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Abstract

The biological pump transports organic matter, created by phytoplankton
productivity in the well-lit surface ocean, to the ocean’s dark interior, where it
is consumed by animals and heterotrophic microbes and remineralized back
to inorganic forms. This downward transport of organic matter sequesters
carbon dioxide from exchange with the atmosphere on timescales of months
to millennia, depending on where in the water column the respiration occurs.
There are three primary export pathways that link the upper ocean to the
interior: the gravitational, migrant, and mixing pumps. These pathways are
regulated by vastly different mechanisms, making it challenging to quantify
the impacts of the biological pump on the global carbon cycle. In this review,
we assess progress toward creating a global accounting of carbon export and
sequestration via the biological pump and suggest a potential path toward
achieving this goal.
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Net primary
production (NPP):
the net conversion rate
of inorganic carbon to
organic carbon by
phytoplankton
photosynthesis

Sequestration: the
process of isolating
and storing respired
CO; within the ocean
interior and away from
atmospheric exchanges

Dissolved inorganic
carbon (DIC): the
summed concentration
of inorganic carbon
species (CO,, H,CO;3,
HCO;~, and CO3%")

dissolved in seawater

Export flux: the
transport of organic
carbon from the
surface ocean to the
interior past a given
depth horizon,
typically the base of
the euphotic zone

Euphotic zone:

the depth range in the
near-surface ocean
with enough sunlight
for phytoplankton
NPP to occur

Remineralization: the
conversion of organic
matter back to
inorganic forms by
heterotrophic
microbes and animals

Export pathways:

the contributions to
carbon export from
the euphotic zone by
gravitational sinking,
animal migration, and
mixing and circulation
processes
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INTRODUCTION

The ocean’s biological pump represents the processes that transport organic carbon, created by
phytoplankton net primary production (NPP), from the surface ocean into the interior, where it
can be sequestered as dissolved inorganic carbon (DIC) for months to millennia. Through this
vertical transfer of organic matter, the biological pump also creates a vertical gradient in DIC,
enhancing the capacity of the ocean to absorb atmospheric CO, (Kwon et al. 2009). Altogether,
the biological pump exports ~10 Pg C y~! from the surface ocean and sequesters ~1,300 Pg C
(Boyd & Trull 2007, Carter et al. 2021, Nowicki et al. 2022). Comparatively little of the export flux
is incorporated in ocean sediments on contemporary timescales (0.02-0.2 Pg C y~!) (Cartapanis
et al. 2018, Dunne et al. 2007, Hayes et al. 2021, Jahnke 1996). Thus, nearly all of the exported
organic carbon is eventually respired back to DIC and sequestered away from the surface ocean
and atmospheric exchange on timescales of months to millennia.

Many ecological, biogeochemical, and physical oceanographic processes regulate the pathways
linking the upper-ocean export and its vertical attenuation within mesopelagic regions (~100-
1,000 m). Figure 1 illustrates the upper-ocean and mesopelagic food webs that affect the export
flux pathways connecting the euphotic zone with the ocean interior. Phytoplankton NPP creates
organic matter and supports the euphotic-zone food web. Phytoplankton are grazed upon by zoo-
plankton, and much of the organic matter is recycled via heterotrophic microbes back to DIC. A
small fraction of that organic matter is exported from the upper ocean, and this export flux sup-
ports the food web in the mesopelagic, where this organic carbon is remineralized back to DIC.
Over long timescales, the amount of organic carbon export will nearly balance the amount of DIC
brought back up to the surface by mixing and upwelling, with small differences due to sedimenta-
tion and anthropogenically driven changes in atmospheric CO, levels. The depth and location at
which exported organic carbon is respired back to CO; determine the timescale for its return to
the surface ocean, which in turn determines the carbon sequestration inventory and its turnover
timescale (Boyd et al. 2019, DeVries et al. 2012). The deeper that exported organic carbon pen-
etrates into the ocean interior via one of these pathways, the longer its mean sequestration time
will be (Figure 1).

There are three primary export pathways, or pumps, that link the upper ocean to the inte-
rior: the gravitational, migrant, and mixing pumps (Figure 1). The gravitational pump quantifies
the flux of sinking organic matter exiting through the base of the euphotic zone and is the dom-
inant contributor to net carbon export (Boyd et al. 2019, Nowicki et al. 2022) (Table 1). The
migrant pump accounts for the transport of organic carbon to depth through the actions of verti-
cally migrating animals on both diel and longer timescales (Steinberg & Landry 2017). Lastly, the
mixing pump refers to the net flux of suspended organic carbon to depth via mixing and advec-
tion processes on spatial and temporal scales ranging from submesoscale turbulence to meridional
overturning circulation (Boyd et al. 2019, Resplandy et al. 2019). The three export flux pathways
are driven by very different processes, and all aspects of modern ocean science are needed to mea-
sure, monitor, and model these flux pathways. Historically, process studies have focused primarily
on the characterization of one or two of the export pathways, as was done during the Joint Global
Ocean Flux Study in the 1990s and 2000s (e.g., Ducklow et al. 2001). Only recently have observa-
tional campaigns been conducted to assess all three export pathways simultaneously (e.g., Siegel
etal. 2016, 2021a).

Scaling process studies to a robust, global-scale assessment of biological pump functioning
requires the coordinated sampling and analysis of satellite and in situ measurements, climatological
data, and numerical models to synthesize these data sources. Achieving a predictive understanding
of the ocean’s biological pump on global scales is not simply an academic issue, as it is critical for
understanding, mitigating, and potentially correcting the impacts of fossil fuel-induced climate
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Figure 1

Food-web diagram illustrating the three export pathways of the biological pump, their regulating processes, and the timescales for
carbon sequestration. (#) The euphotic-zone food web and the many ecological and biogeochemical processes regulating its
relationship with the gravitational, migrant, and mixing pumps that transport organic carbon to depth. (5) Beneath the euphotic zone,
organic carbon is remineralized back to DIC via food-web processes in the mesopelagic zone. The depths to which that organic carbon
is transported set the timescale of its sequestration. Abbreviations: DIC, dissolved inorganic carbon; DOC, dissolved organic carbon;
POC, particulate organic carbon.

changes, including ocean acidification, deoxygenation, eutrophication, and the impacts of these
changes on marine biodiversity and the delivery of ecosystem services, as well as for evaluating the
efficacy of purposeful atmospheric CO, removal strategies (Doney et al. 2009, 2012; Keeling et al.
2010; Natl. Acad. Sci. Eng. Med. 2021). Many of these societal challenges need to be reconciled
within the next few decades, and substantive scientific progress is needed to provide robust global-
scale assessments of the biological pump.

Here, we review progress toward quantifying the ocean’s biological pump on global scales
and suggest next steps integrating observations and models to achieve this goal. First, we present
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Remote sensing
reflectance [R;s(M\)]:
the color of the ocean,
defined as the ratio of
the upwelling light
spectrum leaving the
ocean to the sunlight
penetrating the surface

Chlorophyll:

a pigment that is found
in all phytoplankton
and is the primary
light-harvesting
pigment driving
photosynthesis

Inherent optical
properties (IOP): the
light absorption and
scattering properties
that are independent
of the illumination
conditions and are
dependent upon the
concentration and
composition of
dissolved and
particulate materials

Lidar: an active
remote sensing system
that uses a collimated
light source to quantify
atmospheric and ocean
optical properties
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current capabilities for observing and modeling the biological pump at global scales. Then, we
assess the progress toward quantifying the export pathways that connect the surface ocean to the
interior, the rates and processes regulating the remineralization of this exported carbon, and how
the biological pump contributes to ocean carbon sequestration. We close with a discussion of
what advancements are needed to advance progress toward developing a predictive understanding
of the biological pump.

OBSERVING AND MODELING THE BIOLOGICAL PUMP
Satellite Observations

For more than 40 years, satellite measurements of ocean color have provided an unparalleled
record and global view of ocean biology and biogeochemical processes (e.g., McClain 2009).
Current and past global ocean color satellites collect observations of top-of-the-atmosphere
reflectances over several visible and near-infrared wavelengths (the latter of which are used to
separate the atmospheric signals from the oceanic ones) at nearly daily timescales and at spatial
resolutions of <1 km. Brewin et al. (2021) have recently reviewed the broad suite of carbon stocks
and fluxes that are obtainable from space-based sensors. Here, we focus on a brief overview of
these issues.

The first and fundamental product derived from ocean color is remote sensing reflectance,
R.(\) (where X\ is a discrete wavelength band), which is the ratio of the solar radiation reflected
from the surface of the ocean to that which penetrates the sea surface. Satellite ocean color
sensors derive R.(\) from light measurements made at the top of the atmosphere after remov-
ing the effects of the atmosphere using radiative transfer models (e.g., McClain 2009) (top of
Figure 2). Numerical models, often based on simple empirical relationships, are then used to
derive primary and secondary data products from R,s()), such as chlorophyll and phytoplankton
carbon concentrations as well as values for inherent optical properties (IOP) (Figure 2). These
products are then used as inputs to NPP algorithms, which are often the cornerstone for assess-
ments of carbon export and sequestration. In the following, we briefly describe the approaches for
deriving the data products illustrated in Figure 2 (see also the summary of satellite data products
in Supplemental Table 1).

The two most important primary satellite products for the biological pump are chlorophyll
and phytoplankton carbon (Cppy,) concentrations. Chlorophyll is found in all photosynthetic or-
ganisms, and chlorophyll determinations are often used as an index for phytoplankton abundance,
although its relationship to Cyhyro is dependent upon upper-ocean light and nutrient conditions
(Behrenfeld et al. 2005, 2016; Siegel et al. 2013). Chlorophyll concentrations are often determined
using empirically derived relationships between chlorophyll concentration and the ratios of R.s(\)
atdifferent wavelengths (Hu etal. 2019, O’Reilly & Werdell 2019). Other methods use semianalyt-
ical models that relate chlorophyll concentration to satellite observations of light absorption and
particulate backscattering (e.g., Lee et al. 2002, Maritorena et al. 2002, Werdell et al. 2013). Mea-
surements of particulate backscattering are also used to estimate Cypy, using empirical relation-
ships or ecosystem models (e.g., Bellacicco et al. 2020, Graff et al. 2015). An alternative approach
uses backscatter determinations from satellite lidar to estimate Cppy, (Bisson et al. 2021a). Al-
though both of these satellite data products provide determinations of Cphy, on regional to global
scales, their retrieved temporal evolution and spatial patterns diverge significantly (Figure 3).

Secondary products include a suite of metrics that assess the concentrations and characteristics
of particulate matter in the upper ocean, including particulate organic carbon (POC), particulate
inorganic carbon (PIC), particle size spectra (PSS), and phytoplankton community composition
(PCC). POC is empirically derived from either R()\) wavelength ratios or a combination

Siegel et al.



Annu. Rev. Mar. Sci. 2023.15. Downloaded from www.annualreviews.org
Access provided by NASA Goddard Space Flight Center on 09/09/22. For personal use only.

MA15CHI18_Siegel ~ ARjats.cls  August 26,2022 15:0

TOA

/_ radiance

POC «— |OP ——> Chl SST

ACCUMULATION OF UNCERTAINTY

Food-web Empirical Inverse
(V models models models w
In situ data
(oxygen Ocean
¢ circulation

nutrients, etc.)

Carbon

export Sequestration

Figure 2

The flow of information from TOA radiance to satellite data products used for assessing the state of the
biological carbon pump. TOA information collected by satellites is converted into Rys(\) (green circle) and
then into the primary products (yellow circles). The primary products are used in models to calculate secondary
products (orunge circles) that are then used as inputs in different models (/ight blue circles). These secondary
products include assessment of the rate of NPP, which is central to assessment of carbon export fluxes.
Ancillary information, either from satellites (SST) or from in situ or model-based data sets (red squares), is
also used as input in different models that ultimately provide estimates of carbon export or sequestration
(dark blue circles). The hierarchy of products from top to bottom suggests an accumulation of uncertainty as
the number of processing and modeling steps increases. Abbreviations: Chl, chlorophyll; Cphyto,
phytoplankton carbon; IOP, inherent optical properties; NPP, net primary production; PCC, phytoplankton
community composition; POC, particulate organic carbon; PSD, particle size distribution; PSS, particle size
spectra; Rys(\), remote sensing reflectance; SST, sea surface temperature; TOA, top of the atmosphere.
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of particulate backscattering and/or chlorophyll retrievals (Evers-King et al. 2017, Stramski
et al. 2022). PIC estimates are based on an empirical relationship between backscatter and the

abundance of carbonate mineral-forming plankton such as coccolithophores (Balch et al. 2005,
Mitchell et al. 2017). PSS algorithms are based on either theoretical or empirical relationships
from chlorophyll or IOP retrievals, and measure the abundance of particles of different size
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classes relative to the total biomass (Ciotti & Bricaud 2006, Hirata et al. 2008, Kostadinov et al.
2010). PCC estimates are similarly retrieved using relationships derived from IOP retrievals or
directly from R,()) determinations and appropriate PCC metrics, such as phytoplankton group
abundance, the group’s contribution to chlorophyll, or biomarker pigment concentration (e.g.,
Chase et al. 2017, Kramer et al. 2022, Lange et al. 2020, Mouw et al. 2017).

Though often characterized as an observation, NPP is a model-derived data product relying on
combinations of primary and secondary satellite data products (most often including chlorophyll
and Cphyo; Figure 2). NPP models also use a host of ancillary satellite data, such as temperature,
incident light, light attenuation depths, and mixed-layer depth. Approaches to modeling NPP
range widely in their complexity and their ability to match independent observations (see Saba
etal. 2011 and references within). Early models used empirical relationships between NPP, chloro-
phyll, and light levels to estimate NPP (e.g., Behrenfeld & Falkowski 1997). Subsequent models
have evolved to account for the photoacclimation of phytoplankton chlorophyll-to-carbon ratios
and spectral changes in the underwater light field (Behrenfeld et al. 2005, Sathyendranath et al.
2020, Silsbe et al. 2016, Westberry et al. 2008). Although NPP models have evolved to become
more complex and to capture more physiological and environmental processes, there remains a
great deal of variation among satellite NPP products that needs to be resolved (see Figure 3).

The differences among satellite NPP products and other data products such as Cphyeo
(Figure 3) reflect uncertainties in the underlying observations and in the algorithms used to
create these products. These uncertainties accumulate at each step in the product hierarchy, as
depicted in Figure 2. Satellite retrievals of R,s(\) are designed to have uncertainties of <10% for
the visible portion of the spectra (Werdell 2018), although postlaunch analyses sometimes find er-
rors that surpass these levels (e.g., Bisson et al. 2021b, Schroeder et al. 2022). These uncertainties
propagate to other primary and secondary data products, such as the chlorophyll concentration
and particulate scattering coefficients, which are further compounded by uncertainties in the
empirical and theoretical algorithms. These errors accumulate in downstream products, such as
NPP, by up to 100% (see Carr et al. 2006). Users need to be aware (and wary) of this accumulating
uncertainty in satellite data products.

In Situ Oceanographic Observations

In situ observations conducted on appropriate spatial and temporal scales are a critical compo-
nent for diagnosing the biological pump, both for validating remote sensing measurements and
for observing the subsurface ocean, which is inaccessible to satellites (e.g., Claustre et al. 2021).
Over the past two decades, autonomous sampling platforms have been developed to carry a suite
of sensors capable of measuring biogeochemical stocks and fluxes in situ. These platforms, which
include autonomous profiling floats, remotely piloted gliders, and a variety of powered and un-
powered autonomous vehicles (Chai et al. 2020, Claustre et al. 2020), measure a range of relevant
parameters, including particulate backscattering (a proxy for POC, Cppyro, and PIC), chlorophyll
fluorescence (a proxy for chlorophyll biomass), dissolved oxygen and nitrate concentrations, pH,
and underwater light fluxes. Of particular importance is a global network of Biogeochemical-Argo
sensors that is presently being deployed (Claustre et al. 2020). These observations, after rigorous
sensor intercalibration and bias corrections (e.g., Johnson et al. 2009, Roesler et al. 2017), will
provide a continuous assessment of many oceanographic parameters to augment satellite data. For
example, diel changes in upper-ocean biogeochemical budgets of carbon, oxygen, and nutrients
can be used to calculate gross production, net production, and net community production rates
(Briggs et al. 2018, Nicholson et al. 2015), while optical backscatter signals can be used to track
pulses of sinking particles that contribute to carbon export and sequestration (Briggs et al. 2020).
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New in situ sensors are being developed and tested that will enhance our ability to observe the
biological pump. For example, the Underwater Vision Profiler (UVP) is a camera system that pro-
vides assessments of the size distribution of aggregates (~200 pm to 1 cm) in addition to collecting
images of large (=500 pum) particles for the quantification of zooplankton abundances (Picheral
etal. 2010). The newest version of the UVP system is designed to be deployed on profiling floats
(Picheral et al. 2022). Acoustic backscatter sensors are also being developed and used for assessing
zooplankton population dynamics, especially their vertical migration patterns (Haéntjens et al.
2020, Ohman et al. 2019). Furthermore, optical sediment traps and upward-looking cameras have
been deployed that enable the quantification of carbon export by sinking particles as well as the
composition of the sinking flux (Durkin et al. 2021, 2022; Estapa et al. 2017).

Data-Assimilated Models

Linking satellite and in situ data to assess the dynamics of the biological pump is clearly a challenge.
One way to integrate field and satellite observations is with data-assimilated numerical ocean bio-
geochemistry models (DeVries & Weber 2017, Edwards et al. 2015, Gregg 2008, Rousseaux &
Gregg 2015, Schlitzer 2002). These models have been used to quantify changes in the biologi-
cal pump over time by nudging model solutions to the observed fields or to provide data-based
assessments of the climatological biological pump by optimizing model parameters to the ob-
served fields. The focus here is on the latter. Schlitzer (2000) assessed global ocean carbon ex-
port fluxes in an adjoint model using hydrographic and nutrient fields from full ocean surveys
(see also Schlitzer 2002). DeVries & Weber (2017) extended this approach by using both satellite
and oceanographic observations to assess carbon export and its transfer through the subsurface
ocean. They used satellite NPP and PSS observations with climatological distributions of oxy-
gen, dissolved organic carbon (DOC), and sinking POC fluxes, along with an ocean circulation
inverse model (DeVries 2014), to constrain sinking fluxes of organic carbon and its remineraliza-
tion. This model provided biogeochemically consistent observations of the total export of organic
carbon from the surface ocean and its fate in the ocean interior. Recently, Nowicki et al. (2022)
added a two-phytoplankton/two-zooplankton food web with a migrating zooplankton component
to the DeVries & Weber (2017) model, which enabled all three pathways of organic carbon ex-
port to be diagnosed on regional to global scales. This model also provided, for the first time,
data-constrained estimates of sequestration for each pathway.

ASSESSING THE EXPORT PATHWAYS OF THE BIOLOGICAL PUMP
The Gravitational Pump

The gravitational pump pathway quantifies the flux of organic carbon driven by the sinking of
particles. Sinking particles are composed of aggregates, fecal pellets, intact phytoplankton cells,
or a combination of all three (e.g., Turner 2015). The first (global) data-based estimates of the
gravitational pump export pump were largely empirical (e.g., Dunne et al. 2005; Henson et al.
2011; Laws et al. 2000, 2011). In these studies, export fluxes were determined as the product of
the satellite-data derived NPP (as described above) multiplied by an export ratio (e-ratio), which
is modeled as a function of sea surface temperature (SST), NPP, and/or sea surface chlorophyll
concentrations (SScy):

Export = e-ratio x NPP. 1.

Values of the e-ratio are typically determined by statistically comparing field determinations
of sinking carbon export, from either shallow sediment trap fluxes or the 2*Th disequilibrium
method, with parameterizations driven by satellite determinations of NPP, SST, and SScp.
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Comparison of climatological mean e-ratio determinations, where the e-ratios are calculated as the total export flux divided by NPP.
(@) Henson et al. (2011) e-ratio, which is an empirical function of SST. (5) Laws et al. (2011) e-ratio, which is an empirical function of
SST and NPP, where the VGPM NPP model is used (their equation 3). (c) Siegel et al. (2014) food-web model e-ratio, where the
CbPM NPP model is used. (d) Archibald et al. (2019) food-web model e-ratio, with the addition of a migrant pump, where the CbPM
NPP model is used. (¢) Total e-ratio from the DeVries & Weber (2017) data-assimilated model. (f) Total e-ratio from the Nowicki et al.
(2022) data-assimilated model, which includes representations of the three export pathways. Abbreviations: CbPM, Carbon-Based
Productivity Model; e-ratio, export ratio; NPP, net primary production; SST, sea surface temperature; VGPM, Vertical General

Production Model.

Figure 2 illustrates how the satellite data products are connected to these empirically based
export flux models. The resulting estimates of the e-ratio are shown in Figure 4, and a summary
of global export fluxes and mean e-ratios is given in Table 1. The Henson et al. (2011) export
flux model parameterized the e-ratio as a decreasing function of SST tuned to a global data set of
B4Th export flux estimates at 150 m (Figure 44). The resulting e-ratio spatial patterns show very
low values (~3%) in the tropics and subtropics and higher values at higher latitudes, approaching
20% in the Southern Ocean. The Laws et al. (2000) model is also parameterized as a decreasing
linear function of SST using determinations of '’ N uptake new production and results in e-ratio
spatial patterns similar to those of the Henson et al. (2011) model, although with much larger
e-ratio and total flux determinations (see Table 1).

The empirical Dunne et al. (2005) and Laws et al. (2011) e-ratio models are based on not only
SST, but also biological variables (NPP and/or SScn). The Laws et al. (2011) approach models
the e-ratio as a decreasing linear function of SST and a power-law function of NPP (Figure 4b).
Model parameters are determined using the ’'N new production and **Th and shallow sediment
trap export flux data set constructed by Dunne et al. (2005). Annual mean spatial patterns show
higher e-ratio values in regions where productivity is higher and toward the poles. The global
summed export flux is much smaller than the original Laws et al. (2000) estimates but considerably
larger than the Henson et al. (2011) estimate (Table 1).

Siegel et al. (2014) introduced a mechanistic assessment of the gravitational pump export
using satellite observations of NPP, Cjp,, and PSS in a simple food-web model. Satellite data
were used to diagnose an upper-layer mass budget for large- and small-phytoplankton carbon
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biomass, enabling herbivory rates to be quantified on monthly timescales and regional spatial
scales, resulting in estimates of carbon export at the base of the euphotic zone due to sinking
zooplankton feces and algal aggregates. The model form and parameters largely follow previous
food-web models (Michaels & Silver 1988). The Siegel et al. 2014) model well reproduces
regional-scale particle export field observations and predicts a climatological mean export of
~6 Pg Cy~! and a global mean e-ratio of 0.11 (Table 1). This model has also been used to assess
seasonal to interannual variations in sinking export fluxes. Using data equatorward of 50° latitude,
it showed that globally summed monthly anomalies varied by ~0.5 Pg C y~!, approximately 10%
of the climatological global sum, with the biggest changes associated with the recovery from
the 1997-1998 El Nind event. The data-assimilated model of Nowicki et al. (2022) predicts a
somewhat larger export flux via the global gravitational pump of 7.3 Pg Cy~!.

There is a high degree of variation in the magnitude and spatial pattern of the annual mean
e-ratio in the representative models considered here (Figure 4). The empirical model of Henson
et al. (2011) exhibits patterns consistent with the SST distribution, as expected, while the mecha-
nistic model of Siegel et al. (2014) and, to an extent, the empirical model of Laws et al. (2011) show
regional shifts in flux efficiency following gradients in NPP and biomass. The predicted e-ratios
and annual globally summed export fluxes from the Henson et al. (2011) model are much smaller
than those from the other models (Figure 4; Table 1). This is due partly to the greater depth
at which the export flux is computed in the Henson et al. (2011) study compared with the other
studies (Table 1; see also Buesseler et al. 2020) and partly to the differing data sets used to derive
the model parameters in each study.

Bisson et al. (2018) assessed the influence of different field data sets on model predictions by
adjusting the parameters of the Siegel et al. (2014) model to match export flux observations from
data sets spanning a range of methods, regions, timescales, and sampling depths. They found that
the globally integrated gravitational export varied substantially (from 3.8 to 5.5 Pg Cy~!) depend-
ing on the data set used to optimize the model parameters. Importantly, the most consistent results
came from using data that most closely matched the spatial (=100 km) and temporal (monthly)
scales of the satellite data. Thus, model performance is a function of the choice of data used to
optimize the model coefficients, and these choices can influence interpretations of the model
results.

The food-web sinking particle export flux models can also provide important information
about the relative importance of the aggregate versus fecal pathways to total sinking export fluxes.
Siegel et al. (2014) showed that the contribution of algal aggregates to the total sinking flux
is 12.7% (5.7% standard deviation) and that its mean spatial patterns exhibit large contributions
(>20%) in the high-latitude oceans and upwelling regions, where larger phytoplankton sizes pre-
dominate. The recent inverse model of Nowicki et al. (2022) supports these findings, showing
that most (globally ~85%) of the gravitational sinking flux is due to sinking fecal matter and that
the importance of aggregate fluxes increases substantially in higher latitudes, with aggregates ac-
counting for up to 30% of export in the North Atlantic.

Both the relative contributions of large versus small phytoplankton productivity and whether
these fluxes are in the form of sinking aggregates or fecal pellets are important to quantify, as
these pathways can have different biogeochemical impacts. Aggregation represents one way that
small particles can overcome their density and sink in the water column, where they may otherwise
have been remineralized (Jackson & Burd 2015). In particular, particle ballasting—the inclusion of
denser, mineralized source materials such as siliceous, carbonate, and lithogenic materials in sink-
ing aggregates—may increase the sinking rates of aggregates compared with those without the
inclusion of mineral ballast materials (Iversen & Ploug 2010, Lam et al. 2011). Analysis of gravi-
tational pump pathways in the Siegel et al. (2014) model demonstrated that fecal material derived
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from the consumption of small phytoplankton constitutes 60% of the global gravitational carbon
export, more than the export of fecal material generated from the consumption of large phyto-
plankton or their aggregation into sinking particles (Bisson et al. 2020). Th