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Abstract. The oceanic carbonate pump corresponds to the production and the sinking of particulate inorganic 

carbon (PIC) thanks to calcifiedby calcifying planktonic organisms. In this study, global estimates of PIC standing 

stock, production derived from ocean colour, and calcified taxa the contribution of calcifying taxa were combined 

with PIC flux observationobservations from short-term sediment traps deployed duringover the lastpast decades, 

covering the global ocean. Coccolithophores are the main planktonic calcifiedcalcifying plankton group in the 10 

euphotic zone, withexhibiting a significant seasonal blooming pattern and an importanta pronounced latitude 

dependant-dependent seasonal response. The present study highlights that the PIC production in the euphotic zone, 

and the pelagic PIC flux variedvary among oceanic regions, depthdepths, and seasonseasons. Based on a 

geographic matchup between the PIC flux from sediment traps and remote sensing climatology 

observation,climatological observations, a correlation between net primary production (NPP) of particulate organic 15 

carbon (POC) in the euphotic zone and PIC flux is revealed. However, PIC production in the euphotic zone is not 

correlated with PIC flux at a global scale, but only for delimitedin specific ocean basinbasins, such as in the North 

Atlantic and the Southern Ocean. Despite lower PIC production and PIC/POC ratios in the euphotic zone, 

temperate and subpolar areas are more efficient to exportat exporting PIC compared to equatorial and subtropical 

areas (regions, which have higher PIC production and PIC/POC ratios in the euphotic zone). The plankton. Plankton 20 

phenology seemsappears to be an important driver of PIC export efficiency (PIC Eeff) and PIC transfer efficiency 

(PIC Teff). This study suggests that the 'packaging factor' corresponding to, which includes the vehiclevehicles of the 

biological carbon pump (e.g., marine snow aggregates, fecal pellets) and the plankton network (e.g.., zooplankton 

communitycommunities, microbial loop) determine the), largely determines PIC export efficiency and the PIC transfer 

efficiency. efficiencies. 25 

1. Introduction 

Through gravitational settling, the biological carbon pump (BCP) transports photosynthetically fixed CO2 into the 

deep ocean for decades to centuries to come. Without the BCP, atmospheric CO2 concentration would be twice as 

high (Passow and Carlson, 2012). Phytoplankton, due tothrough photosynthesis, uptake CO2 and produce 

particulate organic carbon (POC). On the other hand, calcifiedcalcifying phytoplankton (such as coccolithophores), 30 

produce both POC and inorganic carbon (particulate inorganic carbon,  (PIC),). Calcification process, often referred 

to as calcium carbonate (CaCO3), which) production, releases CO2 during the process of calcification, this is the 

a mis en forme : Police :Arial

a mis en forme : Police :Arial

a mis en forme ...

a mis en forme ...

a mis en forme : Retrait : Gauche :  0 cm, Suspendu : 0,63
cm

a mis en forme : Police :Arial

a mis en forme ...



 

2 

 

counter pump effect. Even though calcification contributes to the release of CO2 (counter effect), all planktonic 

calcified organisms (such as coccolithophores, foraminifers and pteropods) transport also POC to deep waters 

through gravitational settling. Field observation of particulate sinking flux (PIC and POC) has been made over many 35 

decades to better understand the BCP. To estimatemeasure a particle flux, the sediment traps and Thorium-234 

activity (234Th activity) are the most widespread techniques to quantitatively estimate a sinking flux, both in terms of 

time and geography (Savoye et al., 2006, Le Moigne et al., 2014). 

Coccolithophores contribute to 70-90% of PIC production in the North Pacific Ocean when nutrient and light are 

available (Ziveri et al., 2023) and2023) and more than 90% in the South Atlantic (Kruijt et al., 2026). Coccolithophore 40 

are generally considered dominant at global scale (Neukermans et al., 2023). In the global ocean, coccolithophores 

form mesoscale blooms in high-latitude oceans (Brown and Yoder, 1994; Balch et al., 2005), which are associated 

with high rates of calcification (Poulton et al., 2007, 2014, Balch et al., 2011; Krumhardt et al., 2017, 2019). The 

total annual CaCO3 production by planktonic organisms is characterised by a high uncertainty, with a range of 0.7–

4.7 Pg C y−1 (Berelson et al., 2007; Buitenhuis et al., 2019; Neukermans et al., 2023). A large proportion of these 45 

CaCO3 produced in the euphotic zone is dissolved within the first 300m of the ocean (Ziveri et al., 2025, Sulpis et 

al., 2021, Feely et al., 2002; Milliman et al., 1999), thereby increasing ocean alkalinity and CO2 uptake (Sarmiento, 2013).). 

This shallow dissolution is not yet clearly explained but considered to be associated towith biological and ecological 

mechanisms such as zooplankton and procaryotes mediated dissolution (Sulpis et al., 2021, Kwon et al., 2024, 

Dean et al., 2024). The sedimentation of calcifying organisms constitutes an export flux of CaCO3 with estimated 50 

range of 0.4–1.8 Pg C y-1 (Berelson et al., 2007, Neukermans et al., 2023).  

At a global scale, particle export efficiency (PEeff, corresponding to the POC sinking flux in the euphotic layer/ POC 

production) is higher at high latitudes and lower at low latitudes (Henson et al., 2012). The transfer efficiency (Teff, 

corresponding to the proportion of exported organic matter that reaches the deep ocean), which is lower at high latitudes and 

higher at low latitudes (Henson et al., 2012). However, satellite estimation of net primary production at low latitude may have 55 

large uncertainties, which may result in a bias in the PEeff estimationThe transfer efficiency (Teff) corresponds to the 

proportion of exported organic matter that reaches the deep ocean. Teff is lower at high latitudes and higher at low 

latitudes (Henson et al., 2012). (Henson et al., 2019; Ryan-Keogh et al., 2023; Weber et al., 2016). Recently AI 

model prediction has been improved and enable the bridge between deep-ocean particles flux observations and satellite images 

(Picard et al., 2024, 2025). It has been established that Teff is not correlated with CaCO3 export flux (Henson et al., 2012), 60 

but evidence from sediment trap collection suggests that coccoliths and coccospheres are transported more efficiently to depth 

when incorporated into fecal pellets or marine snow aggregates (Honjo, 1976; Pilskaln and Honjo, 1987, Guerreiro et al., 2021, 

Liu et al., 2022, Toullec et al., 2022). Indeed, the incorporation of biominerals (such as CaCO3 and biogenic silica) induces 

a ballast effect (excess of density) on marine snow sinking velocity (Iversen and Ploug, 2010; Laurenceau-Cornec et al., 2020) 

and hence is expected to boost the BCP. However, it has been demonstrated that CaCO3 export flux in the upper ocean is not 65 

correlated with the transfer efficiency (Henson et al., 2012), hence the ballast effect hypothesis is still controversial. 

Satellite-based estimates of net primary production (NPP) at low latitudes carry substantial uncertainties, potentially 

biasing PEeff calculations (Henson et al., 2019; Ryan-Keogh et al., 2023; Weber et al., 2016). Recent AI-based 

models improve the link between deep-ocean particle flux measurements and satellite observations (Picard et al., 

2024, 2025). While Teff is not consistently correlated with CaCO₃ export flux (Henson et al., 2012), sediment trap 70 
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data show that coccoliths and coccospheres are more efficiently transported when incorporated into fecal pellets 

or marine snow (Honjo, 1976; Pilskaln and Honjo, 1987; Guerreiro et al., 2021; Liu et al., 2022; Toullec et al., 2022). 

The “ballast effect,” postulates that biominerals like CaCO₃ and biogenic silica are expected to increase particle 

density and sinking velocity (Iversen and Ploug, 2010; Laurenceau-Cornec et al., 2020). Hence, BCP is expected 

to be enhanced by biomineralizing plankton (coccolithophores, diatoms). Nonetheless, the ballast effect remains 75 

debated because upper-ocean CaCO₃ export flux is not always linked to particle transfer efficiency, leaving the 

ballast hypothesis controversial (Henson et al., 2012). 

Seasonal influence is an important aspect of the factor affecting Teff of carbon to the deep sea and could be attributed 

to the greater lability of organic matter exported during. During phytoplankton blooms. In general, high latitudes are opal-

productive regions (diatoms blooms) with high PEeff and a higher fraction of, the exported organic matter is remineralized 80 

before reaching bathypelagic depths (low Teff).more labile, which likely expect to reduce its transfer efficiency. In low 

latitudes, which are annually CaCO3-CaCO₃‑productive regions, asome modelling studyand observational syntheses 

have demonstrated that PEeff istends to be lower, but while Teff is expected to berelatively higher (Henson et al., 2012; 

Lima et al., 2014). , Huang & Fassbender, 2024). However, the most recent studies agree that the structure of the 

ecosystem is a major driver of PEeff and Teff, even more so than latitude (Henson et al., 2019). 85 

The ‘packaging factor’ theory suggests that CaCO3-dominated ecosystems (subtropics and equatorial area) are 

associated with a complex food web, and CaCO3 would be more tightly packaged in fast-sinking fecal pellets, 

associated with potential ballast effect on the POC (Laurenceau-Cornec et al., 2020). However, particle flux from 

seasonal, opal-dominated systems (Temperate and sub-Polar ecosystems) would be highly “degradable” formed 

aggregates, produced by the coagulation of senescent diatoms (Francois et al., 2002). This ‘packaging factor’ as 90 

well as the potential associated ballast effect hence should be a strong driver of Teff. Biominerals such as CaCO3 

could be a major driver of POC flux (Lacour et al., 2023) or by physically protecting the more labile POC in 

aggregates from degradation during gravitational settling (Armstrong et al., 2001). 

The biogeographical approach is particularly appealing to understand the structures of plankton communities as 

well as biogeochemical processes according to the latitude and different ocean basins, also under climate change 95 

scenarios (Barton et al., 2013). Indeed, biogeographic patterns are common in macroecology (Kaneko et al., 2023; 

Thuiller et al., 2015), and PCBBCP understanding (Clements et al., 2023; Ricour et al., 2023; Wang et al., 2023). 

In this context, ocean colour data derived from satellite observation is valuable to estimate surface ocean processes 

over time. Satellite observations of coccolithophore blooms have been available since the emergence of remote 

sensing of ocean colour techniques (Holligan et al., 1993).  Blooms of coccolithophores (e.g., Gephyrocapsa 100 

(Emiliania) huxleyi) can result inproduce highly reflective patches of high reflectivity at the ocean surface of the ocean 

and are associated with uniqueexhibit distinctive optical properties (Balch et al., 1996, 2005; Balch and Mitchell, 2023) 

that). These optical signatures can be used to estimate particulate inorganic carbon (PIC concentration) 

concentrations and production rates at the global scale and production rate (Hopkins & Balch, 2018; Hopkins et al., 

2019). There remains a gap in our comprehension of processes controlling the transfer of photosynthetically 105 

produced organic carbon to the deep (Buesseler et al., 2007; Henson et al., 2012). Nowadays, heterotrophic 

respiration in sinking aggregates is considered creating a microenvironment supporting dissolution of CaCO3 in the 

upper ocean (Morse et al., 2006; Friis et al., 2006; Buitenhuis et al., 2019; Sulpis et al., 2021, Dean et al., 2024). 

In the deep ocean, dissolution of CaCO3 is primarily driven by conventional thermodynamics of CaCO3 solubility 
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with reduced fluxes of CaCO3 burial to marine sediments. It is estimatedKwon et al. (2024) showed that CaCO3without 110 

CaCO₃ dissolution in the upper ocean contribute, approximately 20 % more CO₂ would be released to uptake 20% 

of atmospheric CO2 through the low latitude upwelling regions (kwon et al., 2024).atmosphere.. 

Understanding how the surface processes control the export of POC and PIC is still an ongoing challenge in the 

biogeochemical oceanographic community. In addition, processes ofsuch as PIC production, sinking flux, and 

dissolution flux are crucial to understand key components of the ocean alkalinity balance, which controlin turn 115 

regulates atmospheric carbon uptake in surface waters (Renforth &and Henderson, 2017; Planchat et al., 2023).  

This studywork examines the variability in surfaceof euphotic zone PIC production and deep PIC flux. In this study, 

a compilation of existing data sources (e.g. PIC flux from sediment traps, calcified taxa group biomass global 

estimation) and satellite images, geographically covering the open ocean at different seasonal scales is compared 

and discussed. The objective of this study is to address the following questions: How spatial and seasonal pattern 120 

modulate the PIC export efficiency (PIC Eeff) and the PIC transfer efficiency (PIC Teff) at the global scale? 

2. Materials and Methods 

2.1. PIC production remote sensing-based modelling 

PIC production at a global scale was modelled using satellite ocean colour measurements (see Hopkins and Balch, 

2018 and reference in here for more details), coupled with physiological constant (growth rate under variable light 125 

intensity and temperature) associated with Gephyrocapsa (Emiliania) huxleyi, which is the most cosmopolitan 

coccolithophore and extensive blooms former (Holligan et al., 1993) across the majority of the world’s oceans 

(Tyrrell and Merico, 2004).  

2.1.1. Calcification model 

The model proposed by Hopkins et Balch (2018) was applied to estimate the calcification rate in the euphotic zone 130 

(expressed as EZ PIC production). The model of coccolithophores calcification rate is a function of PIC 

concentration, growth rate, irradiance, and depth (Equation 1):  

𝑃𝐼𝐶 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = 𝑓[𝑃𝐼𝐶, µ, ℎ(𝑠𝑢𝑟𝑓), 𝑔(𝑍𝑒𝑢)]  (1) 

In this model, general assumptions are made, such as thethat PIC production is proportional to the 

coccolithophorecoccolithophores growth rate. The coccolithophorecoccolithophores growth rate is a function of 135 

temperature and irradiance (parameters established on G. huxleyi culture). The calcification rate decreases as a 

function of light availability through the water column (Hopkins and Balch, 2018). The model generalizes the 

euphotic zone integrated PIC production rate (g C m-2 d-1) (Equation 2): 

𝐸𝑍 𝑃𝐼𝐶 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = 𝑃𝐼𝐶 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 × µ × ℎ(𝐼𝑠𝑢𝑟𝑓) × 𝑔(𝑍𝑒𝑢)  (2) 

Where μ is a temperature-derived growth rate, h(Isurf) is a growth limiting irradiance function, and g(Zeu) is a depth 140 

dependency function (see Hopkins and Balch, 2018 and reference inhere for more details). All the satellite products 

used in the model are described in the following section. 

a mis en forme : Police :Arial

a mis en forme : Police :Arial, Non Exposant/ Indice

a mis en forme : Police :Arial

a mis en forme : Police :Arial

a mis en forme : Police :Arial

a mis en forme : Police :Arial

a mis en forme : Police :Arial

a mis en forme : Police :Arial

a mis en forme : Police :Arial

a mis en forme : Police :Arial

a mis en forme : Police :Arial

a mis en forme : Police :Arial

a mis en forme : Police :Arial

a mis en forme : Police :Arial

a mis en forme : Police :Arial

a mis en forme : Police :Arial

a mis en forme : Police :Arial

a mis en forme : Retrait : Gauche :  0 cm, Suspendu : 0,63
cm

a mis en forme : Retrait : Gauche :  0 cm

a mis en forme : Police :Arial

a mis en forme : Police :Arial

a mis en forme : Police :Arial



 

5 

 

2.1.2. PIC and POC standing stock 

Surface PIC and POC satellite-based concentrations were depth integrated to 100 m to100 m using empirical 

relationships based on in situ measurements across the Atlantic Ocean (Balch et al., 2018): 145 

𝑃𝐼𝐶100𝑚 = 40.555 ×  𝑃𝐼𝐶𝑠𝑢𝑟𝑓𝑎𝑐𝑒
0.560  (3) 

𝑃𝑂𝐶100𝑚 = 164.376 × 𝑃𝑂𝐶𝑠𝑢𝑟𝑓𝑎𝑐𝑒
0.617  (4) 

 

2.1.3. Satellite products collection 

The computation was performed with 1° by 1° grid average monthly data (from September 1997 to October 2023) 150 

from different sensors merged (Table S1). Satellite ocean color observations are representative the near-surface 

optical properties (upper 20–40 m in open ocean conditions). The satellite data used in this study (PIC 

concentration, PAR and Kd490nm) were downloaded from the Globcolour website 

(https://www.globcolour.info/).(https://hermes.acri.fr/, last access: 2 February 2024). The Sea surface temperatures 

were obtained from NASA Ocean Color website (https://oceancolor.gsfc.nasa.gov/), last access: 2 February 2024) 155 

and the COPERNICUS marine service website (https://marine.copernicus.eu/fr)./, last access: 2 February 2024). 

The following product (Table S1) were used in determining the PIC production rate (g C m-2 d-1): Thethe monthly 

surface PIC concentration (mol C m-3); The), the monthly SST (Sea Surface Temperature in °C) for the 

determination of G. huxleyi growth rate; The, the monthly photosynthetic available radiation (PAR; mol photons m-

2 d-1) for the growth rate limiting irradiance; The, the monthly Kd490nm (Light diffuse attenuation coefficient at 490 160 

nm; m-1) used for the determination of the euphotic depth and depth-integrated calcification rate, see details of the 

methods below. Euphotic zone integrated Primary Production (mg C m-2 d-1) was obtained from COPERNICUS 

marine service website (https://marine.copernicus.eu/fr;/, last access: 2 February 2024, DOI:10.48670/moi-00281), 

the different variables were obtained from multi-sensors products based on SeaWiFS, MERIS, MODIS-A, MODIS-

T, VIIRS-SNPP & JPPS1, OLCI-S3A & S3B). The primary production algorithm was developed by Antoine and 165 

Morel (1996). 

2.1.4. PIC standing stock evaluation, and taxa contribution 

Monthly climatology of depth-integrated coccolithophorecoccolithophores PIC standing stock (g C m-2) in the top 

100m was obtained from ocean colour remote sensing using empirical relationships between surface ocean PIC 

concentration and depth-integrated PIC standing stock (eq. 3, Balch et al., 2018). Monthly climatology PIC standing 170 

stock for foraminifers and pteropods in the top 200m was obtained from Knecht et al. (2022; see Fig. 4), 

supplementary data. The carbon biomass concentration for foraminifers and pteropods in the top 200m (g C m-3) 

was converted into PIC mass concentration (Bednaršek et al., 2012; Knecht et al., 2023; Schiebel and Movellan, 

2012). Integrated PIC standing stock (g C m-2) were obtained for foraminifers and pteropods, by multiplying the PIC 

biomass concentration (g C m-3) by the layer of integration (200m). 175 
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2.2. PIC flux 

PIC productions in the euphotic zone are expressed in g C m-2 d-1 (as detailed in section 2.1.1). PIC fluxes for the 

different depth of integration are expressed in g C m-2 d-1, considering the deployment duration (in day), the 

sediment trap collecting surface area (m2) and the quantity of collected matter (g). 

2.2.1. Sediment trap data collection 180 

PIC flux from sediment trap data was obtained from public repositories and published data 

(https://www.pangaea.de/, see Table S2; Fig. 1). 

To ensure that the time scale of the PIC flux corresponds as closely as possible to the products derived from the 

satellites, analysis on a subset of sediment traps deployed 31 days or less (monthly), for a total of 6057 PIC flux 

observations (sediment traps deployed from 1983 to 2012) were performed. PIC flux observation was then 185 

aggregated into seven different layers of depth (0-100m, 100-500m, 500-1000m, 1000-2000m, 2000-3000m, 3000-

4000m and > 4000m), as presented in Table 1. Analysis on monthly deployed sediment flux were matched with 

monthly remote-sensing climatology (see details in the following section). On the other hand, a possible bias 

associated with the interaction of hydrodynamics, the capture of zooplankton, organic particle remineralization, and 

PIC dissolution could happen for a longer time of deployment. 190 

 

Table 1: Layer of the depth of the subset used in the analysis.  

Depth layer Number of PIC flux observation Number of sediment traps (location according to 1° by 1° grid map) 

0-100m 101 84 

100-500m 996 62 

500-1000m 1175 54 

1000-2000m 1405 64 

2000-3000m 730 64 

3000-4000m 1077 35 

> 4000m 573 28 

 

A total of 262 sediment trap locations were used in the analysis. Note that the total of sediment traps for each layer 

of depth is equal to 388,391 (multiple sediment traps may have been deployed on the same mooring line), due to 195 

the multiple depth deploymentdeployments at the same geographic location. Moreover, multiple PIC flux 

observations can be attributed to the same sediment trap deploymentdeployments (time series, e.g.: PAP, ALOHA 

station). As for EZ PIC production model output, the analysis and interpretation of observed PIC flux were applied 

to the open ocean only, excluding data obtained from a water column of less than 200 m depth. 

2.2.2. Global data flux estimates 200 

Total global EZ PIC production (Pg C yr-1) was determined by multiplying integrated PIC production by the 

latitudinally varying area of each 1° by 1° pixel. The latitude variation pixel surface (m2) was computed using 

equation 5: 
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𝑆𝑢𝑟𝑓𝑎𝑐𝑒 (𝑚2) = [
40 075.017×𝑐𝑜𝑠(

𝜋

180
(𝐿𝑎𝑡𝑖𝑡𝑢𝑑𝑒))

360
×

40 007.864

2

180
] × 106 (5) 

Where the equatorial earth circumference = 40 075.017 km2 and the meridional earth circumference = 40 007.864 205 

km2. The data downloaded were a matrix of 180 pixels of latitude by 360 pixels of longitude (based on cylindric 

projection). 

The analysis and interpretation of the EZ PIC production model output were focus on the open ocean only, 

excluding data obtained from bathymetry lower than 200 m depth. 

 210 

2.2.3. Biogeochemical regions 

RECCAP2 biogeochemical regions (second REgional Carbon Cycle Assessment and Processes) aim to accurately 

assess land and ocean CO2 sources and sinks through the efforts of hundreds of scientists around the globe (Hauck 

et al., 2023). The overall aim of RECCAP2 is to support the Global Carbon Project 

(https://www.globalcarbonproject.org/) and the stocktaking of greenhouse gases by providing a reliable scientific 215 

basis for the transport of carbon between land, ocean and atmosphere. RECCAP2 biogeochemical regions mask 

was used to aggregate data from sediment traps and remote sensing according to relevant geographical regions 

(Fig.1, Table S3). 

 

 220 
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Figure 1: Location of sediment traps measuring PIC flux within 13 biogeochemical regions (RECCAP 2 regions). Region 1 = 
Arctic (Ar); 2 = North Atlantic (NA); 3 =  North Pacific (NP); 4 = North Subtropics Pacific (NSTP); 5 = Equatorial Pacific (EP); 6 
= South Subtropics Pacific (SSTP); 7 = Subantarctic (SAZ); 8 = Antarctic (AAZ); 9 = North Subtropics Atlantic (NSTA); 10 = 
Equatorial Atlantic (EA); 11 =  South Subtropics Atlantic (SSTA); 12 = North Indian Ocean (NI) and 13 = South Indian Ocean 225 
(SI). The monthly deployed sediment traps are depicted by white triangles and Thorium-derived PIC flux is depicted by yellow 
dots. 54 stations were out of the RECCAP2 mask (open ocean station) and then have been removed from the 6057 PIC flux 
observations subset. 

 

2.2.4. Euphotic zone integrated satellite-derived production and deep PIC flux matchup 230 

The majority of sediment trap deploymentdeployments occurred before the launch of ocean colour observation from 

satellite, from 1983 to 2012 (SeaWiFS observation started in September 1997). 75.7% of PIC flux data used in the 

analysis (4588 observations over a total of 6057 observations) were collected before the satellite record. Hence, a 

match-up between the PIC flux data and EZ PIC production monthly climatology were performed (monthly mean 

from September 1997 to November 2023). 235 

In the analysis, 7 different layers of depth were aggregated (0-100m, 100-500m, 500-1000m, 1000-2000m, 2000-

3000m, 3000-4000m and > 4000m). Discrete observed PIC flux values obtained from sediment traps were 

aggregated over the depth layer of interest and matched geographically with the monthly climatology-modelled EZ 

PIC production and NPP on the 1°×1° grid. PIC flux values were therefore matched to the same 1° pixel and then 

associated to the same EZ PIC production. The monthly climatology average of EZ PIC production was established 240 

on a period from September 1997 to November 2023 on the 1°×1° grid map. Pearson’s correlation test was 
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performed between the monthly climatology average of EZ PIC production and PIC flux values for the depth layers 

of interest. The process has been performed for the 13 RECCAP2 biogeochemical regions, covering the global 

ocean. 

EZ PIC production values < 0.1 mg m-2⁻² d-1⁻¹ were removed from the dataset, to avoidexclude values close to zero 245 

or below the detection limit, due to no coveringwhich may result from a lack of the satellite coverage. (e.g. winter 

months in the north hemisphere above 40°N). 

2.2.5. Supporting dataset 

1° by 1° grid map of fecal pelletpellets and aggregates contribution to the total particles export were obtained from 

model ensemble output from Nowicki et al., 2022 (FigShare database: 250 

https://doi.org/10.6084/m9.figshare.19074521). 

3. Results 

3.1. NPP, PIC production and residence time seasonality 

At the global scale, annual EZ PIC production of 1.65 ± 0.36 Pg C y-1 was estimated (monthly mean ± σ, 1997-

2023 annual mean, 302 months of observation), which is congruent with previous estimation based on the same 255 

calcification model (ca. 1.42 ± 1.69 Pg C y-1 in Hopkins and Balch, 2018). The difference inbetween the estimation 

couldglobal estimates reported by Hopkins & Balch (2018) and those obtained in this study may be explained by 

theusing a merged satellite product quality (resolution) and the number of months used in the model. (see table S1), 

which provides broader ocean coverage. 

The most NPP annual productive areas are located along the continental margins, above 40°N and within equatorial 260 

upwelling ecosystems (Fig. 2a). In contrast to the NPP, the most PIC productive areas are located within subtropical 

gyres, in the Southern Ocean (along the “Great Calcite Belt”), in the North Atlantic, but not in the Northern Indian 

Ocean, and less productive within equatorial upwelling ecosystems (Fig. 2b). NPP (POC production, Fig 2) is driven 

by nutrient availability (nitrate, phosphate, iron). Upwelling zones or high-latitude oceans have high nutrient supply, 

so phytoplankton production is high. Whereases PIC production, especially by G. huxleyi, is favoured in nutrient-265 

poor, stable waters (oligotrophic subtropical gyres), where coccolithophores can thrive and calcify efficiently. The 

seasonal variation of NPP and PIC production follows the phytoplanktonic bloom phenology, with higher seasonal 

variation above 40°N and below 40°S (Fig. 2c and d). It is noticeable that the PIC production seasonal bias 

amplitude is higher than NPP seasonal bias (Fig. 2c and d). Both residence time (the integrated stock divided by 

the integrated production) and amplitude variation are higher for PIC than for POC (Fig. 2e and f). The amplitude 270 

of spatial variation of POC residence time is lower than PIC residence time (Fig. 2e and f). The residence time is 

obtained by dividing the euphotic layer integrated standing stock (g m-2) by the euphotic layer integrated production 

rate (g m-2 d-1). POC residence time highest values reach 20 days in the Southern Ocean and over 20 days in arctic 

regions (Fig. 2e). However, PIC residence time values reach more than 30 days at high latitudes regions (the 

Southern Ocean and above 40°C). PIC residence time values over 10 days are also observed within equatorial 275 

upwelling (Indian Ocean and West Pacific equatorial). Both PIC and POC residence times reflect a balance 

between sinking and removal processes such as dissolution or remineralization. For either to sink efficiently, 
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aggregation into marine snow or incorporation into fecal pellets is generally required. PIC observation (ocean colors 

based) results mainly from free-floating coccoliths, which can accumulate at the surface to a greater extent than 

POC. In contrast, POC is readily consumed by bacteria and zooplankton, leading to rapid remineralization in the 280 

upper ocean. PIC (CaCO₃), however, is chemically more resistant to biological degradation in surface waters and 

typically dissolves only under specific conditions, such as in undersaturated carbonate waters, in the deep ocean. 

 

 

 285 

Figure 2: Global maps of (a) POC production (NPP) annual mean (mg POCC m-2 d-1, 1997-2023 annual mean), (b) PIC 
production annual mean (mg PICC m-2 d-1, 1998-2023 annual mean), (c) NPP seasonal bias expressed as coefficient of variation 
(σ/µ) of monthly NPP climatology, (c) PIC production seasonal bias expressed as coefficient of variation (σ/µ) of monthly PIC 
production climatology, (e) POC residence time (day, 1997-2023 annual mean) and (f) PIC residence time (day, 1998-2023 
annual mean). POC and PIC residence time is obtained by dividing the annual standing integrated stock (mg m -2) by annual 290 
production (mg C m-2 d-1), results are expressed in days. 
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3.2. Taxa contribution to the PIC standing stock estimation 

At the global scale, coccolithophorecoccolithophores PIC standing stock dominates the total estimated PIC 

standing stock, except in few areas of Equatorial Atlantic (EA), Equatorial Pacific (EP), North Atlantic (NA) and 295 

North Pacific (NP), where the pteropods PIC standing stock reach almost 50% (Fig. 3). Foraminifers PIC standing 

stock represent less than 10% of the PIC standing stock, with higher value in the North Atlantic (NA). Regarding 

the seasonal variation index, coccolithophores are characterised by high seasonal variation in high latitudes (>30°N 

and <30°S), while pteropods' seasonal index is higher only >30° N, and in the Equatorial Pacific (EP). Foraminifers 

tend not to reveal any seasonal variation at a global scale, except in the southeastern North Atlantic (NA) (Fig. 3). 300 

Note that the depth of integration is different for coccolithophore (100m) and zooplankton taxa (200m for Pteropods 

and Foraminifers, from Knecht et al., 2023). Although coccolithophore integration to 100m over 200m for pteropods 

and foraminifers leads to an underestimation of coccolithophore contribution to the global PIC standing stock in a 

200m layer, the general statement that coccolithophore dominates the standing stock remains unchanged. In 

addition, the foraminifers maximum abundance peak between 0-100m depth (Chaabane et al., 2024). 305 
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Figure 3: Maps of taxa contribution to the total PIC standing stock regrouping the 3 calcifying taxa: Coccolithophore (a, b and 
c) Pteropods (d, e and f) and Foraminifers (g, h and i).  a, d, and g) Maps of annual PIC standing stock contribution for the 3 
calcifying taxa. b, e and h) Maps of annual PIC standing stock for the 3 calcifying taxa. c, f and i) Maps of temporal variability 310 
(seasonal index) of PIC standing stock as measured by the seasonal bias (SB) expressed as coefficient of variation (σ/µ) of 
monthly standing stock for the 3 calcifying taxa. Note that the depth of integration is different for coccolithophore (100m) and 
zooplankton taxa (200m for Pteropods and Foraminifera, from Knecht et al., 2023). 

 

This study highlights the importance of rapid calcification event observed by satellite (such as bloomingevents. Satellite 315 

observations of coccolithophore episodes, monthly), andblooms, which typically last less than 30 days integrated , 

suggest that PIC fluxfluxes from sediment traps (excludingshould be integrated over short deployments rather than 

longer deployment).periods. Only including short term sediment traps (less than 30 days), give us a picture of 

relatively fast sedimentation eventevents, this way, coupling with monthly satellite climatology provides greater 

meaning regarding potential process involved. Despite pteropods and foraminifers contribute to PIC production 320 

and deep flux, their seasonality pattern and residence time were not coupled with PIC flux observation, considering 

short time deployed sediment traps (less than 30 days). In the other hand, other pelagic contributors (Pteropods 
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and foraminifers) are expected to be more peripheral in the export efficiency of the PIC in this study, regarding their 

respective residence time (more than 30 days for foraminifers and months to year for pteropods). This aspect is 

the main constraint in the present study. It is assumed that G. huxleyi blooms would be present in the water for an 325 

average of 30 days (Hopkins et al., 2015), hence, monthly PIC production climatology coverage map represents 

the mean monthly conditions. Pelagic calcifiers are characterized by different surface stock and seasonality (Fig. 

3) and residence time: less than a month for coccolithophore (Hopkins et al., 2015), a month for foraminifers 

(Schiebel and A. Movellan., 2012) and months to years for pteropods (Lalli & Gilmer.,1989, Bednaršek et al., 2012). 

 The estimate of calcified taxa PIC stock, including coccolithophores, pteropods, and foraminifera, is not 330 

correlated with annual PIC export flux on a global scale (Fig. 4a). These estimates show that coccolithophores 

dominate the PIC standing stock, followed by pteropods and then foraminifera (Fig. 4). The latitudinal variation in 

PIC standing stock indicates an overlap between coccolithophore and pteropod PIC standing stock at the equator 

(Fig. 3b, 3e & Fig. 4b), while). Coccolithophores and pteropods can contribute roughly equally to the PIC standing 

stock, but coccolithophores are largely dominantdominate at high latitudes (>above 40°). No correlation between 335 

annual PIC standing stock in the surface layer and annual PIC export flux is observed at global scale, regardless of the taxon 

(Fig. 4a).°.

 

 

Figure 4: a) Calcifying taxa annual PIC standing stock (g m-2) over annual 234Th-derived PIC flux (g m-2 y-1). b) Latitudinal 340 
variation of annual PIC standing stock (g m-2) for each calcifying taxa. Only locations where PIC export flux data is shown in 
this figure. Coccolithophore PIC standing stock is derived from ocean colours (Balch et al., 2005). Pteropods and foraminifers 
are extracted from Knecht et al. (2023) supplementary data. 
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3.3. PIC production, NPP and PIC flux 

 No significant correlation is observed between log-transformed PIC flux and log-transformed NPP is observed 

between in the surface and 100m depthupper 100 m (Fig. 5). On average, despite thealthough Pearson’s correlation 

coefficient R2 are low (< 0.25), higher R2 coefficients are observed whenlow (R² < 0.25), the correlation between PIC 

flux is correlated withand NPP compared as compared tois generally higher than that between PIC flux and PIC 350 

production (Fig. 5). TheAt the deepest layer (>4000m) is characterised by higher4000 m), however, the correlation 

between PIC flux and PIC production than (R² = 0.104) exceeds that between PIC flux and NPP (respectively 0.104 

a mis en forme : Police :Arial

a mis en forme : Retrait : Gauche :  0 cm, Suspendu : 0,63
cm

a mis en forme : Police :Arial

a mis en forme : Police :Arial

a mis en forme : Police :Arial

a mis en forme : Police :Arial

a mis en forme : Police :Arial

a mis en forme : Police :Arial

a mis en forme : Police :Arial

a mis en forme : Police :Arial

a mis en forme : Police :Arial

a mis en forme : Police :Arial

a mis en forme : Police :Arial

a mis en forme : Police :Arial

a mis en forme : Police :Arial



 

15 

 

and 0R² = 0.089).)

 

 355 

Figure 5: Matchup between observed sediment traps PIC flux (x-axis, mg PIC m-2 d-1) and NPP (mg POC m-2 d-1) in green, and 
satellite-derived PIC production (mg PIC m-2 d-1) in blue (Hopkins et Balch, 2018 model). The different windows correspond to 
the different layers of depth. Non-significant correlations (p-value > 0.5, Pearson test) are indicated by “n.s.”. 
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3.4. Correlation between EZ PIC production and deep PIC flux 

Most of the RECCAP2 biogeochemical regions have no observations of PIC flux or are insufficient to perform 

correlation in shallow waters (0-100m depth). PIC flux established in shallow waters (0-100m depth) in the North 

Atlantic was collected during the productive period (May, June, July and August) and does not reflect the EZ PIC 

production seasonal variation (a non-significant correlation between EZ PIC production and PIC flux has been 365 

established, see Table S4). At the global scale, the linear regression and correlation test between EZ PIC 

production and PIC flux are displayed for the 6 layers of depth (100-500m, 500-1000m, 1000-2000m, 2000-3000m, 

3000-4000m and > 4000m) and regarding the RECCAP2 biogeochemical regions in the Fig. 6 (see Table S4, for the 

linear regression parameters). At the global scale that the EZ PIC production is not correlated with PIC flux in the 

upper ocean. However, considering distinct oceanic bioregions (RECCAP2, Fig. 6), in the mesopelagic layer and 370 

deeper, significant correlations between EZ PIC production and deep PIC flux are observed in the North Atlantic 

(100-500m, 500-1000m, 1000-2000m, 2000-3000m, 3000-4000m and > to 4000m) and the Southern Ocean (100-500m 

and 1000-2000m). North Indian Ocean regions (subtropical areas) are also characterized by PIC production 

positively correlated with deep PIC flux (500-1000m, 1000-2000m, 2000-3000m and 3000-500to 4000m, Fig. 6). 
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   375 

Figure 6: Map of linear regression slope between EZ PIC production and PIC flux according to the RECCAP2 regions and 
depth layers. Hatched grey areas correspond to regions and/or depths where the correlation coefficient is non-significant at a 
95 % threshold (p-value < 0.05). White areas correspond to regions where no data are available. 

 

The PIC export efficiency (PIC Eeff) corresponds to the PIC export flux divided by the EZ PIC production. A latitudinal 380 

variability trend could be overlapped to both NPP and PIC production seasonal bias (Fig. 7a). Regions above 40°, 

are characterized by higher PIC Eeff and lower PIC Teff compared to subtropics and equatorial areas (Fig. 7a). The 

higher PIC production seasonal bias in the euphotic layer coincides with higher normalized PIC Eeff, but lower PIC 

Teff (Fig. 7a). The model output of Nowicki et al. (2022), estimated that the contribution to the gravitational carbon 

pump of zooplankton fecal pellets and sinking phytoplankton aggregates were respectively of 85% and 15%, 385 

a mis en forme : Police :Arial



 

18 

 

(Nowicki et al., 2022). Once mapped of 1° by 1° grid map, zooplankton fecal pellets and sinking phytoplankton 

aggregates contribution are characterized by a significant latitudinal pattern (Fig. 7 in Nowicki et al., 2022). When 

mapped onto a 1° × 1° grid, the contributions of zooplankton fecal pellets and sinking phytoplankton aggregates 

exhibit a significant latitudinal pattern (Fig. 7 in Nowicki et al., 2022). The seasonality of NPP and PIC production 

can be overlapped with aggregates'saggregates’ contribution to the gravitational pump (estimated by Nowicki et al., 390 

2022), as shown in Fig. 7b. The contribution of fecal pellets to the export (estimated by Nowicki et al., 2022) 

increases continuously from 40° to the equator, while aggregates’ contribution to the export decreases. The higher 

contribution of fecal pellets to the export coincides with low normalized PIC Eeff, but high PIC Teff (Fig. 7b). 
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Figure 7: a) Annual PIC production seasonal bias (C.V) in purple and NPP seasonal bias (C.V) in green. Depicted in the left y-395 
axis: The yellow circles represent the latitudinal annual mean PIC Export efficiency (PIC Eeff) from shallow sediment traps (0-
100m) and 234Th-derived flux over the latitude (x-axis). The grey triangles represent the latitudinal annual mean PIC Transfert 
efficiency (PIC Teff) from mesopelagic sediment traps (100-1000m). b) Annual Fecal pellets contribution to the total carbon 
export (Nowicki et al., 2022) in blue and Annual aggregates contribution to the total carbon export (Nowicki et al., 2022) in 
orange. Depicted in the left y-axis: The yellow circles represent the latitudinal annual mean PIC Export efficiency (PIC Eeff) from 400 
shallow sediment traps (0-100m) and 234Th-derived flux over the latitude (x-axis). The grey triangles represent the latitudinal 
annual mean PIC Transfert efficiency (PIC Teff) from mesopelagic sediment traps (100-1000m).  
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4. Discussion 

The fraction of phytoplankton exported production that is remineralized, is mainly influenced by ecosystem structure, which 405 

is related to the seasonal amplitude in NPP. Bloom of diatoms and coccolithophores (e.g. Gephyrocapsa (Emiliania) huxleyi), 

which are expected to cause intense particle sedimentation, take place mostly in in areas associated with high annual mean and 

amplitude of NPP, while nanoplankton/picoplankton global production are dominant in oligotrophic areas associated with low 

annual amplitude of NPP (Lima et al., 2014). The ‘ballast effect hypothesis’ induced by the inclusion of biominerals (calcite 

and biogenic silica) has been considered for a long time to boost the particle export efficiency (PE eff), which corresponds to 410 

the proportion of primary production that is exported from the surface ocean. In the present study, the PIC Eeff (which 

corresponds to the proportion of PIC production that is exported from the surface ocean) is commonly higher above 40°N and 

below 40°S (temperate and subpolar oceanic regions), while the PIC Teff (which corresponding to the proportion of exported 

PIC that reaches the deep ocean), is higher between 40°N and 40°S (subtropics), and follow the pattern than zooplankton fecal 

pellet contribution to the gravitational pump (Fig. 7). Considering, particles type contribution to the gravitational pump 415 

(estimated by Nowicki et al., 2022), phytoplankton aggregates could enhance the PIC Eeff while zooplankton fecal pellet could 

enhance the PIC Teff. The rest of the discussion aims to identify which processes may be involved. 

4.1. 4.1. Mesopelagic PIC flux & ballast effect hypothesisFlux and Ballast Effect Hypothesis 

The ballast hypothesis is derivedoriginates from correlations between POC flux and mineral fluxes (opaleopal and 

CaCO3)CaCO₃) in deep sediment traps (Klaas and Archer, 2002). However, it has been demonstrated that 420 

CaCO3CaCO₃ export flux in the upper ocean isdoes not correlatedcorrelate with the transfer efficiency (Henson et 

al., 2012). These points suggest), suggesting that the association of CaCO3 and POC CaCO₃ does not decrease 

thesignificantly protect POC from degradation via a ballasting effect at mesopelagic depths. Indeed, Henson et al. (2012) 

concluded that ecosystemEcosystem structure is the key factor controlling the efficiency of, rather than mineral ballast, 

might be the primary control on the biological carbon pump, rather than the ballast effect induced by CaCO3.. François 425 

et al. (2002) hypothesizedproposed the ‘“packaging factor’factor” theory, explainingsuggesting that high CaCO3 highly 

CaCO₃-productive systems (relative to opal) also contain organisms that produce sinking fecal pellets capable of, 

which efficiently deliveringdeliver organic carbon to deep waters (e.g model from., Nowicki et al.., 2022). In 

Subtropicssubtropical and equatorial upwelling regions, the export flux is not always associated with mineral 

ballastsballast (Le Moigne et al., 2014), while François et al.’ packaging factor would suggest the opposite. These statements 430 

highlight the great2014), highlighting spatial variability ofin biomineral inclusion into sinking particles, which argue in 

favourand supporting the role of ecosystem structure and phytoplankton phenology. 

The results presented in this study demonstrates at the  On a global scale, our results demonstrate that the EZ PIC 

production is not correlated with PIC flux in the upper ocean. However, considering distinct oceanicin specific 

bioregions (RECCAP2), in the mesopelagic layer and deeper, significant correlations exist between EZ PIC production 435 

and deep PIC flux are observed in the (North Atlantic and the, Southern Ocean. These correlations are observed on every 

layer of depth and present the best R2 coefficient (Table S4). , and North Indian Ocean regions (subtropical areas) are also 
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characterized by PIC production positively correlated with deep PIC flux (Fig. ; Fig. 6). This evaluation demonstrates; Table 

S4). These observations suggest that at the global scale, ecosystem structure and phytoplankton phenology should 

beare more of a determining factor for the PIC Eeff  and PIC Teff than the ballast effect. The hypothetic processes behind theses 440 

variability are discussed in the following part of this section, regarding the planktonic functional composition and the 

phenological dynamicimportant than the ballast effect in controlling PIC Eeff and PIC Teff. 

4.2. Taxa contributionContribution to globalGlobal PIC stockStock and productionProduction 

There is large uncertainty in total CaCO3 production in the water column, with current Global CaCO₃ production estimates 

remain uncertain, ranging betweenfrom 0.7– to 4.7 Pg C yr−1⁻¹ (Berelson et al., 2007; Buitenhuis et al., 2019; Lee, 445 

2001). The relative contribution of Contributions from coccolithophores, foraminifers, and pteropods to global 

production is also a big source of uncertainty. Bednaršek et al., (2012), estimated that pteropods’ global annual biomass 

production was 5 times higher than foraminifers, but 1.5 to 3 times lower than coccolithophores (based on Balch et al., 2007, 

Knecht et al., 2023). According to estimates based on mechanistic modelling studies, Gangstø et al. (2008), calculated a total 

net pteropods CaCO3 production ofvary widely. Pteropods are estimated to contribute 0.87–4.2 Pg C yr−1,⁻¹, 450 

representing 20–42 89% of the global CaCO3 budget (CaCO₃ production (Gangstø et al., 2008; Lebrato et al., 2010). 

Then; Buitenhuis et al., (2019), still through mechanistic models, evaluated a global CaCO3 production by pteropods of 4.2 

Pg C yr-1 (89% of CaCO3 total production). Concerning the foraminifers, Schiebel (2002), estimated a variability in global 

foraminifers CaCO3 production ranging from ). Foraminifers contribute 0.036 to –0.06514 Pg C y-1, representing yr⁻¹, 

corresponding to 2-–4% of CaCO3 totalglobal CaCO₃ production (Schiebel, 2002; Lebrato et al., 2010).  In the work 455 

of; Buitenhuis et al., (2019), the global foraminifers CaCO3 production was estimated to be 0.14 Pg C yr-1 (3% of CaCO3 

total production). However, the relative production rate of pteropods and foraminifers compared to coccolithophore at global 

scale is not evaluated in this study and remain uncertain. However, ). Coccolithophores are estimated to account for 

~90% of CaCO₃ production (Ziveri et al. (2023) showed that coccolithophore represented ~90% of total CaCO3 production 

in the North Pacific Ocean, while pteropods and foraminifers played a secondary role. 460 

Significant proportion of foraminifers and pteropods are recovered inside deep., 2023; Kruijt et al., 2026). Deep sediment 

traps recover significant amounts of foraminifers and pteropods (Table 1 & Fg.; Fig. 3 in Neukermans et al., 2023), 

whereas coccolithophorecoccolithophores dominate the surface stranding stock and production. This observation remains 

unsolved and highlights a lack of understanding within the community. Potential processes are explored in the rest of this 

discussion.surface stocks and production. These observations remain poorly understood in terms of taxon-specific 465 

contributions and highlight the need for additional proof-of-concept and process-based studies to better quantify 

ecosystem-specific controls on PIC production and export. This study demonstrates that, at the global scale, 

coccolithophores dominate the PIC standing stock. Moreover, seasonal variability in coccolithophore production 

and biomass appears to play a central role in regulating PIC export efficiency (Fig. 7).  
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4.3.4.3. Mesopelagic PIC flux “biological gatekeeper” 470 

 Influence of Ecosystem Structure on PIC Export 

The fraction of exported phytoplankton production that is remineralized is mainly influenced by ecosystem structure, 

which is linked to the seasonal amplitude of NPP (Fig. 7a). Blooms of diatoms and coccolithophores (e.g., G. 

huxleyi), which are expected to induce intense particle sedimentation, occur mostly in regions with high annual 

mean NPP and large seasonal amplitudes (Fig. 7a). In contrast, nanoplankton and picoplankton dominate global 475 

production in oligotrophic areas (low latitudes) characterized by low seasonal NPP amplitude (Lima et al., 2014). 

The ballast effect hypothesis, driven by biomineral inclusion (calcite and biogenic silica), has long been considered 

a mechanism enhancing particle export efficiency (PEeff). In this study, PIC export efficiency (PIC Eeff; the proportion 

of PIC production exported from the surface) is generally higher north of 40°N and south of 40°S (temperate and 

subpolar regions). PIC transfer efficiency (PIC Teff; the proportion of exported PIC reaching the deep ocean) is 480 

higher between 40°N and 40°S (subtropical regions) and exhibits a pattern like that of zooplankton fecal pellet 

contributions to the gravitational pump (Fig. 7b). Considering the main particle types involved in the gravitational 

pump (Nowicki et al., 2022), phytoplankton aggregates may enhance PIC Eeff, whereas zooplankton fecal pellets 

may enhance PIC Teff. The following sections explore the mechanisms underlying these patterns. 

4.4.‘ “Biological Gatekeeper” of the mesopelagic PIC Flux 485 

4.4.1. Packaging Factor and Aggregate Contribution 

The packaging factor’factor theory hypothesized by (François et al. (., 2002),) suggests that subtropicssubtropical and 

equatorial areas (CaCO3-dominated ecosystem) are associated with CaCO₃-rich ecosystems produce fast -sinking fecal 

pellets production and so high PIC export flux. Regarding the particles’ dependant export output model of Nowicki et al. 

(2022) (Fig. 7), the relative contribution of fecal pellet to carbon , thereby enhancing PIC export flux is higher in subtropics. 490 

In this study, the particle-dependent export model (Nowicki et al., 2022; Fig. 7b) shows that fecal pellet contributions 

are higher in these CaCO₃-rich ecosystems (subtropical and equatorial areas, compared to aggregates 

contribution.regions). However, observed PIC export flux and deeper flux in our datasetfluxes are globally lower in 

thesesubtropical and equatorial regions (despite higher PIC production, see Fig. 7), which ischallenging the opposite 

of the ideahypothesis that CaCO₃ packaged CaCO3 into thein fecal pelletpellets is protected from dissolution. 495 

Regarding the Aggregate's contribution to carbon export flux (Fig. 7), opalOpal-dominated systems (Temperate and sub-

Polar ecosystems), are associated withtemperate and subpolar regions) exhibit high PIC flux, which is also in 

contradiction with the ‘packaging theory’fluxes, suggesting highlythat labile formed aggregates (susceptible to be easily 

disaggregated and remineralized). These aggregates could result in higher PIC turnover rate thatmay also enhance PIC 

transfer and export efficiency (PIC Eeff. 500 

). Overall, PIC production in the euphotic layer is appears to be decoupled from PIC export and transfer efficiencies 

(PIC Eeff. As well as and PIC Teff through the mesopelagic layer. ). Upper-ocean PIC loss in the upper ocean is generallyis 

primarily attributed to biologically mediated dissolution (Morse et al., 2006; Friis et al., 2006; Buitenhuis et al., 2019; 

Sulpis et al., 2021,; Dean et al., 2024). Zooplankton Although zooplankton and bacterial activitiesactivity decrease 

with depth (Hernández-León et al., 2020), hence, intense zooplankton grazing and potential mediated PIC dissolution 505 
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should occur in the epipelagic and mesopelagic layer. However, once the CaCO3 is packaged into aggregates or fecal 

pellets, it should be protected from surrounding seawater and associated dissolution process, regardless of the respective depths 

of calcite and aragonite saturation. In that way, packaged CaCO3 into aggregates of fecal pellet that settle below the saturation 

depth should be protected from surrounding seawater. However, zooplankton grazing could also induce aggregate 

fragmentation in the epipelagic and mesopelagic layers, which could be responsible for thegrazing still appears to contribute 510 

to PIC loss of PIC in shallow waters (Toullec et al., 2019 and references in there).. 

 

4.4.2. Hypothetical Processes of Biological-Mediated PIC Dissolution 

Heterotrophic4.3.1. Hypothetic processes of biological-mediated PIC dissolution 

In 2011, Bisset et al. observed that the heterotrophic bacteria colonising calcium carbonatecolonizing CaCO₃ particles 515 

(foraminifers and oyster shells) did not cause any apparentappear to induce minimal dissolution, suggesting a limited 

role in PIC loss during sinking (Bissett et al., 2011). More recently, it has been shown thatSimilarly, the increase in 

hydrostatic pressure with depth during the sedimentation of Gephyrocapsa (Emiliania)experienced by G. huxleyi 

aggregates during sedimentation does not seem to modify the significantly enhance calcite dissolution of calcite or 

the remineralisation of POC (Tamburini et al., 2021). However, the community of bacteria colonising the aggregates, as well 520 

as the consumption of O2, was strongly reduced with pressure, suggesting a potential preservation of PICExperimental and 

POC in the sediment thanks to the sinking of aggregates. 

Severalmodeling studies have even shown very slight losses ofalso show that calcite afteris largely preserved during 

zooplankton gut passage, which contrasts with the observation of well-preserved coccoliths within zooplankton fecal 

pelletswith dissolution generally low or negligible across various species and conditions (Harris, 1994; Honjo, 1976; 525 

Honjo and Roman, 1978; Roth et al., 1975; Samtleben and Bickert, 1990). Indeed, numerical models using a timeframe and 

pH inside copepod guts suggest a moderate calcite dissolution inside the gut (Langer et al., 2007; Jansen and Wolf-

Gladrow, 2001). Langer et al. (2007) observed that calcite dissolution during copepod gut passage was below 8% of the 

weight of the coccoliths of Calcidiscus leptoporus inside fecal pellets, but these coccoliths were intact and showed no evidence 

of any dissolution. In addition,; Antia et al. (., 2008) successfully observed that coccolith dissolution/fragmentation occurs 530 

inside microzooplankton vacuoles (also recently observed by Dean et al., 2024), but not after copepod guts passage (also 

described in; Toullec et al., 2022). However, PIC Eeff is higher at high latitude where fecal pellet contribution to; Dean et 

al., 2024). Despite lower contributions of fecal pellets to the gravitational pump is lower (Fig. at high latitudes (Fig. 

7b), PIC export efficiency (PIC Eeff) remains elevated in these regions (temperate and subpolar areas), suggesting 

that additional factors, likely related to 7b). This result suggests more complex mechanism and implication of plankton 535 

community composition and phenology into the PIC Eeff control (see sections , play an important role in controlling PIC 

preservation and export. 

4.5. Ecosystem control on PIC flux 

4.4.3. and Fig. 7). In addition, PIC Eeff is higher at high latitude where phytoplankton aggregates contribution to gravitational 

pump is also higher (Fig. 7b and c), which suggest implication seasonal phytoplankton phenology. 540 
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4.3.2. The biogeographical pattern of zooplankton-mediated dissolution 

Two experimental studies demonstrated that microzooplankton vacuole induce PIC dissolution (Antia et al., 2008: Dean et al., 

2024). Microzooplankton (< 200 µm, dominated by protists) regulate) play a central role in regulating primary producer 

biomass and particulate organicfacilitating carbon transfer through the food web, where a fraction could then be exported 

asexport via fecal pelletvacuoles or aggregates (McNair et al., 2021). The contributions of microzooplankton grazing to 545 

the ocean's biological carbon remineralization are considered as the same magnitude as bacterial respiration (; Calbet and 

Landry, 2004). However, ecosystemic differences in microzooplankton grazing/particle export flux or trophic structure have 

been largely underestimated within biogeochemical models that seek to predict the microbial community's role in the oceanic 

carbon flux. 

The percentage Their grazing intensity exhibits strong latitudinal variation, ranging from 59% of annual primary 550 

production grazed by microzooplankton increases with temperature, such as in open oceans, microzooplankton consumption 

varies from 59% for temperate–subpolar and -polar systemsregions to 75% forin tropical–-subtropical regions (Calbet 

and Landry, 2004). This latitudinal variation of microzooplankton grazing pressure could partially explain the PIC Eeff and 

PIC Teff observed (Fig. 7). Annual higher grazing rates by microzooplankton are also expected in sub-tropical regions due to 

a low seasonal bias (Fig. 7a), leading to continuous grazing pressure from microzooplankton. This idea is also supported by 555 

the contribution of fecal pellet to the gravitational particles flux (Fig. 7b). At the end of the North Atlantic phytoplankton 

bloomsThese patterns align with the observed latitudinal distribution of PIC export efficiency (PIC Eeff) and PIC 

transfer efficiency (PIC Teff) (Fig. 7). In the North Atlantic, microzooplankton consume the equivalent of 100–800% of 

their body carbon each day, which is more than an order of magnitude higher than copepods. Microzooplankton 288–589 mg 

C m⁻² day⁻¹ in the mixed layer grazed between 288 and 589 mg C m−2 day−1 and accounted for between 39 and 115% of the 560 

phytoplankton production In the North-Eastern Atlantic during mid-summer (, representing 39–115% of local 

phytoplankton production (Burkill et al., 1993). 

4.3.3. PIC production timing of), highlighting their substantial contribution to particle processing and 
carbon flux pathway 

4.3.3.1. Zooplankton impact on PIC dissolution and/or conservation 565 

Irigoien et al. (2005) hypothesized that blooming species are capable of escaping control by . Blooming coccolithophores, 

such as G. huxleyi, can temporarily escape microzooplankton grazing during bloom onset through a combination of 

predation -avoidance mechanisms (e.g. colonies, largertraits, including colony formation, increased cell size, spines, 

and toxic compounds) at the beginning of the bloom (Irigoien et al., 2005). In a temperate ecosystem, where the season 

variability is a determinant for PIC export flux (see Fig. 7), the coccolithophore blooms, by the large abundance of CaCO3 570 

coccoliths could be also considered as a predation avoidance mechanism (or toxin production (Irigoien et al., 2005; 

Monteiro et al., 2016). By this way, blooming coccolithophores such as Gephyrocapsa (Emiliania) huxleyi could produce 

too much biomass that microzooplankton grazing pressure won’t be significantly sufficient to dissolve the CaCO3 coccoliths 

in their acid vacuole. On the opposite, in subtropics and equatorial ecosystems, the annual constant coccolithophore biomass 

(low seasonal bias, see Fig. 7) regarding the annual consistent microzooplankton grazing pressure, coccoliths may not 575 

constitute a sufficient predation avoidance mechanism, and so could be continuously dissolved inside microzooplankton acid 

vacuole (Antia et al., 2008, Dean et al., 2024). Coccolithophore blooming conditions could indeed interfere with predator-prey 

control, permitting massive particle sinking flux thanks to aggregation formation and repackaging by mesozooplankton (e.g.: 
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copepods and larvaceans). Moreover, large zooplankton (e.g. Calanus spp.) graze on microzooplankton, which could 

significantly reduce the microzooplankton community biomass. Indeed, the mesocosm experiment demonstrated that large 580 

copepod (Calanus finmarchicus) ingestion rates Conversely, subtropical and equatorial regions, characterized by low 

seasonal variability in coccolithophore biomass and continuous grazing pressure, experience sustained PIC loss, 

possibly due to dissolution within microzooplankton vacuoles (Antia et al., 2008; Dean et al., 2024). Large 

zooplankton may indirectly enhance PIC preservation by suppressing microzooplankton biomass and repackaging 

coccoliths into fast-sinking fecal pellets (Nejstgaard et al., 1994). Indeed, a mesocosm study demonstrated that 585 

ingestion rates of the large copepod Calanus finmarchicus were similar during blooms of diatoms and EG. huxleyi 

(Nejstgaard et al., 1994). However, C.  finmarchicus biomass increased 3 timesthreefold more in mesocosms 

dominated by EG. huxleyi compared to mesocosms with diatom bloomsthose dominated by diatoms at similar algal 

biomass (Nejstgaard et al., 1994). The authors suggested that, during bloom conditions, copepods “preferentially” 

graze on the microzooplankton (Nejstgaard et al., 1994).. The incorporation of coccoliths insideinto large fecal pellets 590 

(produced by mesozooplankton) is the result oflikely results from passive, non-selective feeding behaviourbehavior 

(e.g.., current feeding, see detail below), and not necessarily ), rather than from selective grazing on coccolithophores. 

 Our dataset demonstrated that in the North Atlantic (NA), the linear regression slope between PIC production and PIC flux 

at different layers of depth is reveals a positive, meaning that the more PIC is produced, the more PIC flux is (Fig. 6). This 

positive relation is observed at every layer of depth considered in this study. During North Atlantic phytoplankton bloom 595 

phenology, grazing by microzooplankton increased when the bloom declined (typically at the end of June; Grifford et al., 

1995). Microzooplankton consume up to 100% of potential daily chlorophyll a production at the end of the bloom (Gifford et 

al., 1995).  

This study demonstrates a stronger correlation between NPP and PIC flux compared to PIC production and PIC flux in 

the North Atlantic across all depth layers (Fig. 5). At the global scale, a positive relationship between average net primary 600 

production and6), emphasizing the role of zooplankton biomass is observed in the epi-, meso-, and bathypelagic layers -

mediated carbon transfer (Hernández-León et al., 2020). Moreover, the study of Hernández-León et al. (2020) suggests 

that this relationship could enhance the organic carbon transfer to the deep ocean (fecal pellet and excretion) and deep 

remineralization supported by an active carbon transport process associated with vertical zooplankton migration.  

4.3.3.2. Zooplankton functional groups and dissolution pattern 605 

A recent work based on global zooplankton data set and habitat modelling suggests that distinct copepod functional traits (e.g.: 

body size, feeding behaviour) are associated with differentvary among bioregions  (Benedetti et al., 2023). In this study, 

the authors described): temperate and sub-polarsubpolar regions are dominated by large copepods, represented by 

detritivores/, detritivorous or omnivorous species and associated with passive feeding modescopepods that feed passively 

(current-feeders or cruise-feeders,; Fig. 5 in Benedetti et al., 2023). On the other hand, subtropics), whereas subtropical 610 

and equatorial upwellingregions are dominated by smaller copepods (2 – 2.5 mm), represented by, carnivorous species 

and preferentially associated with active feeding modescopepods that feed actively (ambush-feeders and or current-

ambush-feeders, see Fig. 5 in Benedetti et al., 2023). The concepts behind this aspect are highlighted in Fig. 8. Several 

studies showed grazing characteristics associated with zooplankton functional groups induce a control on the biomass and 

diversity of other functional groups and phytoplankton biomass as well, with consequences for global biogeochemical cycles). 615 

Grazing by these distinct functional groups shapes phytoplankton biomass and community structure, ultimately 
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influencing the efficiency and depth of PIC export (Le Quéré et al., 2016; Vallina et al., 2014). The present study 

hypothesizes that zooplankton functional groups could control the PIC export efficiency and transfer efficiency, probably 

mediated by guts and vacuoles dissolution of CaCO3. A summary of the hypothetic mechanism is displayed in Fig. 8. In 

temperate areas, large copepods (e.g. Calanus spp.) could apply strong grazing pressure on microzooplankton (Nejstgaard et 620 

al., 1997, 1994), which could induce a trophic cascade (Wassmann, 1998), this trophic cascade is expected to be season 

dependent (blooming event, Fig 8). Indeed, it has been demonstrated that high trophic levels indirectly affect microbial 

ecosystems (Leising et al., 2005; Zöllner et al., 2009). The present study suggests that; Fig. 8). The present study suggests 

that, in temperate and subpolar ecosystems, large copepods could increase themay enhance PIC export flux 

efficiency in 2 differenttwo ways: (1) Repackageby repackaging coccoliths into fecal pellet (pellets through passive 625 

current feeding). ; and (2) Apply aby exerting strong enough grazing pressure on microzooplankton, which 

couldthereby indirectly reduce CaCO3-reducing CaCO₃-mediated dissolution bywithin microzooplankton vacuoles 

(Dean et al., 2024,; Fig. 8). On In contrast, marine snow aggregates may create microenvironments that promote 

PIC dissolution in the other hand, in subtropical areas, which is less seasonal, planktonic ecosystems is more complex 

(Chaffronmesopelagic layer, potentially explaining the observed decrease from PIC Eeff to PIC Teff et al., 2021). In 630 

subtropical areas, grazing rate are higher during daylight (annually) while they are diffuse in temperate productive 

areas.ecosystems (Fig. 8). Subtropical areas were moreregions, on the other hand, exhibit continuous grazing, 

efficient atnutrient recycling, and more complex food webs. Microzooplankton strongly regulate primary producer 

biomass and particulate organic carbon transfer, a fraction of which may subsequently be exported as fecal pellets 

or aggregates (McNair et al., 2021).  and using nutrients through phytoplankton, while the energy transfer efficiency from 635 

nutrients to mesozooplankton appeared more efficient in temperate productive waters (Armengol et al., 2019). Shorter food 

web may be more efficient in energy transfer towards upper food web levels in temperate productive regions and could be the 

potential driver of PIC export efficiency (Fig. 8This ecological context may favor CaCO₃-mediated dissolution within 

microzooplankton vacuoles (Fig. 8), potentially reducing PIC export efficiency (PIC Eeff). 

 640 
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Figure 8: Synthesis of the potential PIC pathway through the water column, in two distinct ecosystems: a) Subtropical 
ecosystems (subtropical gyres and equatorial upwellings). b) Temperate zone (North Atlantic, North Pacific and subpolar 
regions). The white arrows represent the trophic transfer between the different planktonic compartments (Predator prey), and 645 
double arrow means that both compartments could be both prey and predator each other. Small copepods correspond to 
individual body sizes ranging from 200 µm to 2 mm; Microzooplankton (mostly protists, < 200 µm) represent the flagellates and 
ciliates community; Large copepods correspond to individual body sizes larger than 2 mm (mostly large calanoid). Note that 
microzooplankton could be heterotrophic, autotrophic or mixotrophic. 

 650 

This study integrates the main conceptual frameworks currently proposed in the field to interpret the observed 

patterns in PIC export efficiency (PIC Eeff) and biologically mediated CaCO₃ dissolution. Our results highlight that 

variability in PIC Eeff and the mechanisms regulating CaCO₃ dissolution remain insufficiently constrained, 

particularly across contrasting biogeographical regimes. These findings underscore the need for targeted proof-of-

concept and process-based studies to better quantify ecosystem-specific controls on PIC export. Improving this 655 

mechanistic understanding is essential for refining predictions of the oceanic carbon cycle under ongoing 

environmental changes. 
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5. Conclusion and perspectives 

In this study, the ‘“packaging factor’factor” theory is suggested to be proposed as an important driver of the 

discrepancy between the estimated PIC production and the export flux inacross distinct oceanic regions. Despite 660 

the PIC/POC production ratio being twice as high in subtropical areasregions compared to temperate and subpolar 

areas, theregions, PIC Export effexport efficiency (PIC Eeff) is estimated 10 timesto be tenfold lower and the PIC Transfer 

effPIC transfer efficiency (PIC Teff) 1.5 times-fold lower. 

This study suggests Our results suggest that the zooplankton functional diversity and biogeography couldmay explain 

the differentcontrasting patterns of CaCO3CaCO₃ export efficiency, considering different patterns ofthrough differences 665 

in dissolution and conservation into preservation within particles. Such a processprocesses could 

significantlysubstantially contribute to the total downward export of carbon export and associated nutrients.nutrient 

fluxes. However, only few a limited number of experimental studies have directly demonstrated the actual effect of 

zooplankton functional diversity effect on CaCO3CaCO₃ dissolution. To confirmtest and complete this present study 

refine the hypothesis proposed here, there is a strong need for experimental data and in situ observations 670 

regardingaddressing both mesozooplankton and microzooplankton grazing dynamicdynamics and CaCO3 flux. 

CaCO₃ fluxes. 

In athe context of surface ocean warming and acidification, phytoplankton losses due to microzooplankton grazing 

in eutrophic waters are expected to increase (Chen et al., 2012), which could have an attenuation effect on potentially 

attenuating the carbonate pumps withinpump in temperate regions. In addition, POC export will not is unlikely to 675 

respond equallyuniformly across all high-latitude regions to possible future changes in ballast availability, which 

couldmay also have consequences inaffect the biological carbon pump (BCP.). Data compilationcompilations and 

model output demonstratedoutputs indicate that coccolithophores generally tend to bebecome less calcified 

relativelyrelative to growth when the CO2 increases under increasing CO₂ concentrations (Krumhardt et al., 2017, 

2019). The endEnd-of-century CO2 concentrations projection resultCO₂ projections suggest an approximately 11% less 680 

decline in global oceanic calcification on a global scale relative to preindustrial CO2 levels (Krumhardt et al., 2019). 

All this implicationSuch changes in surface ocean dynamics would have consequences on are expected to alter the 

future balance of surface alkalinity balance and CO2CO₂ exchange between the ocean and atmosphere (Planchat 

et al., 2024; Tyrrell, 2008; Volk &and Hoffert, 1985). 

Code and Data availability. The author confirms that the data supporting the findings of this study are available 685 

within the article and its Supplement. 
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