Sec-
tion 3.3). At 1000 m and at the seafloor, the addition of FFGM is 
most important and attenuates the POC flux decrease (Section 3.3). 
Yet, the effects of GM and FFGM on anthropogenic carbon uptake 
are small, that is, the uptake of anthropogenic carbon is almost iden-
tical in all model versions for each of the scenarios (Section 3.3). This 
uptake results mostly from the transport of that carbon via the phys-
ical pump (Sarmiento & Gruber, 2006), but is modulated by potential 
changes in the biological pump that affect the dissolved inorganic 
carbon gradient. The impact on the biological pump through the in-
troduction of GM and FFGM in our simulation however does not 
affect anthropogenic carbon uptake over the time scales addressed 
here. This is not surprising, and similar results have been found for 
other biological processes over the same time scales, for example, 
potential feedbacks from high- trophic levels (Dupont et al., 2022) or 
changes in N2- fixation (Bopp et al., 2022).

That said, the modifications of the biological pump induced by 
changes in macrozooplankton composition could have larger ef-
fects on ocean carbon uptake on longer time scales. The POC flux 
at 1000 m has been recently suggested as a good proxy of long- term 
anthropogenic carbon sequestration (Wilson et al., 2022): An ide-
alized simulation shows a quasilinear positive relationship between 
changes in POC fluxes at 1000 m and the ocean carbon sink. Thus, 
over longer time scales (multiple centuries), we could expect a lower 
ocean carbon sink in PISCES- GM compared with PISCES- FFGM and 
an even lower sink in PISCES- v2.

Future changes in the biological pump remain highly uncertain, 
and the increasing complexity of biogeochemical models results in 
increasing uncertainties on the impacts of climate change on export: 
The POC flux at 100 m is projected to decline by −1% to −12% in 
CMIP5 under RCP8.5 scenario and −2.1% to −21.5% in CMIP6 under 
SSP5- 8.5 scenario (WGI AR6 5.4.4.2, tab. 3.24, Cooley et al., 2022). 
In CMIP5, changes in stratification and reduced nutrient supply 
dominate (Bindoff et al., 2019; Fu et al., 2016) while in CMIP6, 
more complex biological processes (Bopp et al., 2022; Le Quéré 
et al., 2016; Séférian et al., 2020; Wright et al., 2021) increase the 
associated uncertainties. Yet, there are still numerous overlooked 
processes (Boyd et al., 2019), for instance diurnal vertical migrations. 
Filter- feeding gelatinous zooplankton are one of these largely over-
looked processes in climate models. This study provides insights on 
large pelagic tunicates impacts on the biological carbon pump under 
climate change and reveals their potential importance for deep car-
bon sequestration.
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