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A B S T R A C T

We investigated variability in the C:234Th ratio of sinking particles and its relationship to changing water column
characteristics and plankton ecological dynamics during 29 Lagrangian experiments conducted on six cruises of
the California Current Ecosystem Long-Term Ecological Research (CCE-LTER) Program. C:234Th ratios of sinking
particles collected by a surface-tethered sediment trap (C:234ThST) varied from 2.3 to 20.5 μmol C dpm−1 over a
depth range of 47–150m. C:234ThST was significantly greater (by a factor of 1.8) than C:234Th ratios of sus-
pended>51-μm particles collected in the same water parcels with in situ pumps. C:234Th ratios of large (> 200-
μm) sinking particles also exceeded those of smaller sinking particles. C:234ThST decreased with depth from the
base of the euphotic zone through the upper twilight zone. C:234ThST was positively correlated with several
indices of ecosystem productivity including particulate organic carbon (POC) and chlorophyll (Chl) con-
centrations, mesozooplankton biomass, and the fraction of Chl> 20-μm. Principal component analysis and
multiple linear regression suggested that decaying phytoplankton blooms exhibited higher C:234ThST than ac-
tively growing blooms at similar biomass levels. C:234ThST was positively correlated with indices of the fractional
contribution of fecal pellets in sediment traps when the proportion of fecal pellets was low in the traps, likely
because of a correlation between mesozooplankton biomass and other indices of ecosystem productivity.
However, when fecal pellets were a more important component of sinking material, C:234ThST decreased with
increasing fecal pellet content. C:234ThST was also positively correlated with the Si:C ratio of sinking particles.
Across the dataset (and across depths) a strong correlation was found between C:234ThST and the ratio of ver-
tically-integrated POC to vertically-integrated total water column 234Th (vC:234Thtot). A mechanistic one-layer,
two-box model of thorium sorption and desorption was invoked to explain this correlation. Two empirical
models (one using vC:234Thtot; one using depth and vertically-integrated Chl) were developed to predict C:234Th
ratios in this coastal upwelling biome. The former regression (log10(C:234ThST)= 0.43× log10(vC:234Thtot)+
0.53) was found to also be a reasonable predictor for C:234ThST from diverse regions including the Southern
Ocean, Sargasso Sea, Subarctic North Pacific, and Eastern Tropical North Pacific.

1. Introduction

The biological carbon pump (BCP) refers to a suite of processes that
transport organic carbon produced in the euphotic zone into the deep
ocean, leading to a net removal of carbon dioxide from the atmosphere
(Buesseler and Boyd, 2009; Ducklow et al., 2001; Volk and Hoffert,
1985). In most oceanic regions, it is assumed that the BCP is dominated

by the flux of sinking particles (including marine snow, phytodetritus,
and zooplankton fecal pellets). Current estimates of the global magni-
tude of the BCP range from 5 to 13 Pg C yr−1 (Dunne et al., 2005;
Henson et al., 2011; Laws et al., 2011; Siegel et al., 2014). This large
uncertainty contributes to difficulties in predicting changes in the BCP
under future climate scenarios.

While early measurements of sinking carbon export from the
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euphotic zone were primarily made with sediment traps, the past two
decades have seen a rapid increase in the use of radionuclide dis-
equilibrium techniques for measuring particle flux. 238U:234Th dis-
equilibrium, in particular, has been extensively used as a result of: 1)
the development of relatively simple analytical methods and 2) a
measurement time scale (~1month) that corresponds well with
changes in pelagic communities (Le Moigne et al., 2013; Van der Loeff
et al., 2006; Waples et al., 2006). This methodological approach works
because, while 238U is nearly conservative in the water column and co-
varies with salinity (Chen et al., 1986; Owens et al., 2011), its daughter
nuclide (234Th) exists in seawater in the particle-reactive Th(IV) oxi-
dation state, which gets removed from the surface ocean when particles
sink to depth (Buesseler et al., 1992; Coale and Bruland, 1985; Santschi
et al., 2006). This leads to a deficit of 234Th relative to secular equili-
brium with 238U that can be converted into 234Th flux estimates by
either time-series measurements of 234Th or (more commonly) a steady
state assumption (Savoye et al., 2006). This approach thus allows ef-
ficient and rapid quantification of carbon flux without repeated or
prolonged station occupations (as are necessary with sediment trap
measurements). However, the 234Th approach requires that a C:234Th
ratio be estimated to convert Th flux to C flux (Buesseler et al., 2006).

Conceptually, the C:234Th ratio should be measured on material that
is representative of the average particles exported across the depth
horizon of interest during the period of time over which the 234Th
disequilibrium approach integrates (i.e. ~30 d). However, many ap-
proaches exist for collecting putatively sinking particles (McDonnell
et al., 2015), and the technique used varies greatly based on the sam-
pling plan employed on a particular cruise. Although the ideal approach
would be to use sediment traps that have been tested to ensure rela-
tively minimal collection bias, such deployments are time consuming
and often inconsistent with taking 234Th measurements on transects or
other Eulerian sampling schemes. Instead, many studies rely on the
collection of large particles (e.g.>50-μm) by large volume in situ
pumps deployed at depth (e.g.Black et al., 2017; Owens et al., 2015).
This approach meshes well with typical sampling plans, because at
shallow depths sufficient particles can often be collected in 1–4 h.
However, sinking speed is not always tied to particle size and < 64-μm
particles have been shown to be a quantitatively important portion of
total particle flux (Durkin et al., 2015; Hung et al., 2012; McDonnell
and Buesseler, 2010). Furthermore, simultaneous collection of particles
by sediment traps and in situ pumps have shown significant differences
in measured C:234Th ratios (Buesseler et al., 2009; Hung et al., 2010;
Lepore et al., 2009; Murray et al., 1996; Stewart et al., 2007; Stukel
et al., 2016).

In situ particulate C:234Th ratios are controlled by a suite of pro-
cesses that prevent a priori estimation of C:234Th ratios (Buesseler et al.,
2006; Burd et al., 2007; Passow et al., 2006; Santschi et al., 2006;
Savoye et al., 2006). Since thorium is adsorbed onto particle surfaces
while C increases roughly linearly with particle volume, the C:234Th
ratio might be expected to increase with increasing particle size.
However, if sinking marine snow is formed by the aggregation of
smaller particles, no size dependency of C:234Th may be evident. Al-
ternatively, when microbial remineralization causes particles to de-
crease in size as they sink, we should expect preferential reminer-
alization of carbon to lead to reduced C:234Th with decreasing particle
size (Buesseler et al., 2006). This same process may lead to changing
C:234Th ratios with depth, although similar decreases of C:234Th ratios
with depth may be caused by the aforementioned mechanism or by
continued adsorption combined with increased total 234Th activity at
depth. C:234Th may also be controlled by particle type, with fecal pellets
potentially enriched in C:234Th relative to phytoplankton (if zoo-
plankton do not assimilate Th) and zooplankton carcasses depleted in
Th. The abundance of sticky acid polysaccharides (including those
contained in transparent exopolymeric particles, TEP) can also alter
C:234Th ratios as Th readily binds to sorption sites on these molecules
(Guo et al., 2002; Passow et al., 2006; Quigley et al., 2002; Zhang et al.,

2008), although the impact of these polysaccharides on the C:234Th
ratio of sinking particles will depend on whether they are aggregated
into the sinking particle fraction or remain suspended in the surface
waters. Indeed, Th can at times be complexed primarily to colloidal acid
polysaccharides and humic acids, suggesting that the ratio of colloidal
and dissolved organic carbon (DOC) to POC may impact C:234Th ratios
on sinking particles (Murphy et al., 1999).

Clearly a better understanding of the processes driving variability in
C:234Th ratios would benefit studies in which sinking particles are
sampled with much less frequency than water column 234Th
(e.g.Ducklow et al., 2018; Estapa et al., 2015; Puigcorbé et al., 2017;
van der Loeff et al., 2011) and aid in the parameterization of biogeo-
chemical models that explicitly include 234Th as a state variable
(Resplandy et al., 2012). In this study we use results from 29 La-
grangian experiments conducted in the southern California Current
Ecosystem (CCE) to investigate the variability of the C:234Th ratio of
sinking particles and its relation to biogeochemical (e.g. POC and nu-
trient concentrations, carbon flux) and ecological (e.g. primary pro-
ductivity, mesozooplankton biomass and grazing, phytoplankton
abundance, size distributions, and taxonomic compositions) para-
meters. The southern CCE is a useful study site, because it is a region
with extensive spatiotemporal variability in physical drivers, system
productivity, and plankton community composition (Goericke, 2011;
Goericke and Ohman, 2015; Ohman et al., 2013). Our goal in this study
is not to conduct detailed experiments designed to elucidate mechan-
isms controlling Th speciation, but rather to investigate patterns re-
lating in situ C:234Th ratios to potential ecosystem drivers. In a com-
panion manuscript, we compare in situ C:234Th ratios to a mechanistic
model that combines a discrete particle formation and sinking model
with a 234Th sorption, desorption, and decay model (Stukel and Kelly,
this issue).

2. Methods

2.1. Lagrangian sampling scheme

Samples for this study were collected on six Process cruises of the
CCE Long-Term Ecological Research (LTER) Program (Fig. 1). On each
cruise sampling plans featured multiple two- to five-day quasi-La-
grangian experiments (referred to as “cycles”) that allowed extended
sampling of biogeochemical and ecological rates and standing stocks
during the short-term evolution of a water parcel. Results from a total of
29 cycles are included in this study. Prior to each cycle we used satellite
remote sensing products and a Moving Vessel Profiler (MVP, Ohman
et al., 2012) to survey regions of interest. Cycles were initiated with the
deployment of a sediment trap with attached 3×1-m holey sock

Fig. 1. Location of quasi-Lagrangian cycles and bathymetry of study region.
Tracks are colored according to cruise. P0704=April 2007, P0810=October
2008, P1106= June 2011, P1208=August 2012, P1408=August 2014,
P1604=April 2016.
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drogue centered at 15-m to track mixed layer communities (Stukel
et al., 2013). Following sediment trap deployment a CTD-Niskin rosette
cast was conducted to collect water for in situ experiments conducted at
6–8 depths spanning the euphotic zone (14C-primary productivity, mi-
crozooplankton grazing dilution experiments, 15NO3

− uptake). Bottles
were incubated in situ for 24 h on an experimental array with an
identical holey sock drogue centered at 15-m depth (Landry et al.,
2009). Every morning at ~04:15 the experimental array was recovered,
a new set of incubations was placed on the array, and the array was
redeployed, thus allowing for daily vertical profiles of each set of rate
measurements. The experimental array also served as a Lagrangian
frame of reference for a suite of additional measurements including:
234Th:238U disequilibrium (Stukel et al., 2011), mesozooplankton bio-
mass and gut pigment-derived grazing rates (Landry et al., 2009;
Ohman et al., 2012), fluorometer-determined phytoplankton pigments,
nutrients, particulate organic carbon (POC), total organic carbon
(TOC), flow cytometry-derived picoplankton abundance and biomass
(Taylor et al., 2012), epifluorescence microscopy-derived nano- and
microplankton abundance and biomass (Taylor et al., 2012), and bio-
genic silica (Krause et al., 2015). With the exception of mesozoo-
plankton measurements (which utilized oblique net tows that in-
tegrated the surface ~210-m of the water column) all measurements
listed above were made at 6–8 depths spanning the euphotic zone
(surface to ~0.1% light level).

2.2. Water column 234Th measurements

234Th was measured in whole, unfiltered seawater samples using
standard small volume methods (Benitez-Nelson et al., 2001; Pike et al.,
2005) at 8–12 depths spanning the upper 150–200m. 4-L samples were
drawn from Niskin rosettes, immediately acidified with ~8-mL HNO3

−

to a pH<2, and spiked with 1mL 230Th yield tracer. Samples were
shaken and left to equilibrate for 4–9 h. NH4OH was then added to
modify pH to 8–9 and KMnO4 and MnCl2 were added to allow co-pre-
cipitation of thorium on manganese oxide. After> 8 h, samples were
vacuum filtered through quartz (QMA) filters, dried, and mounted on
Risø sample holder (nylon disc planchette). Samples were beta counted
on a Risø GM-25-5 low-level beta multi-counter either on land (Uni-
versity of South Carolina) immediately following the cruise (cruises
P0704, P0810, and P1106) or at sea (P1208, P1408, and P1604).
Samples were background counted>6 half-lives after initial count. For
cruises P1408 and P1604, additional counts were performed between
initial and background counts. Samples were then dissolved in H2O2/
HNO3

− solution, spiked with 229Th yield tracer. Thorium was purified
by column chromatography in AG1-X8 resin. Thorium filtration yield
was then calculated from the 229:230Th ratio measured on a Thermo
Element 2 inductively-coupled plasma mass spectrometer at the Woods
Hole Oceanographic Institution Analytical Facility or at the National
High Magnetic Field Laboratory. 238Ue234Th deficiency was quantified
by estimating 238U from salinity using the equations in Owens et al.
(2011). 234Th flux was quantified from 238Ue234Th deficiency profiles
using a one-dimensional steady-state equation: 234Th Ex-
port=λ234× (AU238-ATh234), where λ234 is the decay constant for
234Th and AU238 and ATh234 are the vertically-integrated activities of
238U and 234Th, respectively (Savoye et al., 2006). Samples for analysis
of the C:234Th ratio were collected either using a McLane WTS-LV in situ
pump (P0704, P0810, and P1106) and/or with a surface-tethered
drifting sediment trap (all cruises, see below). In situ pump samples
were typically collected on a 147-mm, 50-μm mesh filter and rinsed
onto a QMA filter that was mounted in a Risø sample holder and ana-
lyzed as above.

2.3. Sediment trap deployments

VERTEX-style Particle Interceptor Tube (PIT) sediment traps
(Knauer et al., 1979) were deployed at a depth of 100m on all cruises

and also typically at a depth slightly below the euphotic zone if the
euphotic zone was shallower than 70m. On P1408 and P1604 cruises,
sediment traps were also deployed at a depth of 150m. PITs were
constructed from acrylic tubes with a 69.85-mm internal diameter and
8:1 aspect ratio and had a baffle on top comprised of thirteen 76-mm
long, 12.7-mm internal diameter acrylic tubes that were carefully
beveled on the top using a lathe. Typically 8–12 PIT tubes were de-
ployed per depth on PVC cross-pieces attached to a line hanging be-
neath the mixed layer drogue. PITs were deployed with a saltwater
brine consisting of filtered seawater amended with 50 g L−1 NaCl and
0.4% formaldehyde (final concentration). Immediately after recovery,
the interface between brine water and overlying surface water was
determined for each tube and gentle suction was utilized to remove
overlying water to a height of ~3 cm above the interface. On the P1106
cruise, salinity measurements were made before and after deployment
and confirmed that brine solution was minimally diluted (median 5% of
final volume) by mixing with natural seawater (Krause et al., 2015).
Samples were then gravity filtered through 47-mm, 202-μm filters, and
swimming mesozooplankton were removed from the filters under a
stereomicroscope. For most samples, the>202-μm fraction was then
rinsed back into the original sample (i.e.<202- and > 202-μm frac-
tions were combined). However, on cruises P1208, P1408, and
P1604,< 202- and > 202-μm fractions were analyzed separately for
size-fractionated C:234Th ratios.

Tubes were then split on a Folsom splitter and used for a series of
analyses. Particulate organic carbon and nitrogen (POC and PON)
samples were filtered through 25-mm pre-combusted glass fiber (GF/F)
filters and analyzed by either a CHN elemental analyzer or an isotope
ratio mass spectrometer (for additional isotope data) at the Scripps
Institution of Oceanography Analytical Lab. Samples for biogenic Si
(bSi) were filtered onto 47-mm, 0.6-μm pore size polycarbonate filters
and analyzed using a NaOH digestion method (Krause et al., 2015).
Samples for chlorophyll and phaeopigments were filtered onto GF/F
filters and analyzed by fluorometry with acidification (Strickland and
Parsons, 1972). Samples for fecal pellet enumeration were stored in
formaldehyde until analysis by stereomicroscopy (Morrow et al., 2018;
Stukel et al., 2013). Samples for C:234Th ratios were filtered through
QMA filters and analyzed as above. On P0704, P0810, and P1106
cruises, whole samples were filtered for C:234Th. On P1208, P1408, and
P1604 cruises, the< 202-μm and > 202-μm size fractions were fil-
tered and analyzed separately. After initial and background beta counts,
QMA filters were analyzed for C and N by CHN elemental analyzer.
Swimming mesozooplankton picked from a subset of the sediment trap
deployments were filtered through QMA filters and analyzed as above
for C:234Th ratio.

2.4. Data manipulation and statistical analyses

Vertical integrations were calculated using a simple trapezoidal rule
when the integration depth was shallower than the depth of the deepest
samples. However, on some cycles, suspended POC concentrations were
only measured to the base of the euphotic zone (not the deepest sedi-
ment trap depth). To extend these profiles deeper, we used 86 profiles
for which POC was measured to deeper depths and determined that (on
average) suspended POC decreased by 1.5% m−1 beneath the euphotic
zone (standard error= 0.2%). This exponential extrapolation was used
to estimate vertically integrated POC from the deepest sampling depth
to the sediment trap depth. For phytoplankton related rates and
standing stocks (e.g. primary production, Chl), we integrated only to the
deepest sampling depth (which was at or slightly below the base of the
euphotic zone) because we assume that phytoplankton biomass was
negligible beneath the euphotic zone.

When comparing different properties (e.g. C:234Th ratio of sinking
particles to primary production), we used Type II linear regression
using the methods of York et al. (2004), which incorporate variable
uncertainty on different data points. Uncertainties of data points were
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quantified as the standard error of multiple measurements made on the
same quasi-Lagrangian cycle. Type II linear models are not intended to
imply that the underlying relationship is linear, but rather to explore
patterns in covariance between properties. To test for correlations be-
tween properties, we used the non-parametric Spearman's rank test in
the Matlab function ‘corr’. Type II linear regression models are only
plotted if the Spearman's rank correlation was statistically significant
(p < .05). Because relationships between parameters may not be
linear, we also plot the relationships using a moving regression. We
used locally-estimated scatterplot smoothing (LOESS) implemented
with the fLOESS function in Matlab. fLOESS employs a second degree
polynomial to smooth one dimensional data. We used a span equal to
half of the available measurements. Moving regressions may not ne-
cessarily capture the functional relationships between variables but are
plotted to allow visual representations of the (potentially nonlinear)
relationships between ecosystem properties.

2.5. Outlier analysis

To test for outliers in the C:234Th ratio of sinking particles measured
by sediment trap, we used the Matlab function ‘isoutlier’. isoutlier
identifies any point as an outlier if it is more than three scaled median
absolute deviations away from the median. Two data points were de-
termined to be outliers: Cycle P0810–1 at 50m depth and Cycle
P1408–1 at 60m depth. P0810–1 at 50m had a C:234Th ratio of
20.5 μmol dpm−1 and P1408–1 at 60m had a value of
14.8 μmol dpm−1, compared to a median (across all sediment trap
samples) of 6.1 μmol dpm−1. These samples were investigated in fur-
ther detail. Triplicate samples from P0810–1 at 50m had values of 23.6,
20.4, and 17.7 μmol dpm−1 and triplicate samples from P1408–1 at
60m had values of 14.2, 17.4, and 12.7 μmol dpm−1. These high values
were thus not driven by a single erroneous sample. For P0810–1 at 50m
the paired in situ pump sample also had the highest C:234Th ratio found
in the in situ pump dataset. We therefore conclude that these two values
reflect true variability in the C:234Th ratio and include them in all fig-
ures and regression analyses.

2.6. Principal component analysis and linear models

Because many water column properties co-vary (e.g., primary pro-
duction, Chl), we first performed principal component analysis (PCA).
Our ecological data was highly skewed (i.e. many datasets had many
values clustered at low positive values, but a long tail of high positive
values). Hence, individual variables were log-transformed prior to PCA
if the log-transformed data better approximated a normal distribution
than the un-transformed data (as determined by a higher p-value of a
Kolmogorov-Smirnov test with a normal distribution; Matlab function
‘kstest’). This resulted in log-transformation of all variables except
depth and silica excess (i.e. [silicic acid] – [nitrate]). Such transfor-
mation is recommended by Wold et al. (1987), because outliers can
significantly impact PCA results. Without transformation, the PCA
would have been driven almost entirely by patterns under high-bio-
mass, high-nutrient bloom conditions and patterns emerging during
oligotrophic conditions would have been obscured. Following log
transformation all variables were then centered and scaled by sub-
tracting off the mean and dividing by the standard deviation. Because
not all variables of interest were measured on each cycle (across the
dataset 11% of the data points were missing), we then filled the dataset
(i.e., estimated missing values) using multiple imputation by chained
equations. 1000 different filled datasets were produced using the R
package MICE (Buuren and Groothuis-Oudshoorn, 2010). PCA was then
performed using the function ‘pca’ in Matlab on each of the 1000 dif-
ferent filled datasets. Uncertainty in the PCA was computed from the
differences between PCA results for these different datasets.

We then used step-wise linear regression to investigate the depen-
dence of sinking C:234Th ratios on water column characteristics. The

first three principal components were included as predictor variables as
were depth and the ratio of vertically integrated POC to vertically in-
tegrated total water column 234Th above the trap depth (vPOC:234Thtot).
Step-wise linear regression (Matlab function ‘stepwisefit’) was per-
formed on each of the imputed datasets to determine the variables that
added predictive power to the regression and develop a best fit equa-
tion. This function begins with a model using only a y-intercept to
predict the dependent variable. It then iteratively adds or subtracts
potential independent variables to the model if the addition or sub-
traction of the independent variable adds explanatory power as de-
termined by the p-value of the F-statistic. Terms are added in order of
the minimum p-value of the F-statistic and removed from the model in
order of the largest p-value of the F-statistic. Stepwise linear regression
does not necessarily find the optimal model to explain the data and was
used only for exploration of the data. Stepwise regressions were con-
ducted on each of the imputed datasets (see above) to explore un-
certainty in regression statistics.

To test the predictive power of this approach, we conducted boot-
strapping analyses with datasets withheld in the following manner: A
random filled dataset was chosen from the 1000 imputed datasets. Half
of the data points in this dataset were then chosen at random and used
to compute a multiple linear regression for each of the equations
identified as statistically significant during the step-wise linear regres-
sion approach. Regressions were also computed with individual para-
meters. These linear regressions were then used to predict the C:234Th
values of the half of the datasets that had been withheld from the re-
gression. Root mean squared error (RMSE) was used to quantify the
linear model-data misfit. This bootstrapping analysis was computed for
10,000 total iterations. This approach was used to determine whether
added variables increased the predictive power of equations used to
predict C:234Th ratios of sinking particles from biological and chemical
properties measured in the euphotic zone.

3. Results

3.1. Description of water parcels

Conditions encountered on the 29 Lagrangian experiments included
in this study spanned much of the natural variability in the CCE.
Primary productivity varied from 9.9 to 191mmol C m−2 d−1 and
surface Chl varied from 0.07 to 4.2 μg Chl a L−1. On cruises P0704
(April 2–21, 2007) and P0810 (September 30–October 29, 2008), ex-
perimental cycles were intentionally chosen to span the spatial varia-
bility found in the region during non-El Niño conditions. Consequently,
variability on these cruises was large, with experiments conducted in
both upwelling-influenced and highly oligotrophic waters (for addi-
tional cruise details, see Landry et al., 2012; Stukel et al., 2012). The
P1408 (August 6 – September 4, 2014) and P1604 (April 19 – May 12,
2016) cruises sampled similar regions during the North Pacific warming
event in 2014–2015 and the ensuing 2015–2016 El Niño (Kelly et al.,
2018; Morrow et al., 2018; Nickels and Ohman, 2018). During this
time, sea surface temperatures were elevated throughout the region,
upwelling was restricted near the coast, and primary productivity was
depressed region wide (Kahru et al., 2018). The P1106 (June 18 – July
17, 2011) and P1208 (July 28 – August 26, 2012) cruises were speci-
fically designed to investigate the response of plankton communities to
ocean fronts associated with mesoscale eddies. Hence Lagrangian ex-
periments were conducted within and on either side of gradient regions
that separated productive coastal waters from oligotrophic offshore
domains (Krause et al., 2015; Stukel et al., 2017).

We used principal component analysis to investigate covariance in
water column properties (Fig. 2). The first principal component sepa-
rated the data based on overall biomass and productivity of the system
and explained 55.4 ± 1.6% of the variability. It had strong coefficients
for primary productivity, vertically-integrated POC, vertically-in-
tegrated Chl, surface POC, surface Chl, surface NO3

−, percent Chl>
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20-μm, and mesozooplankton biomass and negative coefficients for the
depth of the nitracline and 1% light level. The second principal com-
ponent (14.1 ± 1.0% of the variability) largely divided the dataset
based on nutrient concentration and productivity. It showed near zeros
coefficients for most biomass proxies, but strongly positive coefficients
for primary productivity and all nutrients (NO3

−, Si, Fe). The third
principal component (10.0 ± 1.1% of the variability) was dominated
by positive coefficients for surface silicic acid and silica excess and may
reflect whether or not the diatom community was Fe-limited.

3.2. Variability in the C:234Th ratio

Across the dataset, the C:234Th ratio of sinking particles collected in
sediment traps varied from 2.3 ± 0.2 μmol C dpm−1 to
20.5 ± 3.0 μmol C dpm−1 (Table 1). This approximately order of
magnitude variability was notably comparable to variability in 234Th
export flux at the 100m depth horizon computed using a 1-dimensional
steady-state model (317 to 3369 dpmm−2 d−1). Furthermore, C:234Th
ratios were correlated with steady-state 234Th flux (Spearman's
ρ= 0.54, p=2×10−5). This suggests that using a constant C:234Th
ratio to quantify carbon flux from 234Th flux measurements in the CCE
would underestimate carbon flux variability.

C:234Th ratios of large particles collected by in situ pump were sig-
nificantly lower than C:234Th ratios of sinking particles collected by
sediment traps (Fig. 3a). The geometric mean of sediment trap C:234Th
ratios divided by C:234Th ratios of in situ pump samples (for paired
samples) was 1.81 with a 95% confidence interval (C.I., determined by
non-parametric Monte Carlo error analysis) of 1.57–2.08. Large
(> 200-μm) sinking material also had significantly higher C:234Th than

small (< 200-μm) sinking material (Fig. 3b,c). The geometric mean of
the C:234Th ratio of large sinking particles divided by that of small
sinking particles was 1.6 (95% C.I. = 1.3–2.0). The C:234Th ratios of
swimming mesozooplankton removed from the sediment traps ranged
from 25 to 855 μmol C dpm−1 and were, on average, 30 times greater
than those of sinking material (95% C.I. = 22–41) (Fig. 3d).

We found overall satisfactory agreement between 234Th flux mea-
sured by sediment trap and 234Th flux estimated by a one-dimensional
steady-state equation (Fig. 4). The mean 234Th export flux measured by
sediment traps across all cycles and depths was only 1% greater than
the mean computed from 238Ue234Th deficiency and a one-dimensional
steady-state equation. The median ratio of sediment trap flux to steady-
state flux was 0.89. Together, these results suggest that there was
minimal bias in our sediment trap deployments. The cycle with greatest
discrepancy between sediment trap and steady-state estimates was
P0810 Cycle 4, during which upwelling favorable winds likely brought
234Th replete waters to the surface, invalidating the assumptions of our
steady-state model. The two cruises with the worst agreement between
sediment trap and 238Ue234Th deficiency-derived 234Th fluxes were
cruises P1106 and P1208 that sampled within and to either side of
mesoscale fronts. In these dynamic regions, retention times of water
within the feature (order of days) were similar to the integration tem-
poral horizons of our sediment traps (2–4 days), but substantially
shorter than the integration time of 238Ue234Th disequilibrium (ap-
proximately one month). The mean export determined across these
mesoscale features was, however, similar between the two methodol-
ogies. Because of the good agreement between sediment traps and the
steady-state model, we hereafter assume that C:234Th ratios determined
by sediment trap accurately reflect the C:234Th ratios of sinking parti-
cles. However, we cannot exclude the possibility that the sediment traps
undersampled particles with low 234Th.

3.3. C:234Th ratio variability with depth

The C:234Th ratios of sinking material typically decreased with
depth. For sediment trap samples, C:234Th ratios decreased with depth
for 29 out of 35 samples (Fig. 5a,c). The median change with depth was
−0.044 μmol C dpm−1m−1, with a range of −0.20 to 0.086 μmol C
dpm−1m−1. For in situ pump samples, C:234Th ratios decreased with
depth for a similar proportion of the samples (6 out of 8, Fig. 5b,c). The
median change with depth for the in situ pump samples was also similar
(−0.056 μmol C dpm−1m−1, with a range of −0.12 to 0.050 μmol C
dpm−1m−1). We tested linear, power law, and exponential functions
for predicting C:234Th ratios from depth. The best fit (minimum RMSE)
was determined with a power law fit: C:234Th=1925×depth-1.29. We
caution, however, that this functional form is not appropriate for ex-
trapolating C:234Th ratios to depths within the euphotic zone, because it
predicts unrealistically high ratios at shallower depths than the range
over which we have measurements (Fig. 5a).

To understand variability in the C:234Th ratio of sinking particles,
we compared the C:234Th of sediment trap samples to the ratio of POC
to total 234Th at the trap depth and to the ratio of vertically-integrated
POC to vertically-integrated total water column 234Th. The latter ratio
showed a very strong relationship to that of sinking particles, with
Spearman's ρ= 0.71 (p < 10−9). The Type II regression of the C:234Th
ratio of sinking particles regressed against vertically-integrated POC/
vertically integrated 234Th had a slope of 1.50 ± 0.10 and an intercept
of 0.9 ± 0.2 μmol dpm−1 (Fig. 6a). The correlation of C:234Th ratio of
sinking particles compared to the ratio of POC to total 234Th at the trap
depth was weaker (ρ= 0.53, Fig. 6c), although still highly significant
(p=6×10−4). Furthermore, when sediment trap samples from mul-
tiple depths on the same Lagrangian cycle were compared, the varia-
tions in the ratio of vertically-integrated POC to vertically-integrated
234Th were strong predictors of change in the C:234Th ratios of sinking
particles. This suggests that the decrease in C:234Th ratios with depth
may result, in part, from the facts that particles collected at deeper

Fig. 2. Principal component analysis of water column properties. a)
Coefficients for each measured parameter with each of the first three principal
components. b and c) PC1 plotted against PC2 and PC3, respectively. Colors
represent different cruises.
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depths integrate over a deeper water column and lower POC and higher
234Th concentrations in the twilight zone than in the euphotic zone.

3.4. Relationships between C:234Th ratios and biological processes

To investigate the food web and biogeochemical processes that
shape the C:234Th ratio of sinking particles, we first compared C:234Th
to the magnitude and properties of particle flux measured in the sedi-
ment traps. We found a strong correlation (Spearman's ρ= 0.53,
p < 〈10−3) between C:234Th ratios of sinking particles and organic
carbon flux (Fig. 7a, Table 2). C:234Th increased during higher flux
periods with a slope of 0.38 ± 0.015 μmol dpm1/(mmol m−2 d−1).

C:234Th ratio showed no statistically significant relationship to N:C
ratio (Fig. 7b), but increased with increasing Si:C ratio (Spearman's
ρ= 0.42, p= .01, Fig. 7c). To assess the importance of zooplankton
dynamics, we compared C:234Th ratios to the percentage of recogniz-
able fecal pellet carbon in the trap. No statistically significant correla-
tion was found with percentage fecal pellet carbon (Fig. 7d), possibly
because of the relative paucity of samples (fecal pellets were only
quantified on P0704, P0810, and P1604). We also compared C:234Th
ratios to phaeopigment flux because phaeopigments, which are chlor-
ophyll byproducts partially produced in zooplankton guts, have pre-
viously been shown to co-vary with fecal pellets in CCE sediment traps
(Morrow et al., 2018). C:234Th increased with increasing

Table 1
C:234Th ratios (μmol dpm−1) measured in sediment traps, size-fractionated sediment trap small and large fractions, swimming mesozooplankton removed from
sediment trap, and>50-μm material sampled by in situ pump. Mean ± standard error.

Cruise Cycle Depth Sediment trap C:Th ST≤200-μm C:Th ST≥200-μm C:Th Swimmer C:Th In Situ Pump C:Th

704 1 100 5.5 ± 0.2 3.5 ± 0.2
704 2 100 3.6 ± 0.5 2.2 ± 0.1
704 4 100 7.2 ± 0.7 3.6 ± 0.7
810 1 100 10.7 ± 1 2.7 ± 0.7
810 1 50 20.5 ± 1.7 7.9 ± 4.3
810 2 100 3.3 ± 0.1 2.3 ± 0.9
810 3 100 4.2 ± 0.1 5.1 ± 3.8
810 3 60 5.6 ± 0.6 3.15
810 4 100 5.2 ± 0.5 3.97
810 4 60 7.8 ± 0.4 5.5 ± 1
810 5 100 5 ± 0.4 2.38
810 5 60 8.6 ± 0.6 4.5 ± 0.6
810 6 100 3 ± 0.2 2 ± 0.1
810 6 60 5.4 ± 1 6.61
1106 1 60 5.5 ± 0.2 2.59
1106 1 100 5.8 ± 0.4 2.65
1106 2 100 5.2 ± 0.7 1.69
1106 3 60 9.3 ± 0.5 5.27
1106 3 100 8 ± 0.1 2.92
1106 4 50 12.6 ± 0 7.63
1106 4 100 9.2 ± 1.7 3.44
1106 5 100 4.5 ± 0.3 2.75
1106 6 60 7.2 ± 0.5
1106 6 100 6.1 ± 0.2 2.52
1208 1 60 10.9 ± 0.8 8.6 ± 0.7 26.3 ± 5.6 321
1208 1 100 8.6 ± 0.2 6.9 ± 0.4 15.4 ± 1.1 494
1208 2 70 6.1 ± 0.2 5.5 ± 0.2 8.94 282
1208 2 100 8.7 ± 0.8 6.2 ± 0.6 27.2 311
1208 3 70 10.9 ± 0.9 8.3 ± 0.7 32.01 491
1208 3 100 7.8 ± 0.1 6.2 ± 0.1 22.32 302
1208 4 100 3.5 ± 0.3 3.7 ± 0.1 3.3 ± 0.2
1208 5 70 8 ± 1.2 13.8 ± 2.1 6.27
1208 5 100 5.1 ± 0.1 7.5 ± 0.2 3.55
1408 1 60 14.8 ± 1.4 9.6 19.62 218
1408 1 100 8.1 ± 0.2 8.3 ± 0.3 7.8 ± 0.3 283
1408 2 60 9.8 ± 0.7 7.1 ± 0.2 14.5 ± 1.2 120
1408 2 100 8.7 ± 1 5.6 ± 0.4 14.3 ± 3.2 118
1408 2 150 8 ± 1.1 5.5 ± 1.3 5.51 803
1408 3 60 4.4 ± 0.4 3.5 ± 0.2 5.8 ± 1 74
1408 3 100 6.7 ± 1.3 5.7 ± 1.5 4.48 161
1408 3 150 4.1 ± 0.4 3 ± 0.5 3.98 149
1408 4 70 4.2 ± 0.7 3.2 ± 0.8 3.88 38
1408 4 100 2.3 ± 0.1 1.8 ± 0.1 1.81 64
1408 4 150 2.3 ± 0.2 1.5 ± 0.3 1.9 25
1408 5 100 4.5 ± 0.2 2.5 ± 0.2 3.72 29
1408 5 110 2.3 ± 0.1 1.7 ± 0.1 1.3
1408 5 150 2.6 ± 0.1 2.1 ± 0.1 1.41 46
1604 1 100 6.1 ± 0.7 4 ± 0.8 13.87 142
1604 1 150 2.8 ± 0.2 2.2 ± 0.2 6.88 327
1604 2 97 6.1 ± 0.4 5.8 ± 0.6 6.82 855
1604 2 147 4.7 ± 0.2 3.6 ± 0.2 13.57 382
1604 3 57 10.9 ± 0.5 8.9 ± 0.7 12.8 ± 1.2 316
1604 3 97 6.5 ± 0.5 4.9 ± 0.3 10.1 ± 1.7
1604 3 147 4.9 ± 0.2 3.4 11.6 ± 1.7 292
1604 4 47 8.3 ± 0.4 7.6 ± 0.1 9.1 ± 0.8
1604 4 97 5.2 ± 0.3 4.2 ± 0.3 6.4 ± 0.4
1604 4 147 4.3 ± 0 3.1 ± 0.3 7.5 ± 0.6
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phaeopigment:carbon ratios (Spearman's ρ= 0.37, p= .007). However,
this relationship only held for low phaeopigment:carbon ratios. Above a
ratio of ~100 μg Chl a equivalents/mmol C, the C:234Th ratio decreased
with increasing fecal pellet content (Fig. 7e). C:234Th ratios increased
with the percentage of the sinking particles that were retained on a 200-
μm filter, although this relationship was not quite significant at the 95%
C.I. (Spearman's ρ= 0.35, p= .053, Fig. 7f). This lack of statistical
significance was again possibly due to a paucity of samples, because
sediment trap material was only size-fractionated on three cruises.

We also compared C:234Th ratios to the multiple biogeochemical
and ecological measurements made in the euphotic zone (Fig. 8). For
these analyses, we compared euphotic zone properties only to C:234Th
ratios of sinking particles at the 100-m depth horizon, because we had
consistent measurements at this depth from all Lagrangian experiments.
C:234Th typically increased with properties that were generally in-
dicative of higher system productivity (surface and vertically-integrated
POC and Chl, percentage Chl> 20-μm, mesozooplankton biomass);
however, there was no statistically significant correlation with primary
production. This may be a general pattern that C:234Th covaries more
strongly with standing stock measurements than with rate

Fig. 3. Methodological variability in C:234Th ratio. a) In situ pump C:234Th ratio (typically> 50-μm), b) C:234Th ratio of< 200-μm sinking material collected by
sediment trap, c) C:234Th ratio of> 200-μm sinking material collected by sediment trap, d) C:234Th ratio of swimming mesozooplankton removed from the sediment
trap. X-axis of all plots is C:234Th ratio of bulk sinking material collected by sediment trap. Units are μmol C dpm−1. The dashed lines indicate a 1:1 ratio.

Fig. 4. Comparison of 234Th flux measured by sediment trap (y-axis) to 234Th
estimated using 238Ue234Th disequilibrium and a one-dimensional steady-state
model. Black line is a 1:1 line. Blue dashed line is a Type II linear regression
(y=mx+b, where m=1.04 ± 0.02 and b=−325 ± 41). (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Fig. 5. C:234Th ratio changes with depth. a) Sediment trap C:234Th ratio plotted
against depth. Lines link samples made at different depths during the same
sediment trap deployment. Black line is a power law fit:
C:234Th=1925×depth-1.29. Dotted portion of the line is outside of our data
range and shows unrealistically high values within the euphotic zone. b) In situ
pump (>50-μm) C:234Th ratio plotted against depth. c) Histogram of the
change in C:234Th ratio with depth.
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measurements (a statistically significant correlation was also found
with mesozooplankton biomass, but not with mesozooplankton grazing
rates), because standing stock measurements typically integrated over a
longer period of time than plankton rate measurements. C:234Th ratios
decreased with the depth of the euphotic zone (1% light level) and with
the depth of the nitracline, although there was no relationship between
C:234Th ratios and surface nitrate. Si was the only nutrient significantly
correlated with the C:234Th ratio, showing an inverse relationship that

runs counter to the general pattern of increasing C:234Th ratios in wa-
ters from recent upwelling. Silica excess (Siex= [silicic acid] – [ni-
trate]) was also negatively correlated with C:234Th ratios. Given that
regional silicic acid and nitrate in source waters are near unity, low and
negative values of Siex are typically indicative of Fe-stress in the CCE
(King and Barbeau, 2011). Surprisingly, despite the correlation of
C:234Th ratios with Si:C ratios of sinking particles and surface silicic
acid, no correlation was found with percent diatom biomass, although
diatom biomass was only quantified on the P0704 and P0810 cruises.

3.5. Linear models

To test the relationships between euphotic zone dynamics and the
C:234Th ratios of sinking particles, we used step-wise linear regression
techniques. Depth, vertically-integrated POC divided by total 234Th
ratio (vC:234Thtot), and the first three principal components of the eu-
photic zone properties were included as predictor variables. Step-wise
linear regression was computed for each of the 1000 sets of principal
component scores determined by multiple imputation. 91.5% of the
linear regressions included vC:234Thtot. Each of these regressions also
included PC3 (49.2%), PC2 (17.5%), or both PC2 and PC3 (24.8%). The
equations for these regressions were: log10(C:234ThST)=
0.52+0.47× log10(vC:234Thtot)+−0.032×PC3;
log10(C:234ThST)= 0.52+0.45× log10(vC:234Thtot)+−0.032×PC2;
and log10(C:234ThST)= 0.52+0.46× log10(vC:234Thtot)+−0.029
×PC2+−0.021×PC3. Taken together, these results suggest that
vC:234Thtot may be the dominant driver of changing C:234Th ratios of
sinking material and that C:234Th ratios may be higher than expected
when biomass-normalized rates are low (PC2) or when the diatom
community is Fe-limited (PC3). These results consistently suggest that
the decline phases of blooms may have higher than typical C:234Th
ratios for sinking particles.

The remaining 8.5% of the regressions included depth and PC1:
log10(C:234ThST)= 1.02+−0.0027×depth+ 0.037×PC1. These
results suggest that the C:234Th ratio is positively correlated with eco-
system biomass and productivity (PC1) and decreases with depth. The
absence of any models that included both vC:234Thtot and PC1 is likely a
result of strong correlation between vC:234Thtot and PC1. The absence of
models including both vC:234Thtot and depth arises from the fact that
vC:234Thtot inherently accounts for changes in C:234Th ratios with depth,
because POC decreases with increasing depth below the euphotic zone,
while 234Th remains relatively constant.

We further investigated these relationships using bootstrapping and
reduced datasets. For these reduced datasets, 50% of the data was se-
lected at random and used to perform a multiple linear regression. The
goodness of fit was assessed by predicting the C:234Th ratio of the
withheld data (data points not used to calculate the regression) and
quantifying the model-data misfit with the RMSE. Regressions were first
computed for vC:234Thtot or depth alone to serve as baselines for de-
termining if additional parameters added statistical power to the model.
The model with vC:234Thtot produced a lower RMSE (0.159 ± 0.020)
than the model with depth (0.176 ± 0.017). The models with addi-
tional variables (PC2, PC3 or PC2 and PC3) led to slightly lower RMSE
than the model with vC:234Thtot alone (0.157 ± 0.019, 0.152 ± 0.020,
and 0.150 ± 0.019, respectively), although none of these differences
were significant at the 95% C.I. (p-values determined using non-para-
metric bootstrapping were 0.31, 0.18, and 0.18, respectively). The
model including depth and PC1 had an RMSE of 0.147 ± 0.016 that
was significantly lower than the model with depth alone (p= .041).

Because PC1 clearly added predictive power to the model with
depth as a predictive variable, we also tested a model with
log10(VertIntChl) as a predictive variable. Vertically-integrated Chl was
chosen because it is strongly correlated with PC1, is commonly mea-
sured in field programs and had the strongest correlation with C:234ThST
of any of the euphotic zone properties (Fig. 8, Table 3). We found that
the RMSE for using vertically-integrated Chl alone (0.162 ± 0.017)

Fig. 6. C:234Th ratio of sinking particles and total POC/total 234Th. a) Sediment
trap C:234Th ratio plotted against the ratio of total vertically-integrated water
column POC above the trap depth divided by total vertically-integrated 234Th
above the trap depth. Regression is a Type II linear regression (y=mx+b,
where m=1.50 ± 0.1 and b=0.85 ± 0.22). b) Same as (a) but only
showing samples with multiple sediment trap depths. c) Sediment trap C:234Th
ratio plotted against suspended POC at the trap depth divided by total 234Th at
the trap depth (Type II Regression: y=mx+b, where m=17.1 ± 5.6 and
b=−11.6 ± 5.5).
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was lower than the RMSE for depth alone (0.176 ± 0.017), although
the two were not statistically different. The model including depth and
vertically-integrated Chl had an RMSE of 0.141 ± 0.013, which was
significantly lower than that determined using depth alone (p= .016).

From these results, we concluded that the two most useful models
for predicting C:234Th ratios from water column properties were the
model including only vC:234Thtot and the model including both depth
and vertically-integrated Chl. We used Monte Carlo uncertainty analysis
to quantify uncertainty on these parameters, resulting in the equations:

log C Th a b log C Th( : ) ( : )ST tot
v

10
234

10
234= + × (1)

where a=0.53 ± 0.02, b=0.43 ± 0.03, and C:234Th ratios are in
units of μmol dpm−1, and:

log C Th a c depth d log VertIntChl( : ) ( )ST10
234

10= + × + × (2)

where a=0.45 ± 0.08, c=−0.0030 ± 0.0003, d= 0.37 ± 0.035,
and Chl is in units of mg Chl a m−2.

4. Discussion

4.1. Methodological considerations when measuring C:234Th ratios

238Ue234Th deficiency measurements of 234Th export are typically
converted to carbon export using C:234Th ratios of sinking particles
collected by sediment trap or size-fractionated particles collected by an
in situ pump. Most frequently, the C:234Th ratio of> 50-μm fraction of
suspended particles is used because large particles are assumed to
comprise most of the sinking flux (Buesseler et al., 2006). The dis-
agreement between C:234Th ratios of sinking particles and > 50-μm
suspended particles found here (Fig. 3a) suggests that substantial un-
certainty can be introduced into carbon flux measurements by the
choice of particle class used for determining the C:234Th ratio. C:234Th
ratios from sediment trap samples were typically 1.8 times greater than
those of> 50-μm particles sampled by in situ pump. In our study region,
Morrow et al. (2018) and Kelly et al. (2018) have suggested that sinking
carbon flux is driven by a combination of rapidly sinking fecal pellets
and slowly sinking particles that are likely heavily degraded by mi-
crobes and zooplankton as they sink. We suspect that the discrepancy
between sediment trap and in situ pump samples is due to pump over-
sampling of slowly sinking particles relative to their flux contribution
because these particles reside longer in the euphotic zone and shallow
twilight zone than rapidly sinking material. In addition, slower sinking
particles also take longer to equilibrate with the higher 234Th activities
beneath the euphotic zone than rapidly sinking particles, which more
closely reflect the higher C:234Th ratios of the euphotic zone (high POC
concentrations and low 234Th activities) where they are formed. We
address this potential mechanism in more detail in a companion
manuscript (Stukel and Kelly, this issue).

Nevertheless, there are other possible explanations for the dis-
crepancy between>50-μm pump and sediment trap samples. Indeed

Fig. 7. C:234Th ratio of sinking particles plotted against properties of sediment trap material. a) Particulate organic carbon flux. b) N:C ratio, c) Si:C ratio, d)
Percentage of sinking carbon comprised of recognizable fecal pellets, e) Phaeopigment:carbon ratio (μg Chl a equivalents/mmol C). f) Percentage of sinking carbon
retained on a 200-μm filter. Gray lines are Type II linear regressions (shown only for statistically significant relationships (Spearman's p-value< .05) with coefficients
shown in Table 2). Light orange lines are moving polynomial regressions (LOESS smoothing).

Table 2
Relationship of C:234Th ratio of sinking particles to properties of sinking flux. ρ
and p-value are for Spearman's rank correlation statistics. m and b are the slope
and intercept (respectively) of a Type II linear regression (see Fig. 5).

ρ p-value m b n

Corg Flux 0.53 5.25E-05 0.38 ± 0.01 1.65 ± 0.1 53
N:C Ratio 0.13 0.34 53
Si:C Ratio 0.42 0.010 22.51 ± 1.18 1.57 ± 0.17 38
%Fecal Pellet Flux 0.37 0.09 23
Phaeo:C Ratio 0.37 0.007 0.06 ± 0.004 0.8 ± 0.21 51
%C > 200-μm 0.35 0.05 32
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the pattern that we find in the CCE is not consistent across all studies,
which have shown substantial variability in the ratios of C:234Th
measured by sediment trap and in situ pump (see summaries in
Buesseler et al., 2006; Hung et al., 2012). Hung et al. (2010) and Hung
et al. (2012) analyzed size-fractionated sediment trap particles col-
lected in the oligotrophic Gulf of Mexico and South China Sea and
found that< 50-μm particles were responsible for most of the carbon
and 234Th flux. They thus concluded that a poor relationship between
sediment trap C:234Th ratios of sinking particles and > 50-μm in situ
pump sampled particles occurred because the> 50-μm particles were
not driving the sinking flux. However, their suggestion that the C:234Th
ratios of 10–50-μm particles may be more representative of sinking
particles is unlikely to be the case in the CCE. Our size-fractionated

sediment trap samples show that approximately half of the flux was
associated with>200-μm particles (median percentage of carbon flux
attributable to> 200-μm particles was 45%, Fig. 7e). Furthermore,
Stukel et al. (2018) imaged fecal pellets in CCE sediment trap samples
from the P0704, P0810, and P1604 samples and found that the vast
majority of the fecal pellets were > 50 μm in length.

Our belief is that the sediment trap samples accurately reflect
C:234Th ratios, since a comparison between sediment trap 234Th flux
and 238U-234Th-deficiency derived 234Th flux suggests no substantial
over- or under-collection bias. However, potential sources of sediment
trap bias do exist and have been previously documented by Baker et al.
(1988) and Buesseler et al. (2007). More recently, Hung et al. (2010)
quantified dissolved organic carbon and dissolved 234Th in unpoisoned

Fig. 8. C:234Th ratio of sinking particles (at 100m depth) plotted against water column measurements. a) Principal component 1. b) Nitracline depth. c) Surface
NO3

− concentration. d) Surface silicic acid concentration. e) Surface dissolved Fe. f) Surface Siex (equal to nitrate minus silicic acid). g) Surface POC. h) Depth of the
euphotic zone (1% light level). i) Primary production (14HCO3

− uptake). j) Surface Chl. k) Vertically-integrated Chl a. l) Percentage of total Chl a retained on a 20-μm
filter. m) Diatom biomass/total phytoplankton biomass × 100. n) Mesozooplankton biomass. o) Mesozooplankton grazing (gut pigments). Gray lines are Type II
linear regressions (shown only for statistically significant relationships (Spearman's p-value< .05) with coefficients shown in Table 3). Light orange lines are moving
polynomial regressions (LOESS smoothing). Colors are same as Fig. 7.
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sediment traps in the Gulf of Mexico. Their results suggested that dis-
solution in the trap tubes may lead to the loss of half or three quarters of
organic carbon or 234Th (respectively) in the trap leading to a sub-
stantial under-collection bias relative to 238Ue234Th deficiency mea-
surements if not corrected. This is unlikely to be a serious issue for our
samples, however. DNA metabarcoding analyses comparing formalin-
preserved to unpreserved sediment trap samples in the CCE have shown
that protistan grazers (especially dinoflagellates) grow rapidly in un-
preserved sediment trap material (Gutierrez-Rodriguez et al., 2018).
The activity of protists (and swimming mesozooplankton) is likely to
contribute substantially to particle disaggregation and remineraliza-
tion. Our sediment trap samples were deployed with a formalin brine,
which should minimize such biases. The absence of a distinct under-
collection bias (as determined by comparison to flux estimates from
238Ue234Th deficiency flux estimates) suggests that any 234Th loss was
minor. Furthermore, on the P1408 cruise, we quantified silica dissolu-
tion in the trap tubes and found that it averaged 2.4% among all depths
and cycles (median=0.7%, range= 0.1–14.9%; Krause et al., 2015).
These silica dissolution estimates likely provide an upper estimate of
organic carbon dissolution in the traps, because physicochemical dis-
solution processes may dominate silica dissolution, while organic
carbon degradation is primarily mediated by biota (inhibited by for-
malin) or photodegradation (insignificant at the depths of the sediment
traps).

4.2. Response of C:234Th ratios to plankton ecology

The nearly one order of magnitude variability in C:234Th ratios of
sinking particles measured in this study highlights the importance of con-
sidering variable C:234Th ratios when estimating carbon flux from 234Th
profiles and the significant role of plankton dynamics in shaping this ratio.
Two clear trends in the data were a decrease in C:234Th ratio with depth and
an increase in C:234Th ratio with increases in total system biomass as
quantified in the two equations: C:234Th=10.5×0.994depth×PC10.037

and C:234Th=2.9×0.993depth×VertIntChl0.37. Both relationships were
efficiently represented by the relationship of the C:234Th ratio of sinking
particles to the ratio of vertically integrated POC to vertically integrated
234Thtot (C:234ThST=3.4× vC:234Thtot0.44), because euphotic zone POC
covaries strongly with ecosystem biomass, while the ratio of POC:234Thtot,
decreases with depth.

Nevertheless, additional plankton ecological interactions likely in-
fluence these relationships. Step-wise linear regression consistently in-
dicates that PC2 and/or PC3 should be included as predictor variables
with vC:234Thtot. PC2 generally had near zero coefficients for plankton
biomass parameters, but had positive coefficients for primary produc-
tion and all surface nutrient concentrations (especially silicic acid,

Fig. 2). Thus, because of the negative coefficient for PC2 in the step-
wise linear regression, we surmise that actively growing blooms have
lower C:234Th ratios than would be expected of a mature or decaying
bloom with a similar water column vC:234Thtot ratio. Interestingly, the
strongest coefficient in PC2 was for Si, while the strongest coefficient
for PC3 was for Siex (= [Si] – [NO3

−]). Siex is diagnostic of Fe-limita-
tion in the CCE, which has been surmised to terminate some diatom
blooms in our study region (Bruland et al., 2001; Brzezinski et al., 2015;
Stukel et al., 2017). Under Fe-limitation, diatom growth, nitrogen as-
similation and carbon fixation decrease, while Si uptake proceeds for a
longer duration (due to reduced growth) leading to heavily silicified
cells that can sink rapidly from the euphotic zone (Hutchins and
Bruland, 1998; Takeda, 1998). The negative coefficients in the step-
wise regressions for PC2 (most strongly driven by silicic acid con-
centrations) and PC3 (most strongly driven by Siex), suggest that diatom
Fe-limitation (and subsequent sinking) may lead to increased C:234Th
ratios. This supposition is consistent with our finding that C:234Th ratios
were positively correlated with sediment trap Si:C ratios (Fig. 7c). The
mechanistic link between Fe-limitation and increased C:234Th ratios
may be increased sinking speeds of heavily ballasted aggregates and/or
fecal pellets that lead to a greater contribution of fresh, mixed-layer
organic matter to carbon flux at deeper depth.

Mesozooplankton fecal pellets are one of the dominant forms of
sinking particles in the CCE (Morrow et al., 2018; Stukel et al., 2013).
Notably, while C:234Th ratios are positively correlated with percent
fecal pellet carbon and phaeopigment:carbon ratios in the sediment
trap and with mesozooplankton biomass (Figs. 7d,e and 8n), at higher
concentrations of fecal pellets, phaeopigments, or biomass, the re-
lationship plateaus or reverses. To disentangle the direct effect of
packaging particles into fecal pellets from the indirect effect of the
covariance of zooplankton biomass and grazing with ecosystem pro-
ductivity, we computed predicted sinking particle C:234Th ratios from
the relationships in Eqs. (1) and (2). We then compared the residuals of
these predictions (relative to measured C:234Th) against the percentage
of fecal pellet carbon in the sediment trap (Supp. Fig. 1c,d). While the
correlation between the residual and % fecal pellet carbon was not
significant, it was negative for both C:234Th relationships. By com-
puting the Type II slope of the normalized residual plotted against %
fecal pellet carbon, we can assess the percentage change in C:234Th
ratio with increasing fecal pellet composition in the sediment traps
(Supp. Fig. 1e,f). The slope of this regression was −0.36 ± 0.01 with
vC:234Thtot used as the predictor variable or− 0.26 ± 0.19 with depth
and vertically-integrated Chl. These values suggest that when the pro-
portion of fecal pellets in the sample increases from 0% to 100%, the
C:234Th ratios decrease by 36% or 26%. This is consistent with a si-
tuation in which zooplankton consume particles and preferentially

Table 3
Relationship of C:234Th ratio of sinking particles (at 100m depth, μmol C dpm−1) to water column measurements. ρ and p-value are for Spearman's rank correlation
statistics. m and b are the slope and intercept (respectively) of a Type II linear regression (see Fig. 6).

ρ p-value m b n

Nitracline Depth (m) −0.45 0.021 −0.06 ± 0.002 9.07 ± 0.19 29
Surface Nitrate (μmol L−1) 0.27 0.15 29
Surface Silicic Acid (μmol L−1) −0.38 0.041 −1.91 ± 0.08 7.73 ± 0.16 29
Surface Dissolved Fe (nmol L−1) 0.28 0.28 26
Silica Excess (μmol L−1) −0.39 0.035 −1.1 ± 0.04 5.51 ± 0.08 29
Vertically-Integrated POC (mmolm−2) 0.59 0.0009 0.36 ± 0.02 1.84 ± 0.11 29
Surface POC (μmol L−1) 0.49 0.007 −0.12 ± 0.01 11.52 ± 0.53 17
Depth of the 1% Light Level (m) −0.48 0.009 29
Primary Production (mmol C m−2 d−1) 0.33 0.08 3.46 ± 0.17 2.78 ± 0.09 29
Surface Chl (μg L−1) 0.39 0.039 0.07 ± 0.003 1.92 ± 0.11 29
Vertically-Integrated Chl (mg Chl a m−2) 0.6 0.0010 0.12 ± 0.01 2.91 ± 0.08 29
% Chl > 20-μm 0.47 0.010 28
% Diatom Biomass 0.3 0.44 1.22 ± 0.2 2.17 ± 0.37 28
Mesozooplankton Biomass (gm−2) 0.47 0.033 29
Mesozooplankton Grazing (mg Chl a m−2 d−1) 0.35 0.12 −0.06 ± 0.002 9.07 ± 0.19 9
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digest the carbon within them, while most or all of the 234Th passes
through their guts into fecal pellets as has been observed for other
actinide elements (Reinfelder and Fisher, 1991). This possibility is
further supported by the high C:234Th of zooplankton measured in this
study (Fig. 3d) and others (Coale, 1990; Dunne et al., 2000; Passow
et al., 2006; Stukel et al., 2016). Experimental studies showing that the
234Th found in crustaceans can bioaccumulate directly from dissolved
234Th further supports this supposition (Rodriguez y Baena et al., 2008;
Rodriguez y Baena et al., 2006).

Although not specifically addressed in our study, microbial de-
gradation of sinking particles also likely plays a substantial role in
modifying the C:234Th ratios of bulk sinking material. Respiration of
particle-attached bacteria is a substantial source of flux attenuation in
the twilight zone and likely leads to preferential degradation of carbon
(relative to thorium) and hence a decrease in C:234Th ratios with depth
(Buesseler et al., 2006; Simon et al., 2002). This simple conceptual view
may be complicated, however, by microbial interactions including
quorum sensing (Hmelo, 2017; Mislan et al., 2014) and production or
breakdown of thorium binding ligands by bacteria (Hirose and Tanoue,
2001; Quiroz et al., 2006; Santschi et al., 2003). Furthermore, the
presence of flux feeders, including Rhizaria that are abundant in the
CCE (Biard et al., 2018; Stukel et al., 2018), may lead to flux attenua-
tion without a substantial change in C:234Th ratios. The relative im-
portance of particle-attached microbes and flux feeding zooplankton in
modifying C:234Th ratios in the mesopelagic zone thus deserves further
study.

Similarly, aggregation may play an important role in C:234Th ratios
that could not be determined from this study. A null hypothesis might
be that aggregation should not change the relationship between C:234Th
and particle size (Buesseler et al., 2006). However, acidic poly-
saccharides have a high affinity for Th, leading to a strong correlation
between C:234Th ratios and transparent exopolymers that are believed
to play an important role in aggregation (Passow et al., 2006; Quigley
et al., 2002; Santschi et al., 2003). Furthermore, colloidal pre-cursors of
aggregates can be substantially enriched in 234Th (Guo and Santschi,
1997). Conflicting results relating particle size to C:234Th ratios and the
multiplicity of processes that can influence aggregation and the particle
size spectrum thus suggest that additional investigation of aggregation-
C:234Th relationships is needed (Buesseler et al., 2006; Burd et al.,
2007; Santschi et al., 2006).

4.3. Comparison of CCE C:234Th ratios to other regions

The range of variation in productivity encountered in the CCE
during our study is nearly as great as that typically found globally (e.g.,
globally, sea surface Chl derived from a SeaWIFS annual climatology
ranges from ~0.02 to ~10 μg Chl a L−1; average sea surface Chl a
measured on cycles in this study ranged from 0.07 to 4.2 μg Chl a L−1).
Given this large range in ecosystem productivity, it is worth considering
how C:234Th ratios measured in this study compare to ranges of C:234Th
variability encountered in other studies. Our goal in this section is not
to exhaustively review C:234Th ratios (for more thorough discussions,
we refer readers to Buesseler et al., 2006; Burd et al., 2007; Hung et al.,
2012). Rather, we ask whether the patterns that we have found for the
CCE are consistent with those found in other regions.

In a comprehensive review of C:234Th ratios, Buesseler et al. (2006)
noted that C:234Th ratios were typically< 5 in oligotrophic regions
and > 10 in productive coastal areas. More recently, Hung et al.
(2012) tabulated results from studies around the globe and found es-
timates of sediment trap-derived C:234Th ratios in the twilight zone
ranging from ~1 to 25 μmol dpm−1, with the exception of the Baltic
Sea, which had higher C:234Th ratios as a result of low 238U activity.
Hung et al. (2010) used sediment traps and in situ pumps to collect
particles from the Gulf of Mexico, East China Sea, and Northwest Pa-
cific. At depths ranging from 65 to 140m, they found sediment trap-
derived C:234Th ratios that ranged from 0.8 to 20 μmol dpm−1. They

also found that the C:234Th ratios of suspended particles were very
different for different size classes, with small (1–10 μm) and large
(> 150 μm) particles having highly variable C:234Th ratios that could
be nearly two orders of magnitude higher than the C:234Th ratios of
intermediately sized particles (10–50 μm and 50–150 μm).

Owens et al. (2015) used in situ pumps to sample > 51-μm particles
on GEOTRACES cruises in the North and South Atlantic. They measured
C:234Th at up to 16 depths per station and fit a power law relationship to
data from ~75 to 250m depth and found that on average
C:234Th=135.3×depth-0.795. Although the exponent computed for the
Atlantic differs from the exponent that we quantified for a power law fit
(−1.29) this difference is caused more by a different depth range used for
the regression (40–150m for our samples). Indeed at similar depth ranges,
C:234Th ratios in the North Atlantic were comparable to those in the CCE.
At depths of 50m or shallower, Owens et al. (2015) measured C:234Th
ratios ranging from ~3 to 21 μmol dpm−1, compared to our sediment trap
measurements of ~4–21 μmol dpm−1for depths of 40–60m. At ~100m,
Atlantic C:234Th ratios varied from ~2–6 μmol dpm−1, compared to our
measurements of 2.3–10.7 μmol dpm−1 using sediment traps and
1.7–5.8 μmol dpm−1 using in situ pumps.

Maiti et al. (2016) used sediment traps and in situ pumps to measure
C:234Th ratios in the Gulf of Mexico after the Deepwater Horizon oil
spill. They found good agreement between sediment traps and > 51-
μm suspended material with C:234Th ratios ranging from 7 to
10 μmol dpm−1 at 100-m depth and decreasing to< 1 to 3 μmol dpm−1

at 350m. Over these depth ranges, they fit power law relationships to
the in situ pump data with exponents of −1.36 in 2012 and− 0.84 in
2013.

In areas closer to our study region, Benitez-Nelson et al. (2001)
measured C:234Th monthly in sediment traps at a depth of 150m at
Station ALOHA (North Pacific Subtropical Gyre) and found a range of
3.5–15 μmol dpm−1 (although only a single sample exceeded
6 μmol dpm−1). Maiti et al. (2008) measured C:234Th ratios in sediment
traps (also at 150m) within (1.5 μmol dpm−1) and outside of
(2.7 μmol dpm−1) a cyclonic eddy near Station ALOHA. Buesseler et al.
(2009) used neutrally-buoyant and surface-tethered sediment traps to
measure C:234Th ratios at 150, 300, and 500m at Stations ALOHA and
K2 (high-nutrient, low-chlorophyll site in the North Pacific Subarctic
Gyre). They found good agreement between the two methods and a
consistent decrease in C:234Th with depth at both sites. At Station
ALOHA, C:234Th declined from 3 to 7 μmol dpm−1 at 150m to
1–2 μmol dpm−1 at 500m. At K2 the 150m values were slightly lower
(3–5 μmol dpm−1) while the deeper values were also
~1–2 μmol dpm−1. In the Costa Rica Upwelling Dome (Eastern Tropical
North Pacific), Stukel et al. (2016) measured C:234Th ratios of 3.7 to
11.6 μmol dpm−1 at 90–100m depth and 3.1–10.2 μmol dpm−1 at
150m depth.

To assess whether Eq. (1) was a reasonable predictor of C:234Th, we
found publicly available datasets for which drifting sediment trap
C:234Th values, POC profiles, and 234Th profiles were all available. Four
such datasets were found from the Sargasso Sea EDDIES program
(Buesseler et al., 2008), the VERTIGO program study site at K2 in the
North Pacific Subarctic Gyre (Buesseler et al., 2009), the Costa Rica
Dome (Stukel et al., 2016), and the Western Antarctic Peninsula
(Buesseler et al., 2010; Owens, 2013). Results showed strong agreement
between these globally-dispersed datasets and Eq. (1) (Fig. 9). This
gives us some confidence that vC:234Thtot may be a valuable predictor of
C:234Th ratios of particles globally, although we caution that, whenever
possible, C:234Th ratios should still be determined empirically.

4.4. Thorium sorption models

The goal of predicting variability in C:234Th ratios, and their impact
on carbon flux calculations determined from 238Ue234Th dis-
equilibrium, depends on development of mechanistic 234Th sorption
models that are simple enough to be applied to (and validated against)
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typical in situ measurements. Models of varying complexity have been
applied, including those with and without explicit desorption, ag-
gregation through a colloidal pre-cursor, multiple size classes of parti-
cles, different chemical constituents within particles, and coupling to
phytoplankton dynamics (Burd et al., 2007; Dunne et al., 1997;
Honeyman et al., 1988; Savoye et al., 2006). At a basic level, particulate
234Th (Thpar) activity (units of dpm m−3) can be modeled as a balance
between scavenging of dissolved 234Th (Thdis) and losses to desorption,
decay, and sinking:

Th
t

k Th POC Th k Th E
z

par
dis par par

Th
1 234 1=

(3)

where, k1 and k−1 are the thorium sorption and desorption constants,
respectively, λ234 is the decay constant for 234Th, and ETh is vertical
export of sinking Thpar (see, e.g., Eq. (8) of Dunne et al., 1997). While
this model oversimplifies the complex interactions between 234Th and
binding sites on different organic molecules and particulate size frac-
tions, it provides a useful starting point for examining sorption dy-
namics. If we assume that the surface ocean is a well-mixed layer, ∂ETh/
∂z can be rewritten as the export of Th out of the bottom of the layer
divided by the thickness of the layer (ETh/Δz). We will define φ as the
inverse of the turnover time of POC (or Thpar) with respect to sinking,
thus: φ=EPOC/Δz/POC=ETh/Δz/Thpar). If we assume steady state, we
can re-write Eq. (3) as:

k Th POC k Th( )dis par1 234 1= + + (4)

and rearrange to calculate the C:234Th ratio of particles in the layer
(which must be equal to the C:234Th ratio of particles sinking out of the
layer):

C Th POC
Th

k
k Th

: sink
par dis

234 234 1

1
= = + +

(5)

Since Thpar+ Thdis is equal to the total 234Th in the water column
(Thtot), we can show:

C Th POC
Th

k
k Th

: sink
tot tot

234 234 1

1
= + + +

(6)

Eq. (6) explains the strong correlation between C:234Th ratios of sinking
particles (equal to C:234Thsink in Eq. (6)) and vPOC:234Thtot (equal to
POC/Thtot in Eq. (6)). Typical values for the constants in these equa-
tions are: λ=0.029 d−1, k1= 0.006m3mmol C−1 d−1, and
k−1=0.01 d−1 (Murnane et al., 1994; Resplandy et al., 2012), while
our field data suggests that φ is generally in the range of 0.01 to 0.02
d−1. Based on these values, (λ+ k−1+φ)/k1 should range from ~4 to
8mmol C m−3, which is of the same order of magnitude of measured
vertically-averaged POC on our cycles (2.4 to 24mmol C m−3). This
suggests that the C:234Th ratio of sinking particles should vary ap-
proximately linearly with the ratio of vertically-integrated POC to
vertically-integrated 234Thtot (in agreement with our results in Fig. 6a).
The relationship between vC:234Thtot and predicted C:234Th ratios is
shown in Fig. 10a.

Eq. 6 gives a mechanistic explanation for the empirical relationships
underlying Fig. 6a and Eq. (2), but it can also be inverted to estimate
the thorium adsorption coefficient (k1). Using the data from each La-
grangian experiment to calculate the adsorption coefficient, we found a
median k1 of 0.013m3mmol C−1 d−1, with an interquartile range of
0.0057 to 0.0216. This wide range likely reflects true variability in the
adsorption coefficient in a dynamic upwelling biome. Adsorption
coefficients can vary with the concentration of acidic polysaccharides
and other organic ligands, pH, temperature, and the presence of in-
organic particles (Passow et al., 2006; Quigley et al., 2002; Santschi
et al., 2006). However, there is also substantial uncertainty associated
with our use of a simple steady-state, one-layer, two-box model,
without aggregation processes mediated by colloidal particles. More
complex models (e.g.Burd et al., 2007; Dunne et al., 1997) may more
accurately explain 234Th-particle dynamics, but could not be con-
strained with our in situ data.

Despite the simplicity of the model used in Eq. (3), the results (when
computed using the median adsorption coefficient of k1, 0.013),
showed good agreement to the measured data for predicted values of
C:234Th < 15 μmol dpm−1 (Fig. 10b). The RMSE for the model (after

Fig. 9. Comparison of the relationship of vC:234Thtot (x-axis) with C:234Th ratios
of sinking particles for additional regions around the globe including the
Sargasso Sea (Buesseler et al., 2008), the Subarctic Pacific (K2, Buesseler et al.,
2009), the Costa Rica Dome (Stukel et al., 2016), and the Western Antarctic
Peninsula (WAP, Owens, 2013). The light gray line is the regression for data
from this study only (see Eq. (1)). The light magenta line is the regression line
from all other data sets combined: log10(C:234ThST)=m×
log10(vC:234Thtot)+ b, where m=0.65 ± 0.18 and b= 0.42 ± 0.01
(R2=0.65, p < <10−6). The dashed magenta-black line is a regression
combining our data with these additional datasets:log10(C:234ThST)=
m× log10(vC:234Thtot)+ b, where m=0.53 ± 0.10 and b= 0.48 ± 0.06
(R2=0.55, p < <10−6). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.) Fig. 10. – One-layer, two-box thorium sorption, desorption, and sinking model

(see Eqs. (3)–(6). a) Relationship between vertically-integrated POC to verti-
cally-integrated total water column 234Th (x-axis) and model predictions (y-
axis). b) Measured C:234Th of sinking particles plotted against model predic-
tions (using k1= 0.013). Black line is 1:1 line.
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log10 transformation to be consistent with linear models in section 3.5)
was 0.20. Although this was higher than the RMSE of the best-fit em-
pirical models (RMSE=0.14 for depth and vertically-integrated Chl
and RMSE=0.16 for vC:234Thtot), it is encouraging that this un-tuned,
mechanistic model delivers realistic estimates of the C:234Th ratios of
sinking particles. This gives hope that mechanistic and/or empirical
relationships from future studies will provide better results than simple
averaging or linear extrapolation between sparse in situ measurements
of C:234Th. Such results could substantially improve understanding of
spatial and temporal variability in the biological pump. Nevertheless, it
is clear that significant unexplained variance in the data remains. Fu-
ture experiments that explicitly link thorium adsorption kinetics to in
situ chemistry and plankton ecology are clearly needed.
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