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Abstract. The oceanic carbonate pump corresponds to the
production and sinking of particulate inorganic carbon (PIC)
by calcifying planktonic organisms. In this study, global esti-
mates of PIC standing stock, production derived from ocean
colour, and the contribution of calcifying taxa were com-
bined with PIC flux observations from short-term sediment
traps deployed over the past decades, covering the global
ocean. Coccolithophores are the main calcifying plankton
group in the euphotic zone, exhibiting a significant seasonal
blooming pattern and a pronounced latitude-dependent sea-
sonal response. The present study highlights that PIC pro-
duction in the euphotic zone, and the pelagic PIC flux vary
among oceanic regions, depths, and seasons. Based on a ge-
ographic matchup between PIC flux from sediment traps and
remote sensing climatological observations, a correlation be-
tween net primary production (NPP) of particulate organic
carbon (POC) in the euphotic zone and PIC flux is revealed.
However, PIC production in the euphotic zone is not cor-
related with PIC flux at a global scale, but only in specific
ocean basins, such as the North Atlantic and the Southern
Ocean. Despite lower PIC production and PIC /POC ra-
tios in the euphotic zone, temperate and subpolar areas are
more efficient at exporting PIC compared to equatorial and
subtropical regions, which have higher PIC production and
PIC / POC ratios in the euphotic zone. Plankton phenology
appears to be an important driver of PIC export efficiency
(PIC E.f) and PIC transfer efficiency (PIC Tgtr). This study
suggests that the “packaging factor”, which includes the ve-
hicles of the biological carbon pump (e.g., marine snow ag-
gregates, fecal pellets) and the plankton network (e.g., zoo-
plankton communities, microbial loop), largely determines
PIC export and transfer efficiencies.

1 Introduction

Through gravitational settling, the biological carbon pump
(BCP) transports photosynthetically fixed CO; into the deep
ocean for decades to centuries to come. Without the BCP,
atmospheric CO, concentration would be twice as high (Pas-
sow and Carlson, 2012). Phytoplankton, through photosyn-
thesis, uptake CO, and produce particulate organic carbon
(POC). On the other hand, calcifying phytoplankton (such
as coccolithophores), produce both POC and particulate in-
organic carbon (PIC). Calcification process, often referred
to as calcium carbonate (CaCO3) production, releases CO;,
which is known as the counter pump effect. Even though
calcification contributes to the release of CO, (counter ef-
fect), all planktonic calcifying organisms (such as coccol-
ithophores, foraminifers and pteropods) also transport POC
to deep waters through gravitational settling. Field observa-
tion of particulate sinking flux (PIC and POC) has been made
over many decades to better understand the BCP. To measure
a particle flux, the sediment traps and Thorium-234 activity
(*Th activity) are the most widespread techniques, both in
terms of time and geography (Savoye et al., 2006; Le Moigne
etal., 2014).

Coccolithophores contribute to 70 %-90 % of PIC pro-
duction in the North Pacific Ocean when nutrient and light
are available (Ziveri et al., 2023) and more than 90 % in
the South Atlantic (Kruijt et al., 2026). Coccolithophore 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 Yo-
der, 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 CaCOs3
production by planktonic organisms is characterised by a
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high uncertainty, with a range of 0.7-4.7PgCyr—! (Berel-
son et al., 2007; Buitenhuis et al., 2019; Neukermans et al.,
2023). A large proportion of these CaCO3 produced in the
euphotic zone is dissolved within the first 300 m of the ocean
(Ziveri et al., 2025; Sulpis et al., 2021; Feely et al., 2002;
Milliman et al., 1999). This shallow dissolution is not yet
clearly explained but considered to be associated with bio-
logical 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 calci-
fying organisms constitutes an export flux of CaCO3 with an
estimated range of 0.4-1.8 PgCyr~! (Berelson et al., 2007;
Neukermans et al., 2023).

At a global scale, particle export efficiency (PEegs, corre-
sponding to the POC sinking flux in the euphotic layer/POC
production) is higher at high latitudes and lower at low lati-
tudes (Henson et al., 2012). The transfer efficiency (7¢r) cor-
responds to the proportion of exported organic matter that
reaches the deep ocean. T is lower at high latitudes and
higher at low latitudes (Henson et al., 2012).

Satellite-based estimates of net primary production (NPP)
at low latitudes carry substantial uncertainties, potentially bi-
asing PEcg calculations (Henson et al., 2019; Ryan-Keogh
et al., 2023; Weber et al., 2016). Recent Al-based models
improve the link between deep-ocean particle flux measure-
ments and satellite observations (Picard et al., 2024, 2025).
While T is not consistently correlated with CaCO3 ex-
port flux (Henson et al., 2012), sediment trap data show
that coccoliths and coccospheres are more efficiently trans-
ported when incorporated into fecal pellets or marine snow
(Honjo, 1976; Pilskaln and Honjo, 1987; Guerreiro et al.,
2021; 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, the
BCP is expected to be enhanced by biomineralizing plankton
(coccolithophores, diatoms). Nonetheless, the ballast effect
remains debated because upper-ocean CaCOj3 export flux is
not always linked to particle transfer efficiency, leaving the
ballast hypothesis controversial (Henson et al., 2012).

Seasonal influence is an important factor affecting T
of carbon to the deep sea. During phytoplankton blooms,
the exported organic matter is more labile, which is likely
expected to reduce its transfer efficiency. In low latitudes,
which are annually CaCO3-productive regions, some mod-
elling and observational syntheses have demonstrated that
PEc¢r tends to be lower while Tyt is relatively higher (Henson
et al., 2012; Lima et al., 2014; Huang and Fassbender, 2024).
However, the most recent studies agree that the structure of
the ecosystem is a major driver of PEcg and Ti¢, even more
so than latitude (Henson et al., 2019).

The “packaging factor” theory suggests that CaCOs3-
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, associ-
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ated with potential ballast effect on the POC (Laurenceau-
Cornec et al., 2020). However, particle flux from seasonal,
opal-dominated systems (Temperate and sub-Polar ecosys-
tems) would be highly “degradable” formed aggregates, pro-
duced by the coagulation of senescent diatoms (Francois et
al., 2002). This “packaging factor” as well as the potential
associated ballast effect hence should be a strong driver of
Tetr. Biominerals such as CaCOj3 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 scenar-
ios (Barton et al., 2013). Indeed, biogeographic patterns are
common in macroecology (Kaneko et al., 2023; Thuiller et
al., 2015), and BCP 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 (Emiliania) hux-
leyi) can produce highly reflective patches at the ocean sur-
face and exhibit distinctive optical properties (Balch et al.,
1996, 2005; Balch and Mitchell, 2023). These optical sig-
natures can be used to estimate particulate inorganic carbon
(PIC) concentrations and production rates at the global scale
(Hopkins and Balch, 2018; Hopkins et al., 2019). There re-
mains a gap in our comprehension of processes controlling
the transfer of photosynthetically produced organic carbon to
the deep (Buesseler et al., 2007; Henson et al., 2012). Nowa-
days, heterotrophic respiration in sinking aggregates is con-
sidered 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
with reduced fluxes of CaCQOj3 burial to marine sediments.
Kwon et al. (2024) showed that without CaCOs3 dissolution
in the upper ocean, approximately 20 % more CO; would be
released to the atmosphere.

Understanding how the surface processes control the ex-
port of POC and PIC is still an ongoing challenge in the bio-
geochemical oceanographic community (Renforth and Hen-
derson, 2017). In addition, processes such as PIC production,
sinking flux, and dissolution are key components of the ocean
alkalinity balance, which in turn regulates atmospheric car-
bon uptake in surface waters (Renforth and Henderson, 2017;
Planchat et al., 2023).

This work examines the variability of euphotic zone PIC
production and deep PIC flux. In this study, a compilation
of existing data sources (e.g. PIC flux from sediment traps,
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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 do spa-
tial and seasonal pattern modulate the PIC export efficiency
(PIC E.fr) and the PIC transfer efficiency (PIC Tefr) 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 therein for more details), coupled with physi-
ological constant (growth rate under variable light 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 and Balch (2018) was ap-
plied to estimate the calcification rate in the euphotic zone
(expressed as EZ PIC production). The model of coccol-
ithophores calcification rate is a function of PIC concentra-
tion, growth rate, irradiance, and depth (Eq. 1):

PIC production = f [PIC, u, h (surf), g(Zey)] ()

In this model, general assumptions are made, such as that PIC
production is proportional to the coccolithophores growth
rate. The coccolithophores growth rate is a function of tem-
perature 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—2d1 (Eq. 2):

EZ PIC production = PIC concentration x w X h (Isurf)
X 8(Zeu) 2)

Where u is a temperature-derived growth rate, h(Igyr) is a
growth limiting irradiance function, and g(Z,) is a depth
dependency function (see Hopkins and Balch, 2018 and ref-
erence inhere for more details). All the satellite products used
in the model are described in the following section.

2.1.2 PIC and POC standing stocks
Surface PIC and POC satellite-based concentrations were

depth integrated to 100 m using empirical relationships based
on in situ measurements across the Atlantic Ocean (Balch et
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al., 2018):
PICi00m = 40.555 x PICY:80 3)
POCigom = 164.376 x POC2SL7 4)

2.1.3 Satellite products collection

The computation was performed with 1° by 1° grid av-
erage monthly data (from September 1997 to October
2023) from different sensors merged (Table S1 in the
Supplement). Ocean color observations are representative
to the near-surface optical properties (upper 20-40m in
open ocean conditions). The satellite data used in this
study (PIC concentration, PAR and Kd490nm) were down-
loaded from the Globcolour website (https://hermes.acri.
fr/, last access: 2 February 2024). The Sea surface tem-
peratures were obtained from NASA Ocean Color web-
site (https://oceancolor.gsfc.nasa.gov/, last access: 2 Febru-
ary 2024) and the COPERNICUS marine service web-
site (https://marine.copernicus.eu/fr/, last access: 2 February
2024). The following products (Table S1) were used in deter-
mining the PIC production rate (gCm~2d~!): the monthly
surface PIC concentration (mol C m~3), the monthly SST
(Sea Surface Temperature in °C) for the determination of
G. huxleyi growth rate, the monthly photosynthetic avail-
able radiation (PAR; mol photons m~2 d_l) for the growth
rate limiting irradiance, the monthly Kdigonm (Light dif-
fuse attenuation coefficient at 490 nm; m_l) used for the
determination of the euphotic depth and depth-integrated
calcification rate, see details of the methods below. Eu-
photic zone integrated Primary Production (mgCm~2d~")
was obtained from COPERNICUS marine service web-
site (https://marine.copernicus.eu/f/, last access: 2 February
2024, https://doi.org/10.48670/moi-00281, Copernicus Ma-
rine Service, 2024), the different variables were obtained
from multi-sensors products based on SeaWiFS, MERIS,
MODIS-A, MODIS-T, VIIRS-SNPP and JPPS1, OLCI-S3A
and S3B). The primary production algorithm was developed
by Antoine and Morel (1996).

2.1.4 PIC standing stock evaluation, and taxa
contribution

Monthly climatology of depth-integrated coccolithophores
PIC standing stock (g Cm™?) in the top 100 m was obtained
from ocean colour remote sensing using empirical relation-
ships between surface ocean PIC concentration and depth-
integrated PIC standing stock (Eq. 3, Balch et al., 2018).
Monthly climatology PIC standing stock for foraminifers and
pteropods in the top 200 m was obtained from Knecht et al.
(2023; see Fig. 4), supplementary data. The carbon biomass
concentration for foraminifers and pteropods in the top 200 m
(gC m~3) was converted into PIC mass concentration (Bed-
narSek et al., 2012; Knecht et al., 2023; Schiebel and Movel-
lan, 2012). Integrated PIC standing stock (g C m~2) were ob-
tained for foraminifers and pteropods, by multiplying the PIC
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O Thorium derived flux
V Monthly deployed sediment traps

Figure 1. Locations 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 At-
lantic (EA); 11 = South Subtropics Atlantic (SSTA); 12 = North In-
dian Ocean (NI) and 13 = South Indian Ocean (SI). The monthly de-
ployed 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.

biomass concentration (g C m~>) by the layer of integration
(200 m).

2.2 PIC flux

PIC production in the euphotic zone are expressed in
ng_2 d~! (as detailed in Sect. 2.1.1). PIC fluxes for the
different depth of integration are expressed in gCm~2d~!,
considering the deployment duration (in day), the sediment
trap collecting surface area (m?) and the quantity of collected
matter (g).

2.2.1 Sediment trap data collection

PIC flux from sediment trap data was obtained from pub-
lic repositories and published data (https://www.pangaea.de/,
last access: 2 February 2024, 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,
the analysis were performed on a subset of sediment traps
deployed 31 d 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 aggregated
into seven different layers of depth (0—100, 100-500, 500-
1000, 1000-2000, 2000-3000, 30004000 and > 4000 m), 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 hydrodynam-
ics, the capture of zooplankton, organic particle remineral-
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Table 1. Layer of the depth of the subset used in the analysis.

Depth layer Number of PIC  Number of sediment traps
flux observation (location according to

1° by 1° grid map)

0-100m 101 84
100-500 m 996 62
500-1000 m 1175 54
10002000 m 1405 64
2000-3000 m 730 64
30004000 m 1077 35
> 4000 m 573 28

ization, and PIC dissolution could happen for a longer time
of deployment.

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 391 (multiple sediment traps may have
been deployed on the same mooring line), due to the mul-
tiple depth deployments at the same geographic location.
Moreover, multiple PIC flux observations can be attributed to
the same sediment trap deployments (time series, e.g. PAP,
ALOHA station). As for EZ PIC production model output,
the analysis and interpretation of observed PIC flux were ap-
plied 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

Total global EZ PIC production (Pg C yr~!) was determined
by multiplying integrated PIC production by the latitudinally
varying area of each 1° by 1° pixel. The latitude variation
pixel surface (m?) was computed using Eq. (5):

Surface (mz)

| 40075.017 x cos (g (Latitude)) § 40007.864 .
= 360 180

where the equatorial earth circumference =40075.017 km
and the meridional earth circumference =40 007.864 km.
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.

2.2.3 Biogeochemical regions

RECCAP2 biogeochemical regions (second REgional Car-
bon Cycle Assessment and Processes) aim to accurately as-
sess land and ocean CO; sources and sinks through the ef-
forts 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/, last
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access: 2 February 2024) and the stocktaking of greenhouse
gases by providing a reliable scientific basis for the trans-
port of carbon between land, ocean and atmosphere. REC-
CAP?2 biogeochemical regions mask was used to aggregate
data from sediment traps and remote sensing according to
relevant geographical regions (Fig. 1, Table S3).

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

The majority of sediment trap deployments 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 col-
lected before the satellite record. Hence, a match-up between
the PIC flux data and EZ PIC production monthly climatol-
ogy were performed (monthly mean from September 1997 to
November 2023).

In the analysis, 7 different layers of depth were aggre-
gated (0-100, 100-500, 500-1000, 1000-2000, 2000-3000,
3000-4000 and > 4000 m). Discrete observed PIC flux val-
ues 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° x 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 pro-
duction was established on a period from September 1997
to November 2023 on the 1° x 1° grid map. Pearson’s cor-
relation test was performed between the monthly climatol-
ogy average of EZ PIC production and PIC flux values for
the depth layers of interest. The process has been performed
for the 13 RECCAP?2 biogeochemical regions, covering the
global ocean.

EZ PIC production values <0.1mgm=2d~! were re-
moved from the dataset to exclude values close to zero or be-
low the detection limit, which may result from a lack of satel-
lite coverage. (e.g. winter months in the north hemisphere
above 40° N).

1

2.2.5 Supporting dataset

1° by 1° grid map of fecal pellets and aggregates contribution
to the total particles export were obtained from model ensem-
ble output from Nowicki et al. (2022a) (FigShare database:
https://doi.org/10.6084/m9.figshare.19074521, Nowicki et
al., 2022b).
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3 Results

3.1 NPP, PIC production and residence time
seasonality

At the global scale, annual EZ PIC production of 1.65 =+
0.36PgCyr~! was estimated (monthly mean +o, 1997-
2023 annual mean, 302 months of observation), which is
congruent with previous estimation based on the same cal-
cification model (ca. 1.4241.69 PgCyr~! in Hopkins and
Balch, 2018). The difference between the global estimates
reported by Hopkins and Balch (2018) and those obtained in
this study may be explained using a merged satellite product
(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 equato-
rial upwelling ecosystems (Fig. 2a). In contrast to the NPP,
the most PIC productive areas are located within subtropi-
cal gyres, in the Southern Ocean (along the “Great Calcite
Belt”), in the North Atlantic, but not in the Northern In-
dian 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. PIC production, particu-
larly by coccolithophores such as G. huxleyi, is enhanced in
nutrient-poor, stable waters, including oligotrophic subtrop-
ical gyres, where these organisms can grow and calcify ef-
ficiently. 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 am-
plitude is higher than NPP seasonal bias (Fig. 2c and d).
Both residence time (the integrated stock divided by the in-
tegrated production) and amplitude variation are higher for
PIC than for POC (Fig. 2e and f). The amplitude of spatial
variation of POC residence time is lower than PIC residence
time (Fig. 2e and f). The residence time is obtained by di-
viding the euphotic layer integrated standing stock (gm™2)
by the euphotic layer integrated production rate (gm~=2d~1).
POC residence time highest values reach 20 d in the Southern
Ocean and over 20 d in arctic regions (Fig. 2e). However, PIC
residence time values reach more than 30d at high latitudes
regions (the Southern Ocean and above 40 °C). PIC residence
time values over 10d are also observed within equatorial up-
welling (Indian Ocean and West Pacific equatorial). Both PIC
and POC residence times reflect a balance between sinking
and removal processes such as dissolution or remineraliza-
tion. For either to sink efficiently, 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 con-
sumed by bacteria and zooplankton, leading to rapid rem-
ineralization in the upper ocean. PIC (CaCOs), however, is
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chemically more resistant to biological degradation in sur-
face waters and typically dissolves only under specific con-
ditions, such as in undersaturated carbonate waters, in the
deep ocean.

3.2 Taxa contribution to the PIC standing stock
estimation

At the global scale, coccolithophores 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 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 At-
lantic (NA). Regarding the seasonal variation index, coc-
colithophores 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 Equato-
rial Pacific (EP). Foraminifers tend not to reveal any sea-
sonal variation at a global scale, except in the southeastern
North Atlantic (NA) (Fig. 3). Note that the depth of integra-
tion is different for coccolithophore (100 m) and zooplankton
taxa (200 m for Pteropods and Foraminifers, from Knecht et
al., 2023). Although coccolithophore integration to 100 over
200 m for pteropods and foraminifers leads to an underes-
timation of coccolithophore contribution to the global PIC
standing stock in a 200 m layer, the general statement that
coccolithophore dominates the standing stock remains un-
changed. In addition, the foraminifers maximum abundance
peak between 0—100 m depth (Chaabane et al., 2024).
Satellite observations of coccolithophore blooms, which
typically last less than 30d, suggest that PIC fluxes from
sediment traps should be integrated over short deployments
rather than longer periods. Short-term sediment traps (less
than 30 d) primarily capture fast sedimentation events. Com-
bining these data with monthly satellite climatology helps
identify the potential processes involved Despite pteropods
and foraminifers contribute to PIC production and deep flux,
their seasonality pattern and residence time were not cou-
pled with PIC flux observation, considering short time de-
ployed sediment traps (less than 30d). In the other hand,
other pelagic contributors (Pteropods 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 d 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 average of 30d (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 coccol-
ithophore (Hopkins et al., 2015), a month for foraminifers
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(Schiebel and Movellan, 2012) and months to years for
pteropods (Lalli and Gilmer, 1989; Bednarsek et al., 2012).

The estimate of calcifying taxa PIC stock, including coc-
colithophores, pteropods, and foraminifera, is not 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 indi-
cates an overlap between coccolithophore and pteropod PIC
standing stock at the equator (Figs. 3b, e and 4b). Coccol-
ithophores and pteropods can contribute roughly equally to
the PIC standing stock, but coccolithophores dominate at lat-
itudes above 40°.

3.3 PIC production, NPP and PIC flux

No significant correlation is observed between log-
transformed PIC flux and log-transformed NPP in the up-
per 100m (Fig. 5). On average, although Pearson’s corre-
lation coefficients are low (R?<0.25), the correlation be-
tween PIC flux and NPP is generally higher than that be-
tween PIC flux and PIC production (Fig. 5). At the deepest
layer (> 4000 m), the correlation between PIC flux and PIC
production (R? = 0.104) exceeds that between PIC flux and
NPP (R? = 0.089).

3.4 Correlation between EZ PIC production and deep
PIC flux

Most of the RECCAP2 biogeochemical regions have no ob-
servations of PIC flux or are insufficient to perform correla-
tion in shallow waters (0—100 m depth). PIC flux established
in shallow waters (0—100 m 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 pro-
duction and PIC flux has been established, see Table S4). At
the global scale, the linear regression and correlation test be-
tween EZ PIC production and PIC flux are displayed for the 6
layers of depth and regarding the RECCAP2 biogeochemical
regions in the Fig. 6 (see Table S4, for the linear regression
parameters). At the global scale, EZ PIC production is not
correlated with PIC flux in the upper ocean. However, con-
sidering distinct oceanic bioregions (RECCAP2, Fig. 6), in
the mesopelagic layer and deeper, significant correlations be-
tween EZ PIC production and deep PIC flux are observed in
the North Atlantic (100 to 4000 m) and the Southern Ocean
(100-500 and 1000-2000m). North Indian Ocean regions
(subtropical areas) are also characterized by PIC produc-
tion positively correlated with deep PIC flux (500 to 4000 m,
Fig. 6).

The PIC export efficiency (PIC E.f) corresponds to the
PIC export flux divided by the EZ PIC production. A lat-
itudinal variability trend could be overlapped to both NPP
and PIC production seasonal bias (Fig. 7a). Regions above
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Figure 2. Global maps of (a) POC production (NPP) annual mean (mgC m—2d~!, 1997-2023 annual mean), (b) PIC production annual
mean (mg C m~2d~!, 1998-2023 annual mean), (¢c) NPP scasonal bias expressed as coefficient of variation (o/u) of monthly NPP climatol-
ogy, (¢) PIC production seasonal bias expressed as coefficient of variation (o /) 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 production (mg C m~2d~1), results are expressed in days.

40°, are characterized by higher PIC E.¢r and lower PIC Ty
compared to subtropics and equatorial areas (Fig. 7a). The
higher PIC production seasonal bias in the euphotic layer co-
incides with higher normalized PIC E.g, but lower PIC T
(Fig. 7a). The model output of Nowicki et al. (2022a), esti-
mated that the contribution to the gravitational carbon pump
of zooplankton fecal pellets and sinking phytoplankton ag-
gregates were respectively of 85 % and 15 %. When mapped
of 1° by 1° grid map, zooplankton fecal pellets and sink-
ing phytoplankton aggregates contribution are characterized
by a significant latitudinal pattern (Fig. 7). The seasonality
of NPP and PIC production can be overlapped with aggre-
gates’ contribution to the gravitational pump (estimated by
Nowicki et al., 2022a), as shown in Fig. 7b. The contribution
of fecal pellets to the export (estimated by Nowicki et al.,
2022a) 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 E.g, but high PIC T,¢ (Fig. 7b).

https://doi.org/10.5194/bg-23-4361-2026

4 Discussion

4.1 Mesopelagic PIC Flux and Ballast Effect
Hypothesis

The ballast hypothesis originates from correlations between
POC flux and mineral fluxes (opal and CaCO3) in deep sed-
iment traps (Klaas and Archer, 2002). However, CaCO3 ex-
port flux in the upper ocean does not correlate with trans-
fer efficiency (Henson et al., 2012), suggesting that CaCO3
does not significantly protect POC from degradation at
mesopelagic depths. Ecosystem structure, rather than min-
eral ballast, might be the primary control of the biological
carbon pump. Francois et al. (2002) proposed the “packaging
factor” theory, suggesting that highly CaCO3-productive sys-
tems also contain organisms that produce sinking fecal pel-
lets, which efficiently deliver organic carbon to deep waters
(e.g., Nowicki et al., 2022a). In subtropical and equatorial
upwelling regions, export flux is not always associated with
mineral ballast (Le Moigne et al., 2014), highlighting spatial
variability in biomineral inclusion and supporting the role
of ecosystem structure and phytoplankton phenology. On a

Biogeosciences, 23, 4361-4377, 2026
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Figure 3. Maps of taxa contribution to the total PIC standing stock regrouping the 3 calcifying taxa: Coccolithophore (a, b, ¢) Pteropods
(d, e, f) and Foraminifers (g, h, i). (a, d, g Maps of annual PIC standing stock for the 3 calcifying taxa. (b, e, h) Maps of annual PIC
standing stock contribution for the 3 calcifying taxa. (b, e, h) Maps of annual PIC standing stock for the 3 calcifying taxa. (c, f, i) Maps
of temporal variability (seasonal index) of PIC standing stock as measured by the seasonal bias (SB) expressed as coefficient of variation
(0/w) of monthly standing stock for the 3 calcifying taxa. Note that the depth of integration is different for coccolithophore (100 m) and
zooplankton taxa (200 m for Pteropods and Foraminifera, from Knecht et al., 2023).

global scale, our results demonstrate that EZ PIC production
is not correlated with PIC flux in the upper ocean. However,
in specific bioregions (RECCAP2), significant correlations
exist between EZ PIC production and deep PIC flux (North
Atlantic, Southern Ocean, and North Indian Ocean; Fig. 6;
Table S4). These observations suggest that ecosystem struc-
ture and phenology are more important than the ballast effect
in controlling PIC E.¢r and PIC Tggy.

4.2 Taxa Contribution to Global PIC Stock and
Production

Global CaCOs3 production estimates remain uncertain, rang-

ing from 0.7 to 4.7 PgCyr~! (Berelson et al., 2007; Buiten-
huis et al., 2019; Lee, 2001). Contributions from coc-

Biogeosciences, 23, 4361-4377, 2026

colithophores, foraminifers, and pteropods vary widely.
Pteropods are estimated to contribute 0.87-4.2PgCyr—1,
representing 20 %-89 % of global CaCO3 production
(Gangstg et al., 2008; Lebrato et al., 2010; Buitenhuis et al.,
2019). Foraminifers contribute 0.036-0.14 Pg Cyr~!, corre-
sponding to 2 %—4 % of global CaCOs3 production (Schiebel,
2002; Lebrato et al., 2010; Buitenhuis et al., 2019). Coccol-
ithophores are estimated to account for ~ 90 % of CaCO3
production (Ziveri et al., 2023; Kruijt et al., 2026). Deep
sediment traps recover significant amounts of foraminifers
and pteropods (Table 1; Fig. 3 in Neukermans et al., 2023),
whereas coccolithophores dominate surface stocks and pro-
duction. These observations remain poorly understood in
terms of taxon-specific contributions and highlight the need

https://doi.org/10.5194/bg-23-4361-2026
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Figure 4. (a) Calcifying taxa annual PIC standing stock (g m~2) over annual 234 Th-derived PIC flux (g m—2 yr~1). (b) Latitudinal variation
of annual PIC standing stock (g m~2) for each calcifying taxa. 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.

for additional proof-of-concept and process-based studies to
better quantify ecosystem-specific controls on PIC produc-
tion 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).

4.3 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, nanoplank-
ton and picoplankton dominate global production in olig-
otrophic areas (low latitudes) characterized by low seasonal
NPP amplitude (Lima et al., 2014). The ballast effect hypoth-
esis, driven by biomineral inclusion (calcite and biogenic sil-
ica), has long been considered a mechanism enhancing par-
ticle export efficiency (PEegr). In this study, PIC export effi-
ciency (PIC Ecgr; 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 effi-
ciency (PIC T¢gr; the proportion of exported PIC reaching the
deep ocean) is 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). Con-
sidering the main particle types involved in the gravitational
pump (Nowicki et al., 2022a), phytoplankton aggregates may
enhance PIC E.¢, whereas zooplankton fecal pellets may en-
hance PIC Teg. The following sections explore the mecha-
nisms underlying these patterns.

https://doi.org/10.5194/bg-23-4361-2026

4.4 “Biological Gatekeeper” of the mesopelagic PIC

Flux
4.4.1 Packaging Factor and Aggregate Contribution

The packaging factor theory (Francois et al., 2002) sug-
gests that subtropical and equatorial CaCO3-rich ecosystems
produce fast-sinking fecal pellets, thereby enhancing PIC
export. In this study, the particle-dependent export model
(Nowicki et al., 2022a; Fig. 7b) shows that fecal pellet contri-
butions are higher in these CaCOj3-rich ecosystems (subtrop-
ical and equatorial regions). However, observed PIC fluxes
are lower in subtropical and equatorial regions despite higher
production, challenging the hypothesis that CaCO3 packaged
in fecal pellets is protected from dissolution. Opal-dominated
systems (temperate and subpolar regions) exhibit high PIC
fluxes, suggesting that labile aggregates may also enhance
PIC transfer and export efficiency (PIC E.g). Overall, PIC
production in the euphotic layer appears to be decoupled
from PIC export and transfer efficiencies (PIC E¢f and PIC
Ter). Upper-ocean PIC loss is primarily attributed to biolog-
ically mediated dissolution (Morse et al., 2006; Friis et al.,
2006; Buitenhuis et al., 2019; Sulpis et al., 2021; Dean et
al., 2024). Although zooplankton and bacterial activity de-
crease with depth (Herndndez-Le6n et al., 2020), epipelagic
and mesopelagic grazing still appears to contribute to PIC
loss.

4.4.2 Hypothetical Processes of Biological-Mediated
PIC Dissolution

Heterotrophic bacteria colonizing CaCOj3 particles appear to
induce minimal dissolution, suggesting a limited role in PIC
loss during sinking (Bissett et al., 2011). Similarly, the in-
crease in hydrostatic pressure experienced by G. huxleyi ag-

Biogeosciences, 23, 4361-4377, 2026
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Figure 5. Matchup between observed sediment traps PIC flux (x-axis, mgPIC m~2d~1) and NPP (mg POC m~2d~1) in orange, and
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gregates during sedimentation does not significantly enhance
calcite dissolution (Tamburini et al., 2021). Experimental and
modeling studies also show that calcite is largely preserved
during zooplankton gut passage, with dissolution generally
low or negligible across various species and conditions (Har-
ris, 1994; Honjo, 1976; Roth et al., 1975; Langer et al., 2007;
Jansen and Wolf-Gladrow, 2001; Antia et al., 2008; Toullec
et al., 2022). Despite lower contributions of fecal pellets to
the gravitational pump at high latitudes (Fig. 7b), PIC export
efficiency (PIC Ec¢r) remains elevated in these regions (tem-
perate and subpolar areas), suggesting that additional factors,
likely related to plankton community composition and phe-
nology, play an important role in controlling PIC preserva-
tion and export.

Biogeosciences, 23, 4361-4377, 2026

4.5 Ecosystem control on PIC flux

Microzooplankton (<200 um) play a central role in regulat-
ing primary producer biomass and facilitating carbon export
via fecal vacuoles or aggregates (McNair et al., 2021; Calbet
and Landry, 2004). Their grazing intensity exhibits strong
latitudinal variation, ranging from 59 % of annual primary
production in temperate-polar regions to 75 % in tropical-
subtropical regions (Calbet and Landry, 2004). These pat-
terns align with the observed latitudinal distribution of PIC
export efficiency (PIC Ecsr) and PIC transfer efficiency
(PIC Tefr) (Fig. 7). In the North Atlantic, microzooplank-
ton consume 288-589 mg C m~2d~! in the mixed layer dur-
ing mid-summer, representing 39 %—115 % of local phyto-

https://doi.org/10.5194/bg-23-4361-2026
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plankton production (Burkill et al., 1993), highlighting their
substantial contribution to particle processing and carbon
flux. Blooming coccolithophores, such as G. huxleyi, can
temporarily escape microzooplankton grazing during bloom
onset through predation-avoidance traits, including colony
formation, increased cell size, spines, or toxin production
(Irigoien et al., 2005; Monteiro et al., 2016). Conversely,
subtropical and equatorial regions, characterized by low sea-
sonal variability in coccolithophore biomass and continu-
ous grazing pressure, experience sustained PIC loss, pos-
sibly due to dissolution within microzooplankton vacuoles
(Antia et al., 2008; Dean et al., 2024). Large zooplank-
ton may indirectly enhance PIC preservation by suppress-
ing microzooplankton biomass and repackaging coccoliths
into fast-sinking fecal pellets (Nejstgaard et al., 1994). In-
deed, a mesocosm study demonstrated that ingestion rates of
the large copepod Calanus finmarchicus were similar during
blooms of diatoms and G. huxleyi (Nejstgaard et al., 1994).
However, C. finmarchicus biomass increased threefold more
in mesocosms dominated by G. huxleyi compared to those
dominated by diatoms at similar algal biomass (Nejstgaard
et al., 1994). The authors suggested that, during bloom con-
ditions, copepods preferentially graze on microzooplankton.
The incorporation of coccoliths into large fecal pellets (pro-
duced by mesozooplankton) likely results from passive, non-
selective feeding behavior (e.g., current feeding), rather than

https://doi.org/10.5194/bg-23-4361-2026
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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-axis:
The yellow circles represent the latitudinal annual mean PIC Ex-
port efficiency (PIC Eqg) from shallow sediment traps (0—-100 m)
and 234Th-derived flux over the latitude (x-axis). The grey trian-
gles represent the latitudinal annual mean PIC Transfert efficiency
(PIC Tefr) from mesopelagic sediment traps (100—1000 m). (b) An-
nual Fecal pellets contribution to the total carbon export (Nowicki
etal., 2022a) in blue and Annual aggregates contribution to the total
carbon export (Nowicki et al., 2022a) in orange. Depicted in the left
y-axis: The yellow circles represent the latitudinal annual mean PIC
Export efficiency (PIC E¢) from shallow sediment traps (0—100 m)
and 234 Th-derived flux over the latitude (x-axis). The grey triangles
represent the latitudinal annual mean PIC Transfert efficiency (PIC
Tefr) from mesopelagic sediment traps (100-1000 m).

from selective grazing on coccolithophores. Our dataset re-
veals a positive correlation between PIC production and PIC
flux in the North Atlantic across all depth layers (Fig. 6), em-
phasizing the role of zooplankton-mediated carbon transfer
(Hernandez-Leén et al., 2020). Zooplankton functional traits
vary among bioregions (Benedetti et al., 2023): temperate
and subpolar regions are dominated by large, detritivorous or
omnivorous copepods that feed passively (current- or cruise-
feeders; Fig. 5 in Benedetti et al., 2023), whereas subtropical
and equatorial regions are dominated by smaller, carnivorous
copepods that feed actively (ambush- or current-ambush-
feeders). Grazing by these distinct functional groups shapes
phytoplankton biomass and community structure, ultimately
influencing the efficiency and depth of PIC export (Le Quéré
et al., 2016; Vallina et al., 2014; Fig. 8). The present study
suggests that, in temperate and subpolar ecosystems, large

Biogeosciences, 23, 4361-4377, 2026
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Figure 8. Synthesis of the potential PIC pathway through the water column, in two distinct ecosystems: (a) Subtropical ecosystems (subtrop-
ical 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 double arrow means that both compartments could
be both prey and predator each other. Small copepods correspond to individual body sizes ranging from 200 pm to 2 mm; Microzooplankton
(mostly protists, <200 um) 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.

copepods may enhance PIC export efficiency in two ways:
(1) by repackaging coccoliths into fecal pellets through pas-
sive current feeding; and (2) by exerting strong grazing
pressure on microzooplankton, thereby indirectly reducing
CaCOj3-mediated dissolution within microzooplankton vac-
uoles (Dean et al., 2024; Fig. 8). In contrast, marine snow
aggregates may create microenvironments that promote PIC
dissolution in the mesopelagic layer, potentially explaining
the observed decrease from PIC E.¢ to PIC Tigr in temperate
ecosystems (Fig. 8). Subtropical regions, on the other hand,
exhibit continuous grazing, efficient nutrient recycling, and
more complex food webs. Microzooplankton strongly regu-
late primary producer biomass and particulate organic car-
bon transfer, a fraction of which may subsequently be ex-
ported as fecal pellets or aggregates (McNair et al., 2021).
This ecological context may favor CaCO3-mediated dissolu-
tion within microzooplankton vacuoles (Fig. 8), potentially
reducing PIC export efficiency (PIC Eefr).

Biogeosciences, 23, 4361-4377, 2026

This study integrates the main conceptual frameworks cur-
rently proposed in the field to interpret the observed patterns
in PIC export efficiency (PIC E.gr) and biologically medi-
ated CaCOs dissolution. Our results highlight that variabil-
ity in PIC E.f and the mechanisms regulating CaCO3 disso-
lution remain insufficiently constrained, particularly across
contrasting biogeographical regimes. These findings under-
score the need for targeted proof-of-concept and process-
based studies to better quantify ecosystem-specific controls
on PIC export. Improving this mechanistic understanding is
essential for refining predictions of the oceanic carbon cycle
under ongoing environmental changes.

5 Conclusion and perspectives

In this study, the “packaging factor” theory is proposed as an
important driver of the discrepancy between estimated PIC

https://doi.org/10.5194/bg-23-4361-2026
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production and export flux across distinct oceanic regions.
Despite the PIC / POC production ratio being twice as high
in subtropical regions compared to temperate and subpolar
regions, PIC export efficiency (PIC Ecfr) is estimated to be
tenfold lower and PIC transfer efficiency (PIC Tegr) 1.5-fold
lower. Our results suggest that zooplankton functional diver-
sity and biogeography may explain the contrasting patterns
of CaCOs export efficiency, through differences in dissolu-
tion and preservation within particles. Such processes could
substantially contribute to total downward carbon export and
associated nutrient fluxes. However, only a limited number
of experimental studies have directly demonstrated the ef-
fect of zooplankton functional diversity on CaCO3 dissolu-
tion. To test and refine the hypothesis proposed here, there
is a strong need for experimental data and in situ observa-
tions addressing both mesozooplankton and microzooplank-
ton grazing dynamics and CaCO3 fluxes.

In the context of surface ocean warming and acidification,
phytoplankton losses due to microzooplankton grazing in eu-
trophic waters are expected to increase (Chen et al., 2012),
potentially attenuating the carbonate pump in temperate re-
gions. In addition, POC export is unlikely to respond uni-
formly across high-latitude regions to future changes in bal-
last availability, which may also affect the biological car-
bon pump. Data compilations and model outputs indicate
that coccolithophores tend to become less calcified relative
to growth under increasing CO, concentrations (Krumhardt
et al., 2017, 2019). End-of-century CO, projections suggest
an approximately 11 % decline in global oceanic calcifica-
tion relative to preindustrial levels (Krumhardt et al., 2019).
Such changes in surface ocean dynamics are expected to al-
ter the future balance of surface alkalinity and CO; exchange
between the ocean and atmosphere (Planchat et al., 2024;
Tyrrell, 2008; Volk and Hoffert, 1985).
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