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Abstract Understanding particle cycling processes in the ocean is critical for predicting the response

of the biological carbon pump to external perturbations. Here, measurements of particulate organic carbon
(POC) concentration in two size fractions (1-51 and >51 pm) from GEOTRACES Pacific meridional transect
GP15 are combined with a POC cycling model to estimate rates of POC production, (dis)aggregation,

sinking, remineralization, and vertical transport mediated by migrating zooplankton, in the euphotic zone

(EZ) and upper mesopelagic zone (UMZ) of distinct environments. We find coherent variations in POC
cycling parameters and fluxes throughout the transect. Thus, the settling speed of POC in the >51 pm fraction
increased with depth in the UMZ, presumably due to higher particle densities at depth. The settling flux of
total POC (>1 pm) out of the EZ was positively correlated with primary production integrated over the EZ;

the highest export occurred in the subarctic gyre while the lowest occurred in the subtropical gyres. The ratio
of POC settling flux to integrated primary production was low (<5%) along GP15, which suggests an efficient
recycling of POC in the EZ in all trophic regimes. Specific rates of POC remineralization did not show clear
variations with temperature or dissolved oxygen concentration, that is, POC recycling was apparently controlled
by other factors such as microbial colonization and substrate lability. Particle cohesiveness, as approximated by
the second-order rate constant for particle aggregation, was negatively correlated with trophic regime: particles
appeared more cohesive in low-productivity regions than in high-productivity regions.

1. Introduction

The biological carbon pump is a network of processes that are responsible for fixing atmospheric carbon dioxide
into organic biomass (i.e., particulate organic carbon, POC) in the surface ocean, cycling this organic carbon in
the midwater, and eventually burying it at depth and in the sediment via export (Ducklow et al., 2001). While
much attention has been given to quantifying how much carbon is exported from surface waters to the deep
ocean, the processes that result in the cycling of carbon in the midwater and that are responsible for controlling
carbon flux attenuation are relatively poorly understood. These processes include, for example, particle settling,
aggregation, disaggregation, remineralization, and transport due to zooplankton diel vertical migration (DVM)
(Iversen, 2023). Constraining the contributions of these individual processes is crucial for understanding how the
biological carbon pump may respond to anthropogenic changes in ocean temperature and chemical composition
(Yamamoto et al., 2018).

Quantifying the rates of particle settling, aggregation, disaggregation, remineralization, and DVM-mediated
transport is notoriously difficult. Estimates of the rate constants that describe the kinetics of these processes
are sparse. In a previous study, we combined measurements of size-fractionated POC concentration, prior esti-
mates of rate constants derived from the literature, and other in-situ data, to derive particle cycling rates in the
upper 500 m of the water column at Station P in the eastern north Pacific during the summer of 2018 (Amaral
et al., 2022). Whilst this study provided insight into POC cycling at Station P, our posterior estimates of particle
cycling rate constants were found to be largely dependent on prior estimates, and they may not be appropriate to
describe POC cycling in other biogeochemical regimes.

The GEOTRACES Pacific meridional transect GP15 was conducted between 24 September 2018 through 22
November 2018. This transect includes stations within the Alaskan (subarctic) gyre, the transition zone chloro-
phyll front (Polovina et al., 2001), the north and south Pacific subtropical gyres, and the equatorial upwelling
region (Figure 1). The various data sets collected at these stations provide an opportunity to examine how parti-
cle cycling parameters vary as a function of biogeochemical environment. In this study, we extend the work of
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Figure 1. The GEOTRACES Pacific meridional transect GP15. Markers
indicates station numbers. Most stations lie along 152°W. “Subarctic” stations
are shown in green, “North Pacific gyre” stations in orange, “Equatorial”
stations in red, and “South Pacific gyre” stations in blue. This classification

is consistent with surface nutrient concentrations and a water mass analysis

(Lawrence et al., 2022).
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Amaral et al. (2022) by estimating particle cycling parameters and vertical
carbon export in a wide range of oceanic environments across GP15. We
examine relationships between environmental variables and particle cycling,
with due consideration for the errors in the measurements and in prior esti-
mates of particle cycling parameters. Emphasis is placed on (a) the influ-
ence of seawater viscosity on particle settling speed, (b) the effect of trophic
regime and phytoplankton community composition on POC export by gravi-
tational settling, (c) the influence of phytoplankton community composition
on particle (dis)aggregation, and (d) the dependence of POC remineralization
on temperature and dissolved oxygen concentration. Each of these effects is
elaborated below.

According to Stokes' Law, the settling velocity of a rigid spherical particle in
a fluid is proportional to its excess density relatively to the fluid and inversely
proportional to the fluid viscosity. Thus, processes that increase the density
of particles are expected to increase settling speed. An increase in particulate
settling speed with depth has been inferred from measurements of vertical
POC flux from sediment traps (Berelson, 2002), lead and polonium isotope
concentrations (Villa-Alfageme et al., 2016), and particle composition (Xiang
et al., 2022). One common explanation for this phenomenon is the preferen-
tial remineralization of labile particulate material near the surface (Nguyen
et al., 2022), leaving behind denser refractory material such as biominerals
and lithogenic particles to sink at depth (Xiang et al., 2022). In addition,
particle settling speeds should increase as seawater viscosity decreases,
that is, as seawater temperature increases (Millero, 1974). However, a rela-
tionship between particle settling speed and seawater temperature was not
observed in laboratory experiments (Iversen & Ploug, 2013) or field studies
(McDonnell et al., 2015; Trull et al., 2008). In this work, we estimate particle
sinking speeds at relatively high vertical resolution across a range of seawater
temperatures, which allows us to examine whether particle settling speeds
vary with depth and/or seawater viscosity.

Particle settling speeds are important because they partly control the settling
flux of POC out of the euphotic zone (EZ), and thus influence the strength
of the biological pump. However, the settling flux of POC at the base of
the EZ is also governed by the standing stock of POC in the EZ. Pelagic
ecosystems characterized by higher primary production and phytoplankton
communities dominated by microplankton (e.g., diatoms) are expected to
show larger POC settling fluxes out of the EZ (Boyd & Newton, 1999; Guidi
et al., 2009). Buesseler (1998) showed that the fraction of production that is
exported by settling (i.e., the export efficiency) can be low throughout much
of the ocean (<5%—10%), with mid- and high-latitude diatom blooms often
characterized by higher export efficiency. Later work showed that regions
where primary production is high and spatiotemporally variable may exhibit
variable export efficiencies (Henson et al., 2015; Maiti et al., 2013), as may
regions with dynamic zooplankton communities (Wassmann, 1998). In this

study, we compare our estimates of POC export flux with concurrent estimates of primary production and phyto-

plankton community composition to evaluate whether these two variables affect the fraction of POC exported

out of the EZ.

Phytoplankton community composition may also affect the rates at which particles (dis)aggregate. Whilst earlier

models of marine particle aggregation assumed that particle aggregation is first-order with respect to particle
concentration (e.g., Clegg & Whitfield, 1990; Murnane et al., 1990), more recent work has shown that particle
aggregation is better described as a second-order process (e.g., Burd, 2013). In the second-order formulation of

aggregation, the second-order rate constant is expected to reflect particle properties such as the cohesiveness of

the interacting particles. Thus, aggregation rates should be higher in regions dominated by plankton that produce

AMARAL ET AL.

20f22

9SULOIT suowwo)) dAneaI) d[qesrjdde oy Aq pauIdA0S a1k SI[O1IE Y (2SN JO SO[NI 10} A1eIqI dul[uQ) A2[IA\ UO (SUOHIPUOI-PUB-SULIRY/WO0d A3[1m  AIeIqI[aul[uo//:sdny) SuonIpuo)) pue sua ], 3y} 928 ‘[+707/20/91] uo Areiqr autjuQ A3[IM ‘0v6L009DET0T/6201 01/10p/wod Kofim AreiqiourjuosqndnSe,/:sdny woly papeojumod ‘1 “$70T ‘bTT6TH61



A7oN |
MN\\JI
ADVANCING EARTH
AND SPACE SCIENCES

Global Biogeochemical Cycles 10.1029/2023GB007940

“stickier” aggregates and/or where particle concentrations are high (Iuculano et al., 2017; Passow, 2002; Wurl
etal., 2011; Zamanillo et al., 2019). In contrast, regions where particulate matter is less cohesive and zooplankton
activity (e.g., swimming) is more intense, may be characterized by relatively large rates of particle disaggregation
(Briggs et al., 2020; Dilling & Alldredge, 2000). Zooplankton grazing may promote both the formation of particle
aggregates (e.g., through the packaging of algal material into fecal pellets) and the destruction of such aggregates
(e.g., via particle fragmentation during feeding). Here we examine how rate constants of particle (dis)aggregation
vary as a function of phytoplankton community composition and zooplankton grazing rate in the EZ.

Finally, rates of POC remineralization may vary geographically and with depth owing to a dependence of microbial
activity on temperature and dissolved O, concentration. Indeed, particles in surface waters are densely colonized
by microbes, which may not efficiently mineralize organic material as the particles sink to colder temperatures,
higher pressures, and lower dissolved O, concentrations (Iversen, 2023; Nguyen et al., 2022). Similarly, at a
given depth, oceanic regions with warmer temperatures may be characterized by higher remineralization rates,
as microbial respiration generally increases with temperature (Cram et al., 2018; Laufkotter et al., 2017; Marsay
et al., 2015). In this study, we test these correlations by comparing our depth-dependent estimates of particle
remineralization rate constants with measurements of temperature and dissolved O, concentration from CTD
data.

The organization of this paper is as follows. First, in Section 2.1 we present the data used in this study. In
Sections 2.2 and 2.3, we describe the model and the inverse method that are applied to infer particle cycling rates
from POC concentration data from the upper water column along GP15. Prior knowledge of particle cycling
processes is assembled in Section 2.4. Results from data inversions are presented in Section 3, and discussed in
Section 4. Finally, we provide a summary in Section 5.

2. Methods
2.1. Data

This study relies on measurements of POC concentration collected in the upper 600 m at different stations
along GP15. POC concentrations were measured from particle samples collected by large volume in-situ
filtration (LVISF), and their errors were estimated from the standard deviation of process blank filters (Lam
et al., 2015, 2018; Xiang & Lam, 2020). Quartz microfiber filters (1-pm nominal porosity) and polyester screens
(51 pm) were used to separate particles into small (SSF) and large (LSF) size fractions, respectively (Figure 2 and
Figure S1 in Supporting Information S1). For convenience, POC concentrations in the SSF and LSF are denoted
as Pgand P, respectively. In total, there are 76 measurements of [POC] in the EZ and 60 measurements of [POC]
in the upper mesopelagic zone (UMZ). For this study, the depth of the EZ is derived from the 1% light level (see
Section 2.4). The closest sampling depth to the base of the EZ and all sampling depths above it are assumed to be
within the EZ. All other sampling depths are assumed to be in the UMZ.

This study also relies on other types of measurements. We use vertical POC fluxes constrained from water
column 2**Th concentrations and the POC/?3*Th ratio of particles captured by LVISF (Buesseler, 2021a, 2021b).
Particulate 2**Th activities were measured from the same filters used for POC analysis, while water column 2**Th
concentrations were measured on bottle samples closest to the LVISF sampling depths (Kenyon, 2022). Pigment
samples were collected in the EZ on GF/F filters and analyzed by high-performance liquid chromatography at
Oregon State University (Cutter et al., 2023a, 2023b; Latasa et al., 1996). Phytoplanktonic fractions are calculated
following Uitz et al. (2006) using averages of different pigment concentrations in the EZ. They correspond to
picoplankton (<2 pm; cyanobacteria, prochlorophytes, and green flagellates), nanoplankton (2-20 pm; chromo-
phytes, nanoflagellates, and cryptophytes), and microplankton (>20 pm; diatoms and dinoflagellates) (Vidussi
et al., 2001). Temperature, salinity, and dissolved O, concentrations were measured by sensors mounted on the
CTD rosette, and sensor O, data were verified by Winkler titration (Casciotti et al., 2019; Cutter et al., 2019).
Nitrate, silicate, and phosphate concentrations were measured on bottle samples also collected on the CTD rosette
(Casciotti et al., 2021a, 2021b). The mixed layer depths at GP15 stations are based on a 0.05 kg m~ density
difference from the surface water (Bishop et al., 2022). Over the entire transect, 8-day averages of the diffuse
attenuation coefficient (K,) were derived at 4-km resolution from the NASA Aqua MODIS sensor (Acker &
Leptoukh, 2007; NASA Ocean Biology Processing Group, 2018). For a given station, we use the 8-day averaging
interval that includes the sampling time of the shallowest LVISF cast.
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Figure 2. Sections of particulate organic carbon concentration measured during GP15 in the small size fraction (1-51 pm; top panel) and the large size fraction
(>51 pm; bottom panel). Dashed line shows the mixed layer depth, solid line shows the depth of the euphotic zone, and dotted line shows the depth of the zooplankton

grazing zone.

2.2. Model

We use a POC cycling model with two particle size classes, which is described in Amaral et al. (2022) and is

summarized in Figure 3. Consideration of two size classes allows us to make inferences about particle aggrega-
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Figure 3. Schematic of the particulate organic carbon (POC) cycling

model. Small POC (Py) is produced from primary production (Ps) and when
large POC disaggregates (_,), and it is removed when P aggregates (f,),
remineralizes (_, ), and is consumed by zooplankton (f,). Large POC (P))
is produced when P aggregates or is egested by zooplankton (f,), and it is
removed when it disaggregates and remineralizes (5_, ;). Both Pgand P sink
through the water column (wg and w,). The dashed line labeled with S, serves
to indicate that zooplankton consume P only in the euphotic zone and egest
P, only in the upper mesopelagic zone.

tion and disaggregation rates, as well as about particle remineralization and
settling rates in the two size fractions (1-51 and >51 pm). The model domain
extends from the sea surface to the depth of the deepest sample in the upper
600 m of the water column. Since the depth of the deepest sample in the
upper 600 m varies between stations, the model domain also varies between
stations. The water column is represented by different layers. The upper and
lower boundaries of each layer coincide with the depth of samples obtained
from LVISF, except for the upper boundary of the uppermost layer, which
coincides with the sea surface.

The balance equations that describe the cycling of POC in the SSF and LSF
in a given layer, are, respectively:

zp .

—(wgpg—w'spg)+/ Psdz + poPLh
B B & o (1a)

—(ﬂ;P5+ﬁ_.,s)Psh—ﬁ3PS/ H(zg —2)dz=0

— _
—(w P} — w, P}) + ByPs h— (B2 + f-1.L)PLh

— [ (1b)
+ﬂ3Ps/ E(z)dz=0

t
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Here, P is [POC] in the SSF, P, is [POC] in the LSF, P is the primary production of P, wy is the settling speed
of Pg, w, is the settling speed of P;, §_, ¢ is the rate constant for remineralization of P, f_, ; is the rate constant
for remineralization of P, f is the rate constant for P aggregation, f§_, is the rate constant for P, disaggregation,
and f; is the rate constant for ingestion of P by vertically migrating zooplankton in the grazing zone.The depth
z,is the depth at the top of the layer, z, is the depth at the bottom of the layer, & = z, — z, is the thickness of the
layer, and an overbar denotes an average over the layer. Specifically, Ps and P;, are calculated from the arithmetic
mean of their respective concentrations at the two layer boundaries, except for the surface layer, where they are set
to the concentrations at the base of that layer. At the sea surface, the settling fluxes w'; Pg and w', P; are assumed
to vanish. The function H is a Heaviside function (H(z, — z) = 1 if z < z, and H(z, — z) = 0 otherwise, where
z, is the depth of the grazing zone and z is the depth), E(z) is a function representing the vertical distribution of
zooplankton egestion in the UMZ, and ?i is the average P concentration in the grazing zone. In this study, the
depth of the grazing zone, z,, is set equal to the pump depth closest to the base of the EZ, z,.,. Also, “remineraliza-
tion” includes any transfer of organic carbon from the particulate phase to the organic and inorganic “dissolved”
phases, operationally defined as the material that passes through the 1 pm filter. All processes that transfer POC
between size fractions are assumed to be first-order with respect to POC concentration, except for aggregation
(ﬂé), which is assumed to be second order (Amaral et al., 2022; Jackson & Burd, 2015).

Equation 1la states that the sources of P¢ from particle production and large particle disaggregation should be
balanced by the divergence of the SSF settling flux and by the sinks from small particle remineralization, aggre-
gation, and zooplankton ingestion (in the grazing zone). Likewise, Equation 1b states that the sources of P, from
small particle aggregation and zooplankton egestion (below the grazing zone) should be balanced by the diver-
gence of the LSF settling flux and by the sinks from large particle remineralization and disaggregation. Note that
primary production is assumed to be a source of POC in the SSF but not in the LSF.

Primary production of P (Ps) is assumed to decrease exponentially with depth,

Py = Psy exp{ -z } @

P

where Ps is the production at the surface and L, is a vertical scale.

Zooplankton export POC from surface waters to the deep ocean via DVM. We assume that zooplankton consume
POC in the SSF and egest it to the LSF to represent the packaging of small algal particles into larger fecal pellets.
We also assume that grazing occurs above z, (i.e., in the EZ), where zooplankton feed at night, and that egestion
occurs only below z . (i.e., in the UMZ), where zooplankton reside during the day. In Equation 1b, ﬂ3ﬁi is the
average P ingestion rate from the surface to z, and ?i is

— 1 Zg
Ps = —/ Ps(z)dz 3)
Zg Jo

We parameterize DVM in a way that reflects a subsurface maximum in daytime zooplankton biomass observed
by Omand et al. (2021). To model the egestion rate, we multiply 55 Ps by the layer integral of the dimensionless
function E(z):

Zm — Zg

.(ﬂk—zﬁ)
E(z) = Emax sin| ——— |H(z — Zg) 4)

Here, E

nax 18 the maximum value of the egestion function E(z) and occurs at the middepth between z,, (maximum

depth of zooplankton migration) and z, (depth of the grazing zone). It is determined from a metabolic constraint
that sets the vertical integral of the egestion flux in the UMZ to be a fraction, a, of the vertical integral of the
ingestion flux in the grazing zone (between 0 and z), such that

TAZg

Enax = m (5)

The Heaviside function in Equation 4 implies that E(z) = H(z — zg) = 0 at depths where z < Z, which reflects our
assumption that no POC egestion occurs above z,.

The integrals in Equations 1a and 1b are:
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Zp
/z’ Psdz = PS,OLP<exp{—LZ—;} —exp{—z—i}) (6a)

2 h Zp < Zg
/ H(zy,—z)dz = (6b)
z 0 Zi > Zg
Zp 0 Zp < Zg
/ E(z)dz = Zy—Z, 7[z-z4] 7[zp—z4 ] (6C)
2 Epax ==~ [cos(ﬁ) - cos(ﬁ)] z >z,
‘m~Zg m~%g

Finally, we include an additional equation for every layer boundary, which states that the sum of settling fluxes
in the small and large size fractions (w¢P, and w,P,, respectively) is equal to the settling flux as estimated
from 2*Th (Fp,):

Frin — (wsPs +wrP)=0 @)

In summary, the POC cycling model includes 11 parameters (wg, w,, ﬂ—w ﬂ-],u ﬂ;, B, Pso, Ly, By, a, z,). The
rate constants ﬁ—l,s’ /}—1, I ﬂ;, and §_, are assumed to be uniform within each layer, but are allowed to vary between
layers. The particle settling speeds wg and w, are defined at the layer boundaries and are allowed to vary between
layer boundaries. The other parameters, Pso, Ly, B, a, and z,,, take on a single value at a given station.

2.3. Inverse Method

An inverse method is used to estimate the particle cycling parameters of the model (Section 2.2) from the
size-fractionated measurements of POC concentration, estimates of vertical POC settling flux based on **Th,
and other observations along GP15 (Section 2.1). A complete description of this method can be found in Amaral
et al. (2022). Briefly, the model parameters, the POC concentrations (Pg and P,), and the POC settling flux
from 2**Th (F,) at a given station are defined as variables in a state vector, x. Equations 1a, 1b, and 7 are assem-
bled in a single equation f(x) = 0, where f(x) is a vector of functions and 0 is a vector of zeros. We use the algo-
rithm of total inversion (ATI) (Tarantola & Valette, 1982) to find an estimate of the state vector x that minimizes
the cost function

J=x-x)C,'(x—x,) subjectto f(x)=0 ®)

where superscript T denotes the transpose. Here, x,, is a vector that includes prior estimates of the elements of x
and C, is the error covariance matrix, or uncertainty, for the prior values in x,. The diagonal elements of C, are
the squares of the uncertainties in the prior estimates in x,, and the off-diagonal elements of C, are the covariances
between these uncertainties. As error covariances are poorly constrained, all off-diagonal elements in C, are set
to zero in this study.

Note that in Amaral et al. (2022), Equations 1a and 1b included error terms to account for the expectation that
these balance equations do not consider all processes that may affect the distribution of POC in the water column,
such as lateral and vertical transport. However, we found in this previous work that the ATI tended to adjust the
posterior estimates of these error terms rather than the particle cycling parameters in order to satisfy the balance
equations, which prevented the posterior estimates of the cycling parameters from varying noticeably relatively to
their prior estimates. In this study, we do not include error terms in Equations 1a and 1b, that is, these equations
are assumed to be exact when inferring values of POC concentrations and rate parameters.

2.4. Prior Knowledge

The inverse method applied in this study allows consideration of prior knowledge (x,) and prior uncertainties
(C,) in the estimation of particle cycling parameters. Prior estimates of the state elements and their uncertainties
are obtained from field measurements or from the literature (Table 1). Prior estimates of Pg and P, and their
uncertainties are based on measurements on LVISF samples and on their corresponding blank filters as described
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Table 1

Variables and Parameters of the Particulate Organic Carbon (POC) Cycling Model

Symbol

Definition Prior estimate Prior error Units Reference

P, P, [POC] in SSF and LSF

Variable Variable mmol m~3 This study

Fp, POC settling flux from *Th Variable 100% mmol m~=2d-! This study
Pso Particle production at the surface Variable 50% mmol m~= d-! Acker and Leptoukh (2007), NASA

Ocean Biology Processing
Group (2018), and Westberry
et al. (2008)

L, Vertical scale for particle production Variable 50% m NASA Ocean Biology Processing

A, Disaggregation r.c.

Group (2018) and Westberry
et al. (2008)

p Second-order aggregation r.c. 0.00013-0.22 100% m? mmol~! d-! Clegg et al. (1991), Murnane

et al. (1994), and Murnane
et al. (1996)

0.044-5.5 100% d-! Clegg et al. (1991), Murnane
et al. (1994, 1996), and Briggs
et al. (2020)

Bis Remineralization r.c. (SSF) 0.0025-0.31 100% d-! Clegg et al. (1991), Murnane

et al. (1994), and Murnane
et al. (1996)

AL Remineralization r.c. (LSF) 0.012-0.43 100% d-! Paul et al. (2022)
Wg Particle settling speed (SSF) 0.045-1.8 100% md! Krishnaswami et al. (1976,

1981), Rutgers van der Loeff
and Berger (1993), Scholten

et al. (1995), Venchiarutti

et al. (2008), R. F. Anderson

et al. (2016), Lerner et al. (2017),
Gdaniec et al. (2020), and Xiang
et al. (2022)

w, Particle settling speed (LSF) 2.5-130 100% md! Murnane et al. (1996), Xiang

et al. (2022), McDonnell and
Buesseler (2010), McDonnell
and Buesseler (2012), and
McDonnell et al. (2015)

B, Zooplankton ingestion r.c. Variable 50% d-! Westberry et al. (2008), and

Calbet (2001)

a Zooplankton egestion fraction 0.30 50% Unitless Steinberg and Landry (2017)

Z,

m

Maximum depth of zooplankton migration 500 50% m Omand et al. (2021)

Note. r.c., rate constant.

in Section 2.1. If a sample is suspected to present an erroneous concentration due to collection and/or analysis
issues, its concentration is instead obtained by linear interpolation of the concentrations immediately above and
below the sample's depth (such interpolated values occur at only 5% of sampling depths). Prior estimates of the
settling flux of total POC are obtained from ***Th disequilibria (F},; Section 2.1) and are assumed to suffer from
a relative error of 100%.

Prior estimates of the vertical scale of particle production (L,) are obtained from satellite-derived estimates of
the diffuse attenuation coefficient (K ; Section 2.1). The estimate of L, at a given station is taken as the recip-
rocal of the nearest available K, estimate within the selected averaging interval. Albeit crude, this approach
is consistent with the notion that the decrease of primary production with depth is driven primarily by light
attenuation.

Next, consider P . Integrating the primary production rate (Equation 2) from the surface to the base of the EZ
(25 yields:
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Figure 4. Nutrient concentrations, chlorophyll a (Chl. a) concentrations, and
fractions of different size classes in the phytoplankton assemblages across
GP15. Nutrient concentrations are averages over the mixed layer. Chl. a
concentrations and phytoplankton fractions are averages over the euphotic
zone. “Subarctic” stations are shown in green, “North Pacific gyre” stations in
orange, “Equatorial” stations in red, and “South Pacific gyre” stations in blue
(Figure 1). Gray vertical bars in each panel connect the latitudes to the station

numbers above each panel.

Latitude (°N)

with a different set of parameter values selected randomly (“Monte Carlo”
approach). First, parameter estimates from the upper 600 m are compiled
from the literature and outliers are removed via the interquartile method.
Specifically, for a given parameter, we discard estimates that lie outside the
range defined by (a) the first quartile of the compiled values minus 1.5 times
the interquartile range and (b) the third quartile plus the 1.5 times the inter-
quartile range. The minimum and maximum of the remaining set define a
uniform distribution from which prior estimates are chosen randomly. As no
prior estimates of f) exist in the literature to our knowledge, we define ranges
for this parameter by dividing prior estimates of the first-order aggregation
constant by the median of the Pg concentration data considered in this study

(0.38 mmol m~3). Prior errors of Ps, L,, f;, a, and z,, are not available in the literature, and we assume a relative

error of 50% for these parameters.

3.
3.1. Hydrographic Context

Results

In this section, we describe how nutrient and chlorophyll concentrations, phytoplankton community composition,

temperature, and dissolved O, concentration vary along GP15 (Figure 4). Nitrate, phosphate, and silicate concen-

trations in the mixed layer are relatively high in the subarctic Pacific and are depleted in the subtropical gyres.
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Figure 5. Vertical profiles of temperature and dissolved O, concentration measured from CTD sensors. The profiles are
colored according to the different biogeochemical environments sampled during GP15 (Figure 1).

Near the equator, nitrate and phosphate levels are notably elevated, while silicate levels exhibit only slightly
higher values in comparison to the subtropical gyres. The average concentration of chlorophyll a (Chl. a) in the
EZ is also highest in the subarctic Pacific and decreases southward along the section until about 30°N. Chl. a
shows some variation throughout the rest of the transect and presents secondary maxima near the equator. North
of 45°N (i.e., the subarctic Pacific), the phytoplankton assemblage is dominated by nanoplankton (>50%) and
microplankton (~25%-30%). South of 45°N, the phytoplankton assemblage is dominated by picoplankton and
nanoplankton, together accounting for 90% or more of the algal community. From 45° to 25°N, the relative abun-
dance of nanoplankton decreases from roughly 55%—30%, while the relative abundance of picoplankton increases
from approximately 30%—60%. Picoplankton remain dominant in the subtropical gyres, whilst the fraction of
nanoplankton increases near the equator.

Temperature and dissolved O, concentration display large variations along GP15, which provides an opportunity
to test the influence of these parameters on particle cycling. Temperatures at the surface are lowest in the subarc-
tic Pacific, and generally increase southward along the section (Figure 5). In contrast, dissolved O, concentrations
in surface waters decrease from north to south due to the temperature-dependent solubility of the gas in seawater.
The wide range in temperature (15-20°C) and O, concentration (0—200 pmol kg~") in the UMZ largely reflects
the influence of different water masses along the transect (Lawrence et al., 2022). Many stations sampled the low
oxygen waters of the North Pacific. Only one station (Station 21 at 11°N), located at the western extent of the
eastern Tropical North Pacific oxygen deficient zone, had O, concentrations below the 2 pmol kg~ detection
limit of the CTD O, sensor.

3.2. Data Inversion

In this section, the parameters of the POC cycling model (Section 2.2) are estimated at different depths and at
different stations along GP15 from size-fractionated POC measurements and other observations (Section 2.1)
using the inverse method (Section 2.3).

First, we describe the POC concentration data that are inverted. Throughout the transect, the SSF dominates
total POC and is usually an order of magnitude greater than the LSF (Figure 2 and Figure S1 in Supporting
Information S1). In both size fractions, concentrations are typically highest at the surface and attenuate sharply
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Figure 6. Estimates of particle production at the surface P, vertical scale
of particle production L,, maximum depth of zooplankton migration z,,
zooplankton egestion fraction a, and zooplankton ingestion rate f3;, along
GP15. Gray diamonds with vertical bars show prior estimates with their
respective uncertainties (Table 1). Circles show mean posterior estimates
and are color coded by biogeochemical regime (Figure 1). Error bars drawn
to show standard errors of mean posterior estimates are usually too small to
notice. Station numbers appear above each panel.

with depth. Concentrations are also highest in the subarctic gyre and lowest
in the subtropical gyres. The mean of P throughout the transect in the EZ is
0.98 mmol m~* with a standard deviation of 1.11 mmol m~ and a range of
5.21 mmol m~3. The mean of P in the UMZ is 0.21 mmol m~> with a stand-
ard deviation of 0.12 mmol m~3 and a range of 0.52 mmol m~3. The mean of

P, in the EZ is 0.14 mmol m~3 with a standard deviation of 0.24 mmol m~3

and a range of 1.92 mmol m~3. The mean of P, in the UMZ is 0.05 mmol m~>

with a standard deviation of 0.07 mmol m~> and a range of 0.49 mmol m~3.

The reported estimates of particle cycling parameters at a given station are
means from all inversions that led to a converging solution of the inverse
problem for that station (Section 2.3). Figure 6 shows prior and posterior esti-
mates of particle cycling parameters with no depth dependence: the particle
production at the surface (Ps), the vertical scale of attenuation for particle
production (L), and the three parameters that govern the effect of DVM on
POC cycling, that is, the maximum depth of zooplankton grazing (z,,), the
fraction of ingested carbon that is egested at depth («), and the rate constant
for zooplankton grazing in the grazing zone (j,).

We find that the posterior estimates of the particle cycling parameters with
no depth dependence are generally consistent with the prior estimates given
the prior uncertainties (Figure 6). Interestingly, Ps values derived by inver-
sion are usually lower than prior estimates, which may be due to undersam-
pling of picoplankton by the nominal 1 pm pore size of QMA filters used to
collect particles in the SSF (Amaral et al., 2022). This undersampling may
also explain why L, is usually overestimated, as suggested by the follow-
ing argument. Higher particle concentrations are expected to lead to greater
attenuation of light (i.e., greater K, and shorter L,). If pumps under-collect
small particles, inversions of pump-collected POC data should lead to lower
estimates of K, and higher estimates of L,. On the other hand, the latitu-
dinal gradients in the prior estimates of K, and L, are reproduced by the
posterior estimates. One caveat worth mentioning is that while we assume a
prior estimate of 500 m for the maximum depth of zooplankton migration,
z,» at all stations, a value around 800-900 m may be more appropriate in
the subtropical gyres (Steinberg et al., 2008). Nevertheless, Figure 6 shows
that posterior estimates of z,, are not systematically larger at subtropical gyre
stations, suggesting that this parameter may not be well constrained by the
data used in our inversions.

Processes of particle aggregation, disaggregation, remineralization, and settling
are also likely to influence the distribution of POC in the upper ocean (e.g.,
Amaral et al., 2022). The horizontal and vertical distributions of the parameters
describing these processes are presented in Figure 7 and Figure S2 in Support-
ing Information S1. We find that the second-order rate constant for particle
aggregation, f,, is generally lower in surface subarctic Pacific waters compared
to other locations. At stations south of 40°N, f) exhibits a subtle subsurface
minimum between the mixed layer and the base of the EZ. We calculate the

first-order aggregation rate constant as the product of the posterior values of g and Py, the concentration of POC in

the SSF. Like Py, the first-order aggregation rate constant, f = f; Ps, is largest in the subarctic Pacific and smallest

in the subtropical gyres, which reflects the lower Pg in subtropical regions. Similarly, our estimates of f, tend to

decrease with depth along GP15 due to the vertical attenuation of Pg.

Our estimates of the rate constant for particle disaggregation, f3_,, are largest in the surface subarctic Pacific (Figure 7

and Figure S2 in Supporting Information S1). They tend to decrease with depth throughout the transect, but exhibit

subsurface maxima in the lower EZ at some stations in the subtropical gyres and near the equator. The rate constant

ratio f_,/f3, always exceeds 1, showing that the kinetics of particle disaggregation are faster than those of particle
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300 | == Subarctic

aggregation. The ratio is quite variable along GP15, but generally increases
with depth, reflecting the increasing importance of disaggregation kinetics
compared to aggregation kinetics due to the strong decrease of 3, with depth.

4004 gﬁs:tcor 1 Particle remineralization is expected to contribute significantly to the decrease
5001 == 5. Pac 1 of POC with depth in the upper ocean. Our estimates of §_, ¢ tend to decrease
600 005 010 015 00 01 02 03 04 05 downwards within the EZ throughout the transect, and are usually highest in

B5 (m3 mmol~1 d-1) B2 (d71) the surface waters of the subtropical gyres (Figure 7 and Figure S2 in Support-

ing Information S1). The downward decrease of f3_, ¢ in the EZ is generally

much sharper in the subtropical gyres compared to subarctic and equatorial
waters. At some stations, particularly in the subtropical gyres, fi_, ¢increases to
a small local maximum in the UMZ between 150 and 300 m. Estimates of 5_, ;
are highly variable, and exhibit subsurface minima in the lower EZ between
100 and 200 m at many stations. Below these minima, _, ; often increases to

Depth (m)

values comparable to those estimated at the surface at a given station.

While particle settling is key to the ocean biological pump, particle settling

speeds in marine environments are difficult to estimate. Our estimates of w
generally range from 0.2 to 1 m d=! and usually show little depth variation at a
given station (Figure 7 and Figure S2 in Supporting Information S1). Estimates
of w, are less than 20 m d=! at the surface and show noticeable variations below
the base of the EZ. In subarctic waters, we infer sharp maxima of w, below the

EZ between 100 and 200 m. Interestingly, south of the subarctic Pacific, esti-
mates of w; tend to increase with depth below the EZ (especially in the center of

- d?! . . . .
Bo1,L (d7) the subtropical gyres), reaching a maximum of 66 m d~! at 499 m at Station 14.
0

1001 1 4. Discussion
200 1
300 A p In this section, the lateral and vertical variations in our estimates of POC
400 - 1 cycling rate parameters along GP15 (Figure 7 and Figure S2 in Supporting
500 1 1 Information S1) are described in more detail and interpreted in terms of
600°S ] 2o 20 o different physical and biogeochemical factors.

we (md™)

4.1. Lateral and Vertical Variations

Figure 7. Profiles of second- and first-order aggregation rate constants (£ and
B, respectively), disaggregation rate constant (£_,), ratio of disaggregation o First, we describe how our estimates of POC cycling rate parameters vary

aggregation rate constants (_,/f3,), remineralization rate constants for the SSF
and LSF (f_, cand f3_, |, respectively), and settling speed of the SSF and LSF
(wg and w,, respectively). The estimates of ﬁ;, Bos B_os Byl Py ﬂ—l,S’ and f_ L

across different oceanic regions, and between the EZ and UMZ. Figure 8 and
Table 2 show averages of posterior estimates in each of the four regions along

occur at the mid-depths of model layers, while the estimates w and w, occur GP15 in both the EZ and UMZ. We summarize the most salient points here.
at layer boundaries. Each displayed value represents an average of the posterior  In the EZ, estimates of £, are lowest in the subarctic. Overall, f, increases
estimates at a given station and at a given depth. from the EZ to the UMZ, but this trend is driven primarily by the low EZ

values in the subarctic and subtropical South Pacific. The equatorial and

subtropical North Pacific are characterized by high g throughout the water
column. Despite lowest estimates of £ in the EZ in the subarctic, this region has the largest estimates of f3, in
the EZ and UMZ due to the highest concentrations of P there. In all regions, our f, estimates are significantly
greater (at the level of one standard error of the mean) in the EZ than in the UMZ due to the vertical attenuation
of P. The subarctic region also has the largest estimates of §_,, and as with f3,, estimates of _, for all regions are
larger in the EZ than in the UMZ. While both _, and 3, decrease from the EZ to the UMZ, the latter parameter
decreases more strongly, resulting in an increase in f_,/f, with depth in all regions. Although §_, ; generally
attenuates with depth at all stations, it decreases more sharply within the EZ at the North and South Pacific
subtropical gyre stations, resulting in more significant differences between the EZ and UMZ averages there than
at the subarctic and equatorial stations, where surface estimates are more similar to those found at depth. Esti-
mates of f_, ; are generally similar across regions and between the EZ and UMZ. The equatorial and North and
South Pacific subtropical stations have similar estimates of w,, whereas the w estimates are significantly smaller
(at the level of one standard error) in the subarctic. Finally, estimates of w, are significantly larger (at the level of
one standard error) in the UMZ than in the EZ in all regimes.
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Figure 8. Averages of posterior estimates of the second- and first-order
aggregation rate constants (g and f3,, respectively), disaggregation rate

constant (f3_,), ratio of disaggregation to aggregation rate constants (f_,/
3,), remineralization rate constants for the SSF and LSF (6_, sand 3_, |,

respectively), and settling speed of the SSF and LSF (w, and w,, respectively)

grouped by oceanic region (colors) and depth interval (patterns). Plain bars
correspond to the euphotic zone, while bars with circles correspond to the
upper mesopelagic zone. Error bars indicate one standard error of the mean.

4.2. Settling Speeds

Differences in particle density and size might explain the increase in w, with
depth found in this study (Figures 7 and 8). Particle settling speed is often
modeled using Stokes' Law: for a rigid spherical particle, the settling velocity
increases with its excess density and the square of its diameter, and decreases
with the viscosity of the surrounding fluid. Consider first the effect of parti-
cle density. Preferential remineralization of low-density labile organic matter
near the surface (Nguyen et al., 2022) may contribute to the relatively large
fraction of high-density biomineral and lithogenic material in deep particles
(Xiang et al., 2022), thereby enhancing settling speed. Using sediment trap
data from the Equatorial Pacific and Arabian Sea, Berelson (2002) inferred
an increase in particle settling speed with depth and showed that this increase
may have been due to a decrease in the fraction of organic carbon in parti-
cles. This result is consistent with a density-driven control of settling speed
caused by preferential loss of low density material from remineralization of
POC. Using lead and polonium isotopes, Villa-Alfageme et al. (2016) also
inferred that particle settling speeds increased with depth at both oligotrophic
and mesotrophic sites in the North Atlantic. In addition to remineralization,
they pointed to aggregation in the UMZ as a possible driver for the down-
ward increase in particle settling speed. Because estimates of particle density
along GP15 are not currently available, we restrict our discussion to other
possible explanations for the increase in particle sinking speed with depth
which have been proposed in the literature. As estimates of particle density
become available in the future, one may be able to relate variations in particle
density to variations in particle sinking speed. Likewise, information about
particle size distributions has not been gathered along GP15. A preliminary
estimate of the distribution of particle mass between the two size fractions
sampled by LVISF suggests an increased proportion of mass in the LSF with
depth in the UMZ, which could be consistent with our inference of larger w;,
at depth.

Next, consider the effect of seawater viscosity. We calculate dynamic viscosity
from temperature and salinity (CTD data) at depths that are coincident with
our settling speed estimates (Lam & Bishop, 2007). Particle settling speeds are
expected to be greater in low latitudes than in high latitudes due to the relatively
low viscosity of warm waters (Millero, 1974). Xiang et al. (2022) proposed that
high seawater viscosity in the Arctic partly explained the low settling velocities
there compared to those at subtropical locations. However, our results do not
suggest an effect of seawater viscosity on particle settling speed in either the SSF
or LSF, despite the change in dynamic viscosity by about a factor of two across
the transect (Figure S3 in Supporting Information S1). In fact, the higher settling
speeds in large particles tend to be found in waters with high viscosity, showing
that the viscous drag on particles is not a primary control on settling speed.
Indeed, several other studies have also found no relationship between seawa-
ter temperature and particle settling speed (Iversen & Ploug, 2013; McDonnell

et al., 2015; Trull et al., 2008). Clearly, other factors such as differences in particle shape, density and size appeared
to have been more important along GP15.

4.3. POC Settling Fluxes

Particle settling speed, along with POC concentration, at the base of the EZ controls the settling POC flux out
of the EZ. Buesseler (1998) concluded that throughout much of the ocean, POC is efficiently recycled in the
EZ such that only a low fraction (<5%-10%) is exported out of the sunlit layer. However, efficient recycling of

organic material may not occur in highly productive regions, such as during phytoplankton blooms and in the

Southern Ocean (Maiti et al., 2013). In these regions, a temporal lag between production and export may be
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Table 2
Posterior Estimates of Non-Uniform Particulate Organic Carbon Cycling Parameters Averaged by Oceanic Region
Regime B} (m3 mmol =" d~) p,(d™h (@™ P_,/P, (unitless) ps (@™ By @™ wg (md=") w, (md)
Subarc (10) 0.08 + 0.01 0.29 + 0.04 2.17 +£0.17 8.44 +1.02 0.06 + 0.02 0.15 + 0.02 0.40 + 0.05 7.69 +1.63
N Pac (43) 0.13 + 0.01 0.08 + 0.01 0.52 + 0.04 7.03 + 0.69 0.08 + 0.01 0.13 +0.01 0.67 +0.03 8.64 +0.77
Eq (10) 0.13 + 0.00 0.13 + 0.01 0.61 + 0.05 4.69 +0.44 0.06 + 0.02 0.12 + 0.02 0.63 + 0.05 5.71 £ 0.76
S Pac (13) 0.10 £ 0.01 0.07 + 0.01 0.71 £ 0.10 13.40 +3.83 0.10 + 0.03 0.14 + 0.02 0.58 £ 0.05 8.65 + 0.98
All (76) 0.12 + 0.00 0.11 +0.01 0.78 + 0.07 8.00 + 0.82 0.08 + 0.01 0.13 + 0.01 0.61 + 0.02 8.13 +0.53
Subarc (17) 0.14 + 0.00 0.05 + 0.01 0.45 +0.05 13.55 +2.24 0.06 + 0.01 0.16 + 0.01 0.49 +£0.06 24.03 +4.62
N Pac (22) 0.13 + 0.00 0.02 + 0.00 0.26 £ 0.03 18.67 + 3.01 0.04 £ 0.01 0.13 + 0.01 0.72 £0.06  30.27 +4.23
Eq (14) 0.13 + 0.00 0.03 + 0.00 0.27 £ 0.02 10.35 + 1.30 0.03 + 0.01 0.11 + 0.01 0.68 £0.05 15.36 +3.68
S Pac (7) 0.12 + 0.00 0.02 + 0.00 0.29 + 0.05 25.37 +4.48 0.05 + 0.01 0.16 + 0.01 0.68 £0.06 2537 +6.58
All (60) 0.13 + 0.00 0.03 + 0.00 0.32 +0.02 16.06 + 1.50 0.05 + 0.00 0.14 + 0.01 0.64 +0.03 24.45+2.39

Note. Numbers in parentheses in the first column are the numbers of estimates considered to compute the means. Error shows one standard error of the mean. Parameters
are averaged in subarctic (Subarc), North Pacific (N Pac), equatorial (Eq), and South Pacific (S Pac) regimes, as well as across the entire transect (All). The top five
rows (regime name non-italicized) show values in the EZ, and the bottom five rows (regime name italicized) show values in the UMZ.

driven, for example, by the delayed response of zooplankton to an increase in the phytoplankton standing stock
(Henson et al., 2015; Wassmann, 1998).

First, we examine how our estimates of the settling POC flux varies with trophic regime along GP15. Chl. a
concentration averaged over the EZ is used as a convenient measure of the trophic regime at each station along
GP15. Morel and Berthon (1989) used Chl. a concentration to classify trophic regimes into seven categories, a—i,
where category a is the most oligotrophic and category i is the most eutrophic (note that Morel and Berthon based
their classification from the sum of Chl. a and pheophytin, whilst we only consider Chl. a to assign a trophic status
to each station; the difference is assumed inconsequential). Our stations fall roughly into categories c—e, and thus
range from oligotrophic to mesotrophic. To test a possible relationship between trophic regime and export flux,
our posterior estimates of total POC settling flux at the base of the EZ (the sum of wiP, and w, P,) are regressed
against Chl. a concentrations averaged over the EZ (Figure 9). We find a significant positive correlation between
our estimates of settling POC flux and Chl. a concentration (R? = 0.80, p < 0.05, N = 20), with the highest fluxes
in the subarctic gyre where Chl. a concentrations are highest and the lowest fluxes in the subtropical gyres where
these concentrations are lowest.

Chl. a concentration alone may belie how different phytoplankton groups in the EZ influence POC production
and export (Evans, 1988). Using a foodweb model and observations of POC flux from sediment traps, Boyd and
Newton (1999) showed that subtle increases in the fraction of microplankton (diatoms and dinoflagellates) in the
surface phytoplankton assemblage can result in large increases in POC flux at depth. This result was corrobo-
rated by particle imaging data and HPLC-based pigment analysis from the Atlantic, Pacific, and Indian Oceans
as well as from the Mediterranean Sea: these data showed that POC fluxes out of the EZ are larger in regions
where surface floral communities are dominated by microplankton, and are smaller in oligotrophic regions where
picoplankton are the dominant group (Guidi et al., 2009). Guidi et al. (2009) argued that larger POC fluxes in
microplankton-dominated regions result from (a) fast settling of aggregates packaged by physical coagulation or
by zooplankton, and (b) a sizable fraction of particles escaping the EZ without being fragmented by zooplank-
ton or degraded microbially. We also observe a significant positive correlation (R? = 0.77, p < 0.05, N = 20)
between our estimates of the settling flux of total POC at the base of the EZ and the fraction of microplankton
averaged over the EZ along GP15. Note that the relationship loses its significance when subarctic gyre stations
are excluded (Figure 9), which may reflect the lack of microplankton in the rest of the transect.

Interestingly, while our results clearly show higher POC export at the mesotrophic (subarctic) stations where
microplankton were more prevalent, the particle settling speeds at the base of the EZ at these stations are not
considerably higher than those at oligotrophic (subtropical) stations (Figures 7 and 8). Instead, the higher EZ
fluxes at mesotrophic stations were driven primarily by higher POC concentrations (Figure 2 and Figure S1 in
Supporting Information S1). This pattern suggests that variations in POC flux along GP15 reflected differences
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Figure 9. Estimates of particulate organic carbon (POC) export flux versus chlorophyll a (Chl. a) concentration and fractions of different size classes in the
phytoplankton assemblage in the euphotic zone (EZ). Each marker represents an average for a single station. (Top) Settling flux of POC near the base of the EZ. In
each panel, solid gray lines show the least squares fit to all data, while dashed gray lines show the least squares fit that exclude subarctic data (green circles). The top
number in each panel corresponds to the fit shown by the solid line, while the bottom number corresponds to the fit shown by the dashed line. The number in front of
parentheses is the squared correlation coefficient (R?), and the number in parentheses is the p-value of the F-statistic. The sample size N = 20 for all regressions shown
by the solid lines and N = 16 for all regressions shown by the dashed lines. (Bottom) Export efficiency, defined as the settling flux of total POC at the base of the EZ
divided by the particle production rate integrated over the EZ.

in POC concentrations rather than in particle settling velocities, as recently inferred also for the North Atlan-
tic, Eastern Tropical South Pacific, and Western Arctic Ocean (Xiang et al., 2022). Nevertheless, mesotrophic
stations along GP15 were characterized by greater fractions of larger phytoplankton, which are coincident with
higher POC concentrations and more export out of the EZ, while oligotrophic stations were characterized by
greater fractions of smaller phytoplankton, which are coincident with lower POC concentrations and less export
out of the EZ. Similarly, the total POC settling flux out of the EZ increases with the fraction of nanoplankton and
decreases with the fraction of picoplankton in the floral assemblage (Figure 9).

If POC export is predominantly controlled by POC concentration rather than by particle settling speed, then we
might expect that export efficiency (the fraction of POC produced photosynthetically in the EZ that is exported
as settling POC at the base of the EZ) will remain constant even as the magnitude of export increases. Indeed,
export efficiency throughout GP15 is relatively constant and low (generally <5%), with no enhancement in
mesotrophic regions with higher abundance of microplankton (Figure 9). Such low export efficiencies fall on the
lower range of model-based estimates in the world oceans (Siegel et al., 2023). They tend to occur in low produc-
tivity regions in the subtropics as well as in productive equatorial regions characterized by little seasonality
(Henson et al., 2019), and are consistent with a tight relationship between production and export such that a high
fraction of POC is recycled within the EZ (Buesseler, 1998). Speculatively, an export efficiency in the subarctic
Pacific that is as low as that in oligotrophic gyres may reflect the fact that subarctic stations were sampled during
non-bloom conditions.

Our inference of uniformly low export efficiency despite changes in trophic regime (cf., Morel & Berthon, 1989)
and phytoplankton community composition (Figure 4) is surprising given accounts that high-export systems
are dominated by microplankton (Boyd & Newton, 1999; Buesseler, 1998). Nevertheless, this result may be
explained by the efficient recycling of POC in the upper water column in non-bloom conditions. For example,
bacterial activity and zooplankton grazing may closely follow POC production during non-bloom conditions,
such that organic carbon is rapidly extracted from the particulate pool (via remineralization and ingestion, respec-
tively) in surface waters (Henson et al., 2019).
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Figure 10. Posterior estimates of (dis)aggregation rate constants versus primary production integrated over the euphotic zone (EZ), EZ averages of chlorophyll a (Chl.
a) concentration, and EZ averages of the fraction of different size classes in the phytoplankton assemblage. Error bars show one standard deviation. In each panel, solid
gray line shows the least squares fit to all the data, while dashed gray line shows the least squares fit that excludes subarctic data (green circles). The top number in each
panel corresponds to the fit shown by the solid line, while the bottom number corresponds to the fit shown by the dashed line. The number in front of parentheses is the
squared correlation coefficient (R?), and the number in parentheses is the p-value of the F-statistic. Sample size is N = 20 for all regressions shown by the solid lines
and N = 16 for all regressions shown by the dashed lines.

4.4. Aggregation and Disaggregation

The composition of the phytoplankton community could also influence particle export via the ability of different
phytoplankton groups to promote (dis)aggregation. In Figure 10, we regress the second- and first-order aggre-
gation rate constants (f, and 3, respectively), the disaggregation rate constant (f_,), and the ratio §_,/$3,, each
averaged in the EZ, against our estimates of particle production rate integrated over the EZ, measurements of Chl.
a averaged over the EZ, and fractions of pico-, nano-, and microplankton in the floral assemblage averaged over
the EZ. For each regression, we either include (solid lines) or exclude (dashed lines) the subarctic estimates in
order to test the sensitivity of the results to the inclusion/exclusion of these estimates.

The second-order aggregation rate constant, ), is intended to represent, at least partly, the cohesiveness of parti-
cles, as it removes the effect of particle concentration inherent in a first-order formulation (Jackson & Burd, 2015).
Transparent exopolymer particles (TEPs) refer to gel-like material secreted by phytoplankton, and are thought
to promote the formation of marine snow by facilitating the aggregation of smaller particles into larger units
(Passow, 2002). Thus, more productive regions may be characterized by higher TEP concentrations and higher
p; values. However, the correlations between our estimates of f; and particle production (R?=0.44, p < 0.05,
N =20) and between our f, estimates and Chl. a concentration (R?=0.24, p < 0.05, N = 20) in the EZ (Figure 10,
top row), suggest negative relationships between particle stickiness and primary productivity or phytoplankton
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standing stock. On the other hand, we find a positive correlation between our estimates of ) and the fraction of
picoplankton in the phytoplankton assemblage (R? = 0.40, p < 0.05, N = 20). High TEP concentrations have been
observed in low-productivity waters (Wurl et al., 2011), and have been linked to the presence of Prochlorococcus
(Tuculano et al., 2017) and Synechococcus (Zamanillo et al., 2019), two genera of picoplankton. We speculate
from these results that higher TEP concentrations were present at the oligotrophic stations than at the mesotrophic
stations along GP15.

The greater apparent stickiness of particles in picoplankton-dominated regions along GP15 suggests that aggre-
gation may be more important in oligotrophic regions than previously thought. However, the greater particle
concentrations of mesotrophic regions more than compensates for the reduced apparent cohesiveness of particles.
The product of §) and P yields the first-order aggregation constant (f,), which should consider the effects of both
particle stickiness and particle concentration in the kinetics of aggregation. We find positive correlations, in the
EZ, of 8, with particle production (R? = 0.28, p < 0.05, N = 20) and Chl. a concentration (R? = 0.66, p < 0.05,
N =20) (Figure 10, second row). In the EZ, we also see a negative correlation of 3, with the picoplankton fraction
(R? = 0.58, p < 0.05, N = 20) and positive correlations with nanoplankton (R> = 0.45, p < 0.05, N = 20) and
microplankton (R? = 0.64, p < 0.05, N = 20) fractions. Both results are likely due to larger P, concentrations at
more productive stations dominated by larger phytoplankton (Figure 4). They suggest that the effect of particle
concentration overwhelms the influence of particle stickiness in the formation of aggregates.

The negative relationships of £ with the nanoplankton fraction (R?=0.42, p < 0.05) and with the microplankton
fraction (R? = 0.29, p < 0.05, N = 20) suggest that particles in more productive regions dominated by larger
phytoplankton cells may be less cohesive, and as a result, more prone to disaggregation. Indeed, we observe posi-
tive correlations of the disaggregation rate constant (_,) with particle production (R* = 0.47, p < 0.05, N = 20),
Chl. a concentration (R? = 0.66, p < 0.05, N = 20), and fractions of nanoplankton (R? = 0.51, p < 0.05, N = 20)
and microplankton (R? = 0.85, p < 0.05, N = 20) in the EZ (Figure 10, third row).

Laboratory (Dilling & Alldredge, 2000; Goldthwait et al., 2004; Lampitt et al., 1990) and modeling (T. R.
Anderson & Tang, 2010) experiments have shown that zooplankton may fragment particles during grazing and
swimming. Zooplankton may also be partially responsible for the general decrease in depth in our f_, estimates
throughout GP15 (Figure 7). Using backscatter data from ARGO floats, Briggs et al. (2020) inferred a decrease
in particle fragmentation rate with depth in the North Atlantic and Southern Ocean, which they attributed to
zooplankton grazing preferentially closer to the sea surface and to the break-up of more fragile aggregates at shal-
lower depths. The influence of zooplankton activity on particle fragmentation is difficult to measure, and as far
as we know, it has not been directly tested in the field. Here, we use our estimates of zooplankton ingestion rate
(B,) as a metric for assessing zooplankton activity in the EZ. We do not see a significant correlation between our
estimates of #_, in the EZ and of the zooplankton ingestion rate (f,) along GP15 (R?>=0.16, p > 0.05, N = 20; not
shown), but emphasize that in addition to not being well constrained, f; may not be a robust metric for assessing
zooplankton fragmenting activity. Hence, we cannot support nor refute the hypothesis of zooplankton-mediated
fragmentation. In addition to biological processes, physical processes may also promote the break-up of marine
aggregates (Burd & Jackson, 2009). A physical process of particle disaggregation is fragmentation by fluid shear
(Burd & Jackson, 2009), but we are not able to constrain this process with the available data for GP15.

Lastly, we find no significant relationship between the rate constant ratio #_,/f3, and particle production or Chl. a
concentration in the EZ (Figure 10, bottom row), which are both indicative of trophic regime. Both the first order
aggregation rate constant and the first order disaggregation rate constant increase with trophic regime, such that
their ratio remains relatively constant (Figure 10). Both in the EZ and UMZ, §_,/f3, always exceeds 1, showing
that the kinetics of particle disaggregation are faster than those of particle aggregation along GP15. A relatively
high rate constant of particle break-up compared to particle aggregation has been inferred in previous studies
from Th isotope and particle concentration data (Clegg & Whitfield, 1990; Murnane, 1994). Furthermore, f_,/f3,
tends to increase with depth from the EZ to the UMZ throughout GP15 (Figure 8): while $, and _, both decrease
with depth, the former rate constant decreases faster than the latter, leading to higher _,/$, ratios in deep waters.

4.5. Remineralization

Another parameter that is expected to exhibit variations throughout the transect is the remineralization rate
constant. Particles are colonized by microbes in surface waters; both microbial diversity and abundance decrease
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as the particles sink (Iversen, 2023). While particles in surface waters are richer in organic substrates that can
support fast growing microbes and promote remineralization, nutrient-poor particles at depth are inhabited by
microbes with slower growth cycles (Nguyen et al., 2022). In addition to the lability of particulate organic matter,
vertical variations in the remineralization rate constant may reflect differences in temperature, as warm surface
waters are expected to support faster microbial growth rates than cold deep waters (Cram et al., 2018; Laufkotter
etal., 2017).

Our estimates of the remineralization rate constant for the small size fraction (5_, ;) along GP15 generally
decrease with depth (Figures 7 and 8). A decrease in the remineralization rate constant with depth has been
inferred in previous model studies (Clegg et al., 1991), and is consistent with an influence of temperature on
microbial activity. Indeed, higher remineralization rates in warmer waters have been reported both in the field
(Marsay et al., 2015) and in model studies (Cram et al., 2018; Laufkétter et al., 2017). However, temperature
did not seem to exert a clear influence on §_, ¢ and §_, ; along GP15 (Figure S4 in Supporting Information S1),
suggesting that the decrease in microbial abundance on particles (Iversen, 2023) and the decrease in reminer-
alization rate constant with depth were not due to temperature, but rather to other factors, such as a decrease in
particle lability (Nguyen et al., 2022).

In addition to particle lability and seawater temperature, the concentration of dissolved O, may also influence
the remineralization of POC (Gong et al., 2016). However, as for temperature, we do not see evidence for an
effect of dissolved O, concentration on f_, ¢ and $_, ; (Figure S4 in Supporting Information S1). Two modeling
studies (Cram et al., 2018; Laufkétter et al., 2017) found that the attenuation of POC flux from remineralization
had a dependency on O, concentration that was generally only important in oxygen minimum zones, particularly
where O, concentrations approached the 5-30 pm range of half saturation constants for metabolic activity. The
GP15 transect frequently sampled waters <30 pM in the subarctic and subtropical North Pacific and Equatorial
Pacific (Figure 5). It is thus surprising that our results show no indication that the remineralization rate constant
was lower where dissolved O, was less than 30 um (Figure S4 in Supporting Information S1). Other studies have
shown that the remineralization length scale for POC flux does appear to increase through truly oxygen deficient
zones (e.g., Pavia et al., 2019). We thus suggest that the apparent half saturation constant for O, is lower than
5-30 pMm along GP15 and that the remineralization rate constant may only be affected in truly oxygen deficient
waters, where dissolved O, is undetectable.

Finally, note that in the EZ, our posterior estimates of the rate constants for remineralization of POC in the SSF
(B_, ¢ and for particle aggregation (f3,), both of which remove POC from the small size fraction, are of the same
order of magnitude as the zooplankton ingestion rate constant (f3,; see Figures 6 and 8). This result underscores
the necessity of considering zooplankton grazing when modeling the cycling of POC in the upper water column
(see also Amaral et al., 2022), which has often been neglected in previous studies.

5. Summary and Perspectives

In this study, we use an inverse method to constrain particle cycling processes from size-fractionated POC
concentration data, which were collected in the upper 600 m along the GEOTRACES Pacific meridional transect
GP15 from September to November of 2018. We derive, from the size-fractionated data and other observations
along GP15, estimates of the rates of particle production, settling, aggregation, disaggregation, remineralization,
and vertical transport due to migrating zooplankton at different depths in different oceanic environments. The
inverse method considers prior estimates and their uncertainties in the estimation of rate parameters along GP15.
A Monte Carlo approach is used to produce data inversions for a wide range of prior estimates. To our knowledge,
this is the first study that estimates depth-varying particle cycling rate constants over a broad transect crossing
different ocean biogeochemical regimes. We find coherent horizontal and vertical variations in several particle
cycling rate constants, which are summarized below.

While our estimates of settling speed in the small size fraction (w,) range between 0.2 and 1 m d~! and do not vary
much with depth at a given station, our estimates of settling speed in the large size fraction (w,) tend to increase
with depth below the EZ, with a maximum speed of roughly 66 m d~! at one station. The downward increase in
w, may be due to an increase in particle density with depth, as relatively light and labile particulate material is
preferentially remineralized closer to the surface. No dependence of particle settling speed on seawater viscosity
is found.

AMARAL ET AL.

17 of 22

9SULOIT suowwo)) dAneaI) d[qesrjdde oy Aq pauIdA0S a1k SI[O1IE Y (2SN JO SO[NI 10} A1eIqI dul[uQ) A2[IA\ UO (SUOHIPUOI-PUB-SULIRY/WO0d A3[1m  AIeIqI[aul[uo//:sdny) SuonIpuo)) pue sua ], 3y} 928 ‘[+707/20/91] uo Areiqr autjuQ A3[IM ‘0v6L009DET0T/6201 01/10p/wod Kofim AreiqiourjuosqndnSe,/:sdny woly papeojumod ‘1 “$70T ‘bTT6TH61



A7oN |
NI
ADVANCING EARTH
AND SPACE SCIENCES

Global Biogeochemical Cycles 10.1029/2023GB007940

According to our analysis, the highest settling fluxes of POC out of the EZ occurred in the subarctic gyre, while
the lowest fluxes occurred in the subtropical gyres. The magnitude of the POC export flux varies with latitude,
largely as a result of variations in POC concentration rather than in particle settling speed. The relatively low
(<5%) and uniform export efficiency along GP15 which is revealed by our analysis suggests that POC in the EZ
was rapidly recycled through, for example, zooplankton ingestion and microbially mediated remineralization at
the time of sampling (boreal autumn and austral spring).

We find a negative relationship between the particle cohesiveness, as approximated by the second-order aggre-
gation rate constant (f;), and indices of trophic regime, suggesting that particles in low productivity regions
dominated by picoplankton are more likely to coalesce after colliding. On the other hand, particles in mesotrophic
waters with higher fractions of microplankton may be less cohesive and more prone to fragmentation, as indicated
by a positive relationship between the disaggregation rate constant (3_,) and indices of trophic regime. However,
higher POC concentrations in more productive regions appear to compensate for lower particle stickiness there,
resulting in a relatively uniform ratio f_,/ (8, Ps) = p-2/fa-

Finally, we found that the remineralization rate constant for POC in the small size fraction was highest in surface
waters and decreased with depth, which is consistent with greater microbial colonization and remineralization
of particles near the surface. We do not find a dependence of the remineralization rate constant (in either size
fraction) on temperature or dissolved O, concentration. We also find that the rate constants for the reminerali-
zation of POC in the SSF (f_, () and for particle aggregation (3,) along GP15 in the EZ were of the same order
of magnitude as the rate constant for zooplankton ingestion of POC. This result emphasizes the importance of
zooplankton in influencing the distribution of POC in the upper water column.

The main limitations of this work are clarified in order to identify possible lines of future research. First, we use
a one-dimensional steady state model that neglects temporal variability and lateral transport processes, as well
as vertical transport by advection and mixing. In our analysis of GP15 data, the model equations are required
to be perfectly satisfied, which implies that our inverse estimates are not free of potential biases. Second, the
segmentation of the particle population into two size classes, albeit motivated by the nature of in-situ sampling,
is a poor representation of the size spectrum of marine particles. There is inherent ambiguity in the interpreta-
tion of parameters of models which are characterized by a reduced number of particle size classes. Third, we
assume that primary production is a source of POC only in the small size fraction. This choice is motivated by an
expectation that most algal particles will indeed be produced in the small size fraction, though we acknowledge
that some phytoplankton groups, for example, certain diatom species, produce cells that are larger than 51 pm
(Takahashi, 1986). Thus, the model may drive aggregation or zooplankton egestion (sources of large POC) to be
artificially high in regions where microplankton are more prevalent. Finally, error (co)variances for the prior esti-
mates are difficult to constrain, which is an additional source of uncertainty in the interpretation of the transect
data. While this study is limited to a description of lateral and vertical variations in particle cycling rate constants
and POC settling fluxes out of the EZ, future efforts should explore the relative importance of different particle
cycling processes in downward POC export (e.g., comparing the magnitude of inputs of POC into the UMZ by
zooplankton DVM and gravitational settling).

Despite these limitations, our analysis of GP15 data yields insight into the cycling of POC in the upper water
column in the North and South Pacific. Consistent lateral and vertical gradients in a number of particle cycling
rate parameters are inferred, and some of these gradients could be interpreted in biogeochemical terms. Perhaps
our most tangible result is the inference of uniformly low (<5%) export efficiency across the transect, suggest-
ing that particulate organic matter was rapidly recycled in the EZ, even in mesostrophic systems. Moreover, our
model represents POC cycling with greater detail than global ocean biogeochemical models, which often omit
vertical variations in rate parameters as well as the effects of migrating zooplankton.

Global warming is expected to lead to significant changes in a number of ocean properties, including an increase
in ocean temperature, a decrease in nutrient supply to the EZ, a decrease in dissolved O, concentrations, and shifts
in phytoplankton populations (Kwiatkowski et al., 2020). Model experiments have suggested that these changes
may result, for example, in a reduction in POC export to depth (Yamamoto et al., 2018) and in increased bacterial
respiration (Kim et al., 2023). According to our data-based results, it is unclear whether warming, deoxygenation,
and changes in phytoplankton community composition will noticeably modify the rates at which POC is cycled
in the EZ and UMZ of the Pacific Ocean. We did, however, find that POC export to depth is closely tied to the
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magnitude of primary production, which emphasizes the need to understand the various controls on primary
production in order to predict the response of the biological pump to external perturbations.

Data Availability Statement

The code and input data used to generate the results within this paper are archived at https://zenodo.org/
records/10223612 (Amaral, 2023). Original data sources are also described here where appropriate. Diffuse
attenuation coefficient (K ;) data used for obtaining prior estimates of the vertical scale for particle production (L)
were produced by the NASA Ocean Biology Processing Group (2018) and were downloaded with the Giovanni
online data system, developed and maintained by the NASA GES DISC (Acker & Leptoukh, 2007). These data
were downloaded from Giovanni as an Animation plot of the MODISA_L3m_KD_8d_4k_v2018 variable with
a date range from 22 September 2018 to 24 November 2018 and a bounding geographic box of (—157, —20,
—151, 57). Downloads from Giovanni require user registration. Estimates of net primary productivity from the
Carbon-based Production Model (Westberry et al., 2008, http://sites.science.oregonstate.edu/ocean.productiv-
ity/) are used to calculate prior estimates of particle production rate at the surface (Ps,). These estimates were
downloaded from the 2160 by 4320 8-day HDF files from MODIS r2018 (GSM) data from 22 September 2018 to
24 November 2018 (year days 265-328; updated 5 March 2018). All data collected from the R.V. Roger Revelle
during the GP15 cruise can be downloaded from BCO-DMO (https://www.bco-dmo.org/project/695926). These
include temperature and O, data measured from CTD sensors (Casciotti et al., 2019; Cutter et al., 2019), nutrient
data (Casciotti et al., 2021a, 2021b), pigment data (Cutter et al., 2023a, 2023b), and estimates of vertical POC
flux from 2**Th (Buesseler, 2021a, 2021b).
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