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ABSTRACT

During two cruises in the oligotrophic oceanic Gulf of Mexico (GoM), we deployed sediment traps at three depths:
center of the euphotic zone (EZ) (60 m), base of the EZ (117-151 m), and in the twilight zone (231 m). Organic carbon
export declined with depth from 6.4 to 4.6 to 2.4 mmol C m* d”!, suggesting that net particle production was concentrated
in the upper EZ. Net primary production varied from 24 to 29 mmol C m d!, slightly more than half in the upper EZ.
Export ratios varied from 11 to 25%. Trap measurements of chlorophyll and phaeopigments allowed us to quantify fluxes
of fresh phytoplankton and herbivorous fecal pellets, respectively, which were both minor contributors to total flux,
although their contributions varied with depth. Phytoplankton flux was more important from the upper to lower EZ; fecal
pellets were more important at the EZ base and below. C:N elemental ratios and '*C and >N isotope analyses indicated
particle transformations within and beneath the EZ. 2**Th-?*8U disequilibrium measurements varied, likely reflecting the
mixing of water from multiple regions over the ~month-long time-scale of **Th. Our results highlight the complexity of

the biological carbon pump in oligotrophic regions.
INTRODUCTION

Photosynthesis in the euphotic zone removes CO» from the
surface ocean, reducing the partial pressure of CO2, and leading to
COz flux from the atmosphere into the ocean. However, because
phytoplankton have very short life spans, long-term carbon
sequestration requires transport of organic carbon into the deep ocean
via processes collectively referred to as the biological carbon pump
(BCP) (Volk and Hoffert, 1985; Ducklow et al., 2001; Siegel et al.,
2016; Boyd et al., 2019). These transport processes include active
transport mediated by diel vertical migrants (Steinberg et al., 2000;
Archibald et al, 2019), passive transport of refractory dissolved
organic matter (Carlson et al., 1994; Hansell et al, 2009), and
subduction and mixing of particles to depth (Omand et al, 2015;
Stukel et al., 2018). However, in most of the ocean, the dominant
process in carbon flux to depth is believed to be gravitational sinking
of a diverse suite of particles including phytodetritus, fecal pellets,
and aggregates of mixed origin (Turner, 2015). Estimates of the

BCP’s global magnitude range from 5-12 Pg C yr'!, highlighting
both its importance to the global carbon cycle and the substantial
uncertainty in our understanding of the BCP (Henson et al., 2011;
Laws et al., 2011; Siegel et al., 2014).

In the vast oligotrophic regions of the world ocean, much of our
understanding of the BCP comes from time-series studies in the
Sargasso Sea and North Pacific Subtropical Gyre (Church et al.,
2013; Lomas et al., 2013). These studies generally depict an
inefficient BCP in low-productivity regions with only ~5% of net
primary production (NPP) exiting the euphotic zone. However
substantial spatial and temporal variability exists at multiple scales,
suggesting variability in the dynamics driving the BCP in these
regions (Estapa et al, 2015; Laws and Maiti, 2019). In more
spatially-heterogeneous regions, inverse correlations between export
efficiency and NPP have also called into question the assumption that
oligotrophic regions have uniformly low export efficiencies (Maiti et
al., 2013; Kelly et al., 2018; Kahru ez al., 2019).
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The open-ocean Gulf of Mexico (GoM) is an interesting
oligotrophic study site with similarities and important contrasts to the
Sargasso Sea (Bermuda Atlantic Time Series, BATS) and North
Pacific Subtropical Gyre (Hawaii Ocean Time-series, HOT). The
GoM has similarly low NPP, low nutrients, and deep chlorophyll
maxima (Biggs, 1992; Gomez et al., 2018; Shropshire et al., 2020;
Yingling et al., this issue). However, it is also a mostly enclosed
basin with strong coastal-offshore lateral gradients and very high
mesoscale activity driven in part by the Loop Current and the eddies
it sheds (Oey et al., 2005; Zhong and Bracco, 2013; Green et al.,
2014). Prior studies of the BCP in the GoM using sediment traps and
234Th have suggested a system with low to moderate export
efficiency. Hung et al. (2004) found substantial differences in POC
flux on two GoM cruises with carbon export ranging from 5.0-12.3
mmol C m? d"! on a cruise in July 2000 and only 3.1-3.8 mmol C m?
d! the following May, although, on both cruises, flux was higher
beneath cold-core rings than beneath warm-core rings. In two
subsequent cruises, however, warm-core rings occasionally had
higher export than cold-core rings (Hung er al., 2010). Taken
together, these studies suggest higher export efficiency than found at
BATS or HOT, with average e-ratios (export/NPP) of 0.13 in warm-
core rings and 0.18 in cold-core rings. Maiti et al. (2016), however,
sampled a broadly similar area in March of 2012 and 2013 (a more
productive season in the GoM) and found an average e-ratio of 0.07,
which is much more similar to HOT than BATS.

In the open-ocean GoM, sinking particles may play important
roles in the ecosystem beyond carbon sequestration. After the
Deepwater Horizon oil spill, flocculation and sinking of oil-
associated marine snow was an important removal term for water-
column hydrocarbons (Passow et al., 2012; Passow, 2016). Carbon
export also supports benthic communities, including commercially-
important fish, while contributing to the spread of hypoxic zones in
the northern GoM (Biggs et al., 2008). Sinking particles within the
euphotic zone may serve as important connections between different
layers of this highly stratified environment. Many commercially-
important fish live in discrete depth horizons within the euphotic
zone during their vulnerable pelagic larval stages (Rooker et al.,
2012; Habtes et al., 2014; Cornic et al., 2018). Exceedingly deep,
light-limited deep chlorophyll maxima (DCM, often >100 m deep) in
the GoM and other open-ocean regions are inhabited by distinct flora
and fauna from the surface mixed layer and respond to different
biogeochemical forcing. In regions with low vertical velocity and
weak eddy diffusivity, sinking particles and vertically-migrating taxa
may be the main mechanisms linking upper and lower euphotic zone
communities.

Our goal in this study is to investigate particle flux within and
beneath the euphotic zone in highly-stratified, oligotrophic regions of
the Gulf of Mexico. This study is embedded within a larger whole-
ecosystem project (Bluefin Larvae in Oligotrophic Ocean Foodwebs:
Investigating Nutrients to Zooplankton in the Gulf of Mexico,
BLOOFINZ-GoM) that provides substantial context about local
biogeochemistry and plankton communities (Gerard et al., this issue).
Quantification of flux and characterization of sinking particles within
the euphotic zone and mesopelagic allows us to identify net particle
production regions and assess transformations occurring as organic
matter sinks through the water column.

METHODS
Experimental design

The BLOOFINZ-GoM cruises in April-May 2017 and May
2018 were designed to investigate the biogeochemistry and food web

ecology of the open-ocean ecosystems where Atlantic bluefin tuna
spawn (Fig. 1). We used a sampling scheme centered around 2—5 day
duration Lagrangian experiments (hereafter ‘cycles’, referred to as
Cl — C5, Table 1). At the beginning of each experiment, we
deployed a sediment trap array (details below). We also deployed an
in situ incubation array for 24 h during each day of every cycle, to
which we attached experimental bottles used to measure primary
productivity, protistan grazing rates, and phytoplankton growth rates
(Landry et al., this issue; Yingling et al., this issue). Both arrays
included a satellite-enabled surface float and a 3x1-m holey sock
drogue centered at 15-m depth to ensure that the Lagrangian arrays
traveled with the surface mixed layer (Landry et al., 2009; Stukel et
al., 2015). We also conducted day-night CTD-Niskin rosette casts
and zooplankton net tows near the drifter locations to collect samples
for particulate organic matter, nutrients, chlorophyll a,
phaeopigments, 2**Th activity, and mesozooplankton biomass each
day of the cycle (Knapp et al., this issue; Landry and Swalethorp, this
issue).
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Figure 1. Map of study site showing bathymetry (m) and
Lagrangian cycle drift tracks.

238U-234Th disequilibrium

We measured 2**Th activity using a standard small-volume
protocol (Benitez-Nelson et al., 2001b; Pike ef al., 2005). Samples
(24 L) were collected from Niskin bottles and immediately acidified
with HNOs™ to a pH <2 and spiked with 2°Th yield tracer. The
bottles were vigorously shaken and allowed to equilibrate for 4-9
hours. We then re-basified the sample with NH4OH to a pH of 8-9
and added MnCl2 and KMnOs. Samples were again shaken and
allowed to equilibrate for >8 hours before vacuum filtering at high
pressure through a quartz (QMA) filter to collect manganese oxide
precipitate. Post-cruise samples were counted on two RISO low-
background beta multi-counters multiple times during the decay
process of 2**Th. After background counting (>6 half-lives after
collection), samples were dissolved in H202/HNOs™ solution, and
229Th was added as a second yield tracer. Thorium was then purified
by column chromatography using AG1-X8 resin. 22%2Th ratios
were measured using inductively-coupled plasma mass spectrometry
at the National High Magnetic Field Laboratory. 2**23°Th ratios were
used to determine the initial yield of thorium filtration.

Because the water column was very stable, as determined by
Thorpe-scale analysis (Gargett and Garner, 2008; Kelly ez al., in
review), and environmental conditions in the region remained
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relatively constant throughout the cycles, we used a simple one-
dimensional steady-state equation to compute >**Th export (E234th,
units of dpm m=2 d*'):

E234Th = )]'234(A238U - A234Th)

where A234 is the decay constant for 2**Th (d™!), Azssu is the vertically-
integrated activity of 2%U (dpm m™), and Azssmh is the vertically-
integrated activity of 2Th (dpm m?) (Savoye et al., 2006). *%U
activity was estimated from salinity following Owens et al. (2011).
We note, however, that this equation neglects lateral advection,
which may be important in regions, like the GoM, with strong spatial
gradients. To determine carbon export from thorium export, we
multiplied by the C:234Th ratio of sediment trap-collected particles
(see below). Between sediment trap sampling depths, we linearly
interpolated C:>3*Th measurements.

Sediment traps

We deployed VERTEX-style, surface-tethered drifting sediment
traps (Knauer ef al., 1979). The trap array included surface floats, a
3x1-m holey-sock drogue centered at 15-m that ensured that our
array followed the mixed layer while also dampening vertical
displacement caused by waves, and sediment trap cross-pieces at 3
depths. The shallowest depth of 60 m was within the euphotic zone
(beneath the mixed layer, but substantially above the deep
chlorophyll maximum) and hence captured flux from the surface
mixed layer to the deep euphotic zone. The second cross-piece was
placed at a variable depth chosen to be slightly below the depth of the
euphotic zone. This trap depth ranged from 117 to 151 m. The third
cross-piece was consistently located at 231 m in the mesopelagic
zone. Each cross-piece held 6-8 particle interceptor tubes (PIT),
consisting of an acrylic tube (7-cm inner diameter, 8:1 aspect ratio)
topped with a baffle consisting of 13 smaller, beveled acrylic tubes
with similar 8:1 aspect ratios. Although sediment traps can be
subject at times to hydrodynamic biases (Baker et al, 1988;
Buesseler et al., 2007), extensive comparisons of flux results from
the VERTEX-style array used in this study to contemporaneous >*3U-
234Th deficiency measurements have suggested no substantial over-
or under-collection bias (Stukel et al., 2019a). Baker et al. (2020)
also recently found that surface-tethered VERTEX-style traps closely
matched the results of cylindrical-shaped neutrally-buoyant sediment
traps (although conical traps appeared to under-collect sinking
particles).

Tubes were deployed with a preserved brine comprised of 0.1-
um filtered seawater amended with 50 g L' NaCl and 0.4%
formaldehyde (final concentration). Deployment durations ranged
from 2.2 to 4.5 days. After recovery, we identified the interface
between overlying seawater and the formaldehyde brine and removed
the overlying seawater by gentle suction. Samples were then filtered
through a 100-um Nitex filter. These filters were then inspected at
25X magnification under a stereomicroscope, and metazoan
‘swimmers’ were removed from the sample. The non-swimmer
portion remaining on the 100-um filter was then rinsed back into the
sediment trap sample. Three tubes per depth were filtered through
pre-combusted GF/F filters for particulate organic carbon (POC),
particulate nitrogen (PN), and stable isotope analysis. An additional
tube’s worth of formaldehyde brine was kept in a dark bottle for the
duration of the deployment and similarly filtered to serve as a blank.
GF/F filters were frozen at -80°C for the remainder of the cruise.
Post-cruise, they were acidified with fuming HCI to remove inorganic
carbon, then dried at 40°C and analyzed by an elemental analyzer
interfaced with an isotope ratio mass spectrometer (IRMS) at the UC
Davis Stable Isotope Facility. An additional three tubes were used
for pigment and 2**Th analyses. The volumes of these tubes were
measured, then the tubes were vigorously mixed and a 50 mL

subsample (~3% of the recovered sample volume) was filtered
through GF/F filters for pigment analyses. These samples were
immediately placed in a test tube with 7 mL acetone to extract for 24
hours at -20°C. They were then analyzed for chlorophyll a and its
degradation products (phaeopigments) using the acidification method
(Strickland and Parsons, 1972). Pigments were not analyzed on C3.
The remainder of the sample (~97%) was filtered through a pre-
combusted QMA filter for 2*Th analyses. These samples were
analyzed using a beta multi-counter as described above.

To extrapolate flux between depths (necessary to quantify flux
at exactly the base of the euphotic zone), we fit a simple power law
relationship to flux estimated from the sediment traps directly above
and below the euphotic zone. Results of this calculation were fairly
insensitive to the extrapolation method chosen, because the second
sediment trap depth was typically only ~10 m from the depth of the
euphotic zone. For one cycle, we also extrapolated export flux to a
depth 20 m beneath the deepest trap, by extending the power law
relationship from the bottom two traps. When computing mean ratios
of properties measured from the same tubes (e.g.,
chlorophyll:phaeopigments or carbon:nitrogen), we take the
arithmetic mean of the ratios in replicate tubes and report standard
error of the mean as the uncertainty. When computing mean ratios
for properties measured in different tubes (e.g., carbon:chlorophyll),
we take the ratio of the means and propagate the uncertainty from
standard errors of the means.

Water-column and plankton community measurements

Samples for water-column POC, pigments, nutrients, and
phytoplankton biomass were taken at 6 depths spanning the euphotic
zone from daily 02:00 CTD casts. 250-mL samples for chlorophyll a
and phaeopigments were analyzed by the acidification method as
described above (Landry et al., this issue). Samples (2.2-L) were
used for POC and analyzed as previously described. Nutrient
concentrations  (NO3;+NO2)  were measured using a
chemiluminescent method (Knapp ef al., this issue). Phytoplankton
biomass was determined from a combination of flow cytometry and
epifluorescence microscopy (Selph et al., this issue). Briefly,
samples for microscopy were preserved, stained with DAPI (nucleic
acid stain) and proflavin (protein stain), then filtered through 0.8-um
(nanoplankton) or 8.0-um (microplankton) black polycarbonate
filters. Cells were analyzed using image analysis (Taylor et al.,
2015). DAPI fluorescence was used to identify living cells, while
proflavin fluorescence showed cell outlines for morphometric
measurements  (length, width, area) to estimate biovolume.
Phototrophic ~ status ~ was  determined  from  chlorophyll
autofluorescence. Cellular carbon was determined from biovolume
and carbon:volume conversion factors (Menden-Deuer and Lessard,
2000). Picophytoplankton (Prochlorococcus, Synechococcus, and
picoeukaryotes) abundances were determined from flow cytometry
(Selph et al., 2011). Cells enumerated from microscopy in the 2-5
um size range were subtracted from flow cytometry-derived
eukaryote abundance to exclude nanoeukaryotes from our
picoeukaryote abundance estimates. Picophytoplankton biomass was
estimated from cell abundance by multiplying by literature-based
cellular carbon conversions For additional details see Selph et al.
(this issue) and Landry et al. (this issue). Summed carbon biomass
measurements were used to determine the C:Chl ratio of
phytoplankton communities as a function of depth. We computed
C:Chl ratios as the ratio of total phytoplankton biomass to
acidification-method determined Chl a, to be consistent with
acidification-method determined C:Chl ratios in sediment traps. We
note, however, that Selph e al. (this issue) provides C:Chl ratios
based on the more accurate HPLC method (not available for sediment
trap samples). Heterotrophic plankton biomass was determined as
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the sum of heterotrophic bacteria biomass (flow cytometry, Selph et
al., 2011) and nano- and microzooplankton biomass. Nano- and
microzooplankton biomass were determined from the sum of the non-
pigmented cells (epifluorescence microscopy, described above) and
ciliate biomass determined from inverted light microscopy of acid
Lugol’s preserved samples (Landry et al., this issue; Selph et al., this
issue). Living POC was defined as the sum of the carbon biomass of
phytoplankton and heterotrophic plankton (bacteria + protists). NPP
was measured by H'*COs" uptake (Yingling et al., this issue).
Briefly, triplicate 2.8-L polycarbonate bottles and an additional ‘dark’
polycarbonate bottle were gently filled from Niskin bottles. Samples
were spiked with '3C-labeled HCOs™ and incubated in situ on our
incubation array at the depths from which they were sampled to
ensure natural light and temperature conditions. After 24 hours,
samples were recovered, filtered, and the incorporation of '*C into
phytoplankton biomass was determined by IRMS. Mesozooplankton
grazing rates were determined from gut pigment measurements made
on samples derived from paired day-night oblique bongo net tows
(surface to 100-m depth on NF17 and surface to ~135m on NF18,
200-um mesh, Landry and Swalethorp, this issue). Additional details
for all plankton community measurements are available in the

previously cited manuscripts.
RESULTS
Ecosystem structure during Lagrangian experiments

During April-May 2017 and May 2018, our study region was
characterized by very deep chlorophyll maxima. Cycle-average
mixed-layer chlorophyll @ ranged from 0.07 (C3) to 0.12 (C5) ug L.
Cycle-average DCM depth varied from 80 m on C5 to 140 m on C3
(Fig. 2a). DCM-average chlorophyll a ranged from 0.26 (C3) to 0.81
(C5) pg L''. DCM were also phytoplankton biomass maxima on C1
and C5 (Fig. 2d). On C4 there was no significant deep biomass
maximum found, and the DCM primarily reflected photoadaptation
processes as phytoplankton in the deep water column exhibited
decreased carbon:chlorophyll ratios relative to mixed-layer
communities (phytoplankton biomass was not quantified on C2 or
C3). The C:Chl ratio varied from ~50-120 (g:g) in the upper
euphotic zone to 10-36 at the DCM. The DCM depth was typically
near the 1% incident light level, which varied from 86 to 112 m. The
0.1% incident light level varied from 128 to 150 m depth and was
used as the depth of the euphotic zone in future calculations. The
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Figure 2. Cycle-average vertical profiles: Temperature (a). Particulate organic carbon (b). Percentage of POC contained in living biomass,
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mixed-layer depth was consistently shallow (defined as a difference
of 0.1 kg m™ relative to the density at 10 m) and ranged from 12 to
32m.

POC concentrations showed low variability with depth or
between cycles; cycle-average concentrations were between 4 and 8
mmol C m™ at almost all euphotic zone depths. Only C1 and C4 had
higher POC concentrations (8-10 mmol C m= near the surface). The
lowest measured POC was found at depths of 90 and 100 m on C5.
As this was the cycle with the shallowest DCM and euphotic zone,
these samples were actually from beneath the euphotic zone. The
proportion of this POC that was contained in live organisms
(bacteria, phytoplankton, and non-pigmented protists) was lower in
the mixed layer (~20%) than near the DCM (20-60%, Fig. 2c).

Despite the strong DCM and typically increasing phytoplankton
biomass with depth, NPP declined substantially and nearly
monotonically with depth (Fig. 2f). Cycle-average surface NPP
varied from 0.27 to 0.55 mmol C m~ d-!, while NPP at the DCM was
<0.14 for all cycles except C1. On this 3-day cycle, two NPP daily
profiles gave a monotonic decrease of NPP with depth (within the
accuracy of the measurement), but the third profile showed a
monotonic decrease from the surface to 70 m, followed by a
substantial increase in NPP at the DCM, where autotrophic eukaryote
biomass was high. Although surface NPP varied by a factor of ~2
between cycles, vertically-integrated NPP was relatively invariant
among cycles (24.9-29.3 mmol C m* d'), because cycles with high
surface NPP also had shallower euphotic zones. Across the 5 cycles,
62 to 79% of measured NPP occurred at a depth shallower than 60 m
(the depth of our shallow sediment trap), while 21 to 38% occurred
between 60 m and the DCM. There was also likely some additional
production beneath our deepest sampling depth, although we believe
that NPP would have declined rapidly beneath the DCM because
phytoplankton biomass declined rapidly and specific rates (strongly
correlated with photosynthetically active radiation in the deep
euphotic zone) would also have declined.

Sediment-trap derived sinking flux estimates

POC flux quantified using sediment traps ranged from 3.6 to 8.9
mmol C m? d' at 60 m. Carbon flux declined between this mid-
euphotic-zone trap and the trap at the base of the euphotic zone on 4
of the 5 cycles (Fig. 3; Table 2). During the other cycle (C3), flux
increased from 6.6 + 1.0 mmol C m2 d"! at 60 m to 6.9 + 0.4 mmol C
m2 d! at 140 m, although fluxes measured at these depths were not
statistically different. The greatest decline in flux occurred on Cl,
decreasing by 62% between 60 and 140 m. This flux decline within
the deep euphotic zone occurred despite the fact that approximately
one third of NPP occurred in this depth stratum. Particulate nitrogen
flux similarly declined with depth through the euphotic zone.
Unsurprisingly, flux declined further beneath the euphotic zone. At
231 m, POC flux ranged from 1.7 to 3.1 mmol C m? d"'.

C:N ratios of sinking particles were relatively constant within
the euphotic zone (shallow trap and middle depth trap) and slightly
more nitrogen rich than the standard Redfield ratio of 106:16
(mol:mol, Fig. 4a). The C:N ratio of sinking particles consistently
increased from the base of the euphotic zone to the mesopelagic trap
at 231 m. Sometimes, the increase was negligible (e.g., 5.7 + 0.03 to
5.9 = 0.3 on C4); at other times, it was substantial (6.2 + 0.08 to 10.6
+ 1.7 on Cl1). In contrast, the isotopic ratios of sinking material
showed a greater shift between the shallow and middle traps than
between the middle and deep traps. 3'3C typically declined by ~1%o
from the middle of the euphotic zone to the base of the euphotic zone
and by a lesser amount from the base of the euphotic zone to the deep
trap. 8'°N increased from an average of 2.7 in the middle of the
euphotic zone to 3.9 at the base of the euphotic zone, with three

cycles showing a further increase into the mesopelagic and two
cycles showing a decrease beneath the euphotic zone. These isotopic
changes likely reflect a greater importance of recycled nitrogen in the
upper euphotic zone relative to the DCM and preferential
remineralization of '*N by attached microbial communities.

Pigment flux can be used to investigate the importance of direct
phytoplankton sinking and fecal pellets of herbivorous zooplankton
to carbon export. Chlorophyll flux in the middle of the euphotic zone
(60 m depth) ranged from 7 to 31 ug Chl @ m? d' (Fig. 3). This
yielded C:Chl (g:g) ratios ranging from 2802 to 6274. These ratios
were substantially greater than mixed-layer C:Chl ratios for living
phytoplankton (~50 to 120 g:g), suggesting that intact phytoplankton
comprised a very small fraction of sinking particulate matter.
Pigment flux actually increased from the middle of the euphotic zone
to the base of the euphotic zone, and the C:Chl ratio of sinking
material declined to 1032-2944 at the base of the euphotic zone,
which might indicate a slightly higher proportion of sinking
phytoplankton. However, at the DCM, the C:Chl ratio of intact
phytoplankton declined to 10-36, due to cellular photoacclimation.
Thus, whether phytoplankton were slightly more or slightly less
important to flux at the base of the euphotic zone depends on where
those phytoplankton originated and whether or not they underwent
photoacclimation as they sank. Chlorophyll flux declined beneath the
euphotic zone, except on C4, where very low chlorophyll was
measured in two of the three replicate sediment trap tubes, but the
third tube had chlorophyll concentrations equivalent to a flux of 220
pug Chlam2d'.

The ratio of chlorophyll to phaeopigments (which are the
degradation product of acidified chlorophyll @ and typically produced
as a byproduct of zooplankton grazing) can be used to assess the
relative importance to sinking carbon of phytoplankton and the fecal
pellets of herbivores. Chl:Phaeo ratios of sinking particles were
greater than 1.0 at 60 m, suggesting that phytoplankton contributed
more to flux out of the euphotic zone than the fecal pellets of
herbivores (Fig. 4e). However, at deeper depths, the Chl:Phaeo ratio
of sinking particles decreased substantially, 6- to 8-fold lower at the
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base of the euphotic zone than at 60 m. Both chlorophyll and
phaeopigment fluxes typically decreased in the mesopelagic zone,
although their ratio was variable at depth.

Export efficiency was moderate. The e-ratio (sediment trap
carbon flux / net primary production) assessed at the base of the
euphotic zone ranged from 11% (C4) to 25% (C3), with a cross-cycle
mean of 16.6%. Notably, if the e-ratio was computed for the upper
euphotic zone only (i.e., export flux at 60 m / NPP above 60 m) it
would have been much higher, ranging from 19 to 53%. This
suggests that a higher proportion of produced particles sink from the
upper euphotic zone even if these particles do not sink far enough to
exit the base of the euphotic zone. Particle flux attenuation in the
mesopelagic was also fairly moderate. Tioo values (export flux at
euphotic depth plus 100 m / export flux at euphotic depth) ranged
from 44 to 66% indicating that slightly less than 50% of sinking
carbon is remineralized, on average, in the first 100 m of the twilight
zone.

Thorium-derived export flux estimates

238U-234Th showed remarkably low variability with depth, and in
most profiles 23*Th activity was only slightly less than 23%U activity
(as predicted from salinity measurements, Fig. Sa-e). CS5, with the
shallowest DCM and also closest to the shelf break in the
northeastern GoM, had the highest surface 23¥U-?*Th deficiency
(~0.8 dpm L") and also the strongest vertical gradient, as deficiency
decreased with depth. C2 exhibited net negative deficiency at most
depths (i.e., 2**Th > 2%U) although at most depths **Th was not
significantly different from equilibrium with 2%U. Excepting C2, for
which a **Th export model predicted negative export, all cycles gave

increasing 2**Th export with depth from the surface to at least 170 m.
This agreed with sediment trap results, which showed monotonically
increasing »*Th flux with depth except for the two deepest traps of
C3, for which 2*Th export was not statistically different (803 + 60
versus 798 + 29 dpm m™ d! at 140 and 231 m, respectively). 2**Th
export, as assessed by both sediment traps and the 23¥U-234Th
deficiency model, was higher for the two NF1802 cycles than the
three NF1704 cycle experiments.

To compute carbon export from 23¥U->**Th deficiency
measurements, we multiplied predicted 2**Th export by the C:234Th
ratios of sinking particles collected in sediment traps (Fig. 4f). These
ratios decreased substantially with depth. In the middle of the
euphotic zone (60 m), cycle-average C:>**Th ratios ranged from 6.5
to 18.6 umol dpm™! (median = 13.8 pmol dpm™"). In the mesopelagic
(231 m), the ratios varied from 1.5 to 3.9 umol dpm™ (median = 2.4
pmol dpm™). As a result of this strongly decreasing C:2*Th ratio
with depth, vertical profiles of carbon export suggested midwater flux
peaks that were typically within the euphotic zone (Fig. 5f).

Overall, carbon export fluxes based on 2*U-*Th deficiency
showed much greater variability than carbon export fluxes measured
directly by sediment traps. This result might seem surprising, since
234Th integrates over a much longer period of time (~one month) than
our sediment trap deployments (~4 days). However, it likely reflects
the spatial variability and high mesoscale activity of the northern
GoM. All of our sampling sites were in oligotrophic regions with
low chlorophyll, low nutrients, and low plankton biomass, and the
contemporaneous sediment trap deployments reflected these
conditions. The 23*Th deficiency measurements integrate over the
prior month, and as a result of relatively strong lateral gradients and
high horizontal velocities along mesoscale features, they thus may
reflect conditions on the shelf or in distinctly different oligotrophic
regions (e.g., Loop Current). For these reasons, we consider the
sediment trap results to reflect more accurately the carbon fluxes in
the open-ocean study region.

DISCUSSION
Flux attenuation and vertical connectivity

The depth at which organic matter is remineralized largely
determines how long the respired CO2 will be sequestered from the
atmosphere and hence has a large impact on atmospheric CO2
concentrations (Kwon et al, 2009). Flux attenuation is often
modelled as a power law decrease from flux at a reference depth,
usually taken to be the base of the euphotic zone (Martin et al.,
1987). The exponents of such power laws have been shown to be
highly variable (Marsay et al., 2015), reflecting variability in particle
sinking rates and multiple different mechanisms within the
mesopelagic that drive particle consumption or remineralization
(Steinberg et al., 2008; Trull et al., 2008; Mcdonnell and Buesseler,
2010; Belcher et al, 2016; Stukel et al, 2019b).  Alternate
formulations have also been suggested to model different shapes of
particle flux attenuation in the mesopelagic (Armstrong et al., 2002;
Buesseler and Boyd, 2009). Fundamentally, however, these views of
the biological pump permit carbon sequestration processes to be split
into two different parameters: export efficiency from the base of the
euphotic zone (i.e., EZ-ratio = e-ratio evaluated at base of euphotic
zone) and transfer efficiency through the mesopelagic (e.g., Ti00 =
sinking flux at a depth 100 m deeper than the euphotic zone divided
by sinking flux at the base of the euphotic zone) (Buesseler and
Boyd, 2009).
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Figure 5. 238Uranium->**Thorium deficiency (a-¢) and carbon export computed from 233U-234Th deficiency (f-j). Open symbols in f-j are sediment
trap-derived carbon export for the same cycles. Error bars are standard error of the mean.

Our results show, however, that net particle remineralization can
begin within the middle of the euphotic zone. Mean flux at 60 m was
6.4 mmol C m2 d!. Mean flux at the base of the euphotic zone (128—
150 m) was 4.4 mmol C m? d", indicating that 32% of sinking
carbon, on average, was remineralized in the deep euphotic zone (i.e.,
the depth strata encompassing the DCM). This net remineralization
within the deep euphotic zone occurred despite NPP rates that ranged
from 6.1 to 10.3 mmol C m? d'.  Although few studies have
reported sediment trap-derived export flux in the middle of the
euphotic zone, Hung et al. (2010) also deployed euphotic-zone traps
in the GoM. They found higher export flux at 65 m than at 120 m
(base of euphotic zone) on 4 out of 5 deployments, with an average
flux of 6.9 mmol C m? d! at 65 m and an average flux of 5.2 mmol
C m? d! at 120 m. Notably, our results also show that attempts to
define zones of net particle remineralization from 23*Th profiles (e.g.,
Buesseler et al., 2008a) can miss these shallow remineralization
layers. In our study, both sediment traps and 23¥U-?34Th deficiency
profiles showed that 2**Th flux increased with depth in the water
column. However, the decrease in C:?**Th ratios with depth was
greater than the increase in 2*Th flux. Thus POC flux decreased
even as 2*Th flux increased.

Net flux remineralization within the deep euphotic zone suggests
that sinking particles actually supply organic matter to the DCM.
The DCM is thus not a layer of particle production, but rather a layer
of net particle consumption and flux attenuation. Indeed, although
NPP and phytoplankton growth rates declined at the DCM relative to
the mixed layer, heterotrophic bacterial growth rates at the DCM
were relatively similar to those above, with only slight decreases that
are likely linked to temperature (Landry et al., this issue). This
suggests that bacterial production in the deep euphotic zone relies, in
part, on a subsidy of organic matter from above.

Although carbon and nitrogen mass fluxes decreased fairly
consistently with depth, these results do not necessarily indicate that
particles produced in the upper euphotic zone exit through the base of
the euphotic zone. Rather, our results show distinct and replicable
changes in particle characteristics with depth, some showing
monotonic changes while others have more complicated patterns.
For instance, C:>**Th and 8'3C decrease monotonically with depth,
but C:N ratios of sinking particles are relatively constant within the
euphotic zone and increase in the mesopelagic. The C:>**Th patterns
could reflect particle destruction and formation at multiple depths,
but also might be explained by continuing thorium sorption as
slowly-sinking particles equilibrate with ambient 2*Th levels.
Similarly, decreasing §'3C with depth may represent particle turnover
combined with generally declining 8"*C of DIC with depth through
the epipelagic. Notably, however, the 8'*C of sinking particles
collected in the deep GoM (1160-1660 m) was closer to our upper-
euphotic-zone values than those measured at 231 m (Chanton et al.,
2018). The fairly constant C:N ratios of sinking particles at 60 m and
at the base of the euphotic zone, which are notably similar to typical
Redfield C:N ratios for phytoplankton, seem to suggest that sinking
material within and immediately beneath the euphotic zone is similar
to that of fresh phytoplankton. The higher C:N ratio of sinking
particles in the mesopelagic likely reflects preferential N
remineralization in the deep ocean.

Pigment:carbon ratios can be particularly useful for diagnosing
the changing nature of sinking particles. The ratios at 60 m were
quite low (mean = 0.0004 g:g), with chlorophyll a flux exceeding
phaeopigment flux. If we assume that fresh sinking phytoplankton
had Chl:C ratios representative of phytoplankton in the mixed layer
(0.013 g:g), measured chlorophyll flux would indicate sinking
phytoplankton fluxes of 0.11 mmol C m? d!, equivalent to <2% of
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total sinking carbon. At the base of the euphotic zone,
pigment:carbon ratios increased by an order of magnitude (0.004
g:g), with pigment flux dominated by phaeopigments (5:1 Phaeo:Chl
ratio). Considering that Chl:C ratios of phytoplankton at the DCM
were 3.4-fold higher than in the mixed layer (compared to Chl:C
ratios of sinking particles that were 2.8-fold higher beneath the
chlorophyll max than beneath the upper euphotic zone), this suggests
a fairly comparable amount of sinking phytoplankton from the base
of the euphotic zone (relative to the upper euphotic zone), but a
substantial increase in the flux of fecal pellets derived from
herbivory, the source of phacopigments. This may reflect a
prevalence of larger herbivores near the DCM, which had higher
biomass of autotrophic eukaryotes than Prochlorococcus, and further
emphasizes the biogeochemical impact of vertical structure within the
euphotic zone. The flux of herbivore fecal pellets diagnosed from
pigments certainly underestimates total fecal pellet flux, however,
because the majority of large (>1 mm) zooplankton were carnivorous
species (78% carnivorous during the day, 60% carnivorous at night)
(Landry and Swalethorp, this issue). Both phaeopigment and
chlorophyll flux then declined through the mesopelagic, with the
Chl:Phaeo ratio also continuing to decline for three out of four cycles.
These results suggest that the role of phytoplankton in sinking
particles declines with increasing depth, while the role of fecal pellets
generally increases, although most sinking carbon could not be
identified from pigment signatures. Together with the results
presented above, the changing character of flux with depth clearly
indicates a system in which slowly sinking particles are rapidly
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consumed and or re-packaged multiple times as they sink into the
mesopelagic.

The flux of phaeopigments out of the base of the euphotic zone
(64283 pg m? d') can also be compared to mesozooplankton
grazing rates (217-803 pg m* d') measured on our cruise by the gut
pigment method (Landry and Swalethorp, this issue) to understand
the potential remineralization of fecal pellets within the euphotic
zone. Across the four cycles on which pigment flux was measured,
29-61% of the pigment consumed by mesozooplankton exited the
euphotic zone. Only 16—46% of the chlorophyll consumed by
mesozooplankton was caught in deep sediment traps at 231 m. These
results suggest substantial remineralization of fecal pellets as they
sink through the euphotic and twilight zones. High remineralization
rates are likely driven by warm temperatures (enhanced microbial
remineralization) and by comparatively low fecal pellet sinking rates
that in turn reflect the predominantly small size of herbivorous
zooplankton in the region and low abundance of phytoplankton with
mineral tests that would increase fecal pellet density (Landry and
Swalethorp, this issue; Selph et al., this issue). These results show
that efficient export of fecal pellets from the euphotic zone should not
be assumed, while the overall low grazing rates and low export of
phaeopigments reflect a system with comparatively low
mesozooplankton biomass (Shropshire et al, 2020; Landry and
Swalethorp, this issue; Shiroza et al., this issue).

Comparison of Gulf of Mexico to other regions

The efficiency with which the biological carbon pump converts
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Figure 6. Comparison of open-ocean Gulf of Mexico export efficiency to other regions. a) Euphotic zone export plotted against net primary
production (NPP). Lines show EZ ratio values. b) EZ ratio plotted against T1oo (flux efficiency through the twilight zone). Solid lines show the
proportion of NPP exported at least 100 m deeper than the base of the euphotic zone (following Buesseler and Boyd, 2009; Buesseler et al., 2020).
With the exception of symbols for this study, all results are means from multiple trap deployments or *Th profiles in a specific region,
biogeochemical province, or mesoscale feature. 'Subtropical Pacific average (Church et al., 2013). 2Sargasso Sea average (Lomas ef al., 2013).
3Sargasso Sea eddies (Buesseler ef al., 2008a). “Costa Rica Dome (Stukel ef al., 2016). SEquatorial Pacific (Bacon et al., 1996). STropical South
Pacific, shelf (Black et al., 2018). "Tropical South Pacific, offshore (Black et al., 2018). $Tropical South Pacific, gyre (Black et al., 2018).
°California Current Ecosystem, coastal upwelling (Stukel and Barbeau, 2020). '°California Current Ecosystem, offshore oligotrophic (Stukel and
Barbeau, 2020). 'California Current Ecosystem, frontal regions (Krause et al., 2015; Daly et al., 2016; Stukel ef al., 2017). '?Subarctic Pacific
(Charette et al., 1999). '3Subarctic Pacific (Buesseler et al., 2008b). “Spanish continental margin (Olli ez al., 2001). *North Atlantic Bloom
(Buesseler et al., 1992). '6Southern Ocean (Buesseler et al., 2003). !"Barents Sea (Andreassen and Wassmann, 1998). ®Northern GoM (Maiti et
al., 2016). YGoM cold-core rings (Hung et al., 2004; Hung et al., 2010). 2°GoM warm-core rings (Hung et al., 2004; Hung e al., 2010).
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net primary production into sinking particles and transports these
particles into and through the mesopelagic is complicated by multiple
intersecting physical, ecological, and chemical interactions
(Buesseler and Boyd, 2009; Burd and Jackson, 2009; Steinberg and
Landry, 2017; Boyd et al., 2019). Nevertheless, multiple empirical
and mechanistic studies have attempted to relate export efficiency to
simple ecosystem metrics, including temperature, NPP and surface
chlorophyll (Laws et al., 2000; Dunne et al., 2005; Henson et al.,
2011). Early global meta-analyses suggested a positive correlation
between export efficiency and ecosystem productivity (Eppley and
Peterson, 1979; Laws et al., 2000). However, studies focused on
export variability within ecosystems (rather than across ecosystems),
have found no correlation or an inverse relationship between export
efficiency and NPP (Karl et al., 1996; Michaels and Knap, 1996;
Maiti et al., 2013; Kelly et al., 2018). These relationships have been
attributed, in part, to spatial or temporal mismatches between
productivity and export (Benitez-Nelson et al., 2001a; Kelly et al.,
2018; Laws and Maiti, 2019) or to food-web ecological processes
(Forest et al, 2010; Le Moigne et al, 2016). Nevertheless,
substantial uncertainty remains. Process-oriented elucidation of the
mechanisms driving variability in export efficiency is critical to
quantifying the global magnitude of the BCP more accurately and to
predicting its future responses to climate change.

Multiple studies spanning several seasons, sub-regions, and
mesoscale features in the open-ocean GoM now give us the ability to
generalize export patterns in the GoM (Guo et al., 2002; Hung et al.,
2004; Hung et al., 2010; Maiti et al., 2016). Results consistently
show low export in the region. Maiti et al. (2016) measured an
average of 2.7 mmol C m? d in the northern GoM following the
Deepwater Horizon Oil Spill. Average export in cold- and warm-
core rings were 5.2 and 6.0 mmol C m d’!, respectively (Hung et al.,
2004; Hung et al., 2010). In the present study, export at the
euphotic-zone base ranged from 3.2 to 6.2 mmol C m? d'. These
export values are slightly higher than estimates at oligotrophic time-
series study sites in the Sargasso Sea and North Pacific Subtropical
Gyre, despite the fact that NPP in the GoM studies was typically
similar to, or lower than, average NPP at the time-series sites.
Consequently, the GoM studies typically had higher EZ ratios in the
range of 10-20% (Fig. 6a). Transfer efficiency through the
mesopelagic appears to be similar in the GoM and the HOT and
BATS time-series sites (Fig. 6b), leading to a slightly higher
proportion of NPP being sequestered in the deep ocean GoM.

Notably, Maiti et al. (2016) is the only GoM study with low EZ
ratios similar to the oligotrophic time-series sites. One possibility is
that their NPP estimates were too high (they estimated NPP from
satellite rather than in sifu measurement). However, our in situ NPP
measurements were not dissimilar from satellite estimates. Rather,
the differences likely stem from season. The Maiti et al. (2016) study
was conducted in March, at the end of the productive winter season;
our study was conducted mostly in May, during the less productive
summer season. Another distinct difference between the GoM
studies is their positioning with respect to mesoscale features. The
Hung et al. (2004; 2010) studies were conducted mostly within
cyclonic or anti-cyclonic eddies. Maiti et al. (2016) sampled fixed
locations relative to the Deepwater Horizon site. Our study targeted
regions expected to have larval Atlantic bluefin tuna, which are more
abundant in anti-cyclonic eddy boundaries (Muhling et al., 2010;
Domingues et al., 2016). Disentangling these alternate potential
drivers of intra-regional variability is not possible from the data
currently available. Nevertheless, it is clear that despite very low
NPP, the GoM can have moderate EZ ratios in May, higher than the
average at HOT or BATS.
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deep (60 m to 0.1% incident irradiance) euphotic zone, as well as
the twilight zone (~140-231 m). Black values are fluxes of net
primary production (NPP, mmol C m? d-') and sinking particle
flux (arrows, mmol C m d'"), while red values are particulate
organic carbon (POC) standing stock (mmol C m2). The green
trace line is the average chlorophyll profile, with mean values of
0.1 ug Chl @ L in the shallow euphotic zone and 0.41 ug Chl a
L-! at the deep chlorophyll maximum.

The GoM is not the only oligotrophic region with moderate EZ
ratio. NPP and export are similar in offshore, oligotrophic regions of
the California Current Ecosystem, on the continental shelf off of
northwest Spain, and at station K2 in the subarctic Pacific (Fig. 6a).
Comparing across multiple regions in Fig. 6, there is no strong
relationship between export efficiency and EZ ratio. Rather, high and
low EZ ratios are found in both high- and low-productivity regimes.
Since we plotted only means of multiple sediment trap or 23*Th
export efficiency values in Fig. 6 (except for all data points from this
study), we do not suspect that the lack of correlation between export
efficiency and NPP is due to a temporal mismatch between export
and production (as has been hypothesized to explain intra-regional
variability). Rather, we believe that NPP is not a strong predictor of
export efficiency, and that the EZ ratio must be set by other food
web, chemical, or physical properties. Notably, our cruise results
show that the GoM is a picoplankton-dominated ecosystem, with
comparatively low mesozooplankton grazing, and a strong microbial
loop (Landry et al., this issue; Selph et al., this issue). This trophic
structure, combined with very warm GoM temperatures, would
generally suggest a high-recycling, low-export condition. However,
our study site had approximately equal contributions of autotrophic
eukaryotes and Prochlorococcus to phytoplankton biomass, while
HOT and BATS are typically Prochlorococcus dominated (Selph et
al., this issue). Relative to NPP, the GoM also has higher
mesozooplankton biomass than HOT and BATS (Landry and
Swalethorp, this issue). Both of these food-web differences could
lead to more-efficient carbon export, highlighting the potential for
trophic ecology to modify NPP to export relationships. An alternate
(or complementary) hypothesis for higher export efficiency in this
region relates to the high eddy kinetic energy and strong lateral
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gradients in the GoM (Zhong and Bracco, 2013; Cardona and Bracco,
2016; Gomez et al., 2018). Meso- and submesoscale processes may
transport non-living organic matter and plankton from productive
areas to the oligotrophic central GoM, where this excess production
supplements locally-derived particles and strengthens the efficiency
of the biological pump (Kelly ef al., in review; Landry and
Swalethorp, this issue).

CONCLUSIONS

Despite very deep chlorophyll maxima and euphotic depths
ranging from 128-150 m, net particle production in the oceanic GoM
is mostly limited to the upper euphotic zone (Fig. 7). Nevertheless,
there is substantial modification of sinking particles as they transit the
euphotic and twilight zones, indicating particle destruction, new
particle creation and multiple particle transformations. Particles
sinking from the upper to the lower euphotic zone were mostly non-
pigmented, but contained substantially more chlorophyll (indicative
of fresh phytoplankton) than phaeopigments (indicative of herbivore
fecal pellets). At deeper depths, however, particles contained mostly
phaeopigments, indicating that fecal pellets were more important to
export from the euphotic zone than fresh phytoplankton. Shifts in
elemental and isotopic composition of sinking particles give further
evidence of particle transformation during transit to depth.

Comparison to contemporaneous NPP measurements, and to
similar measurements from other GoM studies and regions, show that
our study region has moderate export efficiency from the euphotic
zone and transfer efficiency through the mesopelagic. Thus, despite
very low primary productivity, the open-ocean GoM sequesters a
proportion of NPP similar to many more productive ecosystems.
This suggests that the biological carbon pump can be efficient even in
warm, stratified, low-biomass regions. We suspect that the high
mesoscale kinetic energy and lateral processes in the GoM
contributes to this higher-than-expected sequestration potential.
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Table I. Cycle overview data. Deployment date (m/d/y), recovery date (m/d/y), deployment latitude (Lat, °N) and longitude (Lon, °W), euphotic zone depth (Euph, 0.1% surface
irradiance, m), mixed layer depth (MLD, A0.1 kg m™ from 10 m depth), deep chlorophyll maximum depth (DCM, m), and surface Chl a (Chl a, ug L™).

Cycle Deploy Recover Lat Lon Euph MLD DCM Chla
1 5/10/17 5/14/17 26.12 87.78 134 30 99 0.10
2 5/16/17 5/18/17 25.99 89.25 139 24 120 0.08
3 5/27/17 5/30/17 26.64 90.20 150 28 137 0.07
4 5/05/18 5/08/18 27.33 89.51 133 24 109 0.10
5 5/14/18 5/19/18 28.36 87.22 128 12 78 0.12

Table II. Sediment trap-derived export flux in each cycle. Organic carbon (Carbon, mmol C m d™!), nitrogen (Nitrogen, mmol N m? d!), chlorophyll (Chl @, ug m2 d™"),
phaeopigments (Phaeo, pg Chl a equiv. m? d™), **Th (dpm m d™"), and isotopic composition of carbon (8'3C) and nitrogen (8'°N). Last three columns give net primary
production (NPP, mmol C m d™!), export efficiency at the base of the euphotic zone (EZ), and transfer efficiency through the upper 100 m of the twilight zone (T100). Uncertainties
are the standard error of the mean.

Cycle Depth Carbon Nitrogen Chl a Phaeo 234Th d13C 015N NPP EZ T100
60 89+l 15%03 1745 2312 477 £39 222+01  2.9%0.1

1 140 34+01 0540  14+3 94+ 12 697 + 48 238400  49:02 | 2>6%l13 0.138 0.657
231 2305 0240 112 65 + 20 983 + 66 252+08  4.2%0.1
60 6:02 08:0 1643 42 668 & 45 223+02 2503

2 140 37%07 05%01 4445 64 +22 813 +38 236404  29%01 | 243*15 0.154 0.578
231 2301 02£0  38%37 7712 895 + 17 238405  3.5£0.2
60 66:+11 1£0.1 n.d. n.d. 474 + 62 217£01  17%0.1

3 140 69£04 11:01  nd. n.d. 803 + 60 227+04  37:09 | 2A9%22 0.248 0.437
231 3.1:04 04:01  nd. n.d. 798 + 29 23.4$02 3701
60 3601 0.6+0 7+1 5+1 546 + 22 224+00 2501

4 151 31404 05:01 1712 157 £ 65 1059+32  -23.4:02  37:02 | 286%ll 0.111 0.525
231 17:0 0.2% 74+ 73 11813 1113£20  -23.9:01  47:0.1
60 7.2:03 1.1+0 313 23:8 47526 -224:00?  3.8%0.1

5 117 58:06 09:01 52+14 28386 832+ 24 23.4+01  46+01 | 293%13 0.178 0.486
231 25:02 03%0  -1%2 1251+22 1128499  -236:01  50%0.1
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