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1. Introduction
The ocean's biological carbon pump (BCP) consists of an ensemble of biologically-mediated processes that 
contribute to the uptake of atmospheric carbon and its storage in the deep ocean, thus mitigating global climate 
change (Boyd et al., 2019; Jin et al., 2020; Le Moigne, 2019; Volk & Hoffert, 1985). The suite of BCP processes 
starts in the sunlit surface ocean by the photosynthetic fixation of atmospheric CO2 into organic matter. Then, 
part of the surface production is exported downward in the form of sinking organic particles representing the 
main—but not the only—pathway of the BCP (Le Moigne, 2019). In mid- and high-latitude oceans, surface net 
primary productivity (NPP) exhibits marked seasonal cycles that cause fluctuations in export flux. The exported 
fraction of NPP or “e-ratio”—commonly defined as the ratio of particulate organic carbon flux (C flux) at the 
base of the euphotic zone (Ez) to Ez-integrated NPP (Buesseler et al., 2020; Downs, 1989)—is a measure of 

Abstract The gravitational sinking of organic debris from ocean ecosystems is a dominant mechanism 
of the biological carbon pump (BCP) that regulates the global climate. The fraction of primary production 
exported downward, the e-ratio, is an important but poorly constrained BCP metric. In mid- and high-latitude 
oceans, seasonal and local variations of sinking particle fluxes strongly modulate the e-ratio. These locally 
specific e-ratio variations and their ecological foundations are here encapsulated in the term “export systems” 
(ES). ES have been partly characterized for a few ocean locations but remain largely ignored over most of 
the ocean surface. Here, in a fully conceptual approach and with the primary aim to understand rather than 
to estimate ocean carbon export, we combine biogeochemical (BGC) modeling with satellite observations to 
map ES at fine spatio-temporal scales. We identify four plausible ES with distinct e-ratio seasonalities across 
mid- and high-latitude oceans. The ES map confirms the outlines of traditional BGC provinces and unveils new 
boundaries indicating where (and how) the annual relationship between carbon export and production changes 
markedly. At six sites where ES features can be partially inferred from in situ data, we test our approach and 
propose key ecological processes driving carbon export. In the light of our findings, a re-examination of 
1,841 field-based e-ratios could challenge the conventional wisdom that e-ratios change strongly with latitude, 
suggesting a possible seasonal artifact caused by the timing of observations. By deciphering carbon export 
mechanistically, our conceptual ES map provides timely directions to emergent ocean robotic explorations of 
the BCP.

Plain Language Summary The oceanic biological carbon pump regulates Earth's climate by 
carrying part of the dissolved CO2 fixed by surface planktonic ecosystems to deeper depths. Controls that 
ecosystems exert on the fraction of carbon exported, the “e-ratio,” have been partly identified at a few ocean 
locations, but are insufficient to achieve a global mechanistic understanding, especially where processes are 
affected by seasonality. Using a fully conceptual approach combining biogeochemical modeling and satellite 
observations, we map plausible e-ratio variations at an unprecedented resolution in the mid- and high-latitude 
oceans. The map unveils the possible distribution and boundaries of four main export systems and investigates 
their ecological drivers. Our work highlights long-standing inconsistencies from field-based e-ratios and 
provides a timely road map for emergent ocean robotic explorations.
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•  A plausible mechanistic map of 

ocean carbon export is derived from 
spatio-temporal changes in the e-ratio 
in mid- and high-latitude oceans

•  The map unveils the possible 
distribution and boundaries of four 
main export systems and explains 
their potential ecological drivers

•  The debated view that e-ratios vary 
mostly with latitude is challenged by 
results suggesting instead an effect of 
e-ratio seasonality
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ocean carbon export efficiency. Despite the central importance of the e-ratio to assess how the BCP might be 
affected by ongoing changes of ocean ecosystems, its controls are still uncertain and the e-ratio remains difficult 
to predict because the magnitude and timing of C flux is influenced by many physical (Dall’Olmo et al., 2016; 
Omand et al., 2015) and ecological processes (Boyd & Newton, 1995; Cavan et al., 2017; Le Moigne et al., 2015) 
varying spatio-temporally.

Over the course of a year, the C flux generated by a surface planktonic ecosystem can take on various forms 
of sinking particles such as individual phytoplankton cells, phyto-aggregates or zooplankton fecal pellets. The 
different categories of sinking particles often lead to contrasted e-ratios and exhibit seasonal successions, form-
ing locally a specific set of carbon export features hereafter called an “export system” (ES). ESs are reasonably 
well-characterized only at a few ocean locations (Henson et al., 2019). The complex seasonal dynamics pertain-
ing to each ES remain uncertain due to the scarcity of observations. Locally, the e-ratio is conventionally inferred 
from ∼2 to 4 multi-day sampling of C flux and NPP measured over a few weeks, and hence with a largely inad-
equate coverage to reveal any seasonality. This sampling bias could potentially explain why scatter plots of the 
e-ratio compiling global data sets of field-based NPP versus C flux reveal no relationship (Buesseler, 1998; Laws 
& Maiti, 2019).

At a given location, an annual plot of the e-ratio at a high (daily) resolution—as obtained from a numerical 
model—resembles a loop termed “export loop” (Figure 1). The “export loop” plot and its potential to improve our 
mechanistic understanding of ocean export processes was first introduced in 1998 by Wassmann (1998). Below 
are exposed the basic principles of this representation. We refer the readers to P. Wassmann's seminal article for a 
comprehensive overview. On an annual export loop plot, each of the 365 data points corresponds to a daily value 
of NPP plotted against its synchronous C flux. Hence, each point graphically represents the daily e-ratio at a 
specific location, so the overall path followed by the export loop over one full year—determining its final shape—
encompasses all annual variations of the e-ratio. On this representation, e-ratios that remain constant over time 
(i.e., C flux and NPP vary at the same rate) form straight lines radiating from the origin. During periods of stable 
e-ratios, the export loop follows these radial lines, while during periods of e-ratio variations (i.e., C flux changes 
faster or slower than NPP), the export loop progresses from one radial line to another (Figure 1c). Export loops 
can reveal large seasonal excursions of the daily e-ratio away from the annual mean e-ratio line (Figure 1) (Brix 
et al., 2006; Henson et al., 2015). This finding has several ramifications. First, it reinforces the idea that sporadic 
ship-based observations skew the seasonal patterns (“Obs.,” Figure 1c). Second, it points to the existence of 
optimal periods and frequency of sampling for both NPP and C flux (Ceballos-Romero et al., 2016) that would 
better capture e-ratio seasonality than near the NPP or C flux maxima when observations are often conducted. 
Targeting the annual C flux maximum is an adequate strategy to estimate the bulk of the annual C flux, but can 
be misleading if the objective is a mechanistic understanding of the system.

The succession of curves and straight segments of an export loop illustrates the sequence of the dynamical inter-
actions between daily NPP and C flux that can be connected to the different seasonal phases of an ecosystem 
functioning (e.g., spring bloom, export event, etc.; Figure 1b). For instance, the curvature of the export loop 
onset, the so-called “retention line” (Figure 1c), is a robust diagnostic of the degree of phytoplankton biomass 
retention in the surface layer (Wassmann, 1998). Importantly, the idealized shape shown on Figure 1c must be 
seen as the “backbone” of an ES, revealed after a numerical smoothing to remove most short-scale variability, 
and constituting a tool for comprehension rather than quantitative estimation. In the ocean, short-scale variability 
of NPP and C flux hides the general structures of export loops, so only an averaging of NPP and C flux over 
adequate time and space would reveal such shapes. Figure 1d attempts at reconstructing two successive export 
loops (2002–2004) in the northwest North Pacific. To achieve this, in situ C flux data at 100 m from three nearby 
time series stations (K1, K2, and KNOT) (Kawakami & Honda, 2007) were plotted against satellite-derived NPP 
computed at the same sites (2003–2004 climatology; see Section 3.1 for data source and algorithm used). The 
two successive export loops obtained display slightly different trajectories but are both narrow and remain close 
to their (bi-annual) mean e-ratio line, suggesting a limited e-ratio seasonality.

In the present study, designed as a thought experiment and following a purely conceptual approach, we aim 
at reconstructing plausible export loops on a global scale and at high spatio-temporal resolution to improve 
our mechanistic understanding of global carbon export. Global biogeochemical models that are routinely used 
in combination with satellite products to quantitatively estimate global C fluxes (Nowicki et al., 2022; Siegel 
et al., 2014) are subjected to high computational costs and must often limit their spatio-temporal resolution at 
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the expense of their ability to reproduce locally complex seasonal signatures of planktonic ecosystem structure. 
Here, we follow a different approach which circumvents the potentially large uncertainties tied to a reconstruc-
tion of export loops at high spatio-temporal resolution that requires the simulation of realistic local ecosystem 
structure. Instead, in  a conceptual (and thus less restricting) framework, we first simulate blindly numerous 
planktonic ecosystem structures with a generic biogeochemical model to randomly generate a statistical diversity 
of hypothetical export loops that could characterize most ESs across mid and high latitudes. Then, we assign each 
simulated export loop to its most plausible ocean location by comparing the NPP record for the simulated loop 
(NPPmodel) to a local record of satellite-derived NPP (NPPsat) used as a seasonal imprint of the subtle balance 
between biomass export and retention conditions. The central hypothesis motivating this thought experiment 
was that the seasonal variability of NPPsat at a given site is sufficiently specific of the biomass retention versus 
export conditions to be used to identify the local ES. Because NPPsat is partly inferred from phytoplankton 
biomass, its highly resolved (8-day) records over a year implicitly reflect the balance of productivity against loss 
terms including grazing and export (Arteaga et al., 2020). For this reason, a NPPsat climatology at high resolu-
tion can encapsulate essential ecological features. The importance of NPP as a metric for ecosystem structure 
and carbon export flux parameterization has already been demonstrated (Dunne et al., 2005; Lutz et al., 2007; 
Schlenger et al., 2019), suggesting that it could be sufficiently specific to characterize ESs for different regions. In 
particular, the spatio-temporal variability of the relative dominance of small versus large phytoplankton groups, 
known to influence retention versus export conditions (Laurenceau-Cornec et al., 2015b; Mouw et al., 2016; 
Richardson, 2019), should be reflected in the main features of a NPP record (timing and amplitude of the maxima 
and minima, rates of increase and decrease).

Once all export loops were correctly assigned, the spatial distributions of four main ESs were inferred from a 
clustering analysis unveiling the transitions among distinctive retention line curvatures of these assigned export 
loops. Then, we tested the validity of our hypothesis using field observations at six selected sites and developed a 
mechanistic understanding of each ES. Finally, we use the results of this thought experiment to propose plausible 
links between planktonic ecosystem structures and e-ratio seasonality for each ES.

Figure 1. Anatomy of “export loops” from model simulations (a–c) and inferred from observations (d). An export loop (Wassmann, 1998) plots a time series of carbon 
flux (C flux) leaving the euphotic zone (Ez) against the Ez-integrated net primary productivity (NPP). Colors represent the sequential features in panels (a–c). (a) 
Seasonal fluctuations (spring to winter) of NPP, C flux and e-ratio (C flux:NPP) from a model simulation. (b) Nomenclature of sequential features including retention 
time (period of biomass accumulation within the Ez before C flux increases), the time lags between NPP and C flux maxima, and the return phase of the export loop 
when C flux decreases after export events. (c) Export loop plot from a model simulation. C flux plotted against NPP at high (daily) resolution forms an annual cycle not 
resolved by too sparse field observations (“Obs.”). The structural shape is revealed after adequate smoothing (moving mean) of the raw data (thin gray line) affected by 
large short-scale variability. Constant e-ratios are straight lines radiating from the origin. The retention line (r.l.) is an exponential fit to the onset of the loop between 
the first day and NPP spring maximum (“NPP max. 1” on panel b) and provides a metric for biomass retention. Note the likelihood of large misestimation of the 
annual mean e-ratio depending on the timing of observations. (d) An observed export loop reconstructed from satellite-derived NPP and a time series of in situ C flux 
measured at 100 m at stations K (K1, K2, and KNOT) in the northwestern North Pacific between October 2002 and August 2004 (Kawakami & Honda, 2007).
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2. Materials and Methods
2.1. Physical Forcing of the CSIRO-EMS Biogeochemical Model

Simulations were performed using the generic CSIRO-EMS (Commonwealth Scientific and Industrial Research 
Organization, Australia-Ecological Modeling Suite) 3D coupled physical-biogeochemical model (Baird 
et al., 2020) forced with meteorological data from the Southern Ocean Time Series site (SOTS, 140°E, 47°S) 
(Trull et al., 2019) selected for its high-resolution observational framework and marked seasonality characteris-
tic of most mid- and high-latitude waters. This model was chosen for its high flexibility and simple planktonic 
community structure applicable to a wide variety of environments. The physical module is the Sparse Hydro-
dynamic Ocean Code (SHOC) (Herzfeld, 2006). It is a finite difference hydrodynamic model resolving water 
velocity, temperature, salinity, density, passive tracers, mixing coefficients and sea level over three dimensions. 
SHOC is driven by inputs of winds, atmospheric pressure gradients, surface heat and water fluxes and has open 
boundary conditions. In the present study, SHOC was run for 9 years (2002–2011) at the SOTS site located 
between the Subtropical and Subantarctic fronts in the Southern Ocean (Orsi et al., 1995) and representative of 
a vast area of the Subantarctic zone (∼90°E–140°E). The choice of the SOTS site was motivated by its extensive 
physical and biogeochemical data collection existing at high temporal resolution (hourly) provided by mooring 
facilities operated through the australian Integrated Marine Observing System (IMOS) (Eriksen et  al.,  2018; 
Trull et al., 2019; Wynn-Edwards et al., 2020), and thus directly available to our team for this experiment. Ranges 
of simulated seasonal variations of mixed layer depth (MLD: 9–785 m), and surface photosynthetic available 
radiation (PAR: 1.1–15 × 10 −4 mol photons m −2 s −1) approximate ranges of values averaged over the mid- and 
high-latitude oceans located between 30°N and 65°N and S (MLD (Schmidtko et al., 2013): 11–504 m; PAR: 
1.6–5.1 × 10 −4 mol photons m −2 s −1). PAR and T for the mid- and high-latitude oceans were calculated from 
2003 to 2020 NASA MODIS-Aqua climatologies (https://oceancolor.gsfc.nasa.gov/). The temperature range at 
SOTS (8.2–13.8°C in 2002–2011) did not cover the larger range of temperatures encountered in all mid- and 
high-latitude waters (0.7–26.4°C). A manual prescription of critical temperature-dependent rates (see details in 
Section 2.2) was made over extended ranges to ensure the applicability of our results over the whole mid- and 
high-latitude ocean.

2.2. Parameterization of the Biogeochemical Model

The biogeochemical module (Figure S1, Tables S1–S4 in Supporting Information S1) is a widely used generic 
model of plankton ecosystem dynamics (Baird et al., 2020). The present version is a Nutrient Phytoplankton 
Zooplankton Detritus model (two types for each compartment; Phytoplankton: Pa and Pb, Zooplankton: Za and 
Zb) in which dissolved and particulate biogeochemical tracers are advected and diffused throughout the model 
grid in the same manner as temperature and salinity. Using a baseline set of parameters (Table S2 in Supporting 
Information S1) and initial conditions, the biogeochemical module was run for the first time over the whole 
SHOC simulated period (2002–2011). Then, 9 experiments—including 4 to 5 different simulations (totaling 38 
simulations)—were run for the 2004–2008 time period using initial conditions from the base full-time simulation 
and 3 years between August 2004 and August 2007 were selected for their optimal steady state behavior and 
analyzed here. For each simulation, a single parameter constraining the ecosystem structure (bold in Table S2 in 
Supporting Information S1) and affecting directly or indirectly carbon export was varied incrementally: Pa and Pb 
linear mortality rates and sinking velocity, Za and Zb swimming velocity (controlling grazing efficiency to the first 
order), the fraction of labile detritus converted to dissolved organic matter, the breakdown rate of labile detritus, 
and the parameterization of the sinking velocity for total detritus. Phytoplankton biomass retention was purpose-
fully mediated via the dependence of detritus sinking velocity on the relative contributions of the two types 
of phyto- and zooplankton to detritus composition, and independently from particle size (Laurenceau-Cornec 
et al., 2015b) (Table S4 in Supporting Information S1). A constant sinking velocity of 320 m d −1 is attributed to 
zoo-detritus following Ploug et al. (2008) without distinction between small and large fecal material and dead 
bodies. The reconstructed particle flux was composed of mixed phyto-detritus and fecal matter, and thus had a 
large spectrum of sinking velocities (0–310 m d −1) generating contrasting timescales of phytoplankton biomass 
retention within the Ez.

Key rates were varied over large ranges to ensure the applicability of our outputs to a large diversity of retention 
versus export conditions possibly encountered at mid and high latitudes. Our technique is applicable beyond the 
model regional boundaries owing to two fundamental features: (a) the ranges of the model physical components 
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(MLDs and surface available radiations) are comparable to the ranges of values averaged over all mid- and 
high-latitude oceans where our analysis is conducted; (b) the use of a broad spectrum of physiological and 
ecological parameters permits to encompass most reported values for marine ecosystems (Baird et  al.,  2004; 
Bissinger et al., 2008; Eppley, 1972; Hansen et al., 1997; Hirst et al., 2003). Most ecological rates, including 
maximum growth rates, mortality rates, and remineralization rates are temperature-dependent in the BGC model 
(Baird et al., 2020). Manual prescription of these rates over larger ranges further ensured the applicability of our 
approach outside the limits of the regional model parameterization.

2.3. Reconstruction of Export Loops in Mid- and High-Latitude Oceans

For each of the 38 simulations, export loops were modeled at a daily resolution from Ez-integrated NPP and 
C flux at the base of the Ez sampled over a grid of 36 stations equally distributed across the regional model 
domain (Figure S2 in Supporting Information S1), so that a total of 4,104 export loops were generated (38 simula-
tions × 36 stations × 3 years). Then, to determine which one among all generated export loops could best represent 
a specific ocean location, the annual record of NPPmodel was matched to the most similar annual record of NPPsat 
(2003–2018 satellite climatology resolved each 8-day; Section 3.1) in mid- and high-latitude waters (Figure 2).

The 46 “weeks” (8-day periods) of the satellite-derived NPP (NPPsat) climatology (annual record with one value 
every 8 days) spatially-resolved at 1/4° were shifted backward or forward in time in order to re-center the local 
NPPsat maxima on the exact middle of the year (week 23), thus synchronizing the annual cycle globally. Annual 
variations of NPPsat were then matched with the most similar NPPmodel variations. The optimal match was defined 
by the minimum sum of the absolute differences between satellite and simulated NPP calculated at each of the 
46 weeks. Any consecutive 1-year record of NPPmodel taken inside the 3 years of model runs was considered for the 
match, thus allowing any start time for the onset of the spring bloom. A given NPPmodel record is thus the result of 
a specific set of model parameters but also depends on inter-annual variations of the initial (late winter) P/Z ratios.

The quality of the matching was evaluated through a series of filters. A coefficient of determination (r 2) greater 
than or equal to 0.6 and a p-value lower than or equal to 0.05 were arbitrarily fixed. Overall, the matching yielded 
a good correlation between NPPmodel and NPPsat at mid and high latitudes (Figure S3 in Supporting Informa-
tion S1; mean coefficient of determination r 2 = 0.73 ± 0.16 between 30°N and 65°N and S), and locally the 
NPPmodel could mimic the NPPsat with high accuracy. NPPsat missing more than 15 weeks in the annual record due 
to cloud coverage were excluded. Regions south of 50°S and north of 60°N rarely feature more than 15 weeks of 
clear sky and therefore were not included in the analysis. We also excluded all NPPsat records presenting less than 
350 mg C m −2 d −1 in amplitude between annual minima and maxima, chosen as a minimum seasonality index. 
This seasonality index ensured the exclusion of regions where the annual NPPsat presented little annual variation 
(i.e., where the match could have satisfied the r 2 limit despite a poor reproduction of NPPsat seasonality).

Figure 2. Diagram of the “net primary productivity (net primary productivity (NPP))—matching method” used to reconstruct maps of export loops and associated 
annual e-ratios, from the combination of satellite-derived NPP (NPPsat) products and biogeochemical model outputs.
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The NPP-matching method allowed us to reconstruct a plausible spatial distribution of all export loops at 1/4° resolu-
tion over the mid- and high-latitude waters (Figure S4a in Supporting Information S1). Over the vast choice of ∼4,000 
simulated export loops available to the matching routine, only a few morphologies were systematically returned as 
a best match, suggesting that a limited number of ESs operate at mid and high latitudes. Clustering of all spatialized 
export loops was made using the kmedoids function (Matlab, MathWorks Inc., version 2020a), which computes a 
k-means algorithm. It is likely that a continuum of retention line curvatures exists from systems with high retention 
to those with maximum export (Wassmann, 1998). The optimal number of clusters was fixed at 4 based on results 
from the evalclusters Matlab function (four evaluation criteria tested: Calinski-Harabsz criterion, Davies-Bouldin 
criterion, Gap value, Silhouette Value). Two metrics of the curvature of the retention line were used as inputs to the 
kmedoids function: the total NPPmodel integrated between the start of the seasonal cycle and the start of the first export 
event (blue section on Figures 1a–1c), and the total NPPmodel integrated between the start of the seasonal cycle and the 
day of maximum NPP of the spring bloom (blue section and khaki section on Figures 1a–1c). The clustering revealed 
four typical morphologies (Figures 3a–3d) or “morphotypes”—each corresponding to specific biomass retention 
versus export conditions (Figure S5 in Supporting Information S1). A conceptual map of the four ES (Figure 3e) was 
then obtained by attributing one color to the location (pixel) of each export loop sorted in one of the four clusters.

3. Data Sets
3.1. Satellite-Derived NPP Products

For this study, a suite of satellite-detection algorithms used for global estimates of marine primary production 
(Behrenfeld & Falkowski, 1997; Carr, 2002; Silsbe et al., 2016; Westberry et al., 2008) (CAFE, Carr, CBPM, 

Figure 3. Identification and spatial distributions of the four main export systems (ESs) in the mid- and high-latitude oceans. (a–d) All reconstructed export loops 
grouped into four clusters (see Section 2.3) with distinctive morphologies (or “morphotypes”) representative of four ESs; colored lines: topmost (thick), and second-
most (thin) morphologies encountered in each cluster; gray lines: all other export loops sorted in each cluster; straight black line: mean annual e-ratio for each cluster 
(values indicated); dashed lines: mean best exponential fit to the onset of loop formation in each cluster referred to as the “retention line” (Figure 1). (e) Reconstructed 
spatial distribution of the four ESs for mid- and high-latitude ocean regions. Six case study sites are indicated: Scotian shelf, Porcupine Abyssal Plain (PAP), station 
K2, a Polar Frontal Zone (PFZ) site, the Kerguelen F-L station (KEOPS2 cruise), the Southern Ocean Time Series (SOTS) site. Light gray lines show the boundaries of 
dynamic biogeochemical provinces as defined by Reygondeau et al. (2013). Main Southern ocean fronts (Orsi et al., 1995) are also indicated; STF, SubTropical Front; 
SAF, SubAntarctic Front; PF, Polar Front. For each case study site, the annual cycle of NPPsat and reconstructed export loop are shown as inserts (white lines; same 
scale for all sites). Grayed areas indicate a coefficient of determination of the NPP-matching method (Figure 2) lower than 0.6 or an incomplete record of the NPPsat.
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Eppley VGPM, Standard VGPM) was considered. Global NPP estimates (http://sites.science.oregonstate.edu/
ocean.productivity) requiring full coverage result in part from a “cloud-filling” routine that artificially recon-
structs NPP data based on neighboring values where clouds prevent satellite detection. The exclusive use of 
strict remotely-detected data was essential in this work. Ancillary data needed for NPP calculation (SST, surface 
chlorophyll a, PAR, and day length) were downloaded from the NASA Ocean color website (NASA Ocean Biol-
ogy Processing Group, 2019; https://oceancolor.gsfc.nasa.gov/). The NPP was recalculated without cloud-filling 
between 2003 and 2018 for the Carr, VGPM, and Eppley algorithms. The Carr algorithm previously used in simi-
lar studies focusing on carbon export efficiency and noted for its good performance for carbon export reconstruc-
tion (Henson et al., 2011, 2019) gave the best results and was thus selected to build the 2003–2018 climatology 
(and 2003–2004 subset made specifically for Figure 1d) resolved each 8-day and used here.

3.2. In Situ C Fluxes and Inferred E-Ratios

A large global data set of 1,841 measurements of carbon fluxes made at 100 ± 75 m between 1988 and 2018 
(Laurenceau-Cornec, 2023; Data Set S1) was built by combining several previously published data sets (Bisson 
et  al.,  2018; Henson, Sanders, & Madsen,  2012; Le Moigne, Henson, et  al.,  2013; Maiti et  al.,  2013; Mouw 
et  al.,  2016; Torres-Valdés et  al.,  2013), long time series (BATS, HOTS, CARIACO) and more recent studies. 
Carbon fluxes were derived from both the  234Th tracer and traditional sediment trap methods. E-ratios correspond-
ing to each C flux measurements were calculated as the ratio between measured C flux and NPPsat estimated at the 
location of the flux measurements. This local NPPsat was determined from the 8-day climatology averaged over a 
0.5° × 0.5° box centered on the exact location of the in situ C flux measurement. The period of the year correspond-
ing to the C flux measurement was averaged over the collection time assumed at 16 days for  234Th-derived fluxes 
(based on the  234Th residence time (Henson et al., 2011)), and the deployment time for sediment trap-derived fluxes.

4. Results and Discussion
4.1. Plausible Carbon Export Systems in Mid- and High-Latitude Oceans

In our conceptual framework, the topmost and second-most frequently encountered export loops in each of the 
four clusters were considered representative of the plausible four main ES (ES1–4) that could dominate mid- and 
high-latitude oceans (Figure 3). Along with the retention line curvature we employed additional metrics of the level of 
phytoplankton biomass accumulation to interpret ecologically the differences among the ES morphotypes (Table 1): 
(a) The “retention time”, that is, the number of days from the spring bloom onset (day 1) to the start of C flux increase; 
(b) the total NPP accumulated in the Ez from day 1 to the start of decline of the spring bloom; and (c) the rate at which 
the export loop progresses over the season gauged by the time elapsed from day 1 to the annual NPP maximum.

ES1 (Figure 3a) features a low retention of phytoplankton biomass and steady seasonal progression of the export 
loop (Table 1). ES2 (Figure 3b) appears as a transition to ES3 and ES4 (Figures 3c and 3d), which show higher reten-
tion of phytoplankton biomass as evidenced by the curvature of their retention lines, and rapid (then slow) seasonal 
progression of the export loop (Table 1; time to reach NPP max.). The degree of e-ratio seasonality is readily grasped 
visually from the area encompassed by the export loops, and was quantified here as the e-ratio annual range (differ-
ence max-min) and the root mean square error (RMSE) between daily and annual mean e-ratios. E-ratio seasonality 
differs greatly across the four ES (minimum e-ratio annual range of 0.15 for ES1 and maximum of 0.3 for ES3); yet 
annual mean e-ratios representing the overall export efficiencies appear very similar across all ES (Table 1).

4.2. Mechanistic Mapping of Ocean Carbon Export

Within each ES domain, the clustering gathered export loops that were generated with similar sets of model 
parameters, thus sharing comparable biomass retention versus export conditions (Figure S4b in Supporting Infor-
mation S1). Most of the High Nutrient-Low Chlorophyll (HNLC) waters of the North Pacific and Southern Ocean 
are categorized as ES1, reflecting low phytoplankton biomass retention. ES3 and ES4—characterized by higher 
phytoplankton biomass retention—prevail in more productive regions (North Atlantic and coastal waters) and 
near Subantarctic fronts. ES2 occurs in coastal margins alongside ES3 and also offshore near Southern Ocean 
fronts. Interestingly, marked transitions between ES (ES1-ES3 or ES1-ES4) follow with particularly good agree-
ment the overlaid boundaries of dynamic biogeochemical provinces accounting for seasonality in their definition 
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(Reygondeau et al., 2013). This result is consistent with our hypothesis that NPP records alone are sufficiently 
specific to distinguish between different ecosystem structures and could be used for their demarcation.

As stated above, the four ES domains (Figure 3e) were delimited by following the variations in retention line curva-
tures that are driven by both export features (reconstructed) and NPP seasonality (satellite-derived). Boundaries 
between each domain thus reflect the contrasting levels of phytoplankton biomass retention. This conceptual class  of 
biogeochemical provinces is “process-based” and contrasts with bioregionalizations that use variables such as nutri-
ent limitations (Moore et al., 2002), phytoplankton seasonality (Thomalla et al., 2011), or dominant phytoplankton 
groups (Alvain et al., 2008) rather than “whole-of-system” functions. Our model of ES based on NPP seasonality 
complements the traditional static biogeochemical provinces originally proposed by Longhurst (2007), and embeds 
in a single map a seasonally-dynamic definition of biogeochemical provinces (Reygondeau et al., 2013).

Across mid- and high-latitude waters, a comparison can be made between the degrees of biomass retention found 
within our plausible ES domains and other criteria traditionally used to delimit biogeochemical provinces. Differing 
levels of phytoplankton biomass retention can be observed within a single traditional biogeochemical province. For 
instance, the four ESs coexist inside the unique Sub-Antarctic Longhurst province (Longhurst, 2007; Reygondeau 
et al., 2013); conversely, distinct traditional biogeochemical provinces can share the same ES with similar conditions 
of biomass retention, such as in the North Pacific (Figure 3e). This suggests that a similarity of biogeochemical 
conditions (e.g., nutrient limitation) does not necessarily translate to a similarity of carbon export features. By 
shaping planktonic tropho-dynamics, seasonality introduces a higher degree of complexity in the selection of export 
pathways that is not easily captured by traditional biogeochemical provinces. In particular, zooplankton respond 
to seasonal successions of phytoplankton traits by adapted successions (Behrenfeld & Boss, 2014). The resulting 
variety of trophic interactions implies multiple export modes and efficiencies over the season.

4.3. Linking Ecosystem Structure and E-Ratio Seasonality

To date, no observational equivalent to our conceptual ES map is available, which precludes the application of 
our results to the real world. However, while the exactitude of the export loops reconstructed cannot be firmly 
verified, the agreement between the underlying processes that their shape implies and those observed in situ can 
be. The degree of biomass retention in the Ez can be evaluated quantitatively (in relative not absolute values) 
from our approach and (to the least) qualitatively through in situ observations of ecosystem structure and particle 
fluxes. In the ocean, particle retention in the Ez arises from low rates of particle loss relative to the increase in 
particle stocks. Particle loss can be hindered or delayed by the dominance of non- or slow-sinking phytoplankton, 
low rates of aggregation into larger and denser particles via physical coagulation (Jackson, 1990) or repackaging 
into fecal pellets by herbivory (Richardson & Jackson, 2007), intensive reprocessing/recycling by particle feeders 
and bacteria (Karl et al., 1988; Wexels Riser et al., 2007), or pronounced density gradients (Prairie et al., 2013) 
that stop settling particles. Six sites, each with optimal NPP matching (Figure 3e and Figure S6 in Supporting 
Information S1), were used to compare our conceptual results against real data on ecosystem structures providing 
insights into the degree of particle retention (Table 1, Text S2 and Figure S7 in Supporting Information S1).

At the low/moderate NPPsat sites K2 (Honda et al., 2006) and SOTS (Trull et al., 2019) (ES1) our technique gives 
limited retention of phytoplankton biomass, slow seasonal progression of the export loop, and high fecal contributions 
to C flux (Table 1). Observations report a slow seasonal build-up of small phytoplankton species regularly grazed 
and resulting in a fecally dominated C flux (Boyd et al., 2008; Buesseler et al., 2008; Ebersbach et al., 2011; Eriksen 
et al., 2018; Fujiki et al., 2014; Halfter et al., 2020; Kobari et al., 2016; Matsumoto et al., 2014; Trull et al., 2008, 2019). 
At the Porcupine Abyssal Plain (PAP)—Sustained Observatory (PAP) (Hartman et  al.,  2012) and Polar Frontal 
Zone sites (Rutgers van der Loeff et al., 2011) (ES3) with high and low NPPsat, respectively, our approach returns 
long phytoplankton biomass retention times, a NPPmodel maximum rapidly reached, and phyto-detritus dominating 
the C flux. In situ data confirm the occurrence in early spring of short-lived blooms of heavily silicified diatoms, 
exported mostly as phyto-detritus, and smaller phytoplankton species dominating after spring and undergoing higher 
herbivory (Belcher et al., 2016; Cavan et al., 2019; Deppeler & Davidson, 2017; Ebersbach et al., 2011; Henson, 
Lampitt, & Johns, 2012; Joubert et al., 2011; Le Moigne, Boye, et al., 2013; Moore & Abbott, 2002; Roca-Martí 
et al., 2017; Siegel et al., 2002; Smythe-Wright et al., 2010). At the Scotian shelf (SCS) site (Charette et al., 2001) 
(ES2) field observations point to a system comparable to PAP but with a larger initial bloom: in early spring, a rapid 
and intense diatom bloom is followed by a limited summer bloom of small species under grazing control with rapid 
surface recycling (Cosper & Stepien, 1984; Craig et al., 2015; Ross et al., 2017; Ruckdeschel et al., 2020). All recon-
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structed metrics at SCS agree with these features. At the Kerguelen F-L station 
(Laurenceau-Cornec et al., 2015a) (ES4) in situ data report a highly produc-
tive bloom over spring-summer sustained by successions of small fast-growing 
diatoms and dinoflagellates, combined with a slow build-up of larger diatom 
stocks; observations suggest also that phytoplankton undergoes significant graz-
ing but most of the sinking fecal material is reprocessed by zooplankton (frag-
mentation and coprophagy) (Christaki et al., 2015; Halfter et al., 2020; Lasbleiz 
et al., 2016; Quéguiner, 2013; Trull et al., 2015). The resulting C flux meas-
ured in situ is moderate and mainly comprises grazing-resistant resting spores 
(Rembauville et  al.,  2015). Estimations using our method are all compatible 
with these observations: long retention times, conspicuous biomass accumula-
tion in the Ez, and a fecally-dominated C flux (Table 1).

In addition, two partial reconstructions of field-based export loops were attempted 
for the SOTS and Kerguelen F-L stations (Figure 4)—that is, two sites suspected 
to present large contrasts in biomass retention—using NPPsat and in situ C fluxes 
(100 ± 75 m; Section 3.2) available in 6° × 6° boxes centered on both sites. 
Although the time span of observations is largely insufficient to reconstruct whole 
annual cycles (only 23% and 44% covered at SOTS and Kerguelen F-L, respec-
tively), significant differences between the two sites appear that tend to support 
our findings. In particular, the curvatures of the plausible retention lines, here 
defined sensu lato as structural baselines for the export loops (Wassmann, 1998), 
seem to confirm larger biomass retention at F-L than SOTS. Also, the contrasted 
scattering of the two C flux versus NPP data sets (gray areas on Figure 4; narrow 
for SOTS and wide for F-L) appears compatible with the differences in the shape 
of their respective reconstructed export loops (Figure 3e).

Overall, our hypothetical reconstructions agree with the observed differ-
ences between contrasted systems such as the HNLC (SOTS) site versus the 

Fe-Fertilized (F-L Kerguelen) station, or the North Atlantic bloom (PAP) site versus the oligotrophic North Pacific 
(K2). Our method suggests a much higher biomass retention (retention time and total accumulated production; 
Table 1) at PAP and F-L than at K2 and SOTS. Our results also support a plausible higher e-ratio seasonality at PAP 
and F-L than at SOTS and K2 (RMSE; Table 1). The observed contrasts in the grazing activity, limited at the North 
Atlantic PAP site and intense at the Kerguelen F-L station, are also reproduced accurately by our method (% fecal 
matter in total detritus; Table 1).

In general, real in situ observations and our conceptual results converge and suggest an important role played by 
zooplankton grazing in defining ES seasonal signatures. However, our BGC model, like several others addressing 
similar questions (Gorgues et al., 2019; Henson et al., 2015; Siegel et al., 2014), features simple tropho-dynamics 
and could lack the complexity needed to ascertain that zooplankton grazing is the main process controlling biomass 
retention timescale. In particular, the technique used here implied that optimal NPP matches could occur regardless 
of the bottom-up versus top-down factors controlling NPP seasonal variations in the model and at the location 
considered (e.g., MLD shoaling, nutrient exhaustion, relief of grazing pressure, etc.) with potential consequences 
on the interpretation of the drivers of carbon export. For example, phytoplankton mortality from distinct processes 
such as grazing or nutrient exhaustion might lead to similar NPP trends but different underlying carbon export 
features. However, the composition of exported detritus necessarily reflects the nature of their source processes. For 
instance, the absence of fecal matter would tend to suggest limited top-down controls on the temporal dynamics of 
productivity. In order to validate our approach the composition of the reconstructed and observed exported material 
was thus carefully assessed to test the similarity of drivers between NPPsat and the NPPmodel selected as best match.

Figure 5 summarizes the linkages between planktonic community structure, ESs and e-ratio seasonality by detail-
ing the sequence from surface productivity, resulting C flux, and associated export loops. While this proposed 
scheme has solid foundations for (a) the shown contrasts in biomass retention and e-ratio seasonality, and (b) the 
planktonic seasonal succession and sinking particle fluxes, it can only remain speculative on their connections. 
We believe that the thorough literature review conducted here (Text S2 in Supporting Information S1) allowed us 
to characterize each system to the highest possible accuracy, and further evaluation would require more detailed 
and specifically-targeted observations.

Figure 4. Plots of NPPsat and in situ C fluxes measured at 100 ± 75 m 
available in 6 × 6º boxes centered on (a) the Southern Ocean Time Series 
(SOTS) station (47°S, 140°E), and (b) the Kerguelen F-L station (48.5°S, 
74.7°E). One outlier (C flux >450 mg C m −2 d −1) was excluded (panel b). 
Lines between datapoints indicate their connection in time. Only 23% (SOTS) 
and 44% (Kerg. F-L) of the complete annual cycles are covered, but note the 
differences in their assumed retention lines (dashed lines; exponential to white 
datapoints) and shape of the areas covered by the data sets (gray).
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Our conceptual approach yields significant differences in e-ratio seasonality across ESs, but annual mean e-ratios 
appear consistently invariant across sites (mean of all six sites: 0.11 ± 0.02). Limited variations of the annual mean 
e-ratio imply a balance over the year between processes that attenuate the C flux when NPP is high or enhance the 
C flux when NPP is low. In the real world, among the various mechanisms thought to influence biomass retention, 
zooplankton grazing is an essential driver. Zooplankton act as “gatekeepers” thought to modulate the efficiency 
of carbon export (Cavan et al., 2017; Halfter et al., 2020; Henson et al., 2022; Schmoker et al., 2013; Steinberg & 
Landry, 2017) in a complex fashion, at times facilitating the export flux and at times hindering it. Grazing on small 
cells could drive a significant carbon export via the production of small fecal pellets (Irion et al., 2021; Richardson 
& Jackson, 2007) in most mid- and high-latitude waters (ES1), contradicting the conventional view that small phyto-
plankton are rapidly recycled in the surface ocean. In contrast, grazing on large fast-sinking phyto-detritus (ES4) and 
their incidental fragmentation can lead to attenuation of the C flux (Dilling & Alldredge, 2000).

4.4. Comparison With Field-Based Measurements of the E-Ratio

To date, the interpretation of field-based e-ratios that have been suggested to carry large uncertainties (Buesseler 
et al., 2020; Henson et al., 2015; Laws & Maiti, 2019), has not permitted to fully understand the links between 

Figure 5. Proposed concepts of the relationships between epipelagic plankton community structure, export systems (ESs) and e-ratios. (a) ES1. In low- to 
moderately-productive waters (e.g., High Nutrient-Low Chlorophyll regions), prymnesiophytes and flagellates dominate along with larger pennate diatoms. 
Microzooplankton herbivory targets small species and is well adapted to low rates of net primary productivity increase. The carbon export flux (C flux) is low to moderate 
and mainly composed of fecal aggregates and a few large phytodetrital aggregates. This ES is stable, with little e-ratio variability and has a moderate annual mean e-ratio. 
(b) ES2, 3. In moderate- to highly-productive waters (e.g., North Atlantic and SO fronts), two distinct bloom events occur annually. The first bloom, generally dominated 
by heavily-silicified diatoms, is not (moderately) grazed (“silica body armor” and/or tropho-dynamic decoupling) and contributes little to the carbon export flux due to the 
high Si:C ratio. Biomass accumulation of the second bloom, dominated by flagellates, exceeds grazing and leads to a high carbon export flux. Seasonal variations of the 
e-ratio are high, but the annual mean e-ratio remains moderate. (c) ES4. In highly-productive waters, the spring-summer bloom is the main phytoplankton growth period 
and the autumnal bloom is a lesser event. The phytoplankton community is driven by successional trends of fast-growing diatoms undergoing high grazing pressure (lightly 
silicified). Many fecal pellets, fecal aggregates and phyto-detritus are produced, but their downward export is limited by high zooplankton reprocessing (e.g., fragmentation, 
coprophagy). Most of the remaining C flux consists of diatom resting spores. The annual mean e-ratio and its seasonal variability are both moderate.
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ecosystem structures and e-ratios. To complement our primary objective of a mechanistic understanding 
of carbon  export, we re-evaluate a data set of 1,841 field-based e-ratios collected between 1988 and 2018 
(Section 3.2; Supporting Information S1) in the light of the proposed ES concepts. Observed e-ratios are expected 
to differ from our reconstructed e-ratios (Figure 6a) on two aspects: the known effect of measuring C flux at fixed 
depth versus at the base of the Ez (Buesseler et al., 2020), and the key role of seasonality emerging from the 
comparison of short-term field measurements to reconstructed annually-integrated e-ratios (derived from export 
loops) on which we focus. The importance of seasonality in the variability of global carbon export efficiency 
has been investigated in a recent study (de Melo Viríssimo et al., 2022), and our results suggest that most e-ratio 
variability could be seasonally- rather than regionally-driven. First, field-based e-ratios vary in a much larger 
range than our reconstructed annual mean e-ratios that most frequently fall between 0.075 and 0.1 and remain 
lower than 0.225 (Figure S8b in Supporting Information S1). Very similar values of annual mean e-ratios are 
obtained with the satellite-based mechanistic model of Siegel et al. (2014), but higher values are found by Henson 
et al. (2015) (global mean of 0.22) using a full model-based approach (i.e., without satellite data). Henson et al. 
mentioned that their model tends to overestimate the e-ratio in the southerly Southern Ocean and in the equatorial 
upwelling regions; these waters are not included in our global annual mean e-ratio (our analysis covers the lati-
tudes between 30° and 65°) explaining possibly this difference besides the realistic versus conceptual approaches. 
Second, when reconstructed daily e-ratios are considered—thus accounting for the effect of seasonality—a range 

Figure 6. Comparison of hypothetical and observed e-ratios (a) Map of reconstructed annual mean e-ratios at 0.25° spatial resolution from simulated export loops in 
the mid- and high-latitude oceans. Dots represent field-based e-ratios—one observation or the average of several made at the same location (white circles: standard 
deviation of 0.1 or higher)—calculated from in situ C fluxes (100 ± 75 m) and satellite-derived net primary productivity (NPPsat). Southern ocean fronts and grayed 
areas shown as per Figure 3. (b) Diversity of export loops (dots) and their annual mean e-ratio (gray lines) compared with field-based observations (crosses) of paired 
in situ C flux (100 ± 75 m) and NPPsat. 7% of all observations lie outside the plot limits; black lines denote e-ratios of 0.02, 0.1, and 0.5. (c) Global in situ C flux 
measurements binned by the time lag in 8-day periods between the day of C flux measurement and the day of local NPPsat maximum; long multi-decadal time series 
(BATS, HOT, CARIACO) including a disproportionately large number of observations in the mid- and low-latitude ocean are not included. Gray area indicates a 56-day 
window centered on the NPPsat maximum that contains 48% of observations (d) Annual variations of the difference between reconstructed daily and annual mean 
e-ratio for the export loop morphotypes of Figures 3a–3d (same color code as per Figures 3a–3d; thick solid and thin dashed lines: topmost and second-most frequently 
encountered morphologies respectively). Each loop is recentered on its maximum NPP. Missing sections are periods connecting the start of a cycle and the end of the 
preceding cycle and were excluded due to uncertainties on e-ratio values. Colored dots indicate the seasonal timing of all C flux observations sorted by the identified 
type of export loop. Horizontal and vertical gray lines represent zero difference between daily and annual e-ratio and the day of maximum NPP, respectively.
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similar to the observations is found (Figure S8a in Supporting Information S1 and Figure 6b). Finally, the median 
e-ratio is 0.1 regardless of data origin (daily vs. annual, reconstruction vs. observations; Figures S8a and S8b in 
Supporting Information S1).

Decades of observations reported greatest e-ratio values at high latitudes (Figure S8c in Supporting Informa-
tion S1)—71% of observed e-ratios >0.4 are found at latitudes higher than 50°—supporting the idea that (part 
of) e-ratio variability is spatial. In the ocean, at high latitudes, high e-ratios are often related to blooms of large 
heavily-silicified diatoms (Friedrich & Loeff, 2002; Loeff et al., 1997) or other high and short export events (e.g., 
associated to retreating ice edge or polynyas, Amiel et al., 2002; Buesseler et al., 2003; Rutgers van der Loeff 
et al., 2011). Over mid- and high-latitude oceans, field-based e-ratios are temporally biased toward the timing of 
maximum NPP because measurements are often conducted in spring/summer. 48% of the C flux measurements 
considered here were conducted at the local NPP maximum ±56 days (Figure 6c).

We conceptually showed that along their seasonal trajectories, export loops can approach the annual mean e-ratio 
or largely depart from it (Figure 1), suggesting that high e-ratios frequently observed at high latitudes are short-
term deviations from more moderate annual mean e-ratios. This hypothesis could not be verified here because of 
the incomplete NPPsat record due to frequent cloudiness in these regions. However, our analysis suggests that the 
difference between daily and annual mean e-ratio varies over time as a function of the ES (Figure 6d), implying 
differing optimal sampling times of NPP and C flux to approach the annual mean e-ratio. Based on their location 
we classified all C flux measurements into their respective plausible ES and assessed if they could correspond 
to periods of high or low departure of daily e-ratios from their annual mean (Figure 6d). When considering the 
four topmost frequently-encountered export loop, results suggest that 48% of field-based e-ratios deviate from our 
hypothetical annual mean by at least 19%, and that 9% of these measurements provide a close (<5% difference) 
estimation of the reconstructed annual e-ratio.

Based on the conceptual ES morphotypes, high e-ratio variability occurs on average 20 days (SD = 5 days) 
before the spring NPP maximum, while e-ratios appear much steadier over the summer/fall regardless of the ES 
(Figure S9 in Supporting Information S1). For regions reaching their annual NPP maximum during the spring 
bloom (ES4), large differences between daily and annual mean e-ratio are thus expected near the NPP maximum 
(Figure 6d). On the contrary, ES for which the summer bloom is the main growth period present few variations of 
their e-ratio near their NPP maximum. E-ratio measurements made at any time of the year inside HNLC regions 
(ES1) are likely to be close to the annual mean, whereas measurements in bloom systems are subjected to much 
larger uncertainties. This is of particular importance given that most research attention is directed toward produc-
tive systems.

4.5. Uncertainties and Limits of the Approach

It must be stressed that the export loops reconstructed, the ES map inferred, and the concepts developed here are 
hypothetical and indicate the plausible contrasts of export versus retention conditions in the mid- and high-latitude 
oceans. Our conceptual approach did not aim at providing a predictive tool for carbon export, but at making a 
first step toward the identification of the general boundaries of ESs in the ocean. Uncertainties are inherent to the 
hypothesis tested, that is, an NPP annual record holds enough ecosystem and environmental characteristics to be 
used to unveil the spatial boundaries of the ESs. In particular, the diversity of biotic and abiotic processes that 
shape the productivity versus export relationships at different locations in the ocean can potentially lead to similar 
export loops but through different pathways. As a consequence, the features of each ES morphotype cannot be 
considered as exact representations of export loops that would be derived from in situ observations. While the 
qualitative comparison of our results with extensive observations collected at six ocean sites tend to validate our 
hypothesis, only future investigations of the seasonal relationship of NPP versus C flux at high resolution will be 
able to validate or contradict the concepts advanced in this work.

5. Conclusion and Perspectives
The present study is a step toward reaching a mechanistic understanding of how carbon export might operate 
over the global ocean. The map of the four ESs proposed shows where (and how) carbon export might function, 
and identify the probable underlying ecological drivers. However, in order to capture the full regional dynamics 
of particle export, combined observations of depth-integrated NPP and upper ocean C flux must be conducted 
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globally, at high temporal resolution, and over the whole annual cycle. Large efforts are being put into the devel-
opment of in situ autonomous platforms that can provide such spatial and temporal coverage. Profiling floats of 
the BGC-Argo array (Bittig et al., 2019) resolve the Ez depth and are now able to measure in situ oxygen produc-
tion and respiration and derive NPP (Johnson & Bif, 2021). Expanding numbers of floats with bulk bio-optical 
sensors (e.g., the US-NSF GO-BGC Array Project) will provide information on particulate carbon abundance 
(e.g., optical traps linking particle images to carbon content (Durkin et  al.,  2021; Estapa et  al.,  2017)), and 
others with particle imaging sensors such as the miniaturized sixth generation of the Underwater Vision Profiler 
(UVP6-LP, Hydroptics) will be able to count, size, and identify particles and plankton (e.g., grazers) from the 
surface to the deep ocean.

The emergence of technologies to sample ocean productivity and biogeochemical fluxes at high spatio-temporal 
resolution opens the possibility to measure complete export loops globally. The Global Argo program mission with 
its 10-day repeat cycle—and optimum of 5–7 days targeted for its BGC-Argo component (Bittig et al., 2019)—
can capture export loops at a resolution just sufficient to overcome biases inherent to ship-based observations. 
This brings within observational reach the link between tropho-dynamics of the planktonic seasonal succes-
sions, their different export pathways, and e-ratio seasonality. Such a mechanistic understanding of global carbon 
export would allow crucial assessments of how planktonic shifts, that have started to alter the BCP (Beaugrand 
et al., 2002; Bopp et al., 2005; Brun et al., 2019), might ultimately affect the Earth system.

Data Availability Statement
The C flux data set used here is provided in supplementary information (Data Set S1) and published under the 
Creative Commons Attribution 4.0 International licence at https://doi.org/10.5281/zenodo.8207286. Requests for 
the codes used for the analyses should be addressed to E.C.L-C. All ancillary data needed for the NPPsat calcu-
lation (SST, surface chlorophyll a, PAR, and day length) were downloaded from the NASA Ocean color website 
(https://oceancolor.gsfc.nasa.gov/).
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