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Abstract

We present concentrations of total particulate carbon (PC), carbonate (PIC), total particulate nitrogen (PN),
8'3C and 8'°N of suspended particles along a North Pacific transect. In the upper 400 m, suspended PIC to par-
ticulate organic carbon (POC) ratios generally follow published sinking PIC/POC ratios. Below 600 m, suspended
PIC/POC become significantly lower than sinking PIC/POC, likely indicating PIC dissolution within the
suspended load. In three out of the five stations, suspended PN §'°N increase with depth from the euphotic
zone to the thermocline, consistent with previous observations in many ocean regions (e.g.,BATS and HOT).
However, in the other two stations where phytoplankton blooms were encountered, high suspended PN §'°N
(up to 12%o) were observed in the euphotic zone, which was likely caused by the export of low-5'°N PN during
the phytoplankton blooms. Average C, : N ratio of suspended particles along the transect is 5.1 £+ 0.2, with
the value in the subtropical gyre (5.8 £ 0.3) slightly higher than the subarctic gyre (4.6 + 0.2).

Biological production in the euphotic zone converts dis-
solved carbon species into particulate organic matter, which
sinks downward to the deep ocean after the death of the
organisms. This process, known as the soft tissue pump, drives
the uptake of atmospheric CO, into seawater by lowering the
dissolved inorganic carbon (DIC) concentration of the surface
ocean. Some organisms also convert dissolved inorganic car-
bon into solid calcium carbonate shells. Even though the pro-
duction of biological CaCO3 in the euphotic zone tends to
increase atmospheric CO, by decreasing the alkalinity in the
surface water, the ballasting of organic matter by CaCO;
(Armstrong et al. 2002; Klaas and Archer 2002) can increase
the sinking velocity of the particle aggregates, therefore pro-
moting the burial and long-time storage of C at the seafloor.
The dissolution of CaCOj3 in the water column, on the other
hand, drives up alkalinity and therefore lowers pCO,. As a
result, understanding where and how fast organic matter and
inorganic carbon decompose/dissolve in the ocean is vital in
determining the ocean’s capacity to store carbon and buffer
anthropogenic CO; release.
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Additional Supporting Information may be found in the online version of
this article.

247

Nearly all models of carbonate cycling in the ocean rely
on some formulation of the export ratio of particulate inor-
ganic carbon (PIC) to particulate organic carbon (POC)—
PIC/POC (Jansen et al. 2002; Sarmiento et al. 2002;
Jokulsdottir and Archer 2015). These models usually predict
POC production via phosphorus uptake, and then use the
PIC/POC ratio to scale to PIC. Therefore, field observations
of the values and variability in PIC/POC are vital to con-
strain carbonate cycling and diagnose the reliability of the
model results. While PIC/POC in net community production
and settling particles is widely studied (Rodier and Le
Borgne 1997; Berelson et al. 2007; Honjo et al. 2008), less is
known for suspended PIC/POC. Suspended particles in the
water column represent a wide range of inputs, including
biogenic components, lithogenic and authigenic minerals,
and the semi-decomposed phase of sinking particles. They
carry important information of surface productivity and sub-
sequent particle dynamics processes, including particle
aggregation and disaggregation, sinking, organic matter
remineralization, and PIC dissolution in the water column
(Lam et al. 2018).

In addition to directly investigating C content and 8'3C in
the suspended particles, the analysis of PN provides important
constraints on the biological and chemical processes in
the water column. 8'°N of suspended PN in the euphotic
zone is influenced by the 8'°N of N substrates and isotopic


https://orcid.org/0000-0002-5811-9333
https://orcid.org/0000-0002-7688-6624
mailto:dongsj@caltech.edu
mailto:xingchen.wang@bc.edu
http://crossmark.crossref.org/dialog/?doi=10.1002%2Flno.11989&domain=pdf&date_stamp=2021-11-26

Dong et al.

fractionation during PN formation and recycling; and has
been widely used to study nitrogen cycling in the upper ocean
(Altabet 1988; Minagawa et al. 2001; Yamaguchi and McCar-
thy 2018). Another tracer for biogeochemical processes in the
water column is N* = [NO3 | — 16[PO4* ]+ 2.9 umol kg '
(Gruber and Sarmiento 1997; Gruber 2008). The N" value is
affected by denitrification and N, fixation, and has therefore
been related to nitrate 5'°N, which is affected by these same
processes (Altabet et al. 1999; Minagawa et al. 2001). Spatial
variations in the Redfield stoichiometry of exported particles
may affect the estimates of global carbon export (Teng
et al. 2014) and the coupling of the cycles of nutrients, oxy-
gen and carbon (Devries and Deutsch 2014).

Although the 8'C and 8'°N of suspended particles have
been frequently reported for the upper ocean, such data
from the deep ocean are relatively rare. In this study, we
report concentrations, isotope values, and C : N ratios for
suspended particles along a North Pacific transect near
150°W from the surface to ~ 5000 m. We also report N’
along the transect and combine the N concentrations with
the particle measurements to investigate the production,
export, and the subsequent decomposition of organic matter
and calcium carbonate. The determination of concentrations
and isotope values of suspended particles adds to the scarce
biogeochemical database in the open ocean of the North
Pacific.

(a)

Suspended PC PN in the North Pacific

Materials and methods

Study area

A 30-day research cruise, CDisK-IV, was conducted from
Honolulu, Hawaii to Seward, Alaska (near 150°W) in August,
2017. Particle and water samples were collected at five stations
along the North Pacific transect (Fig. 1a). The cruise crossed
from the subtropical gyre to the subarctic gyre, passing
through the transition zone, which is known for high produc-
tivity and particle export (Bograd et al. 2004; Juranek
et al. 2012; Polovina et al. 2017). The subarctic gyre is rela-
tively more nutrient-rich than the oligotrophic subtropical
gyre (Conkright et al. 2002) and therefore has higher primary
productivity (Kawahata 1998; Eguchi et al. 2003). The high
productivity in the transition zone, and the difference
between the subtropical and subarctic gyre are consistent with
a Sta. 4 peak in sinking PIC and POC fluxes obtained from
floating traps deployed at 100 m and 200 m (Fig. 1b; Dong
et al. 2019). The Transition Zone Chlorophyll Front (TZCF)
migrates seasonally between 30°N in winter and 45°N in sum-
mer (Polovina et al. 2001; Ayers and Lozier 2010), and was
located at ~ 37°N during the CDisK-IV cruise based on fluores-
cence data and high-resolution particle size spectra collected
with an Underway Vision Profiler (Dugenne, pers. comm.;
Hou et al. 2019). Based on NASA satellite data, the TZCF was
further to the south, at Sta. 3 (35°N, dashed line) in May 2017
(Fig. 1¢). Therefore, Sta. 3 was a unique station that had a high
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Fig. 1. Location and productivity of the CDisK-IV stations. (a) A map of the Northeast Pacific and station locations for the CDisK-IV cruise (August,
2017). (b) Export production of PIC and POC (sinking particles) at 100 and 200 m determined by sediment traps during CDisK-IV (Dong et al. 2019).
(<) Surface chlorophyll concentration determined by NASA satellite data from May, 2017 to August, 2017. Dashed line indicates the latitude of Sta. 3.
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Fig. 2. Nutrient and O, concentration along the North Pacific transect. (a) Nitrate concentration vs. depth. (b) N vs. depth. (c) Distribution of N*

along the transect. (d) O, concentration along the transect.

productivity earlier in the year (winter and spring), possibly
a productivity peak 3 months before CDisK-IV, and then
low productivity during CDisK-IV; whereas Sta. 4 was likely at
its productivity peak during CDisK-IV.

Analysis of nutrients and potential density of the water
column

Water samples were collected through Conductivity, Tem-
perature, Depth (CTD) casts using the 10-L Niskin Rosette on
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the R/V Kilo Moana, and 50 mL samples from each depth
were filtered through 0.45-um syringe filters immediately after
the CTD deployment during CDisK-IV. Nitrate and phosphate
concentrations were determined using colorimetric methods
at the Chesapeake Biological Laboratory, Solomons Island,
University of Maryland. The potential density (ce) of the water
column was calculated based on the pressure, temperature,
and salinity values determined during the CTD casts, and was
calculated relative to the surface (0 m).
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Fig. 3. PIC/POC ratio and PC §'3C in suspended particles along the North Pacific transect. (a) Suspended total carbon vs. depth for the five stations in
CDisK-1V, color coded by latitude. (b) Suspended total carbon vs. potential density o,. (€) Suspended PC &'3C vs. depth. Error bars for the 5'3C in deep
samples, which have very low total PC content, are estimated based on the standard deviation of 8'3C for the EA standards that have similar total C con-
tent. The two x’s are sinking particles collected in sediment traps, with the error bars representing standard errors among different stations.
(d) Suspended PIC/POC vs. depth as color-coded symbols. Sediment trap results are plotted as x’s to show the sinking PIC/POC. Error bars of x's are

standard errors among different stations.

Analysis of suspended particles

Suspended particles were captured on Advantec GC-50
Glass Fiber Filters (LOT No. 70207718, pore size 0.5 um,
diameter = 142 mm) through filtration of ~ 1400 L seawater
with a dual-flowpath in situ pump (McLane WTS-
6-1-142LVUP). Upon recovery, the filters were air-dried and
sub-sampled using a hole punch for particulate carbon and
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nitrogen analyses. PIC content was determined by measuring
the amount of CO, released after acid treatment using an
Automate auto-sampler coupled to a G2131-i Picarro Cavity
Ring Down spectrometer. Total PC content and §'3C of total
PC were measured through combustion in an Elemental Ana-
lyzer (Costech) coupled to a Picarro Cavity Ring Down spec-
trometer. POC was determined as the difference between PC
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and PIC. §"3C of PC was calibrated relative to Pee Dee Belem-
nite. Based on the reproducibility of §'*C for the USGS40 stan-
dard, our 8'*C measurements have an analytical error of
0.2%o (1lo) for samples that generate >400ppm CO, in the
Picarro, and a 1o uncertainty of ~0.6%o for small size samples.
Total PN and 8N were measured through combustion using
a Thermo Scientific FlashSmart Elemental Analyzer coupled to
a Delta V Plus Isotope Ratio Mass Spectrometer. 8'°N was cal-
culated relative to air with a precision of 0.2%o (10).

Results

Nutrient and O, concentrations

Nutrient (NO3~, PO,>7) and O, concentrations during
CDisK-IV are analyzed (Fig. 2; Table S1), and N’, the anomaly
of NO3~ concentration from the photosynthesis/reminerali-
zation trend of 16NO;~: 1PO,3~, is calculated as N° =
[NO3 7] = 16[PO437] + 2.9 umol kg’1 (Gruber 2008) (Fig. 2b,c).
Surface NO3~ was below the measurement detection limit at
Sta. 1-4 during our cruise in August (Fig. 2a). For N', Sta. 1-3
show similar patterns in the euphotic zone, and all have posi-
tive N” values in the upper 200 m (Fig. 2b,c), whereas Sta. 4
and 5 (Fig. 2b,c) have low N" in the shallow water column.

Suspended PC PN in the North Pacific

[O,] measurements during CDisK-IV show that the shallow
water column is well oxygenated at Sta. 3 and 4 (Fig. 2d).

Suspended PC concentration and §'C

Suspended PC concentrations generally decrease exponen-
tially with depth (Fig. 3a). In the upper 100 m, suspended
[PC] is 0.9-1.3 ymol L~ at the transition zone and in the sub-
arctic gyre, and significantly lower (~ 0.4 yumol L") in the sub-
tropical gyre. Below 1000 m, suspended [PC] is < 0.2 ygmol L'
for all stations. These values are comparable to previously
reported suspended [PC] of ~ 1.7 yumol L™! in the upper 100 m
and ~ 0.08 ymol L™! below 1000 m in the Eastern Pacific (Lam
et al. 2018). The subtropical and subarctic profiles are even
more separated out in the [PC] vs. og plot (Fig. 3b), with more
buoyant shallow subtropical water demonstrating both lower
o6 and lower suspended [PC] than the subarctic. The 8'*C pro-
file of suspended PC increases from the surface to a maximum
value at 500m, and then decreases deeper in the water col-
umn (Fig. 3c; Table 1). Because PIC and POC have distinct
813C values, 8'3C of PC reflects the relative contribution of
PIC and POC. As a result, a similar shape of PC §'C is
observed in the suspended PIC/POC ratios (Fig. 3d). Sediment
trap results are plotted as x’s to show the sinking §'*C and

Table 1. Potential density (o), concentrations of PC, PIC, and PN, 8'3C of PC, 8'°N of PN, and Corg : N in suspended particles.

Depth 6o [PC] [PIC] 513C [PN] 51°N

Station (m) (kg m~3) (umol kg™ ") (umol kg™ ") (%0) (umol kg™ ") (%o0) Corg: N
Sta. 1 4575 27.7 0.069 0.0040 —-26.0 0.0090 7.9 7.3
23°N, 3375 27.6 0.061 0.0075 —-24.8 0.0097 8.1 55
157°W 150 24.6 0.26 0.045 —22.6 0.044 5.5 4.9
Sta. 2 5300 27.7 0.055 0.0058 —-25.6 0.0088 9.7 5.6
28°N, 1100 27.2 0.081 0.012 -20.6 0.011 7.2 6.3
155°W 620 26.6 0.19 0.030 —-20.8 0.026 8.6 6.0
450 26.1 0.22 0.058 —-19.5 0.031 8.8 5.2
150 24.6 0.53 0.055 -23.0 0.096 3.5 5.0
40 22.9 0.35 0.033 —22.1 0.053 1.0 6.1
Sta. 3 5100 27.7 0.048 0.0092 -259 0.0079 9.9 5.0
35°N, 1000 27.2 0.094 0.040 -20.7 0.015 8.6 3.7
150°W 400 26.4 0.50 0.23 —-14.6 0.061 10.8 4.6
250 26.1 0.54 0.17 —-17.4 0.072 10.9 5.2
150 259 0.55 0.16 -16.9 0.074 11.2 5.2
75 25.5 0.93 0.13 -21.7 0.15 9.7 5.2
Sta. 4 4700 27.7 0.10 0.018 —23.4 0.017 11.4 5.0
42°N, 450 26.6 0.35 0.098 -18.6 0.049 10.0 5.2
148°W 150 26.0 0.47 0.080 —-20.7 0.079 11.0 4.9
35 24.8 0.93 0.096 —-21.8 0.23 11.5 3.7
Sta. 5 4500 27.7 0.10 0.015 -19.7 0.021 6.8 4.3
50°N, 500 27.0 0.22 0.046 -21.5 0.044 6.0 3.9
149°W 200 26.7 0.42 0.058 —-21.8 0.068 6.2 5.3
100 26.0 0.57 0.035 —24.0 0.11 5.1 4.8
35 25.2 1.3 0.087 —-21.4 0.25 4.4 4.9
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PIC/POC. Sinking §'*C and PIC/POC are not significantly dif-
ferent among different stations, with the error bars showing
the standard errors among stations (Fig. 3c,d). Sinking parti-
cles have slightly heavier '>C and higher PIC/POC than the
suspended particles at 100 and 200 m.

Suspended PN concentration and §'°N

Suspended PN demonstrate similar profiles as PC, and
decrease exponentially with depth (Fig. 4a). Suspended [PN] is
0.2-0.3 umol L' at 35m in the subarctic gyre, and only
0.05 ymol L' at 40 m in the subtropical gyre. Below 1000 m,
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suspended [PN] is < 0.02 ymol L~! for all stations. Suspended
8'°N profiles at Sta. 1, 2 (subtropical gyre), and 5 (subarctic
gyre) have their lowest value at the surface, and increase with
depth until ~500m (Fig. 4b). However, near the transition
zone, Sta. 3 and 4 have elevated §'°N of up to 12%o in the
euphotic zone (Fig. 4b; Table 1). Similar to suspended PC,
suspended PN also has a different dependence on the poten-
tial density cp between the subtropical gyre and the subarctic
gyre. The shallow subtropical gyre has lower oy and lower
suspended [PN] than the subarctic gyre, but the difference
decreases at greater depth (Fig. 4c¢).
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Discussion

Water column N” and denitrification along the transect

Based on NO;~and PO,>~ concentrations, we calculate N,
the anomaly of NO3;~ concentration from the photosynthesis/
remineralization trend of 16NO;~: 1PO,3~, as N* = [NO37] -
16[PO4>7] + 2.9 umol kg~' (Gruber 2008). Positive N* indi-
cates input of fixed nitrogen through N, fixation or atmo-
spheric nitrogen deposition whereas negative N" is caused by
loss of fixed nitrogen through denitrification or anaerobic
ammonium oxidation (anammox). Sta. 1-3 show similar N”
patterns in the euphotic zone, and all have positive N values
in the upper 200 m (Fig. 2b,c), consistent with the well-
documented N, fixation feature in the subtropical North
Pacific (Karl et al. 1997). The low N values at Sta. 4 and
5 (Fig. 2b,c¢) likely reflect a combination of benthic denitrifica-
tion processes (Christensen et al. 1987; Devol and
Christensen 1993; Granger et al. 2011) and the advection of
low N water-column denitrification signal from the Eastern
Tropical North Pacific (Sigman et al. 2005). The N distribution
pattern in the upper 600 m determined during CDisK-IV in
August matches the pattern determined along the same tran-
sect during P16 in March, 2006 (Gruber 2008) and June, 2015
(Macdonald 2015), and demonstrates a relatively steady N
distribution in the North Pacific.

PIC/POC ratios in suspended particles vs. sinking particles
Particles captured by in situ pumps are usually referred to

as suspended particles. These particles span a wide range of

sizes; and may sink at different sinking rates depending on
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their size and density (Lam et al. 2011, 2018). Particles cap-
tured by sediment traps are fast-sinking particles including
fecal pellet and detrital aggregates. They are generally larger
than pump particles and therefore sink faster. We compare
the PIC/POC ratios in pump particles and sediment trap parti-
cles below. For simplicity, we refer to them as suspended and
sinking particles.

The rain ratio, PIC/POC in sinking particles, increases with
depth due to the preferential loss of POC as particles settle
(Feely et al. 2004; Berelson et al. 2007). In the North Pacific,
PIC/POC in sinking particles increases from ~ 0.1 at the sur-
face to ~ 1.6 at 4000 m (Honjo et al. 1995; Rodier and Le
Borgne 1997; Wong et al. 1999) (Fig. 5a). On our CDisK-1V
cruise, PIC/POC ratios in sinking particles from the upper
ocean show no obvious trend among different stations (Dong
et al. 2019), and have an average value of 0.32 + 0.03 at
100m and 0.45 + 0.05 at 200m (Fig. 5a). These results are
consistent with the values observed at Sta. P (Wong
et al. 1999) and the Equatorial Pacific (Honjo et al. 1995;
Rodier and Le Borgne 1997) (Fig. 5a). Average 8'3C of total PC
is —17.6%0 £ 0.6%o0 at 100m, and —16.2%o0 +1.1%0 at 200 m
in the sinking particles (Fig. 3c).

PIC/POC and 8'*C of suspended particles generally agree
with these values for sinking particles in the upper 400 m
(Figs. Sa, 3c), although the sinking particles have slightly
higher PIC/POC and heavier 5'3C. Below 500m, however,
PIC/POC in suspended particles starts to decrease with depth,
and deviates significantly from the sinking particles (Fig. Sa).

This novel feature of different suspended vs. sinking
PIC/POC profiles could be due to two possible reasons. First,
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2 18t 300 £
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O o e e °
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Suspended PIC/PC

Fig. 5. (a) Suspended PIC/POC vs. depth as color-coded symbols and sinking PIC/POC as x's. Error bars of x’s are standard errors among different sta-
tions. Also plotted are previously published sediment trap data in the North Pacific (Honjo et al. 1995; Rodier and Le Borgne 1997; Wong et al. 1999;
Dong et al. 2019), these are depicted as small x's. (b) Suspended &'3C vs. PIC/PC in the upper 1000 m. Dashed line is the best fit to the data with a fixed

carbonate 8'3C endmember of 1%o.
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deep suspended particles may have different residence time
than shallow particles and/or come from different environ-
ments that are low in PIC. For example, “Brownian pumping”
transfers dissolved species to filterable particles through a col-
loidal intermediate (Honeyman and Santschi 1989), and this
process may be a provenance of deep suspended particles that
have different PIC/POC feature than the shallow biogenic
particles.

The second possible explanation of the discrepancy
between suspended and sinking PIC/POC is the relative
importance of POC remineralization and PIC dissolution at
different depths of the water column. In the euphotic zone,
suspended particles of biogenic phases are primarily supplied
through production, and aggregate into sinking particles
which sink below the mixed layer. At depths that are
> 100 m below the euphotic zone, disaggregation dominates
aggregation processes, and suspended particles are generated
from semi-decomposed sinking particles (Lam et al. 2018).
Therefore, the fact that suspended particles have higher POC
fraction relative to PIC fraction than sinking particles in the
shallow water column (upper 200 m) is likely due to the
sinking of the particles containing higher ballast (PIC) per-
centage after the physical break-down of the biomass, leav-
ing the remaining part higher in POC percentage; or the
preferential sinking of particles with high PIC percentage in
themselves (i.e., pteropods and foraminifera). The deviation
of suspended PIC/POC from sinking particles below 500 m
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Suspended PC PN in the North Pacific

could potentially reflect PIC dissolution as sinking particles
decompose to become smaller suspended particles. Interest-
ingly, we do not observe lower PIC/POC or lighter §'3C at
higher latitudes, which have a more under-saturated water col-
umn for CaCOs3 than the lower latitude stations. The satura-
tion horizon for calcite is around 750m for Sta. 1, and 350 m
for Sta. 5; whereas the saturation horizon for aragonite is
around 550m for Sta. 1, and only 150m for Sta. 5 (Dong
et al. 2019; Naviaux et al. 2019). However, except for Sta.
3 which has an elevated PIC pool in the intermediate depth
(100-800m), the other four stations exhibit the same
suspended PIC/POC profile vs. depth. This may imply that
PIC dissolution within the particles is insensitive to the water
column Q, but rather depends on the local water chemistry in
particle micro-environments, which is largely affected by
organic matter respiration (Jansen et al. 2002; Bianchi
et al. 2018; Dong et al. 2019), or the metabolic activity of zoo-
plankton which may promote dissolution through grazing
and digestion (Milliman et al. 1999; Jansen and Wolf-Gladrow
2001).

8'3C of total PC scales reasonably linearly with PIC/PC for
the suspended particles in the upper 1000 m (Fig. 5b). Assum-
ing that the carbonate endmember has a §'*C value of 1%o,
fitting the 8'3C vs. PIC/PC data yields a POC 5'*C endmember
of —25.4%o. This average POC §'3C is consistent with widely
accepted 8'°C value of ~—25%o in most marine plankton
populations (Hansman and Sessions 2016).

(b)
30 T T T T
Observed surface nitrate
25 | Observed surface PN §15N
—— Reactant
= - = Instantaneous product
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% AT Initial reactant
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o
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0 1 1 1 1
0 0.2 0.4 0.6 0.8 1

Fraction of reactant remaining

Fig. 6. (a) Previously published profiles of suspended &'°N. (b) Rayleigh fractionation during the consumption of nitrate in a closed pool. The reactant
is nitrate, and the product is PN. Shaded yellow area represents the observed surface suspended PN §'°N at Sta. 3 and 4 (5'°N = 9.7%o at 75m in Sta.
3, and 11.5%o at 35 m in Sta. 4). Shaded gray area represents observed nitrate remaining at the surface (see Fig. 1 for details).
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Suspended PN §'°N

A typical depth profile of suspended particle §'°N has its
lowest value at the surface, and increases with depth until
~500m (Sigman and Fripiat 2019). This typical §'°N profile
has been reported at BATS (Altabet 1988; Altabet et al. 1991),
HOT (Casciotti et al. 2008; Hannides et al. 2013) and the
ETNP (Voss et al. 2001) (Fig. 6a). For example, in the subtropi-
cal North Atlantic Ocean near BATS, §°N is —1%o to 1%o at
the surface, increases to 7-8%o at ~500m, and stays relatively
constant below 500m (Altabet et al. 1991). Along our North
Pacific transect, §'°N profiles at Sta. 1, 2 (subtropical gyre),
and 5 (subarctic gyre) are in good agreement with the typical
suspended 8'°N profiles in the tropical-subtropical ocean
(Fig. 4b). However, near the transition zone, Sta. 3 and 4 devi-
ate from the expected trend, with elevated 5'°N of up to 12%o
observed in the euphotic zone (Fig. 4b; Table 1).

In the euphotic zone, 8'°N in the suspended particles
reflects the 8'N of new nitrogen supply (e.g., either the
upwelling of thermocline nitrate or N, fixation), as well as
subsequent N fractionating processes within the euphotic
zone (Sigman and Fripiat 2019). In the (sub)tropical oceans,

Suspended PC PN in the North Pacific

suspended particle 5'°N in the surface ocean is typically 2-
3%o lower than the 8'°N of thermocline nitrate or sinking par-
ticles due to N recycling (Casciotti et al. 2008; Fawcett
et al. 2011; Yang et al. 2017). At BATS and HOT, the surface
suspended 8N are —1 to 1%o (Fig. 6a) (Altabet 1988;
Casciotti et al. 2008). In the Eastern Tropical South Pacific
where the thermocline nitrate §'°N (10-11%o) is elevated by
water-column denitrification, the euphotic zone suspended
5!°N are 8-10%o (Knapp et al. 2016). Thermocline nitrate
8'°N at Sta. 3 and 4 are ~6%o based on GEOTRACES-GP15
data (D. Marconi et al. unpubl.). Thus, the expected surface
suspended 8'°N should be 3-4%o for Sta. 3 and 4, which is
inconsistent with our observed unusually high suspended
PN §'°N.

During nitrate uptake, phytoplankton preferentially assimi-
late '*N relative to '*N. As a result, the 8"°N of the remaining
nitrate pool gradually increases as nitrate consumption pro-
ceeds and nitrate concentration decreases. The Rayleigh model
is often used to simulate the uptake of nitrate by phytoplank-
ton during high-productivity periods. The Rayleigh fraction-
ation kinetics define the isotopic variation of the reactant N
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Fig. 7. Suspended PIC and POC concentrations in the upper 1200 m along the CDisK-IV transect. (a) Suspended [PIC] determined by a Picarro laser
spectrometer. The “bullseye” pattern in the intermediate depth (150-500 m) at Sta. 3 is also verified by mineralogy analysis using Raman spectroscopy.
(b) Suspended [POC] determined by subtracting [PIC] from [PC]. Total suspended [PC] is determined by EA analysis.
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pool, the instantaneously generated product, and the accumu-
lated product N pool as the given reservoir of reactant N is
consumed (Sigman and Fripiat 2019). Using a starting nitrate
3N of 6%o for Sta. 3 and 4 (Rafter et al. 2019; D. Marconi
et al. unpubl.) and an isotope effect of 5%o for nitrate assimila-
tion (Sigman and Fripiat 2019), we have calculated the §'°N of
accumulated PN and instantaneous PN (Fig. 6b). The
remaining surface nitrate concentration at Sta. 3 and 4 is close
to zero such that the accumulated PN §'°N should approach
the 8N of the starting nitrate. However, the observed
PN 6'°N is 4-5%o higher than the §'°N of the accumulated
PN, indicating the PN we analyzed cannot be the accumu-
lated PN pool. Rather, these high suspended PN &'°N values
require that the previously accumulated low-8'°N biomass
(i.e., relative to the subsurface nitrate §'°N) during the phyto-
plankton bloom would have been mostly exported out of
the euphotic zone. Thus the suspended PN we captured only
represents the remaining biomass in the euphotic zone.

Our interpretation is also consistent with the previous
observations of seasonally and locally high suspended PN
5!°N when the biological uptake rate of nitrate is greater than
the physical supply (Voss et al. 1996; Wu et al. 1997). Specifi-
cally, an increase in suspended &'°N between June and
September, and a decrease toward November was reported in
the Lofoten Basin, off-coast of Norway (Voss et al. 1996). The
elevated suspended PN &'°N in September was related to the
instantaneous product during nitrate uptake and fraction-
ation. On a transect between a coastal upwelling domain and
Sta. P, suspended PN '°N was found to increase rapidly where
biological uptake of nitrate is greater than the physical supply,
and it decreases during upwelling events when physical sup-
ply of nutrients overwhelms the biological uptake rate
(Wu et al. 1997).

A surface production bloom at Sta. 3 prior to CDisK-IV is
supported by suspended PC data in addition to '°N. The high
suspended [PC] in the intermediate depth (150-500 m) at Sta.
3 (Fig. 3a) is due to an abnormally high suspended PIC con-
centration (Fig. 7a), supported by both total PIC analysis using
a Picarro laser spectrometer and mineralogy analysis using
Raman spectroscopy (Dong et al. 2019). The “bullseye” pattern
at this location in suspended PIC (Fig. 7a), however, is not
observed in suspended POC (Fig. 7b). We propose that PIC
produced during the previous weeks to months before CDisK-
IV when the TZCF resided near that latitude has not been
totally dissolved, but POC has a shorter residence time and
has been decomposed (Dong et al. 2019).

The N” and O, concentrations can be used to further test
whether the shallow water column at Sta. 3 and 4 has more
pronounced denitrification signals than the other stations
(Fig. 2; Table S1). As discussed in Discussion 4.1, the N” distri-
bution pattern in the upper 600 m determined during CDisK-
IV in August matches the pattern determined along the same
transect during P16 in March, 2006 (Gruber 2008) and June,
2015 (Macdonald 2015), and demonstrates a relatively steady
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N’ spatial distribution in the North Pacific. As a result, the
shallow water column at Sta. 3 and 4 do not show more
pronounced denitrification signals than the other stations
(Fig. 2; Table S1). No obvious local denitrification beneath the
high productivity regions in the transition zone is observed.
In addition, [O,] measurements during CDisK-IV show that the
shallow water column is well oxygenated at Sta. 3 and
4 (Fig. 2d), further disproving denitrification at these locations.

The elevated suspended PN "N has implications for the
upper ocean nitrogen cycling in oligotrophic waters. On an
annual basis (Fig. 8a), the primary production in the oligotro-
phic North Pacific is mainly fueled by the recycled ammo-
nium (“recycled production”). Low-8'°N ammonium is
produced in the surface ocean due to the isotopic effect of
amino acid catabolism in zooplankton (Sigman and
Fripiat 2019). Phytoplankton then assimilate the low-§'°N
ammonium and generate low-6'°N suspended PN, while sink-
ing particles preferentially export relatively higher-5'°N PN
out of the euphotic zone. Recently, isotopic analyses of flow
cytometry sorted cells in the Sargasso Sea showed that small
eukaryotes in the surface ocean have higher §'°N than cyano-
bacteria because they directly assimilate the upwelled nitrate
(Fawcett et al. 2011). These eukaryotes with higher '°N could
be responsible for the export of high-5'°N nitrogen as they
represent a more significant fraction of the sinking PN
through sinking aggregate incorporation or fecal pellet packag-
ing (Fawcett et al, 2011).

In contrast, during a phytoplankton bloom (Fig. 8b), nitrate
supplied during winter mixing, rather than the recycled
ammonium, becomes the dominant source of nitrogen for
phytoplankton growth. As small eukaryotes are mainly
responsible for nitrate assimilation and they tend to sink out
of the euphotic zone through fecal pellets or aggregates
(Fawcett et al. 2011), the sinking PN fluxes are higher than the
mean annual scenario (Fig. 8a). In addition, these sinking PN
have lower §'°N than the subsurface nitrate because of the
Rayleigh fractionation (Fig. 6b). As a result, the 8'°N of the
remaining suspended PN in the euphotic zone could be higher
than the subsurface nitrate 5'°N.

Corg : N molar ratio in suspended particles

Measured suspended [POC] and [PN] show a highly linear
correlation, with an average C,y : N molar ratio of 4.59
(Fig. 9a). Cqrg : N ratios vary between 3.7 and 7.3 (Table 1),
and have an average value of 5.1 £ 0.2, lower than the canoni-
cal Redfield C, : N ratio of 6.6 (Fig. 9b). Our measured
suspended Cog : N ratios generally follow a normal distribu-
tion, with 62.5% of the ratios lying between 5 and 6 (Fig. 9¢).
At the deep chlorophyll maximum at Sta. 1 (ALOHA), our
measured suspended Cerg : N ratio of 5.9 matches well with
previously reported Cerg : N value of ~ 6 for < 51-um particles
and ~ 5 for > 51-um particles at the same location and depth
(Bishop and Wood 2008). At Sta. 5 (Sta. P), our suspended
Corg : N ratios of 5.2 at 35 m and 5.1 at 100 m also match well
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Fig. 8. N Fluxes and their 5'°N in the oligotrophic North Pacific §'°N.
(a) Mean annual scenario. New N source (subsurface nitrate) has a §'°N
of ~6%o. Recycled N (ammonium) is 5%o lower than zooplankton (zoo)
8'°N. Export fluxes, which include fecal pellet (f.p.) and detrital aggre-
gates, have slightly higher 8'°N than the nitrate supply based on mass
balance. (b) Bloom scenario. Export 8'°N becomes lower than &'°N of
the nitrate supply. Recycled N supply becomes less significant than nitrate

new production .
new-regenerated production) durlng the

bloom/high-production scenario (Van Oostende et al. 2015; Laws
etal. 2011).

supply, which gives higher ef-ratio (

with previously reported Cg : N in the upper 100 m
(mean 5.4) (Minagawa et al. 2001), but our suspended
Corg : N disagrees with theirs below 1000 m (mean = 9.1).
Along the same longitude at the equator, C,r : N was also
shown to be low (mean = 5.9) in the upper 320 m (Rodier and
Le Borgne 1997). In the North Pacific Western Subarctic Gyre,
suspended Cg,g : N was shown to be 5.9 at 0-50 m, and 7.2 at
100-200 m (Mino et al. 2016).

Corg : N molar ratios on suspended particles > 1000 m are
slightly higher than at shallower depths (Fig. 9b), consistent
with the trend previously reported at Stat. P (Minagawa
et al. 2001) and the Eastern Pacific (Lam et al. 2018), even
though our C, : N ratios are smaller. The higher suspended
Corg : N ratios at deeper depth may reflect a preferable loss of N
during remineralization, or different sources of shallow and
deep particles. A higher C, : N ratio is observed in the subtrop-
ical gyre (Corg : N = 5.8 + 0.3) compared to the transition zone
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(Corg : N = 4.8 £ 0.2) and the subarctic gyre (Corg : N = 4.6 £
0.2), consistent with the mean global trend that warm
nutrient-depleted low latitude gyres have a higher average
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Corg : N (mean C,, : N = 7.0) than the cold nutrient-rich high
latitude regions (mean Co,g : N = 6.0) (Martiny et al. 2013).

Conclusion

We present PIC/POC ratios in suspended particles along a
North Pacific transect, and show a deviation between settling
and suspended PIC/POC below 600 m. The discrepancy is
likely due to the different provenance of deep suspended par-
ticles than shallow biogenic sources, or PIC dissolution within
suspended particles. Isotope balance gives a POC &'*C of
—25.4%o, assuming a PIC 8'3C of 1%o. This value of §'3C is
consistent across a wide range of the N. Pacific and through a
range of Cqrg : N values for POM. 8'N of suspended particles
in the subtropical and subarctic gyres follow typical depth pro-
files, with low 8'°N in the euphotic zone and high §'°N at
depth. However, highly elevated suspended PN &'°N values
were observed in the euphotic zone near the transition zone,
likely caused by the export of low-5'"°N PN during the phyto-
plankton bloom. This export process was probably facilitated
by small eukaryotes. Finally, suspended C, : N ratios along
the North Pacific transect are generally lower than the canoni-
cal value, with an average of 5.1 + 0.2. The subtropical gyre
has slightly higher suspended C, : N ratios than the transi-
tion zone and the subarctic gyre. Deep suspended Cy : N
ratios are higher than shallow ratios.
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