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Abstract

Particles and aggregates created in the surface layers of the ocean are transported not only by gravity, but
also by the horizontal and vertical advection of the surrounding water. Subduction, in particular, can trans-
port organic matter from the surface ocean to the mesopelagic in a manner that is not likely to be detected
by typical in situ carbon export measurements (e.g., sediment traps and ***U-?**Th disequilibrium). To assess
the importance of subduction to the biological pump, we combined in situ sediment trap, thorium, primary
productivity, and particulate organic carbon (POC) measurements with a data-assimilative physical circulation
model and a Lagrangian particle tracking model. We develop a simple parameterization of two alternative
particle sinking processes (Phytoplankton-Fecal Pellet [PFP] and Aggregation) using results from 13 extensively
sampled water parcels in the California Current Ecosystem. Both parameterizations suggested that subduction
is an important, at times dominant, mechanism of POC vertical export in the region (median 44% and 23%
contribution to total POC export for PFP and Aggregate parameterizations at the 100-m depth horizon). The
percentage contribution of subduction was highly variable across water parcels (ranging from 7% to 90%),
with subduction typically more important in offshore, oligotrophic regions. On average the fate of particles
that are passively transported out of the surface layer by advection is different from that of particles that sink
across the 100-m depth horizon. Subducted particles were predominantly remineralized shallower than
150 m, while approximately 50% of gravitationally exported POC was remineralized at depths > 500 m.

The biological carbon pump (BCP) refers to a suite of pro- qualitatively understood but has not often been quantified
cesses that transport organic carbon fixed by phytoplankton (Volk and Hoffert 1985). Indeed, the first large-scale manipu-
in the surface ocean into the deep ocean, thus leading to lative experiment conducted to study the BCP in the open
sequestration of atmospheric carbon dioxide (CO,) (Ducklow ocean was terminated when the Fe-enriched water parcel
et al. 2001). The BCP includes diverse mechanisms of carbon was subducted beneath the surface (Law et al. 1998; Stanton
transport including the gravitational settling of particles and et al. 1998). Nevertheless, most BCP research has focused on
aggregates, active transport of matter by vertically-migrating the sinking of particles, a process which is amenable to in
organisms, and passive transport of dissolved and particulate situ quantification (e.g., by sediment traps and radionuclide
organic matter (DOM and POM, respectively) by physical disequilibrium techniques) and was assumed to be the domi-
advection or diffusion. The role of subduction in transport- nant component of the BCP (Ducklow et al. 2001; De La
ing inorganic and organic carbon to depth has long been Rocha and Passow 2007; Honjo et al. 2008).

Overall, mass balance requires that the sum of the pro-
cesses comprising the BCP, when expressed as fluxes of nitro-
gen, must balance the introduction of nitrogen into the
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2015). Similarly, global estimates of export flux derived from
f-ratio calculations (new production/primary production) are
consistently higher than those based on e-ratio calculations
(gravitational flux/primary production) (Dunne et al. 2005;
Henson et al. 2011; Laws et al. 2011) and estimates of meso-
pelagic respiratory demand exceed the supply of carbon
from sinking particles (Burd et al. 2010). Taken together, this
evidence suggests that other mechanisms of export (subduc-
tion, vertical mixing, and/or active transport) may be impor-
tant components of the BCP.

The roles of vertical mixing and subduction (hereafter
referred to together as passive export) in organic carbon flux
have been difficult to determine from in situ data. Geochem-
ical tracer approaches (e.g., apparent oxygen utilization or
seasonal changes in nutrient stocks) implicitly combine pas-
sive export and gravitational particle flux (e.g., Takahashi
et al. 1985; Goes et al. 2000; Sarmiento et al. 2002; Schlitzer
2002). Time-series measurements of dissolved organic carbon
(DOC) inventories can be used to estimate passive transport
of DOM (Carlson and Ducklow 1995), however such
approaches cannot differentiate passive export from gravita-
tional flux for particles. Instead, direct measurements of pas-
sive particle export require in situ measurement of three-
dimensional POM fields in combination with the determina-
tion of physical currents and diffusivity (typically derived
from a circulation model). The sampling intensity and multi-
ple disciplines required for such studies have limited their
use to date. Hence, relatively few studies have simulta-
neously quantified passive POM export and gravitational
flux in this manner. Omand et al. (2015) used autonomous
measurements coupled with a process-study ocean model
and found that eddy-driven subduction may be responsible
for up to half of particulate organic carbon (POC) export
during the North Atlantic spring bloom. Stukel et al. (2017)
used extensive sampling of a mesoscale front and vertical
velocities derived from a circulation model to determine that
subduction was similarly responsible for approximately half
of the POC export in the frontal region.

In contrast, numerous researchers have studied passive
export using models, either by combining region- to global-
scale gridded DOM fields with general circulation models or
by embedding biogeochemical models in general circulation
models. Such studies typically find that subduction from the
euphotic zone (EZ) is responsible for ~ 20-50% of total
organic matter export (Plattner et al. 2005; Najjar et al.
2007; Karleskind et al. 2011; Levy et al. 2013). Both model-
ing approaches have limitations: Large-scale gridded fields
blur important seasonal and mesoscale variations in standing
stocks. Biogeochemical models often oversimplify sinking as
a process (e.g., a single sinking speed for all sinking par-
ticles), lack appropriate data necessary for parameterization
of transfer functions (Franks 2009), and often lack export
measurements that could be used for validation. An alternate
approach is to use a particle tracking model parameterized

364

Subduction and sinking particle export in the CCE

=

— CCE-P0605
~ CCE-P0704
— CCE-P0810

118°W

e ——

116°W

Y
126°W  124°W  122°W  120°W
R
0

2000 3000
Depth (m)

1000 4000

Fig. 1. Lagrangian cycle locations (blue, red, and green lines for
P0605, P0704, and PO810 cruises, respectively) in the CCE with bathym-
etry map.

using in situ conditions to simultaneously quantify sinking
and subducted POC. In the past, such approaches have been
applied to assess horizontal, rather than vertical, transport
(Siegel and Deuser 1997; Siegel et al. 2008).

The ability of geochemical tracer approaches (and in situ
new and net community production methods) to measure
the sum of all export terms may make it appealing to ignore
the difference between gravitational flux and passive export.
However, these two processes may lead to substantially dif-
ferent fates for exported carbon with respect to depth of
remineralization, sequestration time scale, and utilization by
different components of the ecosystem. For instance, while
gravitational flux typically attenuates with depth following
an exponential decay or power law decrease (Martin et al.
1987; Boyd and Trull 2007; Buesseler et al. 2007), Kahler
et al. (2010) found that DOC subduction out of the surface
layer of the subtropical North Atlantic was substantial, but
that little of it penetrated deeper than 95 m.

The California Current Ecosystem (CCE, Fig. 1) is an east-
ern boundary current biome that includes high productivity
coastal upwelling regions, intermediate productivity regions
with wind-stress curl driven upwelling, and offshore oligo-
trophic regions that are linked to the coastal/shelf regions by
Ekman transport and mesoscale processes (Lynn and Simp-
son 1987; Gruber et al. 2011; Ohman et al. 2013). To under-
stand the relative contributions of gravitational and passive
particle export and the fate of this exported material, we
combined in situ gravitational flux and POC concentration
measurements from three process cruises of the CCE long-
term ecological research (LTER) program with a data-
assimilating physical model fit to cruise conditions and a
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Lagrangian particle tracking model. This approach allowed
us to constrain the vertical motions of particles that sink
(with a wide range of sinking speeds) as they are advected
through the ocean. We found that the contribution of sub-
duction to total vertical POC transport varied substantially,
ranging from 7% to 90% and averaging ~ 25-40%, depend-
ing on the model used. Furthermore, we determined that
the remineralization length scale is substantially longer for
particles transported primarily by gravitational export than
for particles transported primarily by subduction, suggesting
that gravitational flux leads to a longer carbon sequestration
time scale than subduction.

Model description

Particle sinking velocities

Biogeochemical models often assume that vertical carbon
transport is mediated by the gravitational flux of sinking
detritus, and that this detritus is comprised of a single or a
few particle classes with fixed sinking speeds (e.g., Fasham
et al. 1990; Chai et al. 2002; Kishi et al. 2007). In contrast,
empirical studies show that marine detritus (i.e., nonliving
POC) is a heterogeneous group of particles with varying
shape, size, and density (Turner 2015). It is thus more appro-
priate to model particle sinking speed using a continuous
distribution. Allometric and particle aggregation models
have been developed that predict sinking speed as a function
of particle size (e.g., Guidi et al. 2008; Burd and Jackson
2009). However, in situ measurements suggest that a par-
ticle’s density has to be considered as well (McDonnell and
Buesseler 2010). At the simplest level, we can classify par-
ticles based on sinking speed such that a particle of class i
has a sinking speed S;. Using this formulation, we can quan-
tify the mass flux of particles with sinking speed S; as:

Flux;=S8; X Ni XM ave (M

where N; is the concentration of particles with a sinking
speed S; and M; ,v. is the average mass of carbon in these par-
ticles (mg C particle '). We can then define the carbon
standing stock of particles of class i, that has a sinking speed
Si as C;=N; X M, ,ve and calculate total carbon flux as:

i=o00
FluXiota = Z S$iXC;
i=0

2)
The functional form of particulate biomass (C) as a function
of particle sinking speed (S) is not known, but will be related
to an (also unknown) function that relates particle produc-
tion to particle sinking velocity. We will define this function
as the particle production sinking spectrum (PP(S), Table 1).
PP(S) thus describes the production rate of particles with var-
ious sinking speeds (note that particles include both living
and nonliving material). The shape of PP(S) likely depends
on many different ecological and chemical parameters
including phytoplankton and zooplankton community
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structure, nutrient availability, and aggregate stickiness. We
will use two different parameterizations to approximate
PP(S) under the assumption that the particle sinking spec-
trum is governed by aggregation processes or that it is com-
posed of two discrete particle classes (modeled after
phytoplankton and mesozooplankton fecal pellets). We will
then use in situ measurements to objectively parameterize
each model for PP(S) (Fig. 2).

For the aggregate (Agg) parameterization, we will assume
that since particle concentration, sinking rate (i.e., removal
rate), and carbon content all have a power law relationship
with particle diameter (Alldredge and Gotschalk 1988; Jack-
son et al. 1997; Alldredge 1998), we can also model particle
creation via a power law relation to size. It follows, therefore,
that particle production will have a power law relationship
to particle sinking velocity. Under these assumptions, PP(S)
can be described as a function of the form:

PPygg (S)=0xS” 3)
where « and f are parameters related to the specific ecologi-
cal and chemical conditions experienced in situ and hence
must be determined empirically.

For the phytoplankton-fecal pellet (PFP) parameterization,
we will assume that PP(S) for either phytoplankton or fecal
pellets can be described by a log-normal distribution. PP(S)
for both particle types can then be described as:

exp <—

(In(S)—p,)*
20,2

1-®

o1V 2nS

(In(S)— ;)
20’12

)

where 7 is the total particle production rate, ® is the ratio of
fecal pellet production to total particle production (measured
in situ), and p; and u, are parameters related to the median
sinking rate of phytoplankton and fecal pellets, respectively.
As explained below, we can only objectively determine two
parameters from Eqg. 4 (in addition to ®, which was mea-
sured experimentally) and hence must determine some
parameters a priori. Rather than set the sinking rate for
either phytoplankton or fecal pellets, we assume that the
median sinking speed for fecal pellets is y times greater than
the one for phytoplankton, thus, since the median of a log-
normal distribution is equal to exp(u), uz =In(yexp(py)). We
will assume that fecal pellet sinking speeds are two orders of
magnitude greater than phytoplankton and hence y = 100.
This value for  was chosen based on many studies that
have shown sinking speeds for individual phytoplankters to
be on the order of 1 m d™ ! (e.g., Smayda and Bienfang
1983), while mesozooplankton fecal pellet sinking velocities
are on the order of 100 m d~! (Turner 2002). For simplicity,
we also assume that the coefficient of variation for sinking

PPpr (S) =T
©)

()]
+71——eXx
TO'z\/Z?IS p(
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Table 1. Model parameters. “measured” means that values were calculated for each cycle from in situ measurements (Table 3).

Parameter Units Value Explanation

S md™! Sinking speed

PP(S) mgCm2d '/(md") Function Particle production as a function of sinking speed. PP(S) integrated
over all sinking speeds is equal to total primary production

Flux(z, S) mgCm2d /(md™") Function Sinking flux of particles with a sinking velocity S at a depth z. The
integral of Flux(z, S) with respect to sinking speed has units of
mgCm2d".

C(z $) mgCm3/(md™") Function Concentration of particles with a sinking velocity S at a depth z.
The integral of C(z, S) with respect to sinking speed has units of
mg C m~3,

A d™! measured Remineralization rate

dprod measured Mean depth of particle production (calculated from in situ T4cpp
profiles for each cycle).

Agg parameterization

o mgCm2d '/(md") measured Related to the intercept (in log-log space) of the particle production
to sinking speed relationship

B dimensionless measured Related to the slope (in log-log space) of the particle production to
sinking speed relationship

PFP parameterization

T mgCm2d™! measured Total particle production rate

I dimensionless measured Related to the median sinking rate of phytoplankton (e"' = median
sinking rate)

v dimensionless 100* Ratio of median sinking speed of fecal pellets to median sinking
speed of phytoplankton

01, 02 dimensionless 1* Standard deviation of the natural logarithm of PP(S), also called the
scale or shape parameter

Uz dimensionless In (e Related to the median sinking rate of phytoplankton (e? = median
sinking rate)

D dimensionless measured Ratio of fecal pellet production to total particle production (deter-

mined from in situ grazing measurements)

*The value of 100 for ¥ was chosen by comparing sinking speeds of phytoplankton and fecal pellets in Fig. 2 of Stukel et al. (2014). A value of 1 was
chosen a priori for the scale parameter (57 and o,), because it gave reasonable sinking speed distributions (a mode value with relatively low sinking

rates, but a long tail of higher sinking rates).

speeds of the two particle types is equal (hence ¢; = g2) and
assume that ¢ =1. While this is a subjective choice for o, it
generates particle sinking speed distributions that reflect rea-
sonable expectations for sinking speed variability for these
two particle classes. We have also tested the sensitivity of
the model to different a priori parameterizations of ¢ (0.5 or
2.0) and found relatively small differences in model output
(< 10% change to model mean values). Our simple assump-
tions about ¢ and y leave us with only two unknown param-
eters (1 and 1) that can now be objectively determined
using in situ measurements.

Note, the PFP parameterization does not include dynamic
transformation of phytoplankton to fecal pellets, but rather
assumes that particles are created in the EZ with sinking
speeds corresponding to either phytoplankton or fecal pel-
lets. The log-normal distribution used for the PFP parameter-
ization was chosen for two reasons. First, it is consistent
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with our basic understanding of particle sinking speeds in
the ocean (slowly sinking particles are more common than
rapidly sinking particles, although rare rapidly sinking par-
ticles such as salp fecal pellets or large diatom aggregates cer-
tainly exist, Smayda 1971; Bienfang 1980). Second, it
provides a distinctly different shape for PP(S) than the
power-law distribution used for the Agg parameterization.
While there are other equations that could be used to
describe two populations that have different mean sinking
speeds but for which the most common sinking speeds are
concentrated toward the slower end of the spectrum, the use
of a power-law distribution for the Agg parameterization and
a double log-normal for the PFP parameterization served our
goal of testing the sensitivity of our modeling framework to
starkly different assumptions about the shape of PP(S).

Our goal in using these two sinking distributions is not to
suggest that one or the other is more accurate. Both are vast
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. .
Three-dimensional, time-varying,.
*data-assimilated circulation
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= O g &

LTRANS conducts sinking and
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ified as sinking or subducted
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Fig. 2. Modeling approach conducted for both the Aggregate (Agg) and PFP parameterizations for each experimental cycle. In situ measurements
are used to determine particle creation rates at different depths and the sinking rates of these particles (using either the Agg or PFP parameterizations).
The 4DVARS circulation model (instantaneous surface fields are shown in upper right panel, but the model is four-dimensional) and particle sinking
speeds are used by LTRANS to transport the particles in three dimensions.

oversimplifications of the complex processes of particle for-
mation and degradation. Rather, we want to test the sensi-
tivity of our results to parameterizations that encapsulate the
different assumptions arising from two common, but funda-
mentally different, viewpoints about the processes driving
particle sinking velocities. The PFP parameterization deter-
mines sinking speeds under the assumption that zooplank-
ton fecal pellets are the dominant component of vertical
flux due to high sinking speeds, despite the fact that they
are less abundant than phytoplankton. The Agg parameteri-
zation assumes that aggregation processes drive particle sink-
ing speeds and that both aggregate standing stock and
sinking speed can be related to aggregate size by power laws.
In situ particle sinking speed distributions likely involve a
combination of these two processes that varies in space and
time. We thus suggest that in situ sinking and subduction
rates likely fall somewhere between the results we will find
from the Agg and PFP parameterizations.
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Parameterizing particle properties with in situ
measurements

To define the parameters o« and f in Eq. 3 or @, i, and 7 in
Eq. 4, we used data from Lagrangian process studies con-
ducted on three cruises in the CCE (Landry et al. 2009;
Landry et al. 2012). These studies all sampled conditions
that ranged from the coastal upwelling region near Point
Conception to offshore waters characteristic of the California
Current or oligotrophic subtropical gyre (Fig. 1; Table 2).
Cruises were conducted in May 2006 (CCE-P0605), April
2007 (CCE-P0704), and October 2008 (CCE-P0810). On these
cruises, water parcels were tracked for a period of 2-5 d using
satellite-enabled drifters attached to 3x1-m holey-sock
drogues centered at a depth of 15 m. Within these water par-
cels, primary productivity (‘**CPP) was measured in polycar-
bonate bottles incubated in situ at six depths spanning the
EZ (surface to 0.1% light level) using the H'*CO; uptake
method (Stukel et al. 2011; Landry et al. 2012). POC
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Table 2. In situ data from Lagrangian cycles. Columns are: cycle name, date, sea surface temperature (degree C), sea surface chlo-
rophyll (mg Chl @ m~3), primary productivity (mg C m~2 d~ '), vertically integrated POC (mg C m~?), carbon export at the 100-m

depth horizon (mg C m™?

Mean = standard deviation of the mean.

d™"), mean depth of primary productivity (dorod, M), and depth of the deepest POC sample (dpoc, mM).

Cycle Date SST SSChl T4cpp POC Export dorod dpoc
0605-1 11-15 May 2006 12 5.17 4170 £904 12,649 =1715 322 =200 6.4 51
0605-2 16-21 May 2006 15 0.11 539+23 4777 £136 72+ 44 31.9 101
0605-4 26-31 May 2006 15 0.89 1442 £ 126 5525 + 368 132 +49 13.6 51
0605-5 01-05 Jun 2006 16 0.09 458 £ 76 4885 + 331 76 =74 35.5 85
0704-1 04-08 Apr 2007 12 1.35 1215414 5296 £ 517 144 =13 11.3 55
0704-2 09-13 Apr 2007 14 0.22 573 +49 5248 =191 32+6 30.2 99
0704-4 16-20 Apr 2007 12 0.99 2295 +458 6734+ 319 121 =45 16.9 92
0810-1 04-08 Oct 2008 17 0.45 551+90 5302 £638 74 =11 19.0 57
0810-2 09-14 Oct 2008 17 0.20 478 £15 4117 £ 219 69+13 25.7 109
0810-3 15-18 Oct 2008 16 0.72 888 =45 5335112 787 13.0 60
0810-4 19-21 Oct 2008 16 1.05 672+ 60 9390 = 768 149 = 36 9.9 54
0810-5 22-24 Oct 2008 15 1.47 1670 £ 217 5597 £ 188 127 =22 8.8 53
0810-6 25-28 Oct 2008 17 0.22 316 =29 3219 = 280 107 =5 22.5 68
concentration was measured at eight depths in the EZ by fil- [zx 14CPP(z)dz

tering 1-2 L of seawater through GF/F filters and analyzing Iproa = m ®)

the samples on a CHN analyzer at the Scripps Institution of
Oceanography Analytical Facility (Samo et al. 2012; Stukel
et al. 2012). Vertical particle flux was measured at a depth of
100 m (and on CCE-P0810 at depths of 50 m or 60 m when
the EZ was shallow) using either **U-?**Th disequilibrium
(CCE-P0605, Stukel et al. 2011) or VERTEX-style sediment
traps that had been determined using **U-?**Th to be accu-
rately collecting particles (Stukel et al. 2013).

We will define Flux(z, S) as equal to the carbon export of
all particles with a given sinking speed (S) measured at a
depth of z. To calculate parameters for Egs. 3, 4, we make
the simplifying assumptions that particle production is con-
centrated at a specific depth (d};0q, which we calculate from
'CPP profiles below) and that particle remineralization (/,
units of d~') is independent of particle sinking speed or
depth. Then, we can relate Flux(z, S) to PP(S) with the fol-
lowing equation:

Flux(z, S)=PP(§)xe(# dma)/$ (5)
Note that Eq. 5 is only defined for depths greater than dpoq
and / refers to all processes that remineralize POC to CO,,
including respiration by bacteria and zooplankton consum-
ers. Then, PP(S), Flux(z, S), and d,;,q can be related to param-
eters measured in situ by the following equations:

5=Smax
4cpp= J PP(S)dS (6)
$=Smin
8= Smax
EXport,- 100= J Flux(100, $)dS (7)
$=Smin
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From Eq. 2 above, we can relate the carbon content of all
particles with a sinking speed S at a depth of z, C(z, ), to
Flux(z, S) by the following equation:

_ Flux(z,$)

C(z,S) S

)
We can also relate C(z, S) to vertically integrated POC con-
centrations in the water column (POCi,) by the following
equation:

z=dpoc
POCyota1 = [

Jz=dpr0a

J C(z,S)dSdz (10)
N

where dpoc is the maximum depth at which POC measure-
ments are made (if shallower than the depth of the export
measurement). Thus, we have four equations (Egs. 6, 7, 8,
10) that are dependent on 4, dp0q, and PP(S) and hence if
PP(S) is defined as a function that is dependent on only two
undefined parameters (e.g., « and f for PP,g, and y; and 7 for
PPppp), we can use the above equations to solve for PP(S).
The equations were solved in Matlab using a grid search
approach while assuming that sinking speeds could vary
from 1 mm d ! (Spin) to 1 km d™ ! (Spax)-

Data-assimilating physical model

The three-dimensional physical model was implemented
in the Regional Ocean Modeling System (ROMS) using the
four-dimensional variational data assimilation system
(4DVAR, Moore et al. 2011). The model had 9-km horizontal
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resolution and 42 terrain-following vertical levels. The mini-
mum thickness was less than 1 m near the surface along the
coastal regions increasing up to 300 m near the bottom of the
open ocean. 4DVAR updated the model initial condition and
surface forcing to produce the dynamically-consistent four-
dimensional estimate of the sea state that closely follows the
observations over the 1 month period centered on each of
our cruises. The initial and boundary conditions were derived
from Broquet et al. (2009) for the 2006 and 2007 cruises, and
the California Current System Reanalysis product by the Uni-
versity of California, Santa Cruz for the 2008 cruise. The sur-
face forcing is from the 9-km resolution Coupled Ocean/
Atmosphere Mesoscale Prediction System (COAMPS, Hodur
and Doyle 1999; Doyle et al. 2009). Assimilated observations
included along-track sea surface height (Ssalto/Duacs) and sea
surface temperature (AVHRR) and in situ temperature and
salinity profiles collected by conductivity-temperature-depth
(CTD) measurements on our cruises.

Data assimilation in 4DVAR computes the cost function,
a measure of the distance between the model state and
observations, and iteratively improves the model state to
minimize it. Hence, the cost function is often used to repre-
sent the goodness of the data assimilation. The reductions
by fitting the observations are 52%, 47%, and 55% for 2006,
2007, and 2008 cruises, respectively. For detailed informa-
tion, readers are referred to Song et al. (2012) and Miller
et al. (2015).

The 9-km horizontal resolution of the ROMS model is not
fine enough to capture submesoscale circulation and hence
may underestimate subduction rates. However, the impor-
tance of submesoscale dynamics to subduction in our region
is uncertain. Omand et al. (2015) estimated that submeso-
scale eddy-driven vertical POC flux was proportional to
squared mixed layer depth. Mixed layer depths in our study
region (typically < 20-35 m) are substantially shallower than
in high latitude regions such as the North Atlantic or South-
ern Ocean. We thus suspect that the increased horizontal
resolution necessary to resolve the submesoscale would not
substantially change our conclusions. However, since we
cannot test this, our subduction rate estimates should be
considered conservative.

To estimate trajectories of particles produced during the
experimental cycles, we used a modified version of the Lar-
val TRANSport Lagrangian model (LTRANS, North et al.
2006) that allowed individual sinking speeds for each parti-
cle as determined by Egs. 3, 4. LTRANS advects and diffuses
particles using the ROMS velocity and eddy diffusivity fields,
while simultaneously sinking particles using sinking speeds
derived from PP(S). For each cycle and parameterization (Agg
and PFP), we released 10,000 particles that were generated at
random locations along the drifter track of the cycle and
depths proportional to the '*CPP profiles, thus simulating
the depth of particle creation. Particles were initialized with
random sinking speeds derived from the particle production
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as a function of sinking speed equations (Eq. 3 or Eq. 4) and
remineralized with A’s calculated for each cycle. Crucially, all
particles both sank and were subducted (or upwelled). How-
ever, we considered model particles to have been subducted
if they crossed the 100-m depth horizon by advection and to
have sunk (gravitationally) if they crossed the 100-m depth
horizon by sinking (i.e., during the biological [sinking] or
physical [advection] subroutines of LTRANS). We note that
this operational definition is a stark dichotomy that does
not exist in the ocean. However, in a statistical sense, it fits
particle export that would be measured by sediment traps
(e.g., if 75% of particles of a given speed were transported
past a specific depth horizon by gravitational flux, we would
expect 75% of these particles to be collected by a sediment
trap at that depth horizon, assuming no hydrodynamic
biases). In circumstances when physical advection caused a
particle to cross the 100-m depth horizon multiple times, we
determined sinking/subduction based on the final time that
the particle crossed the depth horizon. Each particle was
tracked for a total of 30 d.

Since many particles had not crossed the 100-m depth
horizon within the 30 d data assimilated time frame (partic-
ularly for cycles that occurred near the end of a cruise), we
extended the ROMS model for an additional month without
fitting to observations, using the boundary conditions out-
lined above. As the boundary condition was extracted from
the data assimilative ocean states, the ROMS model continu-
ously received relatively accurate information from the
boundary. While this second month of the ROMS model will
have less well constrained currents, extending the simulation
without data assimilation ensures smooth transition of cur-
rents for 2 months, which is desirable for our purpose. In
addition, unassimilated currents have a much smaller impact
on the results of our analysis, since most POC was remineral-
ized within the first 30-d period (during which we had cruise
data for assimilation).

Results

Modeled sinking distributions and in situ data

The in situ conditions sampled on these three cruises
spanned a broad range of oceanic conditions (Table 2). Verti-
cally integrated primary productivity varied from 316 mg C
m *d ! to 4170 mg C m 2 d', while surface primary pro-
ductivity varied from 7.5 mg C m *d ' to 433 mg C m*
d~!'. Similarly, surface chlorophyll a showed a wide range
(0.09-5.2 mg Chl a m 3. The dataset also included a range
of ecosystem states with regards to bloom formation or
decay. Different cycles featured conditions with protozoan
grazing exceeding phytoplankton growth, mesozooplankton
grazing exceeding phytoplankton growth, or phytoplankton
growth substantially greater than the sum of the grazing
terms (Landry et al. 2009).
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Table 3. Model parameters (see Egs. 3-5).

Aggregate PFP

Cycle o p A T A exp(ur) exp(uz) @

0605-1 246 -—1.16 0.30 4170 0.29 1.44 143.8 0.10
0605-2 32 -1.16 0.10 539 0.10 0.95 95.1 0.11

0605-4 86 —1.16 0.23 1442 0.21 2.80 280.1 0.06
0605-5 29 -1.14 0.08 458 0.07 1.43 143.3  0.05
0704-1 77 =113 0.20 1215 0.18 0.09 9.3 049
0704-2 24 -1.28 0.10 573 0.10 0.15 149 0.10
0704-4 117 -1.22 033 2295 0.33 0.14 143 0.23
0810-1 33 -1.15 0.09 551 0.08 1.68 167.6  0.03
0810-2 30 -1.14 0.10 478 0.10 1.64 164.3  0.08
0810-3 49 -1.19 0.15 888 0.15 0.63 62.5 0.11
0810-4 46 -—1.09 0.05 672 0.04 1.72 171.6  0.05
0810-5 96 —1.17 0.27 1670 0.27 0.22 222 0.21
0810-6 23 -1.00 0.06 316 0.05 2.12 211.7 0.7

Using Egs. 6, 7, 10, we solved for the parameters «, 5, and
A for the Agg parameterization (Eq. 3). Despite the large vari-
ability in oceanic conditions, the parameter  (which quanti-
fies the slope of the particle sinking speed spectrum) was
relatively constant, varying from —1.28 to —1.00 (Table 3).
The parameter « showed substantial variability (ranging from
23 to 246), as would be expected since it reflects the magni-
tude of particle creation at a sinking speed of 1 m d™!, and
hence covaries strongly with primary productivity. / (the
particle remineralization rate) was also quite variable, rang-
ing from 0.06 d~' to 0.33 d~'. Particle creation was always
dominated by the slowly sinking particles (since f was
always negative). However, carbon export was dominated by
faster sinking particles with sinking speeds>10 m d ' (Fig. 3
and Supporting Information Fig. 1). Cycle 0704-2 had the
lowest mean sinking speed, with half of carbon export medi-
ated by particles with a sinking speed slower than 46 m d ™',
while Cycle 0605-1 had the highest (half of export mediated
by particles with a sinking speed > 150 m d ).

For the PFP parameterization, we calculated the ratio of
fecal pellet production to total particle production (®) using
in situ estimates of total phytoplankton production (**C-
method) and in situ estimates of mesozooplankton grazing
derived from the gut pigment method (see Stukel et al. 2011;
Stukel et al. 2013) combined with the assumption that meso-
zooplankton egestion efficiencies are ~ 30% (Conover 1966).
From these calculations, we found that ® ranged from 0.03
(during Cycle 0810-1 when grazing was dominated by proto-
zoans) to 0.49 (Cycle 0704-1, which had high euphausiid
abundance, Table 3). Median sinking speeds were highly var-
iable for the PFP parameterization; 50% of export was medi-
ated by particles with a sinking rate<6 m d ' for 0810-4,
while 50% was mediated by particles with a sinking
rate>156 m d~' for 0605-1. This variability in median
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sinking rate was driven both by variability in the proportion
of fecal pellets produced and by changes in the parameter-
ized sinking rates of particles of each size class. Median fecal
pellet sinking rates varied from 9 m d~' to 280 m d~ .

Three-dimensional particle advection and sinking models

We used a data assimilating ROMS model to track the
three-dimensional transport of synthetic Lagrangian particles
produced during each experimental cycle. Across the 13
cycles, the median net horizontal distance traveled by the
particles over a 30-d period was 149 km. However, horizontal
distance traveled was negatively correlated to particle sinking
speed (negative correlation with p <« 0.01 using Spearman’s
rank correlation for 25/26 cycle/parameterization combina-
tions), both because surface currents were stronger than cur-
rents at depth and because the direction of the currents
varied with depth. Compared to the long distances traveled
by total particles, the mean (carbon-weighted) distance trav-
eled by particles before they crossed the 100-m depth hori-
zon was considerably shorter. For the PFP parameterization,
mean horizontal POC transport prior to export across the
100-m depth horizon ranged from 9 km to 78 km for the 13
cycles (median =26 km, mean = 34 km), while for the Agg
parameterization it ranged from S5 km to 42 km
(median = 15 km, mean = 19 km). This variability in distance
traveled prior to export agrees with “the statistical funnel”
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Fig. 4. Comparison of the Lagrangian particle modeling approach grav-
itational export measurements to in situ gravitational export measure-
ments. Note that the Lagrangian particle approach predicts the eventual
export of particles created during an experimental cycle, while the in
situ measurements quantify export during the experimental cycle.

concept of theoretical sediment trap studies (Siegel et al.
1990; Siegel et al. 2008).

Gravitational flux estimates derived from both the PFP
and Agg parameterizations showed strong correlation to in
situ measurements, although the Lagrangian particle model-
ing approach estimates were consistently lower than the in
situ observations (Fig. 4). This result is not surprising, since
the in situ measurements explicitly determined export occur-
ring during the occupation of each water parcel (or in the
case of ?**Th : #*®U during and prior to occupation), while
our modeling approach estimates the eventual export of par-
ticles produced during the occupation of the water parcel. In
a coastal upwelling driven system, with a gradient of high
productivity near the coast and low productivity onshore,
and the aforementioned lateral advection of particles prior
to export, we can expect particle export at the locations
where particles sink to be lower than at the location where
those same particles were formed. As an additional valida-
tion approach, we ran both parameterizations in a one-
dimensional steady state configuration (i.e., lateral decou-
pling of production and export not allowed) and found that
both parameterizations accurately estimated in situ carbon
export and did a reasonable job recovering measured vertical
profiles of POC (see Supporting Information Appendix and
Supporting Information Figs. 2, 3).

To calculate the relative contribution of passive particle
flux to carbon export, we quantified the percentage of partic-
ulate carbon that was transported across the 100-m depth
horizon during the physical advection subroutine (as
opposed to the gravitational sinking subroutine) of the

Subduction and sinking particle export in the CCE

dol e R e

a Wl Sinking b Bl Sinking
' [T Subduction ' [TSubduction

300/

o

g

Q

2 200

£

<

g

=9

100}

— I — oIt — It no

R
THTOOOoOOoOOO

et et et et ed

Fig. 5. Total vertical flux in the three-dimensional model with (a) the
PFP parameterization and (b) the Agg parameterization. Blue is export
by particles that gravitationally sank across the 100-m depth horizon
and green is export by particles that were subducted across the 100-m
depth horizon.

Table 4. Percentage contribution of subduction to total verti-
cal carbon flux. Values in parentheses are the values determined
by decreasing or increasing (respectively) the gravitational flux
input to the model by one standard error.

PFP

Agg

0605-1 13.7 (13.5-20.0) 12.2 (10.6-11.6)
0605-2 34.7 (32.1-40.9) 27.3 (31.3-25.6)
0605-4 42.1 (38.3-45.4) 23.3 (24.9-24.1)
0605-5 52.4 (53.1-85.3) 27.3 (38.6-25.5)
0704-1 46.3 (46.7-42.8) 23.7 (23.7-23.8)
0704-2 90.0 (91.5-85.2) 80.0 (80.3-75.4)
0704-4 29.1 (38.2-26.6) 17.4 (17.1-16.8)
0810-1 46.5 (45.3-47.3) 15.0 (15.6-13.9)
0810-2 57.7 (56.4-59.1) 40.5 (43.9-39.2)
0810-3 17.9 (18.8-15.4) 16.8 (16.9-15.1)
0810-4 43.6 (40.1-44.5) 18.3 (18.0-17.1)
0810-5 14.7 (17.5-13.3) 07.3 (09.8-08.4)
0810-6 48.7 (47.8-49.3) 26.1 (26.2-25.6)
Median 43.6 (40.1-44.5) 23.3 (23.7-23.8)

LTRANS model (Fig. 5a; Table 4). Hereafter, we will refer to
these particles as subducted particles. For the PFP parameteri-
zation, results suggested that subduction contributed
between 14% (Cycle 0605-1) and 90% (Cycle 0704-2) of total
particulate export. The median and mean across all cycles
were 44% and 41%, respectively. The contribution of passive
flux was generally lower for cycles in more productive water
parcels and was negatively correlated with 7 (the particle
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Fig. 6. Fate of particles as a function of sinking speed. Yellow is par-
ticles that did not cross the 100-m depth horizon during our 30-d simu-
lation using the PFP parameterization (a) and (c) or the Agg
parameterization (b) and (d). Teal is particles that were passively trans-
ported across the depth horizon. Blue is particles that gravitationally
sank. (a) and (b) Cycle 0605-1. (c) and (d) Cycle 0605-2.

production rate) and /4 (the remineralization rate) at the 95%
confidence level (however, it was not significantly correlated
with gy and py, the sinking speed parameters). Across the 13
cycles, passive POC flux ranged from 15 mg C m 2 d !
(Cycle 0810-3) to 79 (Cycle 0704-1) mg C m > d~ ! with a
median and mean of 49 mg C m > d ' and 46 mg C m ?
d™!, respectively. Slightly reduced POC subduction estimates
were found for the Agg parameterization (Fig. 5b), with sub-
duction contributing between 7% (Cycle 0810-5) and 80%
(Cycle 0704-2) of total POC export (median =23%, mean-
=26%). The contribution of passive flux was negatively cor-
related with o (the parameter most closely related to primary
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productivity, p<0.01) and was also negatively correlated
with 4 (though the relationship was not significant). For the
Agg parameterization, passive flux ranged from 10 mg C
m 2 d ! (Cycle 0810-5) to 47 (Cycle 0704-2) mg Cm 2d .

Particle fate (complete remineralization in the upper
100 m, subduction or gravitational export past the 100 m
depth horizon) was predominantly determined by particle
sinking speed (Fig. 6). Subducted particles primarily had
sinking speeds in the range of 3-10 m d ', a result that was
relatively constant for different cycles and particle sinking
models (PFP or Agg parameterizations). Particles with slower
sinking speeds were unlikely to cross the 100-m depth hori-
zon during the 30-d model runs, while faster sinking par-
ticles were more likely to gravitationally sink than to be
passively transported across the 100-m depth horizon. The
consistent importance of intermediate speed sinking par-
ticles for subduction also explains passive transport differ-
ences between the Agg and PFP parameterizations, since the
PFP parameterization predicted higher concentrations of par-
ticles with these sinking speeds than the Agg parameteriza-
tion (Fig. 3).

In large part due to the differences in sinking speeds
between gravitationally exported particles and passively
exported particles (particles exported during the gravita-
tional or advection subroutines, respectively), these two dif-
ferent mechanisms of export led to substantially different
fates for exported particles. Gravitationally exported particles
had a significantly deeper depth of remineralization than
passively exported particles (Fig. 7). For the PFP parameteri-
zation, 40% of carbon that was gravitationally exported
across the 100-m depth horizon was remineralized at a
depth > 500 m (range = 7-69%). For the Agg parameteriza-
tion, this figure was even higher (mean = 55%, range = 40-
69%). By contrast, 57% of POC that was passively exported
across the 100-m depth horizon was remineralized at a depth
shallower than 150 m (range = 28-68%) for the PFP parame-
terization and 47% was remineralized shallower than 150 m
for the Agg parameterization (range = 31-64%). This large
difference suggests that particles that gravitationally sink
from the surface ocean (and contribute to sediment trap and
radionuclide disequilibrium-derived flux) are likely to have
much longer carbon sequestration times than particles that
were passively exported from the surface ocean. These par-
ticles also traveled substantially farther before being
exported than the gravitationally exported particles. Across
the two parameterizations, the median carbon-weighted dis-
tance traveled prior to export by particles that gravitationally
sank across the 100-m depth horizon was 10 km, while the
equivalent value for passively exported particles was 36 km.

The above analyses focused on the relative contribution
of gravitational flux or subduction across the 100 m depth
horizon. This depth was chosen because it is consistent with
the depth of in situ sediment trap deployment and because
CCE euphotic depths are seldom deeper than 100 m, but



Stukel et al.

Phytoplankton-Fecal Pellet Parameterization

Subduction and sinking particle export in the CCE

Aggregate Parameterization

Sinking Subduction
100
90
80
=
]
N
= 70
2
= 60
o
= 50
S
=
g 40
@)
=
=
5] _)0
£
o
e 20
10
¢ T T e i s s O T
Lalalalahs gepe g il l=lele] Palalallnds ge g gi==ie=le el
OO — — OO0 o ———
\OAD\OND =~ ~00C000000o00 \CANOA\OND ==~ 000CCo0000co =
CSOOooOoOoOTTOoOTOoOOOT COOOoOoOTOTTOTOO

COCOoOOOTTOTOOT

Sinking

Ualonlon b ol [aghe gl ool

Subduction

T T
B 100-150m
B 150-200m
[ 1200-300m
__1300-500m
B 500-1000m
Bl -1000m

I=Fun—cist—olen g
, S S gl G e R i | [ U DL A S e R e S N |
Ualallal ahs e g go=l==le=lanlan e

COCOoOOTOoOOTTOOCT

Fig. 7. Depth horizons over which exported particulate carbon was remineralized in the three-dimensional model using the PFP parameterization (a,
b) or the Agg parameterization (c, d). (a) and (c) particles that gravitationally sank across the 100-m depth horizon. (b) and (d) particles that were

subducted across the 100-m depth horizon.

biological and chemical properties do not draw any distinc-
tion at this boundary. If instead we look at the relative con-
tribution of subduction to POC export as a function of
depth, we see that subduction becomes substantially more
important for transport at shallower depth horizons (Fig. 8).
At a depth of 25 m, subduction contributes over 50% of car-
bon flux for 11 of 13 cycles for both the PFP and Agg param-
eterizations. The median contribution of subduction to total
flux across the two parameterizations was 73% at 25 m and
decreased to 52% at 60 m. Continuing deeper, it was 27% at
100 m and 13% at 150 m. For comparison, the average sea-
sonal mixed layer depth in the CCE typically varies from
20 m to 35 m, and the EZ on our cruises (as defined by the
1% light level) ranged from 24 m (0605-1) to 79 m (0605-2),
but positive net primary production often extended down to
the 0.1% light level, which ranged from 45 m to 116 m.

Uncertainty analysis

Broadly speaking, uncertainty in a modeling analysis such
as ours can come from three distinct sources: (1) Uncertainty
in the input parameters used in the model. (2) Uncertainty
about the applicability of the chosen model. (3) Uncertainty
about the generalizability of an individual study’s specific
context (location, time, currents, community, etc.). We
attempted to address each of these potential uncertainty
sources in turn.
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To assess the impact of in situ measurement uncertainty
on our results, we re-ran the three-dimensional model for
each cycle (and for both the PFP and Agg parameterizations)
after sequentially increasing or decreasing the in situ carbon
export measurement by one standard deviation of the mea-
surement uncertainty. Carbon export measurements were
chosen for these analyses, both because they had the largest
uncertainty and they were expected to have the greatest
impact on model results. Unsurprisingly, modifying the
export estimates used as inputs to the parameterizations had
substantial impacts on both the parameterization of the
models and on the amount of export predicted by the
Lagrangian modeling approach. While the remineralization
constant was relatively insensitive to changes in export, the
parameters associated with mean sinking speed (u; in the
PFP parameterization; o« and f in the Agg parameterization)
changed substantially. The median value (across all cycles)
of exp(uy), (the median sinking speed of phytoplankton)
increased from 0.5 m d~ ' to 1.8 m d~!, when export was
increased from one standard error below the mean to one
standard error above the mean. « and  showed more moder-
ate changes (increasing from 42 to 48 and —1.2 to —1.1,
respectively), but taken together these changes also had sub-
stantial impacts on mean sinking speeds and total gravita-
tional flux. For the Agg parameterization, median
gravitational flux increased from 73 mg C m 2 d ! to 93 mg
C m 2 d', and for the PFP parameterization, it increased
from 57 mg Cm > d ! to 71 mg C m 2 d ! (although for
individual cycles gravitational flux increased by up to a fac-
tor of 3). Although increasing the export input to the models
had the expected effect of increasing gravitational flux in
the Lagrangian models, it actually increased the vertical flux
due to subduction by a slightly greater percentage (median
subduction increased from 20.3 mg Cm > d ' to 31.9 mg C
m?d'and 363 mgCm ?d'to61.6 mgCm 2d ! for
the Agg and PFP parameterizations, respectively). The per-
centage of carbon export that resulted from subduction thus
was relatively insensitive to changes in the input parameters
(% subducted increased from 23.7% to 23.8% for the Agg
parameterization and from 40.1% to 44.5% for the PFP
parameterization, Table 4).

Uncertainty resulting from subjective choice of the shape
of the particle sinking speed distribution was addressed
through our use of two separate models with distinctly dif-
ferent distributions of sinking speed (Agg and PFP parameter-
izations, Fig. 3). The two parameterizations had important
similarities and differences. Both parameterizations showed
passive export to be an important, though not dominant
portion of the total POC export (41% and 26% mean for PFP
and Agg parameterizations, respectively) and found that
sinking particles have a substantially greater remineralization
length scale than subducted particles. They also agreed that
subduction is a likely fate for particles sinking at intermedi-
ate speeds. However, the Agg parameterization suggested a

374

Subduction and sinking particle export in the CCE

greater importance for gravitational sinking in total carbon
sequestration, as it simultaneously had a deeper reminerali-
zation length scale for gravitational flux and a smaller con-
tribution of passive flux to total export. Interestingly, the
relative rank of different cycles with respect to percent con-
tribution of passive flux to total export differed between the
two parameterizations. Most obviously Cycle 0810-1 had the
9th (out of 13) highest passive contribution to export (46%)
for the PFP parameterization and only the 3" most for the
Agg parameterization (15%).

We also addressed our assumption that remineralization
was constant with depth for all particles, by developing an
alternate model structure with temperature-dependence for
/. Particle remineralization is often mediated primarily by
bacteria and other microorganisms, so we assumed that A
shows an exponential relationship to temperature of:

Ar=1, =7 X Q10T " TV10 (11)
where /g is 1 as solved previously from Egs. 6-10, which we
assume is representative of remineralization rates in the sur-
face mixed layer. We used Qo= 2 which is representative of
typical Dbacterially-mediated marine processes (Kirchman
et al. 1995; Kirchman et al. 2005). Using Eq. 11 and average
temperature profiles for each cycle (surface temperatures var-
ied from 12°C to 17°C and decreased to a temperature of
~ 4°C at 1000 m depth), remineralization rates decreased by
up to 60% at 1000 m depth. This led to a predictable,
though relatively minor, increase in carbon export out of
the upper 100 m and in the overall depth of remineraliza-
tion for organic matter exported by sinking or subduction
(Supporting Information Figs. 4, 5). However, it did not sub-
stantially change the relative contributions of sinking and
subduction to export.

Passive flux varied substantially between cycles. The coef-
ficient of variation (standard deviation/mean) was 39% for
the PFP parameterization and 43% for the Agg parameteriza-
tion, while the spread was 15-79 mg C m % d" ! and 10-
47 mg C m 2 d~' for the two parameterizations. These dif-
ferences likely reflect true variability in the system. Our
study region has several biogeochemically-distinct regions
(the Southern California Bight, an upwelling center near
Point Conception, a transition region near the spatially-
variable California Current core, and an offshore oligotro-
phic environment), each with its own distinct floral and fau-
nal community that varies in time (Venrick 1998;
Lavaniegos and Ohman 2007). Across the domain, different
sectors can be dominated by picoplankton (> 80% of Chl a
in the < 3-um size fraction) or microplankton (> 80% of Chl
a in the > 20-um size fraction, Goericke 2011). It is thus not
surprising to find substantial variability in export patterns.
Our finding that passive flux is a more important contributor
to total flux in the oligotrophic regions with small phyto-
plankton and zooplankton taxa (and hence lower mean
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sinking speeds) was a robust result that held for both
parameterizations.

Discussion

Passive export of particles

All particles in our models are simultaneously sinking and
being advected vertically and horizontally. Thus, the dichot-
omy that we use to separate them into particles that were
subducted or gravitationally sank (based on which process
transported them across the 100-m depth horizon) may
seem arbitrary. However, when summed over thousands of
particles, our approach determines the proportion of vertical
motion driven by sinking or advection. In essence, this can
be considered a probabilistic view of particle transport. The
relative magnitudes of the sinking and vertical advection
velocity vectors determine the likelihood that a particle will
be counted as sinking or subducted. Crucially, this relative
contribution of sinking or advection also affects typical in
situ measurements of carbon flux. Assuming negligible
hydrodynamic biases, particle accumulation within sediment
traps is determined only by particle sinking speeds. Subduc-
tion events will not increase the amount of particles col-
lected by the sediment trap, because as the streamlines
diverge around the trap tube the dominant viscous forces
(Reynolds numbers typically <0.1) will ensure that the par-
ticles are transported around the trap, rather than into it.
The possibility of turbulent motion near the trap interface
could potentially introduce subducted particles, however the
use of a salt brine and design of the baffle on the top of the
tube minimizes mixing (Knauer et al. 1979). Indeed, our
own measurements of the salinity of the brine before and
after deployment and recovery showed no dilution of the
preserved brine with ambient seawater (Krause et al. 2015).
It is thus likely that advection is a negligible source of parti-
cle flux into our sediment traps. Similarly, a neutrally buoy-
ant sediment trap will be transported with the subduction
event and will not collect the advected particles. Radionu-
clide disequilibrium methods (***U : **Th and 2'°Pb : !°Po)
will also fail to register a signal from subduction, since
advection will transport the parent and daughter isotopes
together. This is not to say that subducted particles cannot
be collected by deeper sediment traps. Indeed, particles that
are advected past the 100-m depth horizon in our models
may cross the 150-m depth horizon by gravitational flux.
Nevertheless, the subduction portion of the flux must be
considered as an extra carbon transport term that is in addi-
tion to the flux measured by sediment traps or radionuclide
disequilibrium methods.

The high export rates due to subduction suggested by our
models (10-79 mg C m~? d™!; 7-90% of total export) have
additional implications for particle transport in the ocean
interior. It is commonly assumed that large aggregates col-
lected by in situ pumps are representative of sinking particles
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(Bishop et al. 2012; Mcdonnell et al. 2015b). However, our
results suggest that many particles found in the deep epipe-
lagic and shallow mesopelagic may have been transported
there by subduction. Since subducted particles have substan-
tially lower mean sinking speeds than gravitationally
exported particles, they also have greater residence times in
the deep epipelagic and thus contribute disproportionately
to particulate standing stock (sampled by pumps) relative to
their contribution to vertical flux. The importance of passive
export may also explain a discrepancy between the preva-
lence of small phytoplankton biomarkers in deep-water sam-
ples (Lomas and Moran 2011; Sohrin et al. 2011), despite
their relatively small contribution to gravitational flux (Rod-
ier and Le Borgne 1997; Waite et al. 2000; Stukel and Landry
2010). Picoplankton may get incorporated into aggregates
with relatively low mineral content and hence fairly slow
sinking speeds. These aggregates would then be more likely
to be subducted from the surface ocean and hence would
not be captured by sediment traps, though they would con-
tribute substantially to the shallow mesopelagic standing
stock.

As mentioned above, our models suggest an important
role for particles with intermediate sinking speeds (e.g., 1-
10 m d™ %) in passive transport of carbon to depth. Because
particle remineralization in the surface ocean is typically
quite high, most slowly-sinking organic particles (< 1 m
d™ ') are almost entirely remineralized within the EZ. Mean-
while, particles with sinking speeds >30 m d ' will be trans-
ported across any given depth horizon primarily by
gravitational sinking rather than advection. The intermedi-
ate sinking rate particles that likely contribute disproportion-
ately to passive export are often absent from biogeochemical
models. For instance, the NEMURO model has a single
sinking-particle compartment with a sinking speed of 40 m
d ! (Kishi et al. 2007). To compare how our results with con-
tinuous sinking speed spectra might differ from typical bio-
geochemical models that have only a single sinking speed
for detritus, we developed a simple single-sinking speed
parameterization such that Eq. 3 can be rewritten as:
PPss(0) = '*CPP X (1—¢) and PPgg(w) = "*CPP X &, where ¢ is
the fraction of particles that are sinking and w is the sinking
speed of the sinking particles. We chose 100 m d~! as a rep-
resentative speed for sinking particles in the ocean (Mcdon-
nell and Buesseler 2010), and solved Egs. 6, 7, 10 as before
then ran the new particle model in the three-dimensional
framework. Compared to either the Agg or PFP parameteriza-
tions, the Single Speed parameterization had a substantially
lower fraction of carbon transported to depth by passive
export (median = 14%, compared to 44% and 23% for the
PFP and Agg parameterizations, respectively). This shows
that biogeochemical models that assign only a single sinking
speed to detritus may give biased results if used to assess the
relative fraction of particle export mediated by subduction.
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The relative importance of subduction is also dependent on
the choice of depth horizon. Conceptually, the ideal choice of
depth horizon might be either the depth of the EZ or the sea-
sonal thermocline, but each of these has distinct spatiotempo-
ral variability that was not fully quantified throughout our
broader study region. Instead, we chose 100 m for this study
because it was a consistent depth used for the in situ measure-
ments of gravitational flux (sediment traps and ?**Th) that we
incorporated when parameterizing the models and also
because it is a depth that typically incorporates the entirety of
the EZ and mixed layer throughout the CCE. If deeper depth
horizons were chosen, the contribution of subduction to total
export would decrease, since (as noted previously) the remi-
neralization length scale is longer for gravitationally sinking
particles than for subducted particles. If we consider increas-
ingly deeper depth horizons the proportion of total particulate
export resulting from subduction in the PFP parameterization
decreases from 44% (median across all cycles at 100 m) to
29%, 22%, 16%, and 11% for depths of 125 m, 150 m, 200 m,
and 250 m, respectively. For the Agg parameterization, the
corresponding percent subducted decreases from 23% at
100 m to 14%, 11%, 10%, and 8%. Conversely (as explored
below), a shallower depth horizon would indicate a greater
importance for subduction.

Particle dynamics and carbon export

By using gravitational export, POC standing stock, and
particle formation ('*CPP) to parameterize our models, we
are implicitly determining mean particle turnover times (and
remineralization rate, 1) that relate to the length of time
between when POC is created and when it is finally reminer-
alized to CO,. This is distinctly different, however, from the
length of time that a particle spends in any given form (e.g.,
as a living phytoplankter, a copepod fecal pellet, or a 1-mm
phytodetrital aggregate). For instance, a phytoplankter may
be repackaged into an aggregate, or portions of its carbon
may be converted into zooplankton and/or fecal pellets
before it is inevitably remineralized somewhere in the water
column. Our modeling approach omits the complex particle
transformation dynamics inherent in many models of parti-
cle size spectra (Jackson 2001; Stemmann et al. 2004; Burd
and Jackson 2009) in favor of a simpler scheme that can be
directly parameterized using in situ observations. Thus while
our approach is well suited for its intended purpose of assim-
ilating in situ measurements to allow diagnostic modeling of
short-term particle transport during a field campaign, it is
not appropriate for predictive modeling of particle transport.
For such applications, it will become necessary to under-
stand how pelagic ecology and biogeochemistry interact to
shape the particle sinking speed spectrum.

The in situ biogeochemical measurements incorporated
into this study clearly show distinct differences in mean par-
ticle sinking speeds. For the PFP parameterization, the mean
sinking speed of particles created in the EZ ranged from
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2.5md ! to 46 m d” ', while for the Agg parameterization it
varied from 7.8 m d~ ! to 73 m d'. These differences drive
substantial variability in the fate of sinking particles; hence, it
is important to understand the mechanisms driving changes
in sinking speed. At its most basic level, particle sinking speeds
are determined by size, shape, porosity, and excess density.
However, these properties are difficult to measure on naturally
occurring particles and marine snow and are constantly
changing as particles evolve due to chemical, physical, and
ecological processes. For instance, density likely increases for
many sinking particles when bacteria preferentially remineral-
ize organic matter relative to CaCOs, Si, or lithogenic minerals
(Armstrong et al. 2002). Processes of differential settling, coag-
ulation, disaggregation, and deflation constantly re-work
marine snow, changing the porosity, size, and shape of these
aggregates as they sink (Burd and Jackson 2009; Lombard and
Kiorboe 2010). Mesozooplankton feeding at all depths in the
ocean also continually re-shape the particle size spectrum by
efficiently packaging smaller particles into larger fecal pellets
(Wilson et al. 2008; Turner 2015) or by fragmenting aggregates
through swimming-induced turbulence or partial consump-
tion of detritus (Lampitt et al. 1990; Dilling and Alldredge
2000). The complexity of these processes highlight our need
for direct in situ measurements of particle size, shape, and
sinking speeds across a variety of ecosystem states to progress
toward a predictive framework for particle sinking speeds in
the ocean.

Sinking speed alone does not control particle fate; remi-
neralization rates play an equally important role in deter-
mining the depth of organic matter penetration into the
ocean. For instance, 35% and 15% of the variability in the
relative contribution of passive flux to total flux could be
explained by a linear relationship with remineralization con-
stant (1), for the PFP and Agg parameterizations, respectively.
Water parcels with low remineralization rates relied on a rel-
atively greater role for subduction in vertical carbon trans-
port. However, by assigning a single remineralization
constant to all particles for a given water parcel, our model-
ing approach oversimplifies the multiplicity of processes that
can degrade organic matter in the ocean. Remineralization
rates are likely to be quite different for fecal pellets com-
posed of undigested material, aggregates formed from
mucous feeding structures, or fresh phytodetritus. Particle
remineralization rates in the ocean likely vary widely and
hence might be more accurately described by probability dis-
tributions in a similar way to how we depicted the sinking
speed distributions. Ascertaining how sinking speed and
remineralization rate might covary is a non-trivial task. For
instance, should we anticipate that phytodetritus in surface
layers (small and readily available to protistan grazers) is
both slowly sinking and more rapidly remineralized and that
large rapidly sinking fecal pellets have low remineralization
rates because mesozooplankton have already utilized the
most labile fractions of the organic matter (hence a negative
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Fig. 9. Plot of EZ ratio (POC flux at the base of the EZ/"CPP) vs. T100 (POC flux at 100 m below EZ/POC flux at EZ) for PFP parameterization (a)
and Agg parameterization (b). Size of circle is proportional to primary productivity (mg C m~2 d™"). Blue symbols are gravitational flux. Red symbols
are for subduction. Black symbols are for total POC flux. Light gray is summary data from other regions reported in Buesseler and Boyd (2009). Black

contours show percent of '“CPP exported past EZ + 100.

relationship between sinking speed and remineralization
rate)? Or should we assume that rapidly sinking aggregates
are sites of extensive bacterial colonization and remineraliza-
tion (positive relationship)? Are remineralization rates con-
trolled by the concentration of grazers (Gonzalez and
Smetacek 1994; Jackson and Checkley 2011), bacteria (Azam
1998; Steinberg et al. 2008), or temperature (Laws et al.
2000)? New technologies are beginning to allow us to probe
these questions (McDonnell et al. 2015a), but our current
understanding is still limited. Hence, we took the Occam’s
razor approach of determining a single remineralization rate
for particles produced during a particular cycle, regardless of
sinking speed. We believe, however, that by using remineral-
ization rates that were determined independently for each
cycle from the in situ measurements, our modeling approach
makes an important advance over most models that assume
a single a priori remineralization rate (or a single
temperature-dependent remineralization function) for all
particles everywhere in the ocean.

The fate of gravitationally sinking and subducted
particles

The primary motivation for most studies of vertical car-
bon transport in the ocean is a desire to understand either
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the ocean’s ability to sequester carbon or the sources of
energy for organisms in the mesopelagic and benthos. For
both of these questions, quantifying total export (which
should balance new production, sensu Eppley and Peterson
1979) is not sufficient because the remineralization length
scale determines how far into the ocean exported organic
matter penetrates, and hence whether it is remineralized in
the upper mesopelagic, feeds benthic organisms, or is seques-
tered for long periods of time in the abyssal ocean. Thus,
understanding controls on flux attenuation can be crucial to
determining the biogeochemical and ecological fate of
export production.

Following Buesseler and Boyd (2009), we can simulta-
neously consider export at the base of the EZ and flux atten-
uation by comparing the EZ-ratio (the ratio of export at the
base of the EZ to *CPP) to the Ty ratio (POC flux 100 m
below the EZ to POC flux at the base of the EZ). While
Buesseler and Boyd (2009) considered only gravitational flux,
we extend their analysis to include subductive flux and total
flux (subduction + gravitational, Fig. 9). Comparing our
results to other regions, it is clear that the CCE has moderate
to low export sequestration efficiency, with typically 5-10%
of CPP transported to a depth 100 m deeper than the EZ.
Relatively inefficient gravitational carbon sequestration
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resulted primarily from a low EZ-ratio (with a moderate T;q9
for gravitational flux). In contrast to gravitational flux, POC
transport resulting from subduction had a relatively high EZ-
ratio, suggesting that (in contrast to our previous results
which were normalized to a constant 100 m depth horizon)
rates of POC subduction out of the EZ were typically greater
than rates of gravitational flux. However, subducted material
also had a consistently lower Tjoo, implying that most of
this material was rapidly remineralized in the deep epipe-
lagic zone and hence has low sequestration potential. This
highlights an important dichotomy in the way subducted
and sinking POC should be considered: while subduction
may play an important role in the total EZ carbon and nitro-
gen balances, a focus on gravitational flux is justified based
on its higher potential for deep ocean carbon sequestration.

So far, we have discussed only POC export, but passive
transport of DOM has been hypothesized to also play an
important role in the marine carbon budget (Copin-
Montégut and Avril 1993; Carlson et al. 1994; Hansell et al.
2009). DOM is produced in surface waters by phytoplankton
exudation, sloppy feeding by grazers, particle solubilization,
and other processes (Carlson 2002). The labile fraction of
this material is then rapidly degraded by surface microbes,
leading to gradual conversion of this fresh DOM to a more
refractory state (Hansell et al. 2012). On CCE LTER survey
cruises, H'*CO; uptake experiments showed that DOC pro-
duction rates were approximately 20% of particulate '*CPP.
If we consider DOM to be identical to POC, but with no
sinking rate, Fig. 6 would suggest that DOM would be a
minor component of export out of the EZ and a negligible
component of sequestration in deeper waters. However,
since DOM has substantially different removal processes (pri-
marily utilization by free-living bacteria) than POC (primar-
ily grazing and degradation by attached microbes), it likely
also has different remineralization rates. Thus, determining
the potential increased organic matter transport mediated by
subduction (or vertical mixing) of DOM will require a differ-
ent analysis.

Conclusions

In this study, we set out to address the potential contribu-
tions of sinking particles and subducted particles to carbon
export, and to ascertain how the biogeochemical fate of POC
differs for these different pathways of export. To accomplish
these goals, we developed a novel approach for assimilating
in situ primary production, POC standing stock, and gravita-
tional export measurements into a Lagrangian particle track-
ing model. Our study clearly demonstrates the importance
of subduction for the carbon and nitrogen balance in the EZ
of the CCE. However, there remained a substantial (approxi-
mately factor of 2) difference between estimates of passive
export using different particle sinking spectrum shapes
designed to capture the dynamics predicted by two different
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conceptual models of particle sinking in the ocean (export
driven by packaging of phytoplankton into fecal pellets or
by aggregates). Furthermore, in situ conditions clearly play a
very large role in the relative importance of subduction (at
100 m, percent subducted varied from 14% to 90% for the
PFP parameterization). Thus, understanding spatiotemporal
variability in passive transport—and the extent to which it
will be altered by climate change—clearly requires a predic-
tive understanding of individual particle sinking speeds and
remineralization rates. Future advances will require careful
field work to constrain in situ particle distributions (Check-
ley et al. 2008; Picheral et al. 2010), sinking speeds (Trull
et al. 2008; Lee et al. 2009; McDonnell and Buesseler 2010;
Jackson et al. 2015), and remineralization rates (McDonnell
et al. 2015a) in the epi- and mesopelagic. Crucially, these
studies must also quantify particle transformation mecha-
nisms (primary production, aggregation and disaggregation,
grazing and fecal pellet production, bacterial remineraliza-
tion) that respond to depth-specific food web dynamics.
With such information, it should be possible to construct
dynamic particle models that are parameterized using in situ
measurements, but allow for spatiotemporal variability in
particle sinking speed spectra driven by local physical, chem-
ical, and ecological conditions.

Data availability statement

Data used in this study are available on the CCE LTER
Datazoo website.
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