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The remineralization depth of sinking organic particles controls the efficiency of the
biological carbon pump by setting the sequestration timescale of remineralized carbon
in the ocean interior. Oxygen minimum zones (OMZs) have been identified as regions
of elevated particle transfer and efficient carbon sequestration at depth, but direct
measurements remain sparse in these regions and only provide snapshots of the particle
flux. Here, we use remineralization tracers to reconstruct time-mean particle flux profiles
in the OMZs of the Eastern Tropical Pacific and the Arabian Sea. Compared to the
surrounding tropical waters, both OMZs exhibit slow flux attenuation between 100 and
1000 m where suboxic waters reside, and sequester carbon beneath 1000 m more than
twice as efficiently. Using a mechanistic model of particle sinking, remineralization, and
disaggregation, we show that three different mechanisms might explain the shape of the
OMZ flux profiles: (i) a significant slow-down of remineralization when carbon oxidation
transitions from aerobic to anaerobic respiration (e.g., denitrification); (i) the exclusion of
zooplankton that mediate disaggregation of large particles from suboxic waters, and (iii)
the limitation of remineralization by the diffusive supply of oxidants (oxygen and nitrate)
into large particles. We show that each mechanism leaves a unique signature in the size
distribution of particles, suggesting that observations with optical instruments such as
Underwater Vision Profilers hold great promise for understanding the drivers of efficient
carbon transfer though suboxic water columns. In turn, this will allow more accurate
prediction of future changes in carbon sequestration as the ocean loses oxygen in a
warming climate.

Keywords: biological pump, ocean carbon sequestration, particle flux, oxygen minimum zones, remineralization,
disaggregation, particle size spectra

INTRODUCTION

The biological pump sequesters carbon out of contact with the atmosphere in deep ocean waters,
owing to the formation of organic particles in the surface ocean followed by their sinking and
remineralization at depth (Passow and Carlson, 2012). The depth of particle remineralization
determines the “efficiency” of the biological pump, quantified as the amount of time remineralized
carbon dioxide (CO;) remains sequestered in the ocean interior before returning to the surface
(DeVries et al.,, 2012; Boyd et al., 2019). Recently, systematic large-scale patterns in particle
remineralization depth have been identified from sediment trap data (Buesseler et al., 2007;

Frontiers in Earth Science | www.frontiersin.org 1

September 2020 | Volume 8 | Article 376


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2020.00376
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/feart.2020.00376
http://crossmark.crossref.org/dialog/?doi=10.3389/feart.2020.00376&domain=pdf&date_stamp=2020-09-04
https://www.frontiersin.org/articles/10.3389/feart.2020.00376/full
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles

Weber and Bianchi

Particle Flux in OMZs

Marsay et al., 2014) and confirmed by geochemical flux
reconstructions, which provide a more spatially and temporally
integrated view than the snapshots provided by sediment traps
(Weber et al., 2016). Particles remineralize shallowest in the
subtropics and deepest in high latitudes, which can be explained
by a combination of temperature-sensitive remineralization rates
and the effects of particle size and ballasting on particle sinking
speed (Weber et al., 2016; DeVries and Weber, 2017; Laufkotter
etal., 2017; Cram et al., 2018).

In addition to this large-scale pattern, sediment trap
observations indicate that tropical oxygen minimum zones
(OMZs) are regions of particularly efficient particle transfer to
depth (Devol and Hartnett, 2001; Van Mooy et al., 2002; Keil et al.,
2016), although this has not yet been confirmed by geochemical
reconstructions based on dissolved tracer distributions. The
mechanisms explaining efficient particle transfer through OMZs
are not well understood, but multiple hypotheses have been
advanced which fall into three broad categories, referred to here
as Hypotheses 1-3.

Hypothesis 1 states that particle attenuation slows because
the microbial community transitions from aerobic to anaerobic
respiration - mostly denitrifying metabolisms - in oxygen
deficient water (Devol, 1978), resulting in significantly slower
organic carbon oxidation (Devol and Hartnett, 2001; Van Mooy
etal,, 2002). Hypothesis 2 states that the exclusion of zooplankton
from oxygen deficient waters (Wishner et al., 2013; Wishner
et al, 2018), or the suppression of zooplankton activity at
low oxygen (O;) concentrations (Seibel, 2011; Kiko et al,
2016), prevents the disaggregation of large aggregates during
zooplankton feeding, allowing more efficient transfer through the
mesopelagic (Cavan et al., 2017). Hypothesis 3 revises Hypothesis
1 to state that organic carbon oxidation is governed by the
physico-chemical “microenvironment” within sinking particles
(Wright et al., 2012), rather than the ambient seawater chemistry.
In oxygen deficient water columns, aerobic respiration and
denitrification can exhaust O, and nitrate (NO3) inside large
particles faster than it is supplied diffusively (Ploug, 2001),
preventing further carbon oxidation or slowing it significantly as
the microbial community transitions to inefficient metabolisms
such as sulfate reduction (Bianchi et al., 2018). Unlike Hypothesis
1, Hypothesis 3 does not invoke a substantial slowdown of carbon
oxidation during denitrification relative to aerobic respiration,
consistent with the similar free energy yield of the two pathways
(Froelich et al., 1979).

Accurately quantifying particle fluxes through OMZs, and
identifying their driving mechanisms, is critical for robust
prediction of ocean carbon in a warming and deoxygenating
ocean (Bopp et al., 2013; Laufkotter et al., 2017; Schmidtko et al.,
2017), and for understanding the interaction of ocean oxygen
content and carbon storage during past climate transitions (Lu
et al,, 2016). This paper serves two primary purposes. First,
it presents new geochemical reconstructions that confirm and
more firmly quantify efficient particle transfer through oxygen
minimum zones (Section “Reconstruction of OMZ Particle
Fluxes”). Second, it employs a mechanistic particle flux model
(Section “Mechanistic Particle Size Spectrum Model”) to test
which of the three hypotheses outlined above can explain the
reconstructed flux profiles (Section “Simulated Particle Fluxes in

the OMZs”), while demonstrating that each mechanism makes
different predictions about particle size spectra within the OMZs
(Section “Particle Size Spectra Distinguish Between Attenuation
Mechanisms”). It is our hope that this will allow each hypothesis
to be further scrutinized using burgeoning particle spectra
datasets from Underwater Vision Profilers (UVPs) (Stemmann
et al., 2012) in future work.

RECONSTRUCTION OF OMZ PARTICLE
FLUXES

Previous work that reconstructed organic particle fluxes using
dissolved geochemical tracers found that flux profiles averaged
across tropical ocean regions exhibit intermediate attenuation
over depth, sitting halfway between the fast-attenuating
subtropics and slow-attenuating high latitudes (Weber et al,
2016). For this study, we repeated the geochemical reconstruction
approach, but divided the Tropical Pacific and Indian oceans
into suboxic OMZs (defined as [O,] < 5 wM at 400 m) and
surrounding oxygenated waters (Figure 1A).

The method for flux reconstruction is fully described in
Weber et al. (2016). Briefly, an observationally constrained
ocean circulation model is used to diagnose the accumulation
rate of POy in the ocean interior (>100 m) due to particle
remineralization, and the particulate organic phosphorus (POP)
flux through a given depth horizon is estimated by integrating
the remineralization that occurs beneath that horizon. Finally,
fluxes are averaged into profiles across large ocean regions to
minimize gridpoint-scale noise and identify large scale patterns in
the particle flux. We note that in our interpretations, we implicitly
assume that the shape of POP flux profiles is representative of
all organic particle constituents, including particulate organic
carbon (POC). This is a necessary limitation of our approach,
given that POC flux profiles cannot be reconstructed more
directly (Weber et al.,, 2016).

Four averaging regions are used here (Figure 1A). In the
Indian Ocean, waters north of 2.5°S are integrated into the
Tropical Indian (TI) region, with the exception of the Arabian
Sea (AS) OMZ (Figure 1A), which houses a thick layer of
suboxic water between ~250 and 900 m (Figure 1B). In the
Pacific, waters between 30°S and 30°N with a shallow nutricline
[see (Weber et al, 2016)] are integrated into the Tropical
Pacific (TP) region, with the exception of two OMZ regions at
the eastern boundary (Figure 1A). To the north, the Eastern
Tropical North Pacific (ETNP) is the world’s most expansive
OMZ, where suboxic waters spread westward between 300
and 800 m (Figure 1C). To the south, the Eastern Tropical
South Pacific (ETSP) is more coastally confined, and covers too
few gridcells on our coarse model grid to allow for reliable
flux reconstruction. This OMZ is not incorporated into the
broader TP region, but is also not considered as a separate
region in our analysis. The only further modification made
here to the method of Weber et al. (2016) is that we use an
updated ocean circulation model (DeVries and Holzer, 2019),
and twelve model configurations with slightly different diffusive
parameterizations are used to propagate circulation uncertainty
into the flux reconstructions.
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FIGURE 1 | Regions used in our flux reconstruction analysis. (A) Contour map of annual-mean oxygen concentration at 400 m depth in the low latitude ocean, from
the World Ocean Atlas 2013 (Garcia et al., 2013). Black and red contours delineate the regions over which reconstructed particle flux profiles are averaged. The
areas inside of the black contours in the Indian and Pacific Oceans are defined as the oxygenated Tropical Indian (T1) and Tropical Pacific (TP) averaging regions,
respectively, with the exception of the areas inside of the red contours, which enclose suboxic waters with [O2] < 5 pM at 400 m. These are defined as the OMZ
averaging regions — Arabian Sea (AS) and Eastern Tropical North Pacific (ETNP). In the South Pacific, the area inside of the red contour is not incorporated into the
TP region, but is not defined as independent averaging region because it spans too few gridcells on our model grid. (B) Depth profiles of annual-mean [O»] averaged

across the Tl and AS regions. (C), same as (B) but for the TP and ETNP regions.
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In the oxygenated TP and TI regions, reconstructed POP
fluxes (Figures 2A,D) are very similar to those presented in
Weber et al. (2016) for tropical regions. When normalized to the
flux at ~100 m (actually 114 m on our model grid), these flux
profiles exhibit a similar shape to the canonical “Martin curve”
(Martin et al., 1987), which attenuates over depth following a
power-law relationship. At a depth of 1000 m, 15 &+ 3% of
the 100 m flux remains in the TP, and 18 &+ 2% remains in
the TI (Figures 2C,F), both similar to the 14% predicted by
the Martin curve with canonical attenuation exponent of 0.858
(Martin et al., 1987).

Flux profiles in the ETNP and AS OMZ regions differ
from the surrounding tropical waters in two ways. First, the
export flux at the base of the euphotic zone is ~30% higher
in the OMZs than the oxygenated tropics in both ocean basins
(Figures 2B,E), which can be attributed to the fact that OMZs
are located in productive coastal upwelling regions. Second, and
more importantly, the normalized flux profiles do not follow the
same simple power-law shape over depth (Figures 2C,F). In the
shallow subsurface (100-200 m), OMZ particle fluxes attenuate
almost as quickly in the OMZs as in the surrounding tropics,
but the attenuation slows significantly beneath 200 m, and the
ETNP and AS profiles begin to diverge from the TP and TI
profiles, respectively (Figures 2C,F). This divergence reaches its
maximum at 1000 m, where 37 £ 4% of the 100 m flux remains
in the ETNP, and 40 + 8% remains in the AS. In both Pacific
and Indian Oceans, particle transfer through the mesopelagic
zone (100-1000 m) is therefore more than twice as efficient in
OMZs than in oxygenated tropical waters. In the lower oxyclines
beneath 1000 m, the ETNP and AS particle fluxes attenuate
more rapidly again, re-converging with the TP and TI profiles,
respectively. This provides strong evidence that the slow particle

attenuation is specifically linked to water column suboxia, and
not caused by unrelated differences such as larger particles or
lower temperatures in the OMZs.

The results presented here are consistent with sediment
trap observations, which also find particle transfer efficiency
of ~40% to 1000 m in OMZs (Devol and Hartnett, 2001;
Van Mooy et al,, 2002), and confirm that slow flux particle
attenuation is a systematic and time-mean feature of OMZs. Our
finding that slow attenuation is specifically associated with the
suboxic layer is consistent with a recent study using thorium
isotopes to reconstruct particle fluxes in the ETSP (Pavia et al.,
2019), but our results do not support their finding that fluxes
attenuate faster in the upper oxycline of the OMZ than in
oxygenated water columns.

MECHANISTIC PARTICLE SIZE
SPECTRUM MODEL

To investigate the mechanisms driving differences in flux
attenuation between OMZs and oxygenated tropical waters, we
employed the size-resolved particle spectrum model developed
by DeVries et al. (2014) and updated by Bianchi et al. (2018).
In this model, particles are produced in the surface euphotic
zone (<100 m) following a power-law size spectrum, in which
logip (particle number density) declines linearly with logjo
(diameter), and the relative abundance of large and small particles
is controlled by the “slope” of the spectrum. The spectrum is
discretized into ~200 size classes between limits of 50 pm and
5 mm, and the organic carbon mass of each particle class is related
to its diameter (d, in mm) by POC = ¢,,,d*, where ¢,, (jLgC) is the
reference carbon mass of a 1 mm particle and o (unitless) is an
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FIGURE 2 | Reconstructed particle flux profiles. (A,B,D,E), Flux profiles of particulate organic phosphorus (POP) averaged across the TP, ETNP, Tl and AS regions,
respectively, reconstructed by diagnosing PO4 accumulation in an ocean circulation model. Gray lines show the individual profiles derived from an ensemble of
different ocean circulation models. Central red and blue lines show the ensemble-means, and shaded envelopes delineate + 1o from the mean. (C), Ensemble-mean
flux profiles and uncertainty envelopes from the TP and ETNP regions are normalized to the flux at the base of the euphotic zone, facilitating comparison between
profile shapes in the oxygenated tropics and the OMZ. The fraction of the flux remaining at 1000 m is labeled for each region, and the canonical Martin curve
(dashed black line) is shown for reference. (F) Same as (C) but for Tl and AS regions.

exponent that accounts for the fractal nature of marine organic
particles (Alldredge, 1998).

The simulated particle size spectrum then evolves through
the water column due to remineralization, disaggregation, and
size-dependent sinking, which are each parameterized based on
empirically derived relationships and observed particle properties
(Bianchi et al., 2018). Remineralization is represented by first-
order mass loss from each particle at carbon-specific rate ¢,
(day~—!), which means that each particle shrinks and its sinking
speed slows over depth, resulting in attenuation of the particle
flux. When particles shrink beneath the lower size limit of
50 pm they are assumed to stop sinking and are transferred to a
suspended particle class that remineralize in situ. Disaggregation

is represented as first order mass loss from each size class at
rate k; (day™!), which can be thought of as the probability of a
given particle fragmenting in a unit time. Particles are assumed
to fragment into a spectrum of smaller sized particles, which
means their mass is re-apportioned among all smaller size classes
(Bianchi et al., 2018). Because disaggregation transfers mass from
large, fast-sinking size classes to small, slow-sinking classes, it also
results in significant attenuation of the particle flux over depth,
consistent with observations (Briggs et al., 2020).

The default model configuration used here (referred to
as Model 0, see Table 1) is the same as that described in
Bianchi et al. (2018), with two modifications. First, the model
of Bianchi et al. (2018) simulates internal particle chemistry,
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TABLE 1 | Summary of O, effects on the particle flux in each model configuration, and the hypothesis that is tested by the model.

0, effect on particle flux Hypothesis tested Regions applied (RMSE)
Model 0 None (default model) Null TP (0.022), Tl (0.025)
ETNP (0.15), AS (0.18)
Model 1 Slow carbon oxidation following switch Hypothesis 1 ETNP (0.036) AS (0.057)
from aerobic respiration to
denitrification
Model 2 Slow fragmentation of large particles at Hypothesis 2 ETNP (0.025) AS (0.027)
low O» due to reduced zooplankton
activity
Model 3 Diffusion limitation of aerobic respiration Hypothesis 3 ETNP (0.019) AS (0.033)

and denitrification in large particles.

The final column lists the regions in which each model is applied, and in parentheses gives the root-mean-square error between the model-predicted normalized flux
profiles (unitless) between 100 and 2000 m, and the “observed” profiles reconstructed from geochemical tracers.

allowing remineralization to be partitioned between different
redox pathways. In Model 0, this behavior is “deactivated”, and
particles are assumed to remineralize homogeneously due to
aerobic respiration. Second, we reformulate the remineralization
rate constant ¢, as function of temperature, to be consistent with
laboratory cultures (Iversen and Ploug, 2013) and other recent
modeling efforts (DeVries and Weber, 2017; Laufkotter et al.,
2017; Cram et al., 2018):

& = Qg Y (1)

In Eq.l, ¢y is the carbon-specific oxidation rate at the
reference temperature Tref (here 20°C), and Qo is the factor
by which this rate increases/decreases for each 10°C of
warming/cooling.

We developed three further configurations of the model
(Models 1-3, Table 1), designed to formalize the three different
effects of O, on particle fluxes proposed in Hypotheses 1-3 (see
Section “Introduction”). Each of these configurations makes a
single modification to Model 0, independently of one another.
While a combination of the O, effects may operate in real
OMZs, our “end-member” simulations serve to explore the flux
profiles and particle spectra that would be produced when each
mechanism operates in isolation.

Model 1 imposes a simple O, threshold effect on the ¢,
representing slower carbon oxidation following a transition from
aerobic respiration to denitrification as the sole remineralization
pathway in suboxic waters (Hypothesis 1):

(T_Tre )/10
¢r = cref Qg P (eq + (1 — &4) fo,) , where

fo, = .5+ .5 tanh (O — Oy crit) )

In Eq 2, g4 is the ratio of the carbon oxidation rate
achieved during denitrification to the rate achieved during
aerobic respiration, and the transition between metabolisms
occurs sharply when O, drops below O ¢ (Devol, 1978).

Model 2 represents the slowing of particle disaggregation
in OMZs due to declining zooplankton activity at low [O;]
(Cavan et al.,, 2017) (Hypothesis 2). In Bianchi et al. (2018),
the disaggregation rate constant k; was chosen to ensure that
large particle classes lose mass due to remineralization and
disaggregation at relatively even rates, consistent with constraints

from thorium isotopes (Lam and Marchal, 2015), and new
evidence suggesting that fragmentation is responsible for up to
50% of the particle flux attenuation (Briggs et al, 2020). In
Model 2, we redefine:

ki = k3 (er + (1 — ) fo,) , where
fo, = 02/(02 + Ko,) 3)

In Eq. 3, k; is the fragmentation rate constant when O,
is abundant, ¢ is the fraction of this rate that is maintained
under anoxic conditions (which can be thought of as the fraction
of disaggregation attributed to processes other zooplankton
feeding) and Ko, is the half-saturation O, concentration for
zooplankton activity.

Finally, Model 3 “reactivates” the full simulation of internal
particle chemistry described in Bianchi et al. (2018), to represent
the diffusion-limitation of carbon oxidation in suboxic water
columns (Hypothesis 3). Briefly, this model represents the
diftusive supply of oxidants into each particle, and their stepwise
consumption in the particle interior by carbon oxidation. O,
is consumed first, and if the demand exceeds the O, supply a
denitrifying microenvironment is formed where NOj is reduced
and carbon oxidation proceeds at ~99% of the aerobic rate,
reflecting the relative free energy yields of the pathways (Froelich
et al., 1979). If NO3 also becomes exhausted, a final internal
microenvironment is formed in which Bianchi et al. (2018)
assumed that carbon is oxidized extremely slowly by sulfate
reduction. For simplicity, we instead assume that organic carbon
oxidation cannot proceed at all in this NO3-free zone.

Our goal is to determine which of the three mechanisms
formalized in Models 1-3 can adequately explain the differences
in reconstructed particle flux profiles between OMZs and the
surrounding tropical waters (Figures 2C,F). To achieve this, we
first fit Model 0 to the reconstructed flux profiles from the TP
and TI regions, by optimizing cref and Qo to minimize the
root-mean-square error (RMSE) between the model prediction
and the mean normalized flux profile from our ensemble of 12
different reconstructions (central blue line in Figures 2C,F). All
other model parameters are left unchanged from Bianchi et al.
(2018). The values of ¢, and Qo determined for the TP region
were propagated into all simulations of the ETNP, and the values
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determined for TI were propagated into all simulations of the
AS. In the ETNP and AS regions, Model 0 was first applied to
test the null hypothesis that OMZ flux profiles can simply be
explained by differences in water column temperature relative
to the surrounding tropics, with no O, effect. Then, Models 1-3
were applied and optimized to assess Hypotheses 1-3.

In each optimization, a small number of parameters that
control the strength of the O, effect on particle flux attenuation
were adjusted to minimize the RMSE between the model and
the reconstructed flux profiles (central red line in Figures 2C,F):
In Model 1, g5 and O, were adjusted; in Model 2, ef and
Koz were adjusted; in Model 3, a single free parameter (c,)
was adjusted, which controls the carbon content of particles
and therefore determines how quickly diffusion-limitation of
carbon oxidation is reached (see Bianchi et al., 2018). Following
model optimization, Hypotheses 1-3 can be assessed based on
how well Models 1-3 reproduce the reconstructed OMZ flux
profiles, and whether this can be achieved without violating
prior constraints on the parameter values (see Section “Simulated
Particle Fluxes in the OMZs”).

All water column data required for these simulations
(temperature for remineralization, O, and NO3 for boundary
conditions in Model 3) are taken from the World Ocean Atlas
2013 climatology (Garcia et al., 2013) and averaged across the
regions shown in Figure 1. The particle spectrum slope at
the base of the euphotic zone of all regions is set to —3.4,
which was identified as characteristic value for low latitude
systems in Bianchi et al. (2018).

SIMULATED PARTICLE FLUXES IN THE
OoMZS

Following parameter optimization, Model 0 accurately
reproduced the time-mean particle flux profiles that
we reconstructed for the oxygenated TP and TI regions
(Figures 3A,C, Table 1). To achieve this, the model required
carbon oxidation rate constants at 20°C of ~0.6 day~! and
~0.5 day~! in the TP and TI regions, respectively, which fall
within the range of rates measured by particle-interceptors
in warm low latitude regions (McDonnell et al., 2015). It also
required Qo of ~2.4 and ~2.1 in TP and TI, respectively, similar
to the values selected by other data-constrained models (DeVries
and Weber, 2017; Cram et al., 2018).

Reconstructed flux profiles in the ETNP and AS could
not be reproduced by Model 0, which predicts flux profiles
that attenuate far too rapidly over depth, demonstrating that
temperature is not an important factor driving efficient particle
transfer through OMZs (Figures 3B,D, Table 1). However,
Models 1-3 could all reproduce the reconstructed OMZ flux
profiles reasonably well following the parameter optimizations
outlined in Section “Mechanistic Particle Size Spectrum Model”
(Figures 3B,D, Table 1). Of the three configurations, Model 2 fit
the reconstructed flux profile best in the AS region (RMSE~0.03,
unitless) and Model 3 fit best in the ETNP region (RMSE~0.02),
whereas Model 1 was least skillful in both regions (~0.06 in
AS; ~0.04 in ETNP). This is because Model 1 predicts that the

particle flux attenuates slightly faster than observed in the lower
oxycline beneath the suboxic layer (Figures 3B,D). However, all
three models can largely fit the reconstructed fluxes within their
uncertainty envelopes, suggesting the shape of the particle flux
profiles does not place a strong constraint on the mechanism
driving slow attenuation in the OMZs.

In Model 1, our optimization process selects e¢; of ~0.19
and ~0.17 in ETNP and AS, suggesting that carbon oxidation
must slow down more than 80% following the transition from
aerobic respiration to denitrification, in order to best explain the
reconstructed fluxes. This is not consistent with the difference
in free energy yield between the two process, which is only
~1% (Froelich et al.,, 1979), but might be explained by lag time
associated with particle colonization by the denitrifying microbial
community, which remains poorly quantified to date (Bristow,
2018), or other processes that limit the efficiency of anaerobic
metabolisms. The optimization also selects O, ¢ of 15 wM and
20 pM in ETNP and AS, respectively, which is much higher
than the range of 2-5 uM observed to select for denitrifying
metabolisms in cultures (Devol, 1978). Taken together, these
parameter selections cast doubt on the idea that slow carbon
oxidation during denitrification is the primary driver of slow flux
attenuation in OMZs (Hypothesis 1).

In Model 2, our optimization selects & of ~0.02 in
both ETNP and AS regions, which means that disaggregation
must be almost entirely curtailed in suboxic water in order
to explain the reconstructed flux profiles, requiring that
very little disaggregation occurs due to processes other than
zooplankton feeding. It also selects Ko, of ~22 pM in
ETNP and ~40 puM in AS, consistent with observations that
zooplankton generally adjust their migration depth to avoid
hypoxic ([O2] < 60 pM) regions of the water column, not just
suboxic waters (Bianchi et al., 2013).

Finally, in Model 3 our optimization process selects c,,
(carbon content of a 1 mm particle) of 6.8 ngC in ETNP
and 7.2 ugC in AS, which both fall within the observationally
constrained range of 5.5-8 pwgC defined in Bianchi et al. (2018).
This model predicts that large NO3-depleted microenvironments
develop in the interior of particles >0.5 mm in the suboxic
layers of the ETNP and AS, and particles >1 mm also
harbor these microenvironments in the upper and lower
oxyclines, dramatically curtailing remineralization of large
particles through the water column.

PARTICLE SIZE SPECTRA DISTINGUISH
BETWEEN ATTENUATION MECHANISMS

Even though Models 1-3 achieve relatively similar flux profiles
(Figures 3B,D), they make very different predictions about how
the particle size spectrum evolves through the OMZ, and how
it diverges from the spectra generated in oxygenated water
columns (Figure 4). Here, we analyze particle spectra only from
simulations of the TP and ETNP regions for brevity, although
similar conclusions can be drawn from the TI and AS regions.

In our model, changes in the size spectrum over depth are
largely driven by the balance of remineralization, disaggregation,
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and sinking. While all particles remineralize at the same first-
order rate, smaller particles spend a longer time within each depth
interval due to their slower sinking speed, and so remineralize
shallower in the water column. The effect of remineralization
is therefore a “flattening” of the particle spectrum over depth,
due to the preferential loss of particles from the small end
of the spectrum. Disaggregation has the opposite effect: by
redistributing mass from large to small particle size classes, it

tends to “steepen” the particle size spectrum. In the default
configuration of our model (Model 0), the relatively even rates
of disaggregation and remineralization means their opposing
effects on the particle size spectrum largely balance one another,
and the particles are lost evenly from all size classes over depth
(Figure 4A-upper) in the TP region, causing little variation
in the size spectrum slope (Figures 4A-lower, 5A). This is
consistent with a compilation of UVP particle observations from
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(B) Mass of particulate organic matter (POM) integrated across small particle size classes, defined here as < 0.5 mm, and normalized to the mass at 100 m.

(C) Same as (B) but for large aggregate particles >0.5 mm.

the oxic Tropical Atlantic Ocean, which revealed no systematic =~ when remineralization is suppressed at Oy < Oz it (Eq. 2),
variations over depth (Bianchi et al., 2018). the transfer of mass from large to small size classes by

Models 1-3 each predict particle spectra in the OMZ that  disaggregation becomes the primary mechanism shaping the
diverge from this simple behavior in unique ways. In Model 1, particle size spectrum. The spectrum slope therefore steepens
particles smaller than ~100 pm actually increase in abundance moving into the core of suboxic layer (Figures 4B-lower, 5A),
moving from the surface into the suboxic layer, while large before flattening again toward the original value of —3.4 in the
particle abundance declines (Figure 4B-upper). This is because  lower oxycline (Figure 5A).

Frontiers in Earth Science | www.frontiersin.org 8 September 2020 | Volume 8 | Article 376


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles

Weber and Bianchi

Particle Flux in OMZs

In Model 2, small particles are lost very rapidly moving into
the OMZ (Figure 4C-upper), compared to their loss rate over the
same depth interval in the oxygenated water column (Figure 4A-
upper). With disaggregation suppressed at low O, (Eq. 3),
the preferential loss of small particles due to remineralization
becomes the dominant process shaping the particle spectrum,
and the spectral slope sharply flattens moving into the suboxic
layer (Figure 4C-lower), reaching a value of —2.5 at ~500 m
(Figure 5A). The spectrum then steepens again in the lower
oxycline (Figures 4C-lower, 5A) where disaggregation resumes
in waters that become habitable for zooplankton once more
(Wishner et al., 1998).

In Model 3, particles larger than 0.5 mm are preferentially
preserved through the suboxic layer due to the diffusion-
limitation of carbon oxidation (Figure 4D-upper), resulting in
flattening of the particle flux, followed by a gradual steepening
through the lower oxycline (Figures 4D-upper, 5A). Although
Models 2 and 3 both predict flattening size spectra over depth
in the OMZ, indicating that large particles become more
abundant relative to small particles, the two mechanisms can be
distinguished based on a closer analysis of the spectra. Model 3
predicts a much subtler flattening of the spectrum than Model
2, reaching a minimum slope of —3.1 compared to —2.5 in
Model 2 (Figure 5A). In Model 3, even though small particles
are preferentially lost due to remineralization in the OMZ,
they are rapidly replenished through disaggregation. Therefore,
in comparison to an oxygenated water column, Hypothesis
3 predicts a relatively similar concentration profile of small
particles (<0.5 mm) in the OMZ, whereas Hypothesis 2 predicts
a much more rapid decline in small particle concentration
in the suboxic layer (Figure 5B). By contrast, Hypothesis
1 uniquely predicts that the concentration of small particles
actually increases over the same depth interval (Figure 5B). This
analysis suggests that the smaller end of the particle spectrum
contains the most important clues for distinguishing between
different mechanisms of slow flux attenuation through OMZs,
whereas all mechanisms predict higher concentrations of large
particles relative to the oxic water column (Figure 5C).

Identifying the unique particle size spectrum signatures of
O, effects on remineralization and disaggregation opens a
promising new pathway for understanding the mechanisms
driving the efficient biological pump of OMZ regions, through
analysis of UVP size spectrum observations. These instruments
allow accurate enumeration of particles between the size limits
of 100 pm—2.6 mm (Picheral et al., 2010), spanning most
of the size range simulated in our model, and therefore
provide ideal datasets for evaluating our model formalizations
of Hypotheses 1-3.

A compilation 6 UVP size spectrum profiles from the ETSP
(Bianchi et al., 2018), found that the spectral slope increased
slightly between 100 and 1000 m, largely driven by increased
abundance of large particles relative to an oxic water column,
rather than decreased abundance of small particles. This is
not consistent with Hypothesis 1 (slow remineralization during
denitrification) and is most consistent with the predictions of
Hypothesis 3 (diffusion limitation of carbon oxidation in large
particles). However, this analysis was far too limited to draw firm

conclusions, and further analysis of UVP observations from all
three of the ocean’s major OMZs is required in order to assess
systematic patterns in their particle size spectra.

Because each UVP image serves only as a snapshot
of the particle flux, and can be strongly influenced by
pulses of organic matter, compilation of numerous UVP
profiles from a single location or region will be critical to
identify coherent features of the particle spectrum. The new
Ecotaxa repository for UVP images (Picheral et al, 2017)
may now contain sufficient data to construct meaningful
composites for comparing OMZs to oxic tropical regions,
but this analysis is beyond the scope of the current study.
By showing that different flux attenuation mechanisms leave
an imprint in particle size spectra, we hope to motivate
further work scrutinizing the existing UVP archives, and new
field campaigns that collect targeted UVP data across oxygen
gradients in the ocean.

Given that a combination of oxygen effects likely operates in
the OMZs (with different mechanisms potentially dominating
in the upper and low oxyclines and the OMZ core) size
spectra from these regions may exhibit a complex blend
of the end-member patterns shown in Figure 4. In this
case, UVP data alone may be insufficient to adequately
determine the relative importance of each mechanism, and
future work will greatly benefit from collecting additional
particulate data alongside UVP profiles. Because disaggregation
can produce particles smaller than the lower UVP detection
limit of ~100 wm (Lam and Marchal, 2015), extending the
spectral range using alternative particle-counting instruments
(Stemmann and Boss, 2012) or microscopy (Durkin et al,
2015) would help quantify the difference in disaggregation
rates between OMZs and oxygenated waters. Additionally,
measuring trace-metal (Janssen et al, 2014) and genomic
(Ganesh et al,, 2015) indicators of particle interior redox
conditions would further elucidate the degree to which
diffusion-limited microenvironments impede carbon oxidation
in OMZs. When supplied with this broad range of observational
constraints, our mechanistic particle model will be better
equipped to assess the balance of processes that control particle
fluxes through OMZs.

It is also worth noting that while our model includes the
main processes that contribute to particle flux attenuation
with depth, it does not consider other processes that may
contribute to weaker flux attenuation in OMZ. These include
particle formation at depth (e.g., by autotrophy or zooplankton
vertical migration), zooplankton detritivory, and various effects
of ballasting material, among others (Keil et al., 2016). For
completeness, these processes should be considered in future
modeling of OMZ particle fluxes.

CONCLUSION

The key contribution of this study is the new constraints
we have placed on the efficiency of the biological pump in
OMZ regions, by reconstructing time-mean particle flux profiles
for the Eastern Tropical North Pacific and the Arabian Sea
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from geochemical tracer data. These reconstructions revealed
slow particle flux attenuation over depth in the suboxic water
column, consistent with previous evidence from sediment trap
“snapshots” (Devol and Hartnett, 2001; Keil et al., 2016) and
confirming that this is a systematic feature of OMZ particle
fluxes. Compared to surrounding tropical waters, the fraction of
organic matter sinking from the euphotic zone that penetrates the
mesopelagic zone to 1000 m is more than twice as large in OMZs.
The convergence of OMZ flux profiles toward those from oxic
water columns revealed in our reconstructions beneath 1000 m
providers compelling new evidence that suboxia itself is the factor
driving slow flux attenuation (Figures 2C,F).

Using a mechanistic particle flux model we showed that
the shape of OMZ flux profiles can be explained by any of
three oxygen effects: (i) very slow carbon oxidation during
denitrification (Devol and Hartnett, 2001; Van Mooy et al,
2002); (ii) dramatically reduced fragmentation in suboxic waters
due to exclusion of zooplankton (Cavan et al, 2017); (iii)
diffusion limitation of carbon oxidation in large particles
(Bianchi et al,, 2018). However, each of these mechanisms
makes unique predictions about changes in particle size
spectra through the water column, opening the possibility
to extract mechanistic information from UVP observations.
The idealized end-member cases presented here serve as a
starting point for interpreting patterns in UVP spectral data
from OMZ regions.

We suggest that combining existing UVP archives, new
targeted observations across oxygen gradients, and mechanistic
models like the one used here is a promising approach for
unraveling the processes driving efficient biological pump of
OMZs. In turn, this will allow for improved prediction of carbon
sequestration in the future ocean, where continued warming and
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