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Abstract

Surface ocean marine dissolved organic matter (DOM) serves as an important reservoir of carbon (C), nitrogen (N), and phos-
phorus (P) in the global ocean, and is produced and consumed by both autotrophic and heterotrophic communities. While
prior work has described distributions of dissolved organic carbon (DOC) and nitrogen (DON) concentrations, our understand-
ing of DOC:DON:DOP stoichiometry in the global surface ocean has been limited by the availability of DOP concentration
measurements. Here we estimate mean surface ocean bulk and labile DOC:DON:DOP stoichiometry in biogeochemically and
geographically defined regions, using newly available marine DOM concentration databases. Global mean surface ocean bulk
(C:N:P = 387:26:1) and labile (C:N:P = 179:20:1) DOM stoichiometries are higher than Redfield stoichiometry, with labile
DOM stoichiometry similar to that of global mean surface ocean particulate organic matter (C:N:P = 160:21:1) reported in a
recent compilation. DOM stoichiometry varies across ocean basins, ranging from 251:17:1 to 638:43:1 for bulk and 83:15:1 to
414:49:1 for labile DOM C:N:P, respectively. Surface ocean DOP exhibits larger relative changes than DOC and DON, driv-
ing surface ocean gradients in DOC:DON:DOP stoichiometry. Inferred autotrophic consumption of DOP helps explain intra-
and inter-basin patterns of marine DOM C:N:P stoichiometry, with regional patterns of water column denitrification and iron
supply influencing the biogeochemical conditions favoring DOP use as an organic nutrient. Specifically, surface ocean marine
DOM exhibits increasingly P-depleted stoichiometries from east to west in the Pacific and from south to north in the Atlantic

consistent with patterns of increasing P stress and alleviated iron stress, respectively.
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Key points
e Surface ocean bulk and labile DOM stoichiometry vary across ocean regions with global

means of 387:26:1 and 179:20:1, respectively.

e The stoichiometries of bulk and labile surface ocean DON:DOP and DOC:DOP vary
more than DOC:DON due to variability in DOP concentrations.

e Surface ocean gradients in P-depleted DOM stoichiometries in the Pacific and Atlantic

basins reflect variable nutrient stress.

Keywords: dissolved organic matter, dissolved organic nitrogen, dissolved organic phosphorus,

stoichiometry
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Abstract

Surface ocean marine dissolved organic matter (DOM) serves as an important reservoir of carbon
(C), nitrogen (N), and phosphorus (P) in the global ocean, and is produced and consumed by both
autotrophic and heterotrophic communities. While prior work has described distributions of
dissolved organic carbon (DOC) and nitrogen (DON) concentrations, our understanding of
DOC:DON:DOP stoichiometry in the global surface ocean has been limited by the availability of
DOP concentration measurements. Here we estimate mean surface ocean bulk and labile
DOC:DON:DOP stoichiometry in biogeochemically and geographically defined regions, using
newly available marine DOM concentration databases. Global mean surface ocean bulk (C:N:P =
387:26:1) and labile (C:N:P = 179:20:1) DOM stoichiometries are higher than Redfield
stoichiometry, with labile DOM stoichiometry similar to that of global mean surface ocean
particulate organic matter (C:N:P = 160:21:1) reported in a recent compilation. DOM
stoichiometry varies across ocean basins, ranging from 251:17:1 to 638:43:1 for bulk and 83:15:1
to 414:49:1 for labile DOM C:N:P, respectively. Surface ocean DOP exhibits larger relative
changes than DOC and DON, driving surface ocean gradients in DOC:DON:DOP stoichiometry.
Inferred autotrophic consumption of DOP helps explain intra- and inter-basin patterns of marine
DOM C:N:P stoichiometry, with regional patterns of water column denitrification and iron supply
influencing the biogeochemical conditions favoring DOP use as an organic nutrient. Specifically,
surface ocean marine DOM exhibits increasingly P-depleted stoichiometries from east to west in
the Pacific and from south to north in the Atlantic consistent with patterns of increasing P stress

and alleviated iron stress, respectively.

1. Introduction

The ocean plays a critical role in the global carbon cycle, holding about fifty times as much carbon
as does the atmosphere, and sequesters atmospheric carbon through its solubility and biological
pumps (Hain et al., 2014; DeVries, 2022). The marine biological pump starts in the euphotic zone
whereby phytoplankton transform inorganic carbon into organic matter through photosynthesis
(“marine primary production”), followed by vertical export of that organic matter to the deep ocean
(“marine export production”) (Emerson, 2014; Hain et al., 2014; DeVries, 2022). Decades of effort

have sought to understand the patterns and estimate the rates of marine primary production and
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export production (e.g., Behrenfeld & Falkowski, 1997; Westberry et al., 2008; Emerson, 2014;
DeVries & Weber, 2017). However, considerable uncertainty in and discrepancy between
estimates of marine primary productivity and export productivity still exist (Carr et al., 2006;
Emerson, 2014; Siegel et al., 2023). In particular, the fields of biological and chemical
oceanography are still working to describe the processes that support marine primary and export

production in subtropical gyres where inorganic nutrients are scarce (Emerson, 2014).

A range of nutrient sources have been evaluated for their potential to support marine productivity
in subtropical gyres where nitrate (NOs") and phosphate (PO4**) concentrations are often at or
below detection limits, yet rates of export production are comparable to more nutrient-replete
regions (Gruber et al., 1998; Keeling et al., 2004; Johnson et al., 2010; Emerson, 2014). Candidate
sources include subsurface inorganic nutrients entrained by a range of physical mechanisms
(Kadko & Johns, 2011; Stanley et al., 2015; Mahadevan, 2016) and/or by vertically migrating
phytoplankton (Villareal et al., 1993; Wirtz et al., 2022), atmospheric deposition (Baker et al.,
2003; Knapp et al., 2010; Jickells & Moore, 2015), biological di-nitrogen (N») fixation (Knapp et
al., 2016, 2018b, 2021), and organic nutrients (Torres-Valdés et al., 2009; Lomas et al., 2010;
Letscher et al., 2016; Knapp et al., 2018a). While all of these mechanisms are thought to contribute
to marine production under different conditions, here we focus on evaluating the role of organic
nutrients. Phytoplankton may utilize dissolved organic nitrogen (DON) or dissolved organic
phosphorus (DOP) either after heterotrophic degradation that releases inorganic nutrients that are
then assimilated, or by the direct assimilation of DON and/or DOP. A wide range of marine
phytoplankton species including cyanobacteria, coccolithophores, diatoms, and dinoflagellates
utilize DON and DOP directly when the supply of inorganic nutrients is not sufficient to meet their
demands (e.g., Dyhrman et al., 2006; Bronk et al., 2007; Berges & Mulholland, 2008; Orchard et
al., 2010; Kathuria & Martiny, 2011; Li et al., 2018; Zhang et al., 2020b; Duhamel et al., 2021).
For example, phytoplankton have been shown to release extracellular alkaline phosphatase and C-
P lyase metalloenzymes to exploit P in DOP molecules (Dyhrman et al., 2006; Duhamel et al.,
2021), while for DON, phytoplankton may use leucine aminopeptidase to access N in peptides
(Bronk et al., 2007; Berges & Mulholland, 2008; Zhang et al., 2020b). While the significance of
organic nutrients in supporting marine production is expected to vary spatially, modeling studies

suggest that DOP uptake by phytoplankton sustains >50% of annual net community production in

3
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the North Pacific and North Atlantic subtropical gyres (Torres-Valdés et al., 2009; Reynolds et al.,
2014; Letscher et al., 2016, 2022).

The preferential consumption of DON and DOP as nutrient sources stands in contrast to the
pressures on surface ocean dissolved organic carbon (DOC), which is primarily consumed by
heterotrophs. Consequently, the additional pressure on the DON and DOP pool by autotrophs is
expected to drive surface ocean DOM stoichiometry away from that of its source, autotrophic
production, and its associated “Redfield Ratio” stoichiometry (C:N:P = 106:16:1) (Redfield,
1934). Thus, interpreting variability in surface ocean dissolved organic matter (DOM)
stoichiometry may provide insight into conditions where utilization of DON and/or DOP supports
marine primary productivity. For instance, the bulk surface ocean DOC:DON:DOP ratio at Station
ALOHA in the North Pacific Ocean is ~350:24:1 (Foreman et al., 2019) and at the BATS station
in the North Atlantic Ocean is ~983:68:1 (Singh et al., 2015), both relatively depleted in N and P
compared with “Redfield” stoichiometry. Numerous additional observations and inversions
describing the variability in surface ocean organic matter stoichiometry have emerged in recent
years, often attributing the patterns to the plasticity of phytoplankton experiencing nutrient stress
(Martiny et al., 2013; Teng et al., 2014; DeVries & Deutsch, 2014; Galbraith & Martiny, 2015;
Inomura et al., 2022). However, most of these studies have investigated either marine particulate
or total organic matter. The examination of the patterns and causes of marine DOM stoichiometric
variability has been limited by the lack of global DON and DOP datasets, even though DOM is an
important component of the biological pump, accounting for ~20-25% of export productivity
(Carlson et al., 1994; Hopkinson & Vallino, 2005; Hansell et al., 2009; Letscher et al., 2015;
Roshan & DeVries, 2017; Siegel et al., 2023).

Here, we take advantage of new global surface ocean DOM datasets (Hansell et al., 2021; Liang
et al., 2022b) which permit evaluation of basin-scale trends in DOC, DON, and DOP distributions
and associated stoichiometry. The goals of this article are to: 1) describe basin-scale trends in
surface ocean DOM concentration and its C:N:P stoichiometry, and 2) evaluate mechanisms

consistent with inter-basin surface ocean DOM stoichiometric variability.
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2. Methods
2.1 DOC, DON and DOP concentration datasets

The DOC and DON concentration data are from a recent compilation of global ocean observations
from 1994 to 2021 (Hansell et al., 2021, version 1). The DOP concentration data are from the
DOPv2021 database, which contains DOP concentration observations from 1990 to 2020 (Liang
et al., 2022b). Only DOC concentration data marked with the “good” quality flag (WOCE bottle
flag = 2) were used, and similar data screening processes were used for the DON and DOP
concentration data. The remaining DOC, DON and DOP concentration data were binned onto the
OCIM2 model grid with 2°x2° horizontal resolution and 24 vertical layers (DeVries & Holzer,
2019; John et al., 2020) for further analysis. After gridding, there were 24,458 DOC concentration,
5,679 DON concentration, and 1,878 DOP concentration observations. Most DOM concentration
observations are from the upper ocean with 40% of DOC, 87% of DON, and 87% of DOP

observations from the upper 400 m.

2.2 Global ocean partitioning

To study variability in DOM stoichiometry across the surface ocean, we divided the global ocean
into 10 biogeochemical or geographical regions. First we partitioned the global ocean into 10
biogeochemical regions according to Teng et al., 2014 and Letscher et al., 2022. The boundaries
between regions correspond to the 0.3 uM surface ocean PO4* concentration contour. The regions
include the Atlantic Subarctic (AtlSub), the North Atlantic Subtropical Gyre (NASG), the Atlantic
equatorial region (EqAtl), the South Atlantic Subtropical Gyre (SASG), the Pacific Subarctic
(PacSub), the North Pacific Subtropical Gyre (NPSG), the Pacific equatorial region (EqPac), the
South Pacific Subtropical Gyre (SPSG), the Indian Ocean (IND), and the Southern Ocean (SO).
We also evaluated variability in DOM stoichiometry using geographical divisions, including the
Eastern North Atlantic (ENATL, 0° - 65° N and 45° W —10° E), the Eastern South Atlantic (ESATL,
0°-40° S and 20° W — 20° E), the Western North Atlantic (WNATL, 0° - 65° N and 45° W -100°
W), the Western South Atlantic (WSATL, 0° - 40° S and 20° W — 60° W ), the Eastern North
Pacific (ENPAC, 0° - 65° N and 70° E - 160° E), the Eastern South Pacific (ESPAC, 0° - 40° S
and 70° E - 160° E), the Western North Pacific (WNPAC, 0° - 65° N and 100° W - 160° E), the

5
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Western South Pacific (WSPAC, 0° - 40° Sand 100° W - 160° E), the Indian Ocean (Indian, 40°
S-25"Nand 20° E - 145° E), and the Southern Ocean (Southern, >40° S).

2.3 Calculation of bulk and labile surface ocean DOC:DON:DOP concentration ratios

Bulk and labile surface (<73 m) ocean DOC:DON:DOP concentration ratios were calculated for
each biogeochemical and geographical region. The upper 73 m was chosen to reflect the surface
ocean because the upper 73 m corresponds to the upper two vertical layers in the OCIM2 grid,
which are often used to represent the euphotic zone (DeVries & Holzer, 2019; Wang et al., 2019;
John et al., 2020; Letscher et al., 2022). For bulk DOC:DON:DOP concentration ratios, we
calculated the mean surface ocean bulk DOC, DON, and DOP concentrations in each region and
then used those to calculate mean DOC:DON:DOP concentration ratios in each region. For labile
DOC:DON:DOP concentration ratios, we subtracted the mean deep ocean bulk DOC, DON, and
DOP concentrations for each region from the mean surface ocean bulk DOC, DON and DOP
concentrations to get the mean surface ocean labile DOC, DON and DOP concentrations, and from
those the mean surface ocean labile DOC:DON:DOP concentration ratios were calculated for each
region. We assumed that the deep ocean DON concentration was 1.8 uM, which was taken as the
mean DON concentration in the deep ocean (>1000 m) according to Letscher & Moore, 2015, and
0.05 uM was taken as the mean deep ocean DOP concentration, which is the average deep ocean
(>1000 m) DOP concentration reported in the DOPv2021 database (Liang et al., 2022b). It is
known that deep ocean DOC concentrations decrease slightly along the global ocean conveyor belt
with highest DOC concentrations in the deep North Atlantic and lowest DOC concentrations in
the deep North Pacific (Hansell & Carlson, 1998b). Thus, we used different deep ocean DOC
concentrations to calculate surface labile DOC concentrations in each region. Concentrations of
deep ocean DOC were estimated at 44.4 uM in the North Atlantic, 41.5 uM in the South Atlantic,
39.6 uM in the Pacific, 42.2 uM in the Indian Ocean, and 41.9 uM in the Southern Ocean (Lonborg
et al., 2018). We did not include the Arctic Ocean in this study due to limited DOP concentration

observations from that basin.
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2.4 Relationships between bulk surface ocean DOC, DON and DOP concentrations and Net

Primary Productivity

We performed correlation analyses between gridded surface ocean bulk DOC, DON and DOP
concentrations and rates of net primary production (NPP) (mol C m~ yr'!") by applying a Type II
regression model in MATLAB with the function ‘gmregress’ (Trujillo-Ortiz & Hernandez-Walls,
2021). In order to test the robustness of the correlations between surface ocean bulk DOC, DON,
and DOP concentrations and rates of NPP, we used climatological NPP fields from two algorithms:
the Carbon-based Productivity Model (CbPM) (Westberry et al., 2008) and the Vertically
Generalized Productivity Model (VGPM) (Behrenfeld & Falkowski, 1997), both estimated from
SeaWiFS chlorophyll a observations. We did not include samples from the Arctic Ocean in this
correlation analysis because it is known that DOC concentrations in the Arctic are significantly
influenced by river discharge, an external source of DOC to the ocean (Anderson & Amon, 2015)

and because of limited DOP concentration observations from this basin.

3. Results

3.1 Global patterns in bulk surface ocean DOC, DON, and DOP concentration distributions
Concentrations of DOC in the surface ocean reflect the balance of their sources and sinks. The
primary source of DOC in the ocean is marine photosynthesis (Carlson & Hansell, 2015) with
secondary coastal inputs that are especially pronounced in the Arctic (Hansell et al., 2004; Benner
etal., 2005; Anderson & Amon, 2015) and other areas of significant riverine (Raymond & Spencer,
2015; Medeiros et al., 2015; Gledhill et al., 2022) and/or submarine groundwater discharge
(Connolly et al., 2020). Marine DOC is lost due to heterotrophic consumption (Hansell & Carlson,
1998b; Carlson & Hansell, 2015), which results in progressive decreases in DOC concentration
with depth and along circulation pathways (Hansell & Carlson, 1998b). Additionally, DOC can be
lost due to photolysis (Mopper et al., 2015) or hydrothermal circulation (Lang et al., 2006). Our
calculations of mean surface ocean DOC concentrations for each region based on the recent
compilation of global DOC concentration data (Hansell et al., 2021) reflect the impact of these
inputs, with relatively high concentrations, ~68 uM, in tropical and subtropical surface waters (40°
S —40° N), and relatively low concentrations in Southern Ocean surface waters, ~50 uM (Tables

1 & 2), consistent with previous observations and model output (Hansell et al., 2009; Roshan &

7
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DeVries, 2017). We also note that the standard deviations of mean surface ocean DOC
concentrations in the EqAtl are high (73.5+21.6 uM), potentially resulting from the seasonally
variable input of DOC from the Amazon River (Raymond & Spencer, 2015; Gledhill et al., 2022).

While marine DON and DOP have the same source as DOC, and they share the same sinks as
DOC listed above, they can also be consumed by autotrophs as assimilative sources of N and P.
Indeed, autotrophic consumption of DON and DOP in the surface ocean appears to be significant
in the subtropical gyres when inorganic forms of N and P are scarce (Mather et al., 2008; Letscher
et al.,, 2013, 2022). Regardless, variations in mean surface ocean DON concentration among
regions are modest, with concentrations typically between 4.2 and 5.3 uM (Tables 1 & 2), also
consistent with previous observations (Letscher et al., 2013; Knapp et al., 2011; Knapp et al., 2018;
Bif et al., 2022). Mean regional surface ocean DON concentrations in the EqAtl and EqPac were
5.3£1.1 uM and 4.5+0.8 uM, respectively. In the NPSG, mean surface ocean DON concentrations
were 4.4+0.4 uM and in the SPSG were 4.2+0.5 uM (Table 1). The lowest mean surface ocean
DON concentrations were found in the SO, 3.7+0.8 uM (Tables 1 and 2).

In contrast, mean bulk surface ocean DOP concentrations showed more variability than DOC or
DON, with higher mean concentrations associated with regions of elevated upwelling and new
production. For example, mean surface ocean DOP concentrations in the EqPac were 0.27+0.06
uM, and in the EqAtl were 0.20+0.07 uM, and were lower in subtropical gyres, 0.11£0.07 uM in
the NASG and 0.15+£0.07 uM in the SASG (Table 1), consistent with previous observations
(Bjorkman & Karl, 2003; Mather et al., 2008; Lomas et al., 2010; Hashihama et al., 2020; Liang
et al., 2022b). We note that the calculation of mean surface ocean DOP concentrations in the
AtlSub and IND were based on small data sets (n = 11 for AtlSub and n = 18 for IND) due to
limited observations from these two regions (Table 1). Additionally, DOP concentration
measurements in the AtlSub from the DOPv2021 database were collected at sites adjacent to the
NASG (Liang et al., 2022a), leading to potential bias. Further sampling for the Atlantic subpolar

region and Indian Ocean is required.

3.2 Variations in bulk surface ocean DOM stoichiometry in different biogeochemical regions
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Bulk surface (< 73 m) ocean DOC:DON:DOP concentration ratios varied among biogeochemical
regions (Figures 1a, b, ¢) (Table 3). DOC:DON concentration ratios in the different regions fell
into a relatively narrow range, increasing by ~25% from 13.0:1 to 16.1:1, higher than the canonical
Redfield ratio (C:N = 6.6:1), with relatively high DOC:DON concentration ratios found in the
subtropical gyres, similar to previously reported bulk DOC:DON concentration ratios (Bif et al.,
2022; Hansell & Carlson, 2001; Hopkinson & Vallino, 2005; Letscher & Moore, 2015). Bulk
surface ocean DOC:DON concentration ratios in the NPSG, SPSG, NASG and SASG fell within
a narrower range and were 15.5:1, 16.1:1, 14.6:1 and 15.3:1, respectively (Figure 1a) (Table 3).
Bulk DOC:DON concentration ratios in equatorial and subpolar regions were slightly lower,
15.0:1 in the EqPac, 13.7:1 in the PacSub, 13.9:1 in the EqAtl, 13.0:1 in the AtlSub, and 14.2:1 in
the SO (Figure 1a) (Table 3).

In contrast, bulk surface ocean DON:DOP concentration ratios were more variable than bulk
surface ocean DOC:DON concentration ratios, and increased by ~175% from 17:1 in the EqPac to
44:1 in the AtlSub (Figure 1b) (Table 3). Bulk surface ocean DON:DOP concentration ratios in
the PacSub were 21:1, in the SPSG were 22:1, and in the NPSG were 23:1 (Figures 1b, c) (Table
3). The Atlantic Ocean generally had higher DON:DOP concentration ratios than the Pacific. For
example, the bulk surface ocean DON:DOP concentration ratios in the EqAtl were 27:1, in the
SASG were 29:1, in the NASG were 43:1, and were 44:1 in the AtlSub (Figure 1b) (Table 3). We
note that the high bulk surface ocean DON:DOP concentration ratios in the AtlSub were
potentially biased by the limited DOP concentration observations in the region (n = 11, Table 1),
with most of the observations collected near the neighboring subtropical gyre (NASG) (Liang et
al., 2022b), which has elevated bulk surface ocean DOC:DOP and DON:DOP concentration ratios.
Finally, bulk surface ocean DON:DOP concentration ratios were 19:1 in the IND and 21:1 in the
SO (Figure 1b) (Table 3), intermediate between the EqPac and EqAtl values, and we also note that
the majority of the IND samples were collected near the SO (Liang et al., 2022b).

As was seen for bulk surface ocean DON:DOP concentration ratios, bulk surface ocean DOC:DOP
concentration ratios were also more variable than DOC:DON concentration ratios, and exhibited
a 150% range from a low of 251:1 in the EqPac to a high of 638:1 in the NASG. Bulk surface
ocean DOC:DOP concentration ratios in the PacSub were 293:1, and were higher in the NPSG and
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SPSG, 358:1 and 356:1, respectively (Figure 1c¢) (Table 3). As was seen for DON:DOP, bulk
surface ocean DOC:DOP concentration ratios in the Atlantic were higher than in the Pacific. In
the EqAtl the bulk DOC:DOP concentration ratios were 368:1, in the SASG were 450:1, in the
AtlSub were 573:1, and in the NASG were 638:1 (Figure 1c) (Table 3). Finally, bulk surface ocean
DOC:DOP concentration ratios were 281:1 and 291:1 in the IND and SO, respectively (Figure 1c)
(Table 3).

In summary, bulk surface ocean DOM concentration ratios were depleted in N and P compared
with the canonical Redfield ratio (C:N:P = 106:16:1), and ranged from 251:17:1 in the EqPac to
638:43:1 in NASG (Table 3), with a global mean of 387:26:1 . Smaller regional variations in bulk
DOC:DON concentration ratios were observed than in bulk DON:DOP and DOC:DOP
concentration ratios, which were largely driven by changes in DOP concentration. Two patterns in
bulk surface ocean DOM stoichiometry emerged: 1) bulk DON:DOP and DOC:DOP concentration
ratios were lower in the equatorial and subpolar regions than those in the subtropical gyres; and,
2) bulk surface ocean DON:DOP and DOC:DOP concentration ratios were higher in the Atlantic
than in the Pacific (Figures 1b, c) (Table 3).

3.3 Variations in bulk surface ocean DOM stoichiometry in different geographical regions
Variations in bulk surface ocean DOM stoichiometry were also evaluated among geographical
divisions of ocean basins, which allowed us to compare stoichiometric differences between the
Western and Eastern or Southern and Northern regions of the Atlantic and Pacific Oceans, which
are not apparent from the biogeochemical divisions (Figures 1d, e, f). In the Atlantic Ocean, bulk
surface ocean DOC:DON concentration ratios showed no notable differences between Western
and Eastern regions or Southern and Northern regions, which were 15.7:1 in the WNATL, 13.1:1
in the ENATL, 15.2:1 in the WSATL, and 14.3:1 in ESATL (Table 4). A similarly narrow range
in bulk surface ocean DOC:DON concentration ratios was found in the Pacific Ocean, which
ranged from 14.5:1 to 16.1:1 (Table 4). Bulk surface ocean DOC:DON concentration ratios in the
WNPAC, ENPAC, WSPAC, and ESPAC were 15.3:1, 14.5:1, 16.1:1, and 15.4:1, respectively
(Figures 1-3).
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Differences in bulk surface ocean DON:DOP concentration ratios in the Pacific were more
pronounced between the East and West than the North and South. In the ENPAC and ESPAC,
bulk surface ocean DON:DOP concentration ratios were 19:1 and 20:1, but increased to 25:1 and
27:1 in the WNPAC and WSPAC, respectively (Figure le) (Table 4). In contrast, differences
between bulk surface ocean DON:DOP concentration ratios were larger between the North and
South Atlantic regions compared to the Eastern and Western regions (Figure 1e) (Table 4). Bulk
surface ocean DON:DOP concentration ratios in the ESATL were 29:1 and in the WSATL were
31:1 while in the ENATL they were 39:1 and in the WNATL were 48:1 (Figure 1e) (Table 4).

Similar to DON:DOP, bulk surface ocean DOC:DOP concentration ratios had greater differences
between the Western and Eastern than between the Northern and Southern regions of the Pacific.
The bulk surface ocean DOC:DOP concentration ratios were 273:1 and 301:1 in the ENPAC and
ESPAC, respectively, while in the WNPAC they were 388:1 and in the WSPAC were 433:1
(Figure 1f) (Table 4). In contrast, differences in bulk surface ocean DOC:DOP concentration ratios
were larger between the North and South than between the East and West in the Atlantic Ocean
(Figure 1) (Table 4). Bulk surface ocean DOC:DOP concentration ratios in the ESATL were 413:1
and in the WSATL were 467:1 while in the ENATL they were 515:1 and in the WNATL they
were 755:1 (Figure 1f) (Table 4). The relatively high bulk DOC:DOP and DON:DOP
concentration ratios found in the WNATL are consistent with the very low DOP concentrations

previously observed in Sargasso Sea (Mather et al., 2008; Lomas et al., 2010).

To further identify potential large-scale gradients in bulk surface ocean DOM stoichiometry, we
calculated zonal-mean, bulk surface ocean DOC:DON, DON:DOP, and DOC:DOP concentration
ratios in the Pacific, and meridional-mean, bulk surface ocean DOC:DON, DON:DOP, and
DOC:DOP concentration ratios in the Atlantic Oceans (Figures 2 and 3). In both cases, we used a
robust, locally weighted regression (LOWESS) in R (Cleveland, 1979) to fit the points along the
line of latitude or longitude to capture the zonal or meridional trends. Mean bulk surface ocean
DOC:DON concentration ratios in the Pacific exhibited limited variability (~50%), ranging from
~12:1 to 18:1, but mean bulk surface ocean DON:DOP and DOC:DOP concentration ratios
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increased ~100% when comparing ratios West vs. East of 160° W (Figure 2). In particular, mean
bulk surface ocean DON:DOP concentration ratios increased from ~20:1 to ~40:1 from east to
west of 160° W and mean bulk surface ocean DOC:DOP concentration ratios increased from
~250:1 to ~500:1 from east to west of 160 "W (Figure 2). In the Atlantic Ocean, the most
pronounced DOM stoichiometric gradient occurred meridionally. While bulk surface ocean
DOC:DON concentration ratios in the Atlantic Ocean were relatively invariant around ~15:1, bulk
surface ocean DON:DOP and DOC:DOP concentration ratios increased ~100% from South to
North, reaching maxima of ~45:1 and ~700:1, respectively, between 20° N and 40° N compared to
ratios observed between 30° S to 20° S, ~25:1 and 350:1, respectively (Figure 3). The majority of
these increases in DON:DOP and DOC:DOP concentration ratios were driven by decreasing DOP

concentrations between the South and North Atlantic.

In summary, two patterns were identified from the geographical divisions that were not clear from
the biogeochemical divisions: 1) bulk surface ocean DOC:DON:DOP concentration ratios
increased from ~250:20:1 in the East to ~500:40:1 in the West in the Pacific Ocean, and, 2) bulk
surface ocean bulk DOC:DON:DOP concentration ratios increased meridionally from South to

North in the Atlantic Ocean to maxima of ~700:45:1 between 20° N and 40° N.

3.4 Relationships between surface ocean DOM concentrations and rates of NPP

To evaluate patterns in DOM production and consumption, we calculated correlations of bulk
surface ocean DOC, DON, and DOP concentrations vs. satellite-derived rates of NPP using the
Carbon-based Productivity Model (CbPM) (Westberry et al., 2008). Given that NPP is the primary
source of DOM to the surface ocean (Carlson & Hansell, 2015), it is not surprising that bulk surface
ocean DOC, DON, and DOP concentrations are all statistically significantly correlated with rates
of NPP (Figure 4). Indeed, similar results have been previously observed for DOC (Hansell &
Carlson, 1998a), DON (Knapp et al., 2018a; Zhang et al., 2020a), and DOP (Liang et al., 2022a).
However, since DON and DOP are also quantitatively important assimilative nutrient sources for
autotrophs, their correlations are not as strong as between DOC and NPP rate estimates; the

correlations between bulk surface ocean DOC, DON, and DOP concentrations and CbPM-derived
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rates of NPP had R? = 0.41, p <0.0000001, R? = 0.28, p <0.0000001, and R? = 0.09, p <0.0000001,
respectively, evaluated using Type II regression model (reduced major axis regressions) (Figure
4). Importantly, the y-intercepts for the relationships between bulk surface ocean DOC and DON
concentrations and CbPM-derived NPP rates were 46 uM and 2.8 uM, respectively, consistent
with the concentration of deep ocean (>1000 m), “refractory” DOC and DON calculated from the
DOC and DON concentrations database (Hansell et al., 2021) (Table 5). However, the y-intercept
for the relationship between bulk surface ocean DOP concentration and CbPM-derived NPP rates
was a small negative number (-0.05 pM), which is nonsensical. We note that a number of surface
ocean DOP concentration data from the North Atlantic fall below the best fit regression line while
data from the Eastern Pacific fall above the line, contributing to the negative intercept (Figure 4c).
Low DOP concentrations were observed in the North Atlantic, consistent with previous
observations of elevated rates of DOP consumption due to elevated PO4* stress (Dyhrman et al.,
2006; Van Mooy et al., 2009; Lomas et al., 2010; Sohm & Capone, 2010; Liang et al., 2022a),
which contributes to the negative y-intercept. To address this issue but still capture the relationship
between estimated rates of NPP and bulk surface ocean DOP concentrations, we set the intercept
to 0.05 uM, which corresponds to the deep ocean (>1000 m) DOP concentration observed at
Station ALOHA (Foreman et al., 2019) as well as that calculated from the DOPv2021 database

(Liang et al., 2022b), and then refitted the linear regression.

After forcing the y-intercept of the regression between surface ocean DOP concentration and
CbPM estimated rates of NPP through 0.05 uM, the ratios of the three slopes in Figures 4a, b and
c are C:N:P = 173:15.5:1, and the ratio of the y-intercepts is 920:56:1. Here, we consider the
stoichiometry of the y-intercepts to reflect the DOC:DON:DOP concentration ratios of
“refractory”, or deep-ocean DOM, where rates of NPP = 0. In contrast, the ratio of the slopes can
be considered the DOC:DON:DOP concentration ratio of “labile” surface ocean DOM, or the
stoichiometry of the incrementally added DOM that results from increasing rates of NPP. Using
the VGPM NPP product (Behrenfeld & Falkowski, 1997) did not meaningfully alter the strength
of the correlation between DOC, DON, and DOP concentrations vs. rates of NPP (R? = 0.36, p <
0.0000001 for DOC vs. NPP, R? = 0.28, p < 0.0000001 for DON vs. NPP, and R? = 0.07, p <
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0.0000001 for DOP vs. NPP ), or the labile or refractory DOM C:N:P ratios calculated from this
method (Table 5). Our labile DOC:DON:DOP concentration ratios calculated by this approach are
also similar to those reported in Hopkinson & Vallino, 2005, 199:20:1. However, our refractory
DOC:DON:DOP concentration ratios are much lower than those that reported in Hopkinson &
Vallino, 2005, 3511:202:1, probably in part due to the majority of their samples being collected
in the North Atlantic, where the highest global ocean bulk DON:DOP and DOC:DOP
concentration ratios and lowest DOP concentrations are found (Figure 1). However, our refractory
DOC:DON:DOP concentration ratios calculated by this approach are consistent with the carefully
measured deep ocean DOC:DON:DOP concentration ratios via improved methods at Station

ALOHA, C:N:P =760:45:1 (Foreman et al., 2019) .

3.5 Variations in labile surface ocean DOM stoichiometry in different biogeochemical
regions

Correlations between surface ocean DOC, DON, and DOP concentrations and rates of NPP
indicate that DOC, DON and DOP can be divided into labile and refractory pools, and here we
specifically explore the stoichiometry of labile surface ocean DOM. Removing the “inertia” of the
recalcitrant DOM from surface ocean stoichiometry allows us to focus on variability associated
with DOC:DON:DOP production and consumption patterns unique to biogeochemically and
geographically defined regions. Here we estimate labile surface ocean DOC, DON, and DOP
concentrations by subtracting the mean deep ocean concentrations from the mean surface ocean
concentrations, as has been done previously (Lenborg et al., 2018; Letscher et al., 2022). We find
that regional variations in labile surface ocean DOM stoichiometry are similar to those observed
for bulk surface ocean DOM stoichiometry, with generally lower ratios found in the equatorial and
subpolar regions and higher concentration ratios found in the subtropical gyres (Figures 5a, b, c)
(Table 6). Additionally, labile surface ocean DOM had higher DON:DOP and DOC:DOP
concentration ratios but lower DOC:DON concentration ratios in the Atlantic Ocean than in the

Pacific Ocean (Figures Sa, b, ¢) (Table 6).

Broadly speaking, labile surface ocean DOC:DON concentration ratios were lower, and thus closer
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to the “Redfield” C:N ratio of 6.6:1 than the bulk DOC:DON concentration ratios, and ranged from
5.4:1 to 12.0:1, or spanned a ~100% range, a larger dynamic range than was observed for bulk
surface ocean DOC:DON concentration ratios. Specifically, in the IND and SO, labile surface
ocean DOC:DON concentration ratios were 9.2:1 and 5.4:1, respectively (Figure 5a) (Table 6). In
the EqPac and EqAtl, labile surface ocean DOC:DON concentration ratios were 10.6:1 and 8.4:1,
respectively, and in the PacSub and AtlSub were 8.1:1 and 7.0:1, respectively (Figure 5a) (Table
6). In the NPSG and SPSG, labile surface ocean DOC:DON concentration ratios were 11.0:1 and
12.0:1, respectively, and in the NASG and SASG they were 8.5:1 and 9.8:1, respectively (Figure
5a) (Table 6).

As was seen for labile surface ocean DOC:DON concentration ratios, labile surface ocean
DON:DOP concentration ratios were also lower than was seen in the bulk pool, ranged from 12:1
to 50:1, and thus were closer to the “Redfield” N:P ratio of 16:1. Generally, labile surface ocean
DON:DOP concentration ratios were lowest near regions of significant upwelling and/or new
production, and were higher in the subtropical gyres. For example, in the EqPac and EqAtl, labile
surface ocean DON:DOP concentration ratios were 12:1 and 23:1, respectively, and in the IND
and SO were both 15:1 (Figure 5b) (Table 6). In the PacSub and AtlSub, labile surface ocean
DON:DOP concentration ratios diverged between the basins, and were 17:1 and 50:1, respectively.
However, this Atlantic/Pacific difference needs further investigation due to limited DOP
observations in the AtlSub (n=11, Table 1). This Atlantic/Pacific difference is also observed in the
subtropical gyres, with NPSG and SPSG labile surface ocean DON:DOP concentration ratios of
19:1 and 17:1, respectively, while in the SASG and NASG they were 26:1 and 49:1, respectively.
We note that labile surface ocean DON:DOP concentration ratios in the EqPac are lower than the
canonical Redfield ratio, 12:1, which has not been reported before and is lower than the reported

PON:POP ratios of ~22:1 in the Pacific equatorial region (Lee et al., 2021).

Similar to DOC:DON and DON:DOP, mean labile surface ocean DOC:DOP concentration ratios
observed in the biogeochemical regions were lower than the bulk surface ocean DOC:DOP

concentration ratios, and ranged from 83:1 to 414:1 (Table 6), and thus were closer (and sometimes
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even lower than) the “Redfield” C:P ratio of 106:1. As was seen previously, lower mean labile
surface ocean DOC:DOP concentration ratios were observed in regions associated with upwelling
and higher rates of NPP, and increased in the subtropical gyres. Specifically, in the EqPac and
EqAtl, the mean labile surface ocean DOC:DOP concentration ratios were relatively low, 127:1
and 195:1, respectively, similar to those in the IND and SO, 138:1 and 83:1, respectively (Figures
5c) (Table 6). Labile surface ocean DOC:DOP concentration ratios increased in the subpolar gyres,
139:1 in the PacSub and 346:1 in the AtlSub (Figure 5¢) (Table 6). In the NPSG and SPSG, labile
surface ocean DOC:DOP concentration ratios were both 209:1 and in the NASG and SASG they
were 414:1 and 254:1, respectively (Figure 5c) (Table 6). In the SO, labile surface ocean
DOC:DOP and concentration ratios (C:P = 83:1) were also lower than the canonical Redfield ratio.
However, lower-than Redfield POM C:P ratios have also been reported from the Southern Ocean
in previous work (POM C:P =91:1in Teng et al., 2014, and POM C:P =61:1 - 190:1 in Lee et al.,
2021).

In summary, labile surface ocean DOC:DON:DOP concentration ratios ranged from 83:15:1 to
414:49:1 among biogeochemically divided regions, with a global mean of 179:20:1, and with
typically lower stoichiometric ratios than in the bulk pool, with the low DOP concentrations
observed in the NASG and AtlSub driving maxima in labile DON:DOP and DOC:DOP

concentration ratios (Figure 5) (Table 6).

3.6 Variations in surface ocean labile DOM stoichiometry in different geographical

regions

Regional variations in labile surface ocean DOM stoichiometry in the geographical regions are
similar to those observed in the biogeochemical regions, with concentration ratios closer to the
canonical Redfield ratio than the bulk DOM concentration ratios observed in the same regions
(Figures 5d, e, f) (Table 7). As was apparent in the bulk surface ocean DOM stoichiometry, the
geographical divisions again highlight labile DOM stoichiometric gradients between the Eastern

and Western Pacific, and between the Southern and Northern Atlantic Oceans.
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Surface ocean labile DOC:DON concentration ratios in the geographical regions ranged from 4.8
to 12.1, and were generally lower near regions of elevated rates of NPP, most notably in the
Southern region where labile surface ocean DOC:DON concentration ratios were 4.8:1 (Table 7).
In the Pacific Ocean, we found no notable differences in labile surface ocean DOC:DON
concentration ratios between the Northern and Southern or Eastern and Western geographic
regions. Surface ocean labile DOC:DON concentration ratios in the ENPAC and ESPAC were
9.6:1 and 10.9:1, respectively, and in the WNPAC and WSPAC were 10.6:1 and 12.1:1,
respectively (Table 7). In the Atlantic Ocean, differences in labile surface ocean DOC:DON
concentration ratios are also small. In the ENATL and ESATL, labile surface ocean DOC:DON
concentration ratios were 7.1:1 and 8.9:1, respectively and in the WNATL and WSATL labile

surface ocean DOC:DON concentration ratios were 10.5:1 and 10.1:1, respectively.

Similar to bulk surface ocean DON:DOP concentration ratios, labile surface ocean DON:DOP
concentration ratios, which ranged from 14:1 to 58:1, were more variable than labile surface ocean
DOC:DON concentration ratios. However, labile surface ocean DON:DOP concentration ratios
were not meaningfully lower than bulk surface ocean DON:DOP ratios. Relatively low labile
surface ocean DON:DOP concentration ratios were observed in the Indian and SO, 14.8 and 19.3,
respectively (Figure 5) (Table 7). In the Pacific Ocean, there were larger differences between labile
surface ocean DON:DOP concentration ratios in the East vs. West than between the North vs.
South, similar to the bulk pool (Figure 5). Labile surface ocean DON:DOP concentration ratios in
the ENPAC and ESPAC were both 14:1 but increased to 22:1 in the WNPAC and WSPAC (Figure
5) (Table 7). In the Atlantic the difference in labile surface ocean DON:DOP concentration ratios
was most pronounced between the North vs. South. The ESATL and WSATL had labile surface
ocean DON:DOP concentration ratios of 26:1 and 27:1, while the ENATL and WNATL had labile

surface ocean DON:DOP concentration ratios of 42:1 and 58:1, respectively (Figure 5) (Table 7).

Similar patterns were observed for labile surface ocean DOC:DOP concentration ratios, which
ranged from 93:1 to 610:1, and were generally higher in the Western vs. Eastern Pacific, and
Northern vs. Southern Atlantic. Again, the lowest labile surface ocean DOC:DOP concentration
ratios were found in the Southern and IND regions, 93:1 and 135:1, respectively. In the Pacific
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Ocean, labile surface ocean DOC:DOP concentration ratios in the ENAPC and ESPAC were 134:1
and 154:1, respectively, and increased to 228:1 and 270:1 in the WNPAC and WSPAC,
respectively (Figure 5) (Table 7). In the Atlantic Ocean, the labile surface ocean DOC:DOP
concentration ratios in the ESATL and WSATL were 228:1 and 276:1, while in the ENATL and
WNATL they were 299:1 and 610:1, respectively (Figure 5) (Table 7).

In summary, the labile surface ocean DOC:DON:DOP concentration ratios in the geographically
defined regions ranged from 93:19:1 in the Southern Ocean to 610:58:1 in the WNATL (Table 7),
and were typically closer to “Redfield” stoichiometry than the bulk surface ocean DOC:DON:DOP
concentration ratios (268:19:1 to 745:47:1) (Table 4). Labile surface ocean DON:DOP and
DOC:DOP stoichiometry shared similar patterns to their bulk counterparts, and increased from
East to West in the Pacific Ocean and from South to North in the Atlantic Ocean, with the highest
labile surface ocean DON:DOP and DOC:DOP stoichiometry found in the Sargasso Sea (20° N —
40° N ) of the WNATL.

4. Discussion
4.1 Variability in bulk surface ocean DOM stoichiometry driven by changes in surface

ocean DOP concentrations

Previous work has examined variability in bulk surface ocean DOC and DON concentrations as
well as their concentration ratios, finding relatively small variations in DON concentrations and
DOC:DON concentration ratios (Hansell & Carlson, 2001; Letscher et al., 2013; Sipler & Bronk,
2015; Bif et al., 2022). We similarly find relatively low variability in both bulk and labile surface
ocean DOC:DON concentration ratios (Figures 1 & 4) (Tables 1-6). Evaluating bulk global surface
ocean DOC and DON concentration data together with new DOP concentration data (Liang et al.,
2022b), we find that bulk and labile surface ocean DON:DOP and DOC:DOP concentration ratios
vary more than bulk and labile surface ocean DOC:DON concentration ratios, indicating that
variations in DON:DOP and DOC:DOP concentration ratios are driven by the relatively wide
range in DOP concentrations compared to the ranges in surface ocean DOC and especially DON
concentrations (Figures 1 and 4) (Tables 3-7). Indeed, according to the global ocean DOC, DON
and DOP concentration datasets (Hansell et al., 2021; Liang et al., 2022b), the typical range in
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bulk surface ocean DOC, DON and DOP concentrations are 40 — 80 uM, 3 — 6 uM and 0.05 — 0.6
uM, respectively. These concentration ranges correspond to a 100% increase between typical
surface ocean DOC and DON minimum and maximum concentrations, but a 1100% increase
between the typical minimum and maximum surface ocean DOP concentrations. Thus, the order
of magnitude larger variability in bulk surface ocean DOP concentrations relative to bulk surface
ocean DOC and DON concentrations corresponds to the higher variability in surface ocean
DON:DOP and DOC:DOP concentration ratios relative to bulk surface ocean DOC:DON

concentration ratios.

We hypothesize that high variability in bulk surface ocean DON:DOP and DOC:DOP
concentration ratios is driven by the changes in DOP concentrations due to DOP consumption by
phytoplankton in the surface ocean. To evaluate this, we compared bulk surface ocean DON:DOP
and DOC:DOP concentration ratios with a model product of the estimated fraction of annual net
community production (ANCP) supported by DOP consumption (Letscher et al., 2022) in different
biogeochemical regions (Figure 6). Although no correlation for the global data set was found, we
found positive correlations between bulk surface ocean DOC:DOP concentration ratios and the
model-estimated fraction of ANCP supported by DOP consumption for points in the Pacific Ocean
(R?=0.89, slope = 1347, p<0.05) as well as separately for the Atlantic Ocean (R?>=0.85, slope =
1987, p <0.05) (Figure 6). Similarly, positive correlations between DON:DOP concentration ratios
and the model estimated fraction of ANCP supported by DOP consumption were also found for
points in the Pacific Ocean (R?>=0.88, slope = 68, p<0.05) and separately for the Atlantic Ocean
(R?=0.67, slope = 147, p<0.05) (Figure 6). These positive correlations between bulk surface ocean
DOC:DOP or DON:DOP concentration ratios and the fraction of ANCP supported by DOP
consumption by surface ocean phytoplankton supports the conclusion that DOP consumption by
phytoplankton is the major contributor to changes in bulk surface ocean DOP concentrations, and
the associated changes in bulk surface ocean DOC:DOP and DON:DOP concentration ratios. We
interpret the higher bulk surface ocean DOC:DOP and DON:DOP concentration ratios and
associated y-intercepts in Figure 6 for the Atlantic Ocean relative to the Pacific to imply that the

Atlantic Ocean has a more P-depleted ‘preformed’ character relative to the Pacific Ocean,
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consistent with elevated rates of dissimilatory N loss in the Pacific vs. Atlantic (see section 4.2
below). Quantitatively, the slopes above suggest that for a 10% increase in the fraction of ANCP
supported by DOP consumption in the Atlantic Ocean, DON:DOP and DOC:DOP concentration
ratios increase by 15:1 and 135:1, respectively. In the Pacific Ocean, DON:DOP and DOC:DOP
concentration ratios increase by 7:1 and 15:1, respectively, with a 10% increase in the fraction of
ANCP supported by the DOP consumption. We suggest that these relatively large changes in
surface ocean DOP concentrations due to autotrophic DOP consumption contribute to the zonal
and meridional mean trends in bulk and labile surface ocean DON:DOP and DOC:DOP
concentration ratios observed in the Pacific Ocean and Atlantic Ocean, respectively (Figures 3 and

4), which are explored further below.

4.2 Linkage between bulk and labile surface ocean DOM stoichiometry and water column
denitrification in the Pacific Ocean

As reported here, the Pacific Ocean experiences greater West to East variability in bulk and labile
surface ocean DOM stoichiometry than between the North and South (Figure 1) (Tables 3 and 4).
In particular, higher bulk surface ocean DOP concentrations are observed East vs. West of ~160°
W (Figure 2). These gradients in bulk surface ocean DOP concentration correspond to large
gradients in bulk and labile surface ocean DON:DOP and DOC:DOP stoichiometry zonally across
the Pacific Ocean, with lower ratios in the Eastern vs. Western Pacific Ocean (Figure 2). Previous
work has suggested that zonal changes in DOP concentration across the Pacific can be attributed
to the net production and accumulation of DOP in surface waters over oxygen deficient zones
(ODZs), driven by dissimilatory NO3~ consumption in suboxic subsurface waters (Liang et al.,
2022a). The ODZs of both the Eastern Tropical North Pacific (ETNP) and Eastern Tropical South
Pacific (ETSP) support significant rates of water column denitrification and/or anaerobic
ammonium oxidation (Ward et al., 2009; Chang et al., 2010, 2012; DeVries et al., 2012) (Figure
2). The resulting supply of a relative excess of POs* compared to NO3 and “Redfieldian”
phytoplankton demands in waters upwelled to the surface puts low pressure on the DOP pool as
an assimilative source of P, and allows accumulated DOP to be advected west, where slow but

progressive DOP consumption gradually reduces bulk surface ocean DOP concentrations (Liang
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et al., 2022a). At basin scales, this corresponds to zonal increases in bulk surface ocean DON:DOP

and DOC:DOP concentration ratios from East to West (Figure 2).

In addition to direct measurements and modeled estimates of rates of water column
denitrification and anammox, geochemical tracers such as “P*”, where P* = ([PO4*] — [NOs"
1/16), record the effects of water column denitrification and/or anaerobic ammonium
oxidation (Deutsch et al.,, 2007). Here we compare modeled rates of water column
denitrification (Wang et al., 2019) and zonally averaged surface ocean P* values calculated
using World Ocean Atlas 2013 nutrient data (Garcia et al., 2013) with zonal trends in bulk
surface ocean DON:DOP and DOC:DOP concentration ratios (Figure 7). Results show that
Spearman’s correlation coefficients for both zonal mean bulk surface ocean DON:DOP and
DOC:DOP concentration ratios vs. rates of water column denitrification are -0.58 (p < 0.001).
Similarly, Spearman’s correlation coefficients for both zonal mean bulk surface ocean
DON:DOP and DOC:DOP concentration ratios vs. P* are -0.55 (p < 0.001), indicating
significant negative correlations between zonal trends of bulk surface ocean DON:DOP and
DOC:DOP concentration ratios and rates of water column denitrification and P* in the Pacific
Ocean (Figure 7). Similar results are found when comparing labile surface ocean DOM
stoichiometry with P* and modeled denitrification rates (Spearman’s correlation coefficients
=-0.56, p< 0.001 for labile DON:DOP/DOC:DOP vs. rates of water column denitrification
and Spearman’s correlation coefficients = -0.53, p< 0.001 for labile DON:DOP/DOC:DOP
vs. P*).

The linkage between the surface ocean DOM stoichiometry and water column denitrification
rates is also apparent when comparing patterns in DOM stoichiometry in the Pacific Ocean
with the Atlantic Ocean. The minimum oxygen concentration in the water column in the
Eastern Atlantic is not low enough to enable denitrification (Zehr & Ward, 2002; Paulmier &
Ruiz-Pino, 2009; DeVries et al., 2012), which results in a reduced supply of excess PO4*" to
surface waters relative to the supply of NOs3  and Redfieldian phytoplankton demands.
Without significant rates of dissimilatory N loss in the water column of the Eastern Atlantic
reducing pressure on the surface ocean PO4*", and thus DOP pools, we do not observe
significant zonal gradients in bulk and labile DON:DOP and DOC:DOP concentration ratios

between the Eastern and Western Atlantic (Figure 1). Instead, we observe relatively elevated
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bulk surface ocean DON:DOP concentration ratios in the Eastern Atlantic (~30:1-40:1)
relative to the Eastern Pacific, 19:1 (Table 4), with similar trends observed for bulk surface
ocean DOC:DOP concentration ratios (Table 4). We interpret this to result from increased
pressure on the DOP pool in the Eastern Atlantic due to higher PO4*" stress. Consequently, we
argue that water column denitrification in the ETNP and ETSP leaves a signature in bulk and
labile surface ocean DOM stoichiometry that effectively leads to a “subsidy” of DOP in
Pacific surface waters that may support elevated rates of carbon and nitrogen fixation

compared to the Atlantic.

Although low surface ocean PO4*" concentrations and thus elevated P stress are the primary
drivers of DOP consumption, recent work suggests that alleviated iron stress can enhance surface
ocean DOP consumption (Liang et al., 2022a). In Figure 7 we overlay the zonal trends of 12
modeled dust deposition rates (Xu & Weber, 2021), as well as satellite derived NPQ-corrected
Psat» @ Temote-sensing based estimate of iron stress experienced by phytoplankton (Behrenfeld et
al., 2009; Liang et al., 2022a), to explore their relationships with surface ocean DOP
distributions. Since modeled dust deposition patterns and rates are highly dependent on model
choice, we consider the dust deposition output from 12 different atmospheric models (Xu &
Weber, 2021). These 12 atmospheric models include 10 models from the AEROCOM Phase 11
Intercomparison project and two estimates from Mahowald et al., 2005 and Zhang et al., 2015.
NPQ-corrected ¢, has been used to indicate iron stress experienced by marine phytoplankton
(Behrenfeld et al., 2009; Browning et al., 2014; Hopwood et al., 2018; Lee et al., 2021; Liang et
al., 2022a) based on phytoplankton photochemical and physiological relationships (Behrenfeld &
Milligan, 2013), where higher NPQ-corrected ¢g,; values correspond to elevated iron stress faced
by phytoplankton. We find that dust deposition rates increase and NPQ-corrected ¢, decreases
from East to West across the Pacific Ocean (Figure 7). Gradients in both metrics suggest that
phytoplankton experience less iron stress in the Western than Eastern Pacific Ocean, consistent
with observations that iron limits phytoplankton growth (Mahowald et al., 2005; Moore et al.,
2013; Ustick et al., 2021) and nitrogen fixation rates (Knapp et al., 2016) in the Eastern Pacific
Ocean. We note that hydrothermal vents along the Tonga-Kermadec Ridge in the Western Pacific
Ocean are another potential source of iron in addition to dust deposition (Guieu et al., 2018). Thus,

we interpret the increasing bulk and labile surface ocean DON:DOP and DOC:DOP stoichiometry
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from East to West in the Pacific Ocean to result from progressive DOP consumption, in particular

as PO4* stress increases and iron stress decreases zonally.

4.3 Linkage between bulk and labile DOM stoichiometry and iron supply in the Atlantic
Ocean

Here we explore potential causes of the meridional as opposed to zonal gradients in bulk and
labile surface ocean DOM stoichiometry observed in the Atlantic Ocean. In the Atlantic
Ocean the maxima in bulk and labile surface ocean DON:DOP and DOC:DOP concentration
ratios were found in the Sargasso Sea (20° N- 40° N) (Figures 3 and 8), coincident with the
extraordinarily low DOP concentrations previously observed in this region, ~50 nM (Mather
et al., 2008; Lomas et al., 2010; Liang et al., 2022b) (Figure 3). Indeed, the Sargasso Sea is the
region where the highest bulk and labile surface ocean DON:DOP and DOC:DOP
stoichiometry is found not just in the Atlantic Ocean, but in the global ocean (Figures 1 and
2), highlighting the unique nature of this region . Previous work suggested that enhanced DOP
consumption in this region occurs when phytoplankton face increased PO4*" stress but iron
stress is alleviated (Liang et al., 2022a). Similar to our analysis in the Pacific Ocean, we use
meridionally-averaged, modeled dust deposition rates (Xu & Weber, 2021), NPQ-corrected
¥sar (Behrenfeld et al., 2009; Liang et al., 2022a), and surface ocean P* calculated from World
Ocean Atlas 2013 (Garcia et al., 2013) to evaluate iron and PO4* stress, respectively, in the

Atlantic Ocean.

The minima in Atlantic surface ocean P* is found between 20° N and 40° N (Figure 8), indicative
of elevated PO4* stress in this region. The maxima of dust deposition rates estimated from the 12
models converged between 0° and 20° N, and NPQ-corrected ¢, also decreases between 20° N
and 40° N (Figure 8), suggesting reduced iron stress in this region. The maxima of DOC and DON
concentrations in the Atlantic Ocean were also found between 0° N and 20° N, consistent with
regional dust fertilization of phytoplankton (Figures 3 & 8). However, no notable increase in DOP
concentrations are observed between 0° and 20° N, and the maxima in DON:DOP and DOC:DOP
concentration ratios are found between 20° N and 40° N. We interpret these meridional trends to
indicate that reduced iron stress from dust deposition enhances primary productivity to the extent

that phytoplankton can access adequate N and P, from either inorganic or organic sources. Between
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20° N to 40° N, consumption of DOP increases due to elevated PO43" stress, with a resulting
surface ocean DOM stoichiometric signature of extraordinarily elevated bulk and labile DON:DOP
(up to ~58:1) and DOC:DOP (up to ~745:1) concentration ratios (Figure 8). We suggest that other
regions with relatively elevated bulk and labile surface ocean DON:DOP (~27-30:1) and
DOC:DOP (~400:1) concentration ratios, e.g., the Western North and South Pacific and Western
South Atlantic (Figures 1 and 5) (Tables 3,4, 6 & 7) would continue to draw down surface ocean

DOP concentrations if iron were more abundant.

4.4 Comparison between surface ocean DOM and POM stoichiometry

Finally, we compare our results in bulk and labile surface ocean DOM stoichiometry with POM
stoichiometry. Recent studies show that surface ocean POM C:N:P stoichiometry exhibits regional
variability depending on nutrient stress and phytoplankton community composition (Teng et al.,
2014; Galbraith & Martiny, 2015; Lomas et al., 2021; Inomura et al., 2022). Here, we use recent
global POM concentration datasets (Martiny et al., 2014; Tanioka et al., 2022) to calculate surface
ocean POC:PON:POP stoichiometry in the same 10 biogeochemical regions (Table S1) and
compare them with the bulk and labile surface ocean DOC:DON:DOP stoichiometry (Figure 9).
First, we find that bulk DOC:DON concentration ratios (C:N = 14.6:1) are higher than labile
DOC:DON and POC:PON concentration across all regions, with labile DOC:DON and POC:PON
concentration ratios more similar to each other, mean of 8.9:1 for labile DOC:DON and 7.7:1 for
POC:PON (Figure 9) (Table S1). These results suggest that labile DOM and POM are produced
with similar C:N ratios, with refractory DOM becoming more depleted in N either from
preferential remineralization (Letscher & Moore, 2015, Knapp et al., 2018), and/or potentially
accumulating DOC from another source (McCarthy et al., 2004). We also note that labile
DOC:DON concentration ratios are systematically higher than POC:PON concentration ratios in
the Pacific than Atlantic Ocean (Figure 9). We hypothesize that this results from preferential loss
of surface ocean DON resulting from increased pressure on the surface ocean DON pool due to
dissimilatory inorganic N loss in the ODZs of the Eastern Pacific (Knapp et al., 2018a; Bif et al.,
2022), although additional field work would help evaluate this possibility.

Additionally, we find that labile DOM, bulk DOM, and POM have similar N:P stoichiometry

across different biogeochemical regions, with the exception of the NASG, where labile and bulk
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DON:DOP stoichiometry (N:P = 43:1 for bulk DOM and N:P=49:1 for labile DOM) exceed
PON:POP stoichiometry (N:P =31:1) (Figure 9) (Table S1), suggesting that the NASG is a unique
region with significant DOP consumption by phytoplankton. Typically, bulk DOC:DOP
stoichiometry (global mean of 387:1) is higher than labile DOC:DOP and POC:POP stoichiometry
(global mean of 179:1 for labile DOC:DOP and global mean of 160:1 for POC:POP), which are
similar across the different biogeochemical regions (Figure 9). However, the NASG exhibits
higher labile DOC:DOP stoichiometry (C:P = 638:1) than POC:POP (C:P = 285:1), which we
hypothesize results from autotrophic DOP consumption. We argue that the reduced P* and
elevated dust deposition to the NASG sets it apart in the global ocean and places extreme pressure
on the surface ocean DOP pool as alternative autotrophic nutrient sources, consistent with previous
studies on DOP cycling in the Sargasso Sea (Mather et al., 2008; Van Mooy et al., 2009; Lomas
et al., 2010; Orchard et al., 2010; Sohm & Capone, 2010; Reynolds et al., 2014).

5. Conclusion

In this work we describe global patterns in surface ocean DOC:DON:DOP stoichiometry using
updated global ocean DOC, DON and DOP concentration datasets (Hansell et al., 2021; Liang et
al., 2022b). We find that bulk and labile surface ocean DOC:DON stoichiometry exhibit the least
spatial variability, consistent with prior work (Hansell & Carlson, 1998a, 2001; Bif et al., 2022),
although the labile DOC:DON stoichiometry is closer to the “Redfield” 6.6:1 C:N stoichiometry
(on average ~8.9:1) than bulk DOC:DON stoichiometry (on average ~14.6:1). Additionally,
significant differences in bulk and labile surface ocean DON:DOP and DOC:DOP stoichiometry
were observed within and among ocean basins, whether divided based on biogeochemical or
geographical boundaries, and we argue that these trends are driven by the significant rates of water
column denitrification occurring in the eastern tropical Pacific, and because of the high rates of
atmospheric dust deposition to the tropical North Atlantic. Specifically, we find that bulk and labile
surface ocean DON:DOP and DOC:DOP stoichiometry increase from the East to West in the
Pacific as a result of increasing pressure on the DOP pool as surface waters transit westwards in
the basin (Liang et al., 2022a). In the Atlantic, meridional increases in bulk and labile surface
ocean DON:DOP and DOC:DOP stoichiometry from the South to the North are coincident with
regions of low iron stress and high PO4* stress, and the lowest concentrations of surface ocean

DOP observed globally. These observations illustrate the geochemical expression of subsurface
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(i.e., denitrification) and atmospheric (dust deposition) processes on surface ocean organic matter
stoichiometry. We stress that these observations would not be possible without the considerable
effort associated with basin-crossing cruises including the CLIVAR, GO-SHIP, and
GEOTRACES field campaigns, which provide unique synoptic insight into global marine

biogeochemical processes.
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Figure 2. Combined North and South Pacific zonal mean surface (< 73 m) ocean bulk DOC (a),
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(e) and DOC:DOP (f) concentration ratios. Red line shows the fitting curve of the data using the
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Figure 3. Combined West and East Atlantic mean meridional bulk surface ocean (<73 m) DOC

(a), DON (b), and DOP (c), concentrations, as well as bulk surface ocean DOC:DON (d),

DON:DOP (e), and DOC:DOP (f) concentration ratios. Red line shows the fitting curve of the data

using the LOWESS method (Cleveland, 1979) and red shading area shows the 95% confidence

interval.

29



788

50

140 T T T T T T T T T
o AtiSub
O NASG
180F o EqaAt
© SASG
120F o IND L
_ e SO
= | © PacSub J
S10T o npsa oo
c ® EqPac o o o
S100F e sPsG o © E
a 0° ® e
s i o o ©o0 4
§ 90 Og0 & o o
c o o §2 ¢ ©
g 8of ®, ° 4
) ® o
Q o,
O 70k ° ’.. -
o
o ° 00 o b4 8
60 %, o T
50 ® -
L] — 2
? y = 1.9x+46.2,R?=0.41
40 ; ) L L : 2 H ; ;
0 5 10 15 20 25 30 35 40 45 50
CbPM NPP (mol C m2 yr™)
14 T T T T T T T T T
O AtiSub
o NASG
12l o EqAtl 4
o SASG
o IND
§1o_. SO
2 @ PacSub °
p e NPSG
9 ® EqPac 0 °
= 8f o
g °
[
8
c 6
<3
(3]
z
8 4
2
8 o
——y =0.17x+2.8,R%=0.28
o 1 L 1 1 1 1 L 1 1
0 5 10 15 20 25 30 35 40 45
CbPM NPP (mol C m2 yr)
oa T T T T T T 1 T T
o AtiSub
0 NASG
07F o Eqat
o SASG
o IND
06 © SO
@ PacSub
® NPSG
05+ © EqPace
® SPSG o

DOP concentration (M)
o o
©w L

o
5]

0.1

——y = 0.11x+0.05,R%=0.09
1 1 1

20 25 30
CbPM NPP (mol ¢ m?2 yr')

30

35

40

45

50



789
790
791
792
793
794
795

796

797
798

799
800

801

Figure 4. Type II linear regressions of bulk surface (<73 m) ocean DOC concentrations (a), DON
concentrations (b), and DOP concentrations vs. Net Primary Productivity determined with the
Carbon-based Productivity Model (CbPM) (Westberry et al., 2008). “AtlSub”: Atlantic Subarctic
region; “NASG”: North Atlantic Subtropical Gyre; “EqAtl”: Equatorial Atlantic region; “SASG™:
South Atlantic Subtropical Gyre; “IND”: Indian Ocean; “SO”: Southern Ocean; “PacSub”: Pacific
Subarctic region; “NPSG”: North Pacific Subtropical Gyre; “EqPac”: Equatorial Pacific region;
“SPSG”: South Pacific Subtropical Gyre.
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DON:DOP (e), and DOC:DOP (f) concentration ratios in different geographical regions.
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concentration ratios (solid red line, same data as in Figure 2), DON:DOP concentration ratios
(dashed red line, same data as in Figure 2), surface ocean P* (black line), water column
denitrification rates (Wang et al., 2019) (blue line), NPQ-corrected ¢, (green line), and dust
deposition rates from 12 different model outputs (Xu & Weber, 2021)(gray lines). Shadings reflect

the 95% confidence interval. Black inverted triangle represents 160° W.
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Figure 8. Combined Western and Eastern Atlantic meridional mean bulk surface (< 73 m) ocean
DOC:DOP concentration ratios (solid red line, same data as in Figure 3), DON:DOP concentration
ratios (dashed red line, same data as in Figure 3), surface ocean P* calculated from World Ocean
Atlas 2013 (Garcia et al., 2013) (black line), NPQ-corrected ¢, (Behrenfeld et al., 2009)(green
line), and dust deposition rates from 12 different model outputs (Xu & Weber, 2021)(gray lines).
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824  Blue shading marks the Sargasso Sea region (20° N — 40° N). Red, green, and black shadings
825  reflect the 95% confidence interval.
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828  Figure 9. Comparison of surface ocean POM, labile, and bulk DOM stoichiometry in different
829  biogeochemical regions. The dashed line marks the canonical Redfield ratio (C:N:P = 106:16:1).
830  C:N:P ratios in POM were calculated from global ocean POM concentration datasets (Martiny et
831 al., 2014; Tanioka et al., 2022).
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834  Table 1. Mean bulk surface (<73 m) ocean DOC, DON and DOP concentrations (=1 S.D.) in the
835 10 biogeochemical regions, where n DOC, n DON and n_DOP represent the number of DOC,
836 DON and DOP concentration observations in each region.
DOC (uM) n_DOC DON (pM) n_DON DOP (uM)  n_DOP
AtlSub 68.7£15.4 313 5.3£1.7 94 0.12+0.04 11
NASG 70.2+8.6 493 4.8+0.9 244 0.11+0.07 229
EqAtl 73.5£21.6 46 5.3+1.1 43 0.20+0.07 26
SASG 67.5£6.3 130 4.44+0.7 126 0.15+0.07 89
IND 70.2+4.8 247 4.8+0.8 241 0.25+0.06 18
SO 52.4+8.3 569 3.7+£0.8 349 0.18+0.09 67
PacSub 61.5£7.5 234 4.5+1.5 186 0.21+0.11 46
NPSG 68+6.3 228 4.4+0.4 151 0.19+0.08 93
EqPac 67.7+6.4 154 4.5+0.8 81 0.27+0.06 39
SPSG 67.7+6.8 228 4.240.5 171 0.19+0.06 141
Global mean 65.8 2642 4.5 1686 0.17 759
837
838  Table 2. Mean bulk surface (< 73 m) ocean DOC, DON and DOP concentrations (+1 S.D.) in the
839 10 geographical regions, where n_ DOC, n_DON and n_ DOP represent the number of DOC, DON
840 and DOP concentration observations in each region.
region DOC (uMm) n_DOC DON (uM) n_DON DOP (uM) n_DOP
ENATL 67.0+£10.2 586 5.1£1.3 206 0.13+0.07 162
WNATL 75.5+11.9 240 4.8+0.8 150 0.10+0.06 94
WSATL 70.1x11.4 89 4.6+0.9 85 0.15+0.07 71
ESATL 66.0+6.2 85 4.6+0.7 74 0.16+0.07 39
Indian 69.3£5.5 275 4.8+0.7 261 0.25+0.06 21
Southern 50.4+7.2 505 3.6+£0.9 304 0.14+0.08 32
ENPAC 65.4+7.0 236 4.5+1.2 210 0.24+0.10 62
WNPAC 66.0£7.8 286 4.3+£0.8 145 0.17+0.07 83
WSPAC 69.2+8.7 104 4.3+0.4 55 0.16+0.04 62
ESPAC 66.2+£5.3 236 4.3+0.6 196 0.22+0.07 133
Global mean 65.8 2642 4.5 1686 0.17 759
841
842  Table 3. Mean (+ 1 S.D.) bulk surface (< 73 m) ocean DOC:DON, DON:DOP, and DOC:DOP
843  concentration ratios in the 10 biogeochemical regions, calculated from Table 1.
Region Mean DOC:DON Mean DON:DOP Mean DOC:DOP Mean DOC:DON:DOP
AtlSub 13.0+5.1 4420 573+230 573:44:1
NASG 14.6+£3.3 43+29 638+414 638:43:1
EqAtl 13.9+5.0 27411 368+168 368:27:1
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SASG 15.342.8 29+14 450+214 450:29:1

IND 14.6£2.6 19+6 281+70 281:19:1

SO 14.2+3.8 21+12 291+153 291:21:1
PacSub 13.7+4.9 21£13 293+158 293:21:1
NPSG 15.5£2.0 23+10 358+154 358:23:1
EqPac 15.0£3.0 1745 251461 251:17:1
SPSG 16.1£2.5 2247 356+118 356:22:1
Global mean 14.6 26 387 387:26:1

844
845  Table 4. Mean (= 1 S.D.) bulk surface (< 73 m) ocean DOC:DON, DON:DOP, and DOC:DOP

846  concentration ratios in the 10 geographical regions, calculated from Table 2.

region Mean DOC:DON Mean DON:DOP Mean DOC:DOP Mean DOC:DON:DOP
ENATL 13.1£3.9 39+23 515+288 515:39:1
WNATL 15.7£3.6 48+30 7554468 755:48:1
WSATL 15.24+3.9 31£16 4671231 467:31:1
ESATL 14.3£2.6 29+13 413+185 413:29:1
Indian 14.4+2.4 19+5 27770 277:19:1
Southern 14.0+4.0 26+16 360+212 360:26:1
ENPAC 14.5+4 .2 1949 273+117 273:19:1
WNPAC 15.3£34 25+11 388+166 388:25:1
WSPAC 16.1£2.5 27+7 433+121 433:27:1
ESPAC 15.4+£2.5 20+7 301+99 301:20:1
Global mean 14.6 26 387 387:26:1

847
848  Table 5. Mean labile and refractory DOC:DON, DON:DOP, and DOC:DOP concentration ratios
849  determined using different NPP data products and approaches. See text for details.

DOC (uM) DON (uM) DOP (uM) DOC:DON DON:DOP DOC:DOP DOC:DON:DOP

Labile DOM (slope

11.2:1 15.5:1 173:1
ratios, CbPM) 173:15.5:1
Labile DOM (slope
10.7:1 16.4:1 176:1
ratios, VGPM) 176:16.4:1
Refractory DOM
46 2.8 0.05 16.5:1 56:1 920:1
(intercept ratios, CbPM) 920:56:1
Refractory DOM
45 2.5 0.05 18.0:1 50:1 900:1 900:50:1

(intercept ratios, VGPM)
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Refractory DOM (>1000

m deep ocean average)

3.0 0.05

14.0:

1 60:1

842:1 842:60:1

850
851
852  Table 6. Mean labile (+ 1 S.D.) surface (< 73 m) ocean DOC, DON and DOP concentrations and
853  labile DOC:DON, DON:DOP and DOC:DOP concentration ratios in the 10 biogeochemical
854  regions.
region 1aDOC (uM) 1aDON (uM)  1aDOP (uM)  [aDOC:DON  1aDON:DOP  1aDOC:DOP  1aDOC:DON:DOP
AtlSub 24.3+16.3 3.5+1.7 0.07+0.06 7.0+5.8 50451 346+392 346:50:1
NASG 25.8+10.0 3.0+1.0 0.06=0.08 8.5+4.3 49+63 414+549 414:49:1
EqAtl 29.1£22.2 3.5+1.1 0.15+0.08 8.4+7.0 23+14 195+178 195:23:1
SASG 26.0+8.2 2.6+0.8 0.10+0.08 9.8+4.3 26421 254+209 254:26:1
IND 27.8+7.1 3.0+0.9 0.20+0.07 9.243.6 15+7 138+58 138:15:1
SO 10.5+9.8 1.9£0.9 0.13+0.09 5.445.6 15£13 83+98 83:15:1
PacSub 22.049.1 2.7£1.5 0.1620.11 8.1+5.8 17£15 139+114 139:17:1
NPSG 28.5+8.2 2.60.6 0.14£0.09 11.0£4.0 19£12 209+141 209:19:1
EqPac 28.248.2 2.740.9 0.22+0.07 10.6+4.7 1245 127+53 127:12:1
SPSG 28.2+8.6 2.4+0.6 0.14£0.07 12.0+4.9 17£9 209+118 209:17:1
Global mean 25.0 2.8 0.14 8.9 20 179 179:20:1
855
856
857  Table 7. Mean (£ 1 S.D.) labile surface (< 73 m) ocean DOC, DON, and DOP concentrations and
858  labile DOC:DON, DON:DOP and DOC:DOP concentration ratios in the 10 geographical
859  regions.
1aDOC (uM)  1aDON (uM)  1aDOP (uM)  [aDOC:DON  1aDON:DOP  1aDOC:DOP  1aDOC:DON:DOP
ENATL 23.5+11.8 3.3£13 0.08+0.09 7.1+4.6 42451 299+372 299:42:1
WNATL 31.3£13.0 3.0£0.9 0.05+0.07 10.5+5.3 58+76 610813 610:58:1
WSATL 28.8+12.6 2.8+1.0 0.10+0.08 10.1£5.7 27422 276+236 276:27:1
ESATL 24.6+8.1 2.8+0.8 0.11+0.08 8.9+3.9 26+20 228+185 228:26:1
Indian 27.1£7.6 3.0+0.9 0.20+0.07 9.1+3.6 15+7 135+61 135:15:1
Southern 8.6+8.9 1.8+0.9 0.09+0.08 4.8+5.6 19420 93+126 93:19:1
ENPAC 26.0+8.8 2.7+1.2 0.19£0.10 9.6+5.4 1449 13483 134:14:1
WNPAC 26.6£9.4 2.5+0.9 0.12+0.07 10.6+5.2 22+15 228+166 228:22:1
WSPAC 29.8+10.1 2.5+0.6 0.110.05 12.1£5.0 22+11 270+153 270:22:1
ESPAC 26.9+7.5 2.5+0.8 0.17+0.07 10.9+4.5 14£7 154+78 154:14:1
Global mean 25.0 2.8 0.14 8.9 20 179 179:20:1
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Key points
e Surface ocean bulk and labile DOM stoichiometry vary across ocean regions with global

means of 387:26:1 and 179:20:1, respectively.

e The stoichiometries of bulk and labile surface ocean DON:DOP and DOC:DOP vary
more than DOC:DON due to variability in DOP concentrations.

e Surface ocean gradients in P-depleted DOM stoichiometries in the Pacific and Atlantic

basins reflect variable nutrient stress.
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Abstract

Surface ocean marine dissolved organic matter (DOM) serves as an important reservoir of carbon
(C), nitrogen (N), and phosphorus (P) in the global ocean, and is produced and consumed by both
autotrophic and heterotrophic communities. While prior work has described distributions of
dissolved organic carbon (DOC) and nitrogen (DON) concentrations, our understanding of
DOC:DON:DOP stoichiometry in the global surface ocean has been limited by the availability of
DOP concentration measurements. Here we estimate mean surface ocean bulk and labile
DOC:DON:DOP stoichiometry in biogeochemically and geographically defined regions, using
newly available marine DOM concentration databases. Global mean surface ocean bulk (C:N:P =
387:26:1) and labile (C:N:P = 179:20:1) DOM stoichiometries are higher than Redfield
stoichiometry, with labile DOM stoichiometry similar to that of global mean surface ocean
particulate organic matter (C:N:P = 160:21:1) reported in a recent compilation. DOM
stoichiometry varies across ocean basins, ranging from 251:17:1 to 638:43:1 for bulk and 83:15:1
to 414:49:1 for labile DOM C:N:P, respectively. Surface ocean DOP exhibits larger relative
changes than DOC and DON, driving surface ocean gradients in DOC:DON:DOP stoichiometry.
Inferred autotrophic consumption of DOP helps explain intra- and inter-basin patterns of marine
DOM C:N:P stoichiometry, with regional patterns of water column denitrification and iron supply
influencing the biogeochemical conditions favoring DOP use as an organic nutrient. Specifically,
surface ocean marine DOM exhibits increasingly P-depleted stoichiometries from east to west in
the Pacific and from south to north in the Atlantic consistent with patterns of increasing P stress

and alleviated iron stress, respectively.

1. Introduction

The ocean plays a critical role in the global carbon cycle, holding about fifty times as much carbon
as does the atmosphere, and sequesters atmospheric carbon through its solubility and biological
pumps (Hain et al., 2014; DeVries, 2022). The marine biological pump starts in the euphotic zone
whereby phytoplankton transform inorganic carbon into organic matter through photosynthesis
(“marine primary production”), followed by vertical export of that organic matter to the deep ocean
(“marine export production”) (Emerson, 2014; Hain et al., 2014; DeVries, 2022). Decades of effort

have sought to understand the patterns and estimate the rates of marine primary production and
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export production (e.g., Behrenfeld & Falkowski, 1997; Westberry et al., 2008; Emerson, 2014;
DeVries & Weber, 2017). However, considerable uncertainty in and discrepancy between
estimates of marine primary productivity and export productivity still exist (Carr et al., 2006;
Emerson, 2014; Siegel et al., 2023). In particular, the fields of biological and chemical
oceanography are still working to describe the processes that support marine primary and export

production in subtropical gyres where inorganic nutrients are scarce (Emerson, 2014).

A range of nutrient sources have been evaluated for their potential to support marine productivity
in subtropical gyres where nitrate (NOs") and phosphate (PO4**) concentrations are often at or
below detection limits, yet rates of export production are comparable to more nutrient-replete
regions (Gruber et al., 1998; Keeling et al., 2004; Johnson et al., 2010; Emerson, 2014). Candidate
sources include subsurface inorganic nutrients entrained by a range of physical mechanisms
(Kadko & Johns, 2011; Stanley et al., 2015; Mahadevan, 2016) and/or by vertically migrating
phytoplankton (Villareal et al., 1993; Wirtz et al., 2022), atmospheric deposition (Baker et al.,
2003; Knapp et al., 2010; Jickells & Moore, 2015), biological di-nitrogen (N») fixation (Knapp et
al., 2016, 2018b, 2021), and organic nutrients (Torres-Valdés et al., 2009; Lomas et al., 2010;
Letscher et al., 2016; Knapp et al., 2018a). While all of these mechanisms are thought to contribute
to marine production under different conditions, here we focus on evaluating the role of organic
nutrients. Phytoplankton may utilize dissolved organic nitrogen (DON) or dissolved organic
phosphorus (DOP) either after heterotrophic degradation that releases inorganic nutrients that are
then assimilated, or by the direct assimilation of DON and/or DOP. A wide range of marine
phytoplankton species including cyanobacteria, coccolithophores, diatoms, and dinoflagellates
utilize DON and DOP directly when the supply of inorganic nutrients is not sufficient to meet their
demands (e.g., Dyhrman et al., 2006; Bronk et al., 2007; Berges & Mulholland, 2008; Orchard et
al., 2010; Kathuria & Martiny, 2011; Li et al., 2018; Zhang et al., 2020b; Duhamel et al., 2021).
For example, phytoplankton have been shown to release extracellular alkaline phosphatase and C-
P lyase metalloenzymes to exploit P in DOP molecules (Dyhrman et al., 2006; Duhamel et al.,
2021), while for DON, phytoplankton may use leucine aminopeptidase to access N in peptides
(Bronk et al., 2007; Berges & Mulholland, 2008; Zhang et al., 2020b). While the significance of
organic nutrients in supporting marine production is expected to vary spatially, modeling studies

suggest that DOP uptake by phytoplankton sustains >50% of annual net community production in
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the North Pacific and North Atlantic subtropical gyres (Torres-Valdés et al., 2009; Reynolds et al.,
2014; Letscher et al., 2016, 2022).

The preferential consumption of DON and DOP as nutrient sources stands in contrast to the
pressures on surface ocean dissolved organic carbon (DOC), which is primarily consumed by
heterotrophs. Consequently, the additional pressure on the DON and DOP pool by autotrophs is
expected to drive surface ocean DOM stoichiometry away from that of its source, autotrophic
production, and its associated “Redfield Ratio” stoichiometry (C:N:P = 106:16:1) (Redfield,
1934). Thus, interpreting variability in surface ocean dissolved organic matter (DOM)
stoichiometry may provide insight into conditions where utilization of DON and/or DOP supports
marine primary productivity. For instance, the bulk surface ocean DOC:DON:DOP ratio at Station
ALOHA in the North Pacific Ocean is ~350:24:1 (Foreman et al., 2019) and at the BATS station
in the North Atlantic Ocean is ~983:68:1 (Singh et al., 2015), both relatively depleted in N and P
compared with “Redfield” stoichiometry. Numerous additional observations and inversions
describing the variability in surface ocean organic matter stoichiometry have emerged in recent
years, often attributing the patterns to the plasticity of phytoplankton experiencing nutrient stress
(Martiny et al., 2013; Teng et al., 2014; DeVries & Deutsch, 2014; Galbraith & Martiny, 2015;
Inomura et al., 2022). However, most of these studies have investigated either marine particulate
or total organic matter. The examination of the patterns and causes of marine DOM stoichiometric
variability has been limited by the lack of global DON and DOP datasets, even though DOM is an
important component of the biological pump, accounting for ~20-25% of export productivity
(Carlson et al., 1994; Hopkinson & Vallino, 2005; Hansell et al., 2009; Letscher et al., 2015;
Roshan & DeVries, 2017; Siegel et al., 2023).

Here, we take advantage of new global surface ocean DOM datasets (Hansell et al., 2021; Liang
et al., 2022b) which permit evaluation of basin-scale trends in DOC, DON, and DOP distributions
and associated stoichiometry. The goals of this article are to: 1) describe basin-scale trends in
surface ocean DOM concentration and its C:N:P stoichiometry, and 2) evaluate mechanisms

consistent with inter-basin surface ocean DOM stoichiometric variability.
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2. Methods
2.1 DOC, DON and DOP concentration datasets

The DOC and DON concentration data are from a recent compilation of global ocean observations
from 1994 to 2021 (Hansell et al., 2021, version 1). The DOP concentration data are from the
DOPv2021 database, which contains DOP concentration observations from 1990 to 2020 (Liang
et al., 2022b). Only DOC concentration data marked with the “good” quality flag (WOCE bottle
flag = 2) were used, and similar data screening processes were used for the DON and DOP
concentration data. The remaining DOC, DON and DOP concentration data were binned onto the
OCIM2 model grid with 2°x2° horizontal resolution and 24 vertical layers (DeVries & Holzer,
2019; John et al., 2020) for further analysis. After gridding, there were 24,458 DOC concentration,
5,679 DON concentration, and 1,878 DOP concentration observations. Most DOM concentration
observations are from the upper ocean with 40% of DOC, 87% of DON, and 87% of DOP

observations from the upper 400 m.

2.2 Global ocean partitioning

To study variability in DOM stoichiometry across the surface ocean, we divided the global ocean
into 10 biogeochemical or geographical regions. First we partitioned the global ocean into 10
biogeochemical regions according to Teng et al., 2014 and Letscher et al., 2022. The boundaries
between regions correspond to the 0.3 uM surface ocean PO4* concentration contour. The regions
include the Atlantic Subarctic (AtlSub), the North Atlantic Subtropical Gyre (NASG), the Atlantic
equatorial region (EqAtl), the South Atlantic Subtropical Gyre (SASG), the Pacific Subarctic
(PacSub), the North Pacific Subtropical Gyre (NPSG), the Pacific equatorial region (EqPac), the
South Pacific Subtropical Gyre (SPSG), the Indian Ocean (IND), and the Southern Ocean (SO).
We also evaluated variability in DOM stoichiometry using geographical divisions, including the
Eastern North Atlantic (ENATL, 0° - 65° N and 45° W —10° E), the Eastern South Atlantic (ESATL,
0°-40° S and 20° W — 20° E), the Western North Atlantic (WNATL, 0° - 65° N and 45° W -100°
W), the Western South Atlantic (WSATL, 0° - 40° S and 20° W — 60° W ), the Eastern North
Pacific (ENPAC, 0° - 65° N and 70° E - 160° E), the Eastern South Pacific (ESPAC, 0° - 40° S
and 70° E - 160° E), the Western North Pacific (WNPAC, 0° - 65° N and 100° W - 160° E), the

5
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Western South Pacific (WSPAC, 0° - 40° Sand 100° W - 160° E), the Indian Ocean (Indian, 40°
S-25"Nand 20° E - 145° E), and the Southern Ocean (Southern, >40° S).

2.3 Calculation of bulk and labile surface ocean DOC:DON:DOP concentration ratios

Bulk and labile surface (<73 m) ocean DOC:DON:DOP concentration ratios were calculated for
each biogeochemical and geographical region. The upper 73 m was chosen to reflect the surface
ocean because the upper 73 m corresponds to the upper two vertical layers in the OCIM2 grid,
which are often used to represent the euphotic zone (DeVries & Holzer, 2019; Wang et al., 2019;
John et al., 2020; Letscher et al., 2022). For bulk DOC:DON:DOP concentration ratios, we
calculated the mean surface ocean bulk DOC, DON, and DOP concentrations in each region and
then used those to calculate mean DOC:DON:DOP concentration ratios in each region. For labile
DOC:DON:DOP concentration ratios, we subtracted the mean deep ocean bulk DOC, DON, and
DOP concentrations for each region from the mean surface ocean bulk DOC, DON and DOP
concentrations to get the mean surface ocean labile DOC, DON and DOP concentrations, and from
those the mean surface ocean labile DOC:DON:DOP concentration ratios were calculated for each
region. We assumed that the deep ocean DON concentration was 1.8 uM, which was taken as the
mean DON concentration in the deep ocean (>1000 m) according to Letscher & Moore, 2015, and
0.05 uM was taken as the mean deep ocean DOP concentration, which is the average deep ocean
(>1000 m) DOP concentration reported in the DOPv2021 database (Liang et al., 2022b). It is
known that deep ocean DOC concentrations decrease slightly along the global ocean conveyor belt
with highest DOC concentrations in the deep North Atlantic and lowest DOC concentrations in
the deep North Pacific (Hansell & Carlson, 1998b). Thus, we used different deep ocean DOC
concentrations to calculate surface labile DOC concentrations in each region. Concentrations of
deep ocean DOC were estimated at 44.4 uM in the North Atlantic, 41.5 uM in the South Atlantic,
39.6 uM in the Pacific, 42.2 uM in the Indian Ocean, and 41.9 uM in the Southern Ocean (Lonborg
et al., 2018). We did not include the Arctic Ocean in this study due to limited DOP concentration

observations from that basin.
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2.4 Relationships between bulk surface ocean DOC, DON and DOP concentrations and Net

Primary Productivity

We performed correlation analyses between gridded surface ocean bulk DOC, DON and DOP
concentrations and rates of net primary production (NPP) (mol C m~ yr'!") by applying a Type II
regression model in MATLAB with the function ‘gmregress’ (Trujillo-Ortiz & Hernandez-Walls,
2021). In order to test the robustness of the correlations between surface ocean bulk DOC, DON,
and DOP concentrations and rates of NPP, we used climatological NPP fields from two algorithms:
the Carbon-based Productivity Model (CbPM) (Westberry et al., 2008) and the Vertically
Generalized Productivity Model (VGPM) (Behrenfeld & Falkowski, 1997), both estimated from
SeaWiFS chlorophyll a observations. We did not include samples from the Arctic Ocean in this
correlation analysis because it is known that DOC concentrations in the Arctic are significantly
influenced by river discharge, an external source of DOC to the ocean (Anderson & Amon, 2015)

and because of limited DOP concentration observations from this basin.

3. Results

3.1 Global patterns in bulk surface ocean DOC, DON, and DOP concentration distributions
Concentrations of DOC in the surface ocean reflect the balance of their sources and sinks. The
primary source of DOC in the ocean is marine photosynthesis (Carlson & Hansell, 2015) with
secondary coastal inputs that are especially pronounced in the Arctic (Hansell et al., 2004; Benner
etal., 2005; Anderson & Amon, 2015) and other areas of significant riverine (Raymond & Spencer,
2015; Medeiros et al., 2015; Gledhill et al., 2022) and/or submarine groundwater discharge
(Connolly et al., 2020). Marine DOC is lost due to heterotrophic consumption (Hansell & Carlson,
1998b; Carlson & Hansell, 2015), which results in progressive decreases in DOC concentration
with depth and along circulation pathways (Hansell & Carlson, 1998b). Additionally, DOC can be
lost due to photolysis (Mopper et al., 2015) or hydrothermal circulation (Lang et al., 2006). Our
calculations of mean surface ocean DOC concentrations for each region based on the recent
compilation of global DOC concentration data (Hansell et al., 2021) reflect the impact of these
inputs, with relatively high concentrations, ~68 uM, in tropical and subtropical surface waters (40°
S —40° N), and relatively low concentrations in Southern Ocean surface waters, ~50 uM (Tables

1 & 2), consistent with previous observations and model output (Hansell et al., 2009; Roshan &
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DeVries, 2017). We also note that the standard deviations of mean surface ocean DOC
concentrations in the EqAtl are high (73.5+21.6 uM), potentially resulting from the seasonally
variable input of DOC from the Amazon River (Raymond & Spencer, 2015; Gledhill et al., 2022).

While marine DON and DOP have the same source as DOC, and they share the same sinks as
DOC listed above, they can also be consumed by autotrophs as assimilative sources of N and P.
Indeed, autotrophic consumption of DON and DOP in the surface ocean appears to be significant
in the subtropical gyres when inorganic forms of N and P are scarce (Mather et al., 2008; Letscher
et al.,, 2013, 2022). Regardless, variations in mean surface ocean DON concentration among
regions are modest, with concentrations typically between 4.2 and 5.3 uM (Tables 1 & 2), also
consistent with previous observations (Letscher et al., 2013; Knapp et al., 2011; Knapp et al., 2018;
Bif et al., 2022). Mean regional surface ocean DON concentrations in the EqAtl and EqPac were
5.3£1.1 uM and 4.5+0.8 uM, respectively. In the NPSG, mean surface ocean DON concentrations
were 4.4+0.4 uM and in the SPSG were 4.2+0.5 uM (Table 1). The lowest mean surface ocean
DON concentrations were found in the SO, 3.7+0.8 uM (Tables 1 and 2).

In contrast, mean bulk surface ocean DOP concentrations showed more variability than DOC or
DON, with higher mean concentrations associated with regions of elevated upwelling and new
production. For example, mean surface ocean DOP concentrations in the EqPac were 0.27+0.06
uM, and in the EqAtl were 0.20+0.07 uM, and were lower in subtropical gyres, 0.11£0.07 uM in
the NASG and 0.15+£0.07 uM in the SASG (Table 1), consistent with previous observations
(Bjorkman & Karl, 2003; Mather et al., 2008; Lomas et al., 2010; Hashihama et al., 2020; Liang
et al., 2022b). We note that the calculation of mean surface ocean DOP concentrations in the
AtlSub and IND were based on small data sets (n = 11 for AtlSub and n = 18 for IND) due to
limited observations from these two regions (Table 1). Additionally, DOP concentration
measurements in the AtlSub from the DOPv2021 database were collected at sites adjacent to the
NASG (Liang et al., 2022a), leading to potential bias. Further sampling for the Atlantic subpolar

region and Indian Ocean is required.

3.2 Variations in bulk surface ocean DOM stoichiometry in different biogeochemical regions
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Bulk surface (< 73 m) ocean DOC:DON:DOP concentration ratios varied among biogeochemical
regions (Figures 1a, b, ¢) (Table 3). DOC:DON concentration ratios in the different regions fell
into a relatively narrow range, increasing by ~25% from 13.0:1 to 16.1:1, higher than the canonical
Redfield ratio (C:N = 6.6:1), with relatively high DOC:DON concentration ratios found in the
subtropical gyres, similar to previously reported bulk DOC:DON concentration ratios (Bif et al.,
2022; Hansell & Carlson, 2001; Hopkinson & Vallino, 2005; Letscher & Moore, 2015). Bulk
surface ocean DOC:DON concentration ratios in the NPSG, SPSG, NASG and SASG fell within
a narrower range and were 15.5:1, 16.1:1, 14.6:1 and 15.3:1, respectively (Figure 1a) (Table 3).
Bulk DOC:DON concentration ratios in equatorial and subpolar regions were slightly lower,
15.0:1 in the EqPac, 13.7:1 in the PacSub, 13.9:1 in the EqAtl, 13.0:1 in the AtlSub, and 14.2:1 in
the SO (Figure 1a) (Table 3).

In contrast, bulk surface ocean DON:DOP concentration ratios were more variable than bulk
surface ocean DOC:DON concentration ratios, and increased by ~175% from 17:1 in the EqPac to
44:1 in the AtlSub (Figure 1b) (Table 3). Bulk surface ocean DON:DOP concentration ratios in
the PacSub were 21:1, in the SPSG were 22:1, and in the NPSG were 23:1 (Figures 1b, c) (Table
3). The Atlantic Ocean generally had higher DON:DOP concentration ratios than the Pacific. For
example, the bulk surface ocean DON:DOP concentration ratios in the EqAtl were 27:1, in the
SASG were 29:1, in the NASG were 43:1, and were 44:1 in the AtlSub (Figure 1b) (Table 3). We
note that the high bulk surface ocean DON:DOP concentration ratios in the AtlSub were
potentially biased by the limited DOP concentration observations in the region (n = 11, Table 1),
with most of the observations collected near the neighboring subtropical gyre (NASG) (Liang et
al., 2022b), which has elevated bulk surface ocean DOC:DOP and DON:DOP concentration ratios.
Finally, bulk surface ocean DON:DOP concentration ratios were 19:1 in the IND and 21:1 in the
SO (Figure 1b) (Table 3), intermediate between the EqPac and EqAtl values, and we also note that
the majority of the IND samples were collected near the SO (Liang et al., 2022b).

As was seen for bulk surface ocean DON:DOP concentration ratios, bulk surface ocean DOC:DOP
concentration ratios were also more variable than DOC:DON concentration ratios, and exhibited
a 150% range from a low of 251:1 in the EqPac to a high of 638:1 in the NASG. Bulk surface
ocean DOC:DOP concentration ratios in the PacSub were 293:1, and were higher in the NPSG and

9
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SPSG, 358:1 and 356:1, respectively (Figure 1c¢) (Table 3). As was seen for DON:DOP, bulk
surface ocean DOC:DOP concentration ratios in the Atlantic were higher than in the Pacific. In
the EqAtl the bulk DOC:DOP concentration ratios were 368:1, in the SASG were 450:1, in the
AtlSub were 573:1, and in the NASG were 638:1 (Figure 1c) (Table 3). Finally, bulk surface ocean
DOC:DOP concentration ratios were 281:1 and 291:1 in the IND and SO, respectively (Figure 1c)
(Table 3).

In summary, bulk surface ocean DOM concentration ratios were depleted in N and P compared
with the canonical Redfield ratio (C:N:P = 106:16:1), and ranged from 251:17:1 in the EqPac to
638:43:1 in NASG (Table 3), with a global mean of 387:26:1 . Smaller regional variations in bulk
DOC:DON concentration ratios were observed than in bulk DON:DOP and DOC:DOP
concentration ratios, which were largely driven by changes in DOP concentration. Two patterns in
bulk surface ocean DOM stoichiometry emerged: 1) bulk DON:DOP and DOC:DOP concentration
ratios were lower in the equatorial and subpolar regions than those in the subtropical gyres; and,
2) bulk surface ocean DON:DOP and DOC:DOP concentration ratios were higher in the Atlantic
than in the Pacific (Figures 1b, c) (Table 3).

3.3 Variations in bulk surface ocean DOM stoichiometry in different geographical regions
Variations in bulk surface ocean DOM stoichiometry were also evaluated among geographical
divisions of ocean basins, which allowed us to compare stoichiometric differences between the
Western and Eastern or Southern and Northern regions of the Atlantic and Pacific Oceans, which
are not apparent from the biogeochemical divisions (Figures 1d, e, f). In the Atlantic Ocean, bulk
surface ocean DOC:DON concentration ratios showed no notable differences between Western
and Eastern regions or Southern and Northern regions, which were 15.7:1 in the WNATL, 13.1:1
in the ENATL, 15.2:1 in the WSATL, and 14.3:1 in ESATL (Table 4). A similarly narrow range
in bulk surface ocean DOC:DON concentration ratios was found in the Pacific Ocean, which
ranged from 14.5:1 to 16.1:1 (Table 4). Bulk surface ocean DOC:DON concentration ratios in the
WNPAC, ENPAC, WSPAC, and ESPAC were 15.3:1, 14.5:1, 16.1:1, and 15.4:1, respectively
(Figures 1-3).

10
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Differences in bulk surface ocean DON:DOP concentration ratios in the Pacific were more
pronounced between the East and West than the North and South. In the ENPAC and ESPAC,
bulk surface ocean DON:DOP concentration ratios were 19:1 and 20:1, but increased to 25:1 and
27:1 in the WNPAC and WSPAC, respectively (Figure le) (Table 4). In contrast, differences
between bulk surface ocean DON:DOP concentration ratios were larger between the North and
South Atlantic regions compared to the Eastern and Western regions (Figure 1e) (Table 4). Bulk
surface ocean DON:DOP concentration ratios in the ESATL were 29:1 and in the WSATL were
31:1 while in the ENATL they were 39:1 and in the WNATL were 48:1 (Figure 1e) (Table 4).

Similar to DON:DOP, bulk surface ocean DOC:DOP concentration ratios had greater differences
between the Western and Eastern than between the Northern and Southern regions of the Pacific.
The bulk surface ocean DOC:DOP concentration ratios were 273:1 and 301:1 in the ENPAC and
ESPAC, respectively, while in the WNPAC they were 388:1 and in the WSPAC were 433:1
(Figure 1f) (Table 4). In contrast, differences in bulk surface ocean DOC:DOP concentration ratios
were larger between the North and South than between the East and West in the Atlantic Ocean
(Figure 1) (Table 4). Bulk surface ocean DOC:DOP concentration ratios in the ESATL were 413:1
and in the WSATL were 467:1 while in the ENATL they were 515:1 and in the WNATL they
were 755:1 (Figure 1f) (Table 4). The relatively high bulk DOC:DOP and DON:DOP
concentration ratios found in the WNATL are consistent with the very low DOP concentrations

previously observed in Sargasso Sea (Mather et al., 2008; Lomas et al., 2010).

To further identify potential large-scale gradients in bulk surface ocean DOM stoichiometry, we
calculated zonal-mean, bulk surface ocean DOC:DON, DON:DOP, and DOC:DOP concentration
ratios in the Pacific, and meridional-mean, bulk surface ocean DOC:DON, DON:DOP, and
DOC:DOP concentration ratios in the Atlantic Oceans (Figures 2 and 3). In both cases, we used a
robust, locally weighted regression (LOWESS) in R (Cleveland, 1979) to fit the points along the
line of latitude or longitude to capture the zonal or meridional trends. Mean bulk surface ocean
DOC:DON concentration ratios in the Pacific exhibited limited variability (~50%), ranging from
~12:1 to 18:1, but mean bulk surface ocean DON:DOP and DOC:DOP concentration ratios

11
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increased ~100% when comparing ratios West vs. East of 160° W (Figure 2). In particular, mean
bulk surface ocean DON:DOP concentration ratios increased from ~20:1 to ~40:1 from east to
west of 160° W and mean bulk surface ocean DOC:DOP concentration ratios increased from
~250:1 to ~500:1 from east to west of 160 "W (Figure 2). In the Atlantic Ocean, the most
pronounced DOM stoichiometric gradient occurred meridionally. While bulk surface ocean
DOC:DON concentration ratios in the Atlantic Ocean were relatively invariant around ~15:1, bulk
surface ocean DON:DOP and DOC:DOP concentration ratios increased ~100% from South to
North, reaching maxima of ~45:1 and ~700:1, respectively, between 20° N and 40° N compared to
ratios observed between 30° S to 20° S, ~25:1 and 350:1, respectively (Figure 3). The majority of
these increases in DON:DOP and DOC:DOP concentration ratios were driven by decreasing DOP

concentrations between the South and North Atlantic.

In summary, two patterns were identified from the geographical divisions that were not clear from
the biogeochemical divisions: 1) bulk surface ocean DOC:DON:DOP concentration ratios
increased from ~250:20:1 in the East to ~500:40:1 in the West in the Pacific Ocean, and, 2) bulk
surface ocean bulk DOC:DON:DOP concentration ratios increased meridionally from South to

North in the Atlantic Ocean to maxima of ~700:45:1 between 20° N and 40° N.

3.4 Relationships between surface ocean DOM concentrations and rates of NPP

To evaluate patterns in DOM production and consumption, we calculated correlations of bulk
surface ocean DOC, DON, and DOP concentrations vs. satellite-derived rates of NPP using the
Carbon-based Productivity Model (CbPM) (Westberry et al., 2008). Given that NPP is the primary
source of DOM to the surface ocean (Carlson & Hansell, 2015), it is not surprising that bulk surface
ocean DOC, DON, and DOP concentrations are all statistically significantly correlated with rates
of NPP (Figure 4). Indeed, similar results have been previously observed for DOC (Hansell &
Carlson, 1998a), DON (Knapp et al., 2018a; Zhang et al., 2020a), and DOP (Liang et al., 2022a).
However, since DON and DOP are also quantitatively important assimilative nutrient sources for
autotrophs, their correlations are not as strong as between DOC and NPP rate estimates; the

correlations between bulk surface ocean DOC, DON, and DOP concentrations and CbPM-derived
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rates of NPP had R? = 0.41, p <0.0000001, R? = 0.28, p <0.0000001, and R? = 0.09, p <0.0000001,
respectively, evaluated using Type II regression model (reduced major axis regressions) (Figure
4). Importantly, the y-intercepts for the relationships between bulk surface ocean DOC and DON
concentrations and CbPM-derived NPP rates were 46 uM and 2.8 uM, respectively, consistent
with the concentration of deep ocean (>1000 m), “refractory” DOC and DON calculated from the
DOC and DON concentrations database (Hansell et al., 2021) (Table 5). However, the y-intercept
for the relationship between bulk surface ocean DOP concentration and CbPM-derived NPP rates
was a small negative number (-0.05 pM), which is nonsensical. We note that a number of surface
ocean DOP concentration data from the North Atlantic fall below the best fit regression line while
data from the Eastern Pacific fall above the line, contributing to the negative intercept (Figure 4c).
Low DOP concentrations were observed in the North Atlantic, consistent with previous
observations of elevated rates of DOP consumption due to elevated PO4* stress (Dyhrman et al.,
2006; Van Mooy et al., 2009; Lomas et al., 2010; Sohm & Capone, 2010; Liang et al., 2022a),
which contributes to the negative y-intercept. To address this issue but still capture the relationship
between estimated rates of NPP and bulk surface ocean DOP concentrations, we set the intercept
to 0.05 uM, which corresponds to the deep ocean (>1000 m) DOP concentration observed at
Station ALOHA (Foreman et al., 2019) as well as that calculated from the DOPv2021 database

(Liang et al., 2022b), and then refitted the linear regression.

After forcing the y-intercept of the regression between surface ocean DOP concentration and
CbPM estimated rates of NPP through 0.05 uM, the ratios of the three slopes in Figures 4a, b and
c are C:N:P = 173:15.5:1, and the ratio of the y-intercepts is 920:56:1. Here, we consider the
stoichiometry of the y-intercepts to reflect the DOC:DON:DOP concentration ratios of
“refractory”, or deep-ocean DOM, where rates of NPP = 0. In contrast, the ratio of the slopes can
be considered the DOC:DON:DOP concentration ratio of “labile” surface ocean DOM, or the
stoichiometry of the incrementally added DOM that results from increasing rates of NPP. Using
the VGPM NPP product (Behrenfeld & Falkowski, 1997) did not meaningfully alter the strength
of the correlation between DOC, DON, and DOP concentrations vs. rates of NPP (R? = 0.36, p <
0.0000001 for DOC vs. NPP, R? = 0.28, p < 0.0000001 for DON vs. NPP, and R? = 0.07, p <
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0.0000001 for DOP vs. NPP ), or the labile or refractory DOM C:N:P ratios calculated from this
method (Table 5). Our labile DOC:DON:DOP concentration ratios calculated by this approach are
also similar to those reported in Hopkinson & Vallino, 2005, 199:20:1. However, our refractory
DOC:DON:DOP concentration ratios are much lower than those that reported in Hopkinson &
Vallino, 2005, 3511:202:1, probably in part due to the majority of their samples being collected
in the North Atlantic, where the highest global ocean bulk DON:DOP and DOC:DOP
concentration ratios and lowest DOP concentrations are found (Figure 1). However, our refractory
DOC:DON:DOP concentration ratios calculated by this approach are consistent with the carefully
measured deep ocean DOC:DON:DOP concentration ratios via improved methods at Station

ALOHA, C:N:P =760:45:1 (Foreman et al., 2019) .

3.5 Variations in labile surface ocean DOM stoichiometry in different biogeochemical
regions

Correlations between surface ocean DOC, DON, and DOP concentrations and rates of NPP
indicate that DOC, DON and DOP can be divided into labile and refractory pools, and here we
specifically explore the stoichiometry of labile surface ocean DOM. Removing the “inertia” of the
recalcitrant DOM from surface ocean stoichiometry allows us to focus on variability associated
with DOC:DON:DOP production and consumption patterns unique to biogeochemically and
geographically defined regions. Here we estimate labile surface ocean DOC, DON, and DOP
concentrations by subtracting the mean deep ocean concentrations from the mean surface ocean
concentrations, as has been done previously (Lenborg et al., 2018; Letscher et al., 2022). We find
that regional variations in labile surface ocean DOM stoichiometry are similar to those observed
for bulk surface ocean DOM stoichiometry, with generally lower ratios found in the equatorial and
subpolar regions and higher concentration ratios found in the subtropical gyres (Figures 5a, b, c)
(Table 6). Additionally, labile surface ocean DOM had higher DON:DOP and DOC:DOP
concentration ratios but lower DOC:DON concentration ratios in the Atlantic Ocean than in the

Pacific Ocean (Figures Sa, b, ¢) (Table 6).

Broadly speaking, labile surface ocean DOC:DON concentration ratios were lower, and thus closer
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to the “Redfield” C:N ratio of 6.6:1 than the bulk DOC:DON concentration ratios, and ranged from
5.4:1 to 12.0:1, or spanned a ~100% range, a larger dynamic range than was observed for bulk
surface ocean DOC:DON concentration ratios. Specifically, in the IND and SO, labile surface
ocean DOC:DON concentration ratios were 9.2:1 and 5.4:1, respectively (Figure 5a) (Table 6). In
the EqPac and EqAtl, labile surface ocean DOC:DON concentration ratios were 10.6:1 and 8.4:1,
respectively, and in the PacSub and AtlSub were 8.1:1 and 7.0:1, respectively (Figure 5a) (Table
6). In the NPSG and SPSG, labile surface ocean DOC:DON concentration ratios were 11.0:1 and
12.0:1, respectively, and in the NASG and SASG they were 8.5:1 and 9.8:1, respectively (Figure
5a) (Table 6).

As was seen for labile surface ocean DOC:DON concentration ratios, labile surface ocean
DON:DOP concentration ratios were also lower than was seen in the bulk pool, ranged from 12:1
to 50:1, and thus were closer to the “Redfield” N:P ratio of 16:1. Generally, labile surface ocean
DON:DOP concentration ratios were lowest near regions of significant upwelling and/or new
production, and were higher in the subtropical gyres. For example, in the EqPac and EqAtl, labile
surface ocean DON:DOP concentration ratios were 12:1 and 23:1, respectively, and in the IND
and SO were both 15:1 (Figure 5b) (Table 6). In the PacSub and AtlSub, labile surface ocean
DON:DOP concentration ratios diverged between the basins, and were 17:1 and 50:1, respectively.
However, this Atlantic/Pacific difference needs further investigation due to limited DOP
observations in the AtlSub (n=11, Table 1). This Atlantic/Pacific difference is also observed in the
subtropical gyres, with NPSG and SPSG labile surface ocean DON:DOP concentration ratios of
19:1 and 17:1, respectively, while in the SASG and NASG they were 26:1 and 49:1, respectively.
We note that labile surface ocean DON:DOP concentration ratios in the EqPac are lower than the
canonical Redfield ratio, 12:1, which has not been reported before and is lower than the reported

PON:POP ratios of ~22:1 in the Pacific equatorial region (Lee et al., 2021).

Similar to DOC:DON and DON:DOP, mean labile surface ocean DOC:DOP concentration ratios
observed in the biogeochemical regions were lower than the bulk surface ocean DOC:DOP

concentration ratios, and ranged from 83:1 to 414:1 (Table 6), and thus were closer (and sometimes
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even lower than) the “Redfield” C:P ratio of 106:1. As was seen previously, lower mean labile
surface ocean DOC:DOP concentration ratios were observed in regions associated with upwelling
and higher rates of NPP, and increased in the subtropical gyres. Specifically, in the EqPac and
EqAtl, the mean labile surface ocean DOC:DOP concentration ratios were relatively low, 127:1
and 195:1, respectively, similar to those in the IND and SO, 138:1 and 83:1, respectively (Figures
5c) (Table 6). Labile surface ocean DOC:DOP concentration ratios increased in the subpolar gyres,
139:1 in the PacSub and 346:1 in the AtlSub (Figure 5¢) (Table 6). In the NPSG and SPSG, labile
surface ocean DOC:DOP concentration ratios were both 209:1 and in the NASG and SASG they
were 414:1 and 254:1, respectively (Figure 5c) (Table 6). In the SO, labile surface ocean
DOC:DOP and concentration ratios (C:P = 83:1) were also lower than the canonical Redfield ratio.
However, lower-than Redfield POM C:P ratios have also been reported from the Southern Ocean
in previous work (POM C:P =91:1in Teng et al., 2014, and POM C:P =61:1 - 190:1 in Lee et al.,
2021).

In summary, labile surface ocean DOC:DON:DOP concentration ratios ranged from 83:15:1 to
414:49:1 among biogeochemically divided regions, with a global mean of 179:20:1, and with
typically lower stoichiometric ratios than in the bulk pool, with the low DOP concentrations
observed in the NASG and AtlSub driving maxima in labile DON:DOP and DOC:DOP

concentration ratios (Figure 5) (Table 6).

3.6 Variations in surface ocean labile DOM stoichiometry in different geographical

regions

Regional variations in labile surface ocean DOM stoichiometry in the geographical regions are
similar to those observed in the biogeochemical regions, with concentration ratios closer to the
canonical Redfield ratio than the bulk DOM concentration ratios observed in the same regions
(Figures 5d, e, f) (Table 7). As was apparent in the bulk surface ocean DOM stoichiometry, the
geographical divisions again highlight labile DOM stoichiometric gradients between the Eastern

and Western Pacific, and between the Southern and Northern Atlantic Oceans.
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Surface ocean labile DOC:DON concentration ratios in the geographical regions ranged from 4.8
to 12.1, and were generally lower near regions of elevated rates of NPP, most notably in the
Southern region where labile surface ocean DOC:DON concentration ratios were 4.8:1 (Table 7).
In the Pacific Ocean, we found no notable differences in labile surface ocean DOC:DON
concentration ratios between the Northern and Southern or Eastern and Western geographic
regions. Surface ocean labile DOC:DON concentration ratios in the ENPAC and ESPAC were
9.6:1 and 10.9:1, respectively, and in the WNPAC and WSPAC were 10.6:1 and 12.1:1,
respectively (Table 7). In the Atlantic Ocean, differences in labile surface ocean DOC:DON
concentration ratios are also small. In the ENATL and ESATL, labile surface ocean DOC:DON
concentration ratios were 7.1:1 and 8.9:1, respectively and in the WNATL and WSATL labile

surface ocean DOC:DON concentration ratios were 10.5:1 and 10.1:1, respectively.

Similar to bulk surface ocean DON:DOP concentration ratios, labile surface ocean DON:DOP
concentration ratios, which ranged from 14:1 to 58:1, were more variable than labile surface ocean
DOC:DON concentration ratios. However, labile surface ocean DON:DOP concentration ratios
were not meaningfully lower than bulk surface ocean DON:DOP ratios. Relatively low labile
surface ocean DON:DOP concentration ratios were observed in the Indian and SO, 14.8 and 19.3,
respectively (Figure 5) (Table 7). In the Pacific Ocean, there were larger differences between labile
surface ocean DON:DOP concentration ratios in the East vs. West than between the North vs.
South, similar to the bulk pool (Figure 5). Labile surface ocean DON:DOP concentration ratios in
the ENPAC and ESPAC were both 14:1 but increased to 22:1 in the WNPAC and WSPAC (Figure
5) (Table 7). In the Atlantic the difference in labile surface ocean DON:DOP concentration ratios
was most pronounced between the North vs. South. The ESATL and WSATL had labile surface
ocean DON:DOP concentration ratios of 26:1 and 27:1, while the ENATL and WNATL had labile

surface ocean DON:DOP concentration ratios of 42:1 and 58:1, respectively (Figure 5) (Table 7).

Similar patterns were observed for labile surface ocean DOC:DOP concentration ratios, which
ranged from 93:1 to 610:1, and were generally higher in the Western vs. Eastern Pacific, and
Northern vs. Southern Atlantic. Again, the lowest labile surface ocean DOC:DOP concentration
ratios were found in the Southern and IND regions, 93:1 and 135:1, respectively. In the Pacific
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Ocean, labile surface ocean DOC:DOP concentration ratios in the ENAPC and ESPAC were 134:1
and 154:1, respectively, and increased to 228:1 and 270:1 in the WNPAC and WSPAC,
respectively (Figure 5) (Table 7). In the Atlantic Ocean, the labile surface ocean DOC:DOP
concentration ratios in the ESATL and WSATL were 228:1 and 276:1, while in the ENATL and
WNATL they were 299:1 and 610:1, respectively (Figure 5) (Table 7).

In summary, the labile surface ocean DOC:DON:DOP concentration ratios in the geographically
defined regions ranged from 93:19:1 in the Southern Ocean to 610:58:1 in the WNATL (Table 7),
and were typically closer to “Redfield” stoichiometry than the bulk surface ocean DOC:DON:DOP
concentration ratios (268:19:1 to 745:47:1) (Table 4). Labile surface ocean DON:DOP and
DOC:DOP stoichiometry shared similar patterns to their bulk counterparts, and increased from
East to West in the Pacific Ocean and from South to North in the Atlantic Ocean, with the highest
labile surface ocean DON:DOP and DOC:DOP stoichiometry found in the Sargasso Sea (20° N —
40° N ) of the WNATL.

4. Discussion
4.1 Variability in bulk surface ocean DOM stoichiometry driven by changes in surface

ocean DOP concentrations

Previous work has examined variability in bulk surface ocean DOC and DON concentrations as
well as their concentration ratios, finding relatively small variations in DON concentrations and
DOC:DON concentration ratios (Hansell & Carlson, 2001; Letscher et al., 2013; Sipler & Bronk,
2015; Bif et al., 2022). We similarly find relatively low variability in both bulk and labile surface
ocean DOC:DON concentration ratios (Figures 1 & 4) (Tables 1-6). Evaluating bulk global surface
ocean DOC and DON concentration data together with new DOP concentration data (Liang et al.,
2022b), we find that bulk and labile surface ocean DON:DOP and DOC:DOP concentration ratios
vary more than bulk and labile surface ocean DOC:DON concentration ratios, indicating that
variations in DON:DOP and DOC:DOP concentration ratios are driven by the relatively wide
range in DOP concentrations compared to the ranges in surface ocean DOC and especially DON
concentrations (Figures 1 and 4) (Tables 3-7). Indeed, according to the global ocean DOC, DON
and DOP concentration datasets (Hansell et al., 2021; Liang et al., 2022b), the typical range in
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bulk surface ocean DOC, DON and DOP concentrations are 40 — 80 uM, 3 — 6 uM and 0.05 — 0.6
uM, respectively. These concentration ranges correspond to a 100% increase between typical
surface ocean DOC and DON minimum and maximum concentrations, but a 1100% increase
between the typical minimum and maximum surface ocean DOP concentrations. Thus, the order
of magnitude larger variability in bulk surface ocean DOP concentrations relative to bulk surface
ocean DOC and DON concentrations corresponds to the higher variability in surface ocean
DON:DOP and DOC:DOP concentration ratios relative to bulk surface ocean DOC:DON

concentration ratios.

We hypothesize that high variability in bulk surface ocean DON:DOP and DOC:DOP
concentration ratios is driven by the changes in DOP concentrations due to DOP consumption by
phytoplankton in the surface ocean. To evaluate this, we compared bulk surface ocean DON:DOP
and DOC:DOP concentration ratios with a model product of the estimated fraction of annual net
community production (ANCP) supported by DOP consumption (Letscher et al., 2022) in different
biogeochemical regions (Figure 6). Although no correlation for the global data set was found, we
found positive correlations between bulk surface ocean DOC:DOP concentration ratios and the
model-estimated fraction of ANCP supported by DOP consumption for points in the Pacific Ocean
(R?=0.89, slope = 1347, p<0.05) as well as separately for the Atlantic Ocean (R?>=0.85, slope =
1987, p <0.05) (Figure 6). Similarly, positive correlations between DON:DOP concentration ratios
and the model estimated fraction of ANCP supported by DOP consumption were also found for
points in the Pacific Ocean (R?>=0.88, slope = 68, p<0.05) and separately for the Atlantic Ocean
(R?=0.67, slope = 147, p<0.05) (Figure 6). These positive correlations between bulk surface ocean
DOC:DOP or DON:DOP concentration ratios and the fraction of ANCP supported by DOP
consumption by surface ocean phytoplankton supports the conclusion that DOP consumption by
phytoplankton is the major contributor to changes in bulk surface ocean DOP concentrations, and
the associated changes in bulk surface ocean DOC:DOP and DON:DOP concentration ratios. We
interpret the higher bulk surface ocean DOC:DOP and DON:DOP concentration ratios and
associated y-intercepts in Figure 6 for the Atlantic Ocean relative to the Pacific to imply that the

Atlantic Ocean has a more P-depleted ‘preformed’ character relative to the Pacific Ocean,
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consistent with elevated rates of dissimilatory N loss in the Pacific vs. Atlantic (see section 4.2
below). Quantitatively, the slopes above suggest that for a 10% increase in the fraction of ANCP
supported by DOP consumption in the Atlantic Ocean, DON:DOP and DOC:DOP concentration
ratios increase by 15:1 and 135:1, respectively. In the Pacific Ocean, DON:DOP and DOC:DOP
concentration ratios increase by 7:1 and 15:1, respectively, with a 10% increase in the fraction of
ANCP supported by the DOP consumption. We suggest that these relatively large changes in
surface ocean DOP concentrations due to autotrophic DOP consumption contribute to the zonal
and meridional mean trends in bulk and labile surface ocean DON:DOP and DOC:DOP
concentration ratios observed in the Pacific Ocean and Atlantic Ocean, respectively (Figures 3 and

4), which are explored further below.

4.2 Linkage between bulk and labile surface ocean DOM stoichiometry and water column
denitrification in the Pacific Ocean

As reported here, the Pacific Ocean experiences greater West to East variability in bulk and labile
surface ocean DOM stoichiometry than between the North and South (Figure 1) (Tables 3 and 4).
In particular, higher bulk surface ocean DOP concentrations are observed East vs. West of ~160°
W (Figure 2). These gradients in bulk surface ocean DOP concentration correspond to large
gradients in bulk and labile surface ocean DON:DOP and DOC:DOP stoichiometry zonally across
the Pacific Ocean, with lower ratios in the Eastern vs. Western Pacific Ocean (Figure 2). Previous
work has suggested that zonal changes in DOP concentration across the Pacific can be attributed
to the net production and accumulation of DOP in surface waters over oxygen deficient zones
(ODZs), driven by dissimilatory NO3~ consumption in suboxic subsurface waters (Liang et al.,
2022a). The ODZs of both the Eastern Tropical North Pacific (ETNP) and Eastern Tropical South
Pacific (ETSP) support significant rates of water column denitrification and/or anaerobic
ammonium oxidation (Ward et al., 2009; Chang et al., 2010, 2012; DeVries et al., 2012) (Figure
2). The resulting supply of a relative excess of POs* compared to NO3 and “Redfieldian”
phytoplankton demands in waters upwelled to the surface puts low pressure on the DOP pool as
an assimilative source of P, and allows accumulated DOP to be advected west, where slow but

progressive DOP consumption gradually reduces bulk surface ocean DOP concentrations (Liang
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et al., 2022a). At basin scales, this corresponds to zonal increases in bulk surface ocean DON:DOP

and DOC:DOP concentration ratios from East to West (Figure 2).

In addition to direct measurements and modeled estimates of rates of water column
denitrification and anammox, geochemical tracers such as “P*”, where P* = ([PO4*] — [NOs"
1/16), record the effects of water column denitrification and/or anaerobic ammonium
oxidation (Deutsch et al.,, 2007). Here we compare modeled rates of water column
denitrification (Wang et al., 2019) and zonally averaged surface ocean P* values calculated
using World Ocean Atlas 2013 nutrient data (Garcia et al., 2013) with zonal trends in bulk
surface ocean DON:DOP and DOC:DOP concentration ratios (Figure 7). Results show that
Spearman’s correlation coefficients for both zonal mean bulk surface ocean DON:DOP and
DOC:DOP concentration ratios vs. rates of water column denitrification are -0.58 (p < 0.001).
Similarly, Spearman’s correlation coefficients for both zonal mean bulk surface ocean
DON:DOP and DOC:DOP concentration ratios vs. P* are -0.55 (p < 0.001), indicating
significant negative correlations between zonal trends of bulk surface ocean DON:DOP and
DOC:DOP concentration ratios and rates of water column denitrification and P* in the Pacific
Ocean (Figure 7). Similar results are found when comparing labile surface ocean DOM
stoichiometry with P* and modeled denitrification rates (Spearman’s correlation coefficients
=-0.56, p< 0.001 for labile DON:DOP/DOC:DOP vs. rates of water column denitrification
and Spearman’s correlation coefficients = -0.53, p< 0.001 for labile DON:DOP/DOC:DOP
vs. P*).

The linkage between the surface ocean DOM stoichiometry and water column denitrification
rates is also apparent when comparing patterns in DOM stoichiometry in the Pacific Ocean
with the Atlantic Ocean. The minimum oxygen concentration in the water column in the
Eastern Atlantic is not low enough to enable denitrification (Zehr & Ward, 2002; Paulmier &
Ruiz-Pino, 2009; DeVries et al., 2012), which results in a reduced supply of excess PO4*" to
surface waters relative to the supply of NOs3  and Redfieldian phytoplankton demands.
Without significant rates of dissimilatory N loss in the water column of the Eastern Atlantic
reducing pressure on the surface ocean PO4*", and thus DOP pools, we do not observe
significant zonal gradients in bulk and labile DON:DOP and DOC:DOP concentration ratios

between the Eastern and Western Atlantic (Figure 1). Instead, we observe relatively elevated
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bulk surface ocean DON:DOP concentration ratios in the Eastern Atlantic (~30:1-40:1)
relative to the Eastern Pacific, 19:1 (Table 4), with similar trends observed for bulk surface
ocean DOC:DOP concentration ratios (Table 4). We interpret this to result from increased
pressure on the DOP pool in the Eastern Atlantic due to higher PO4*" stress. Consequently, we
argue that water column denitrification in the ETNP and ETSP leaves a signature in bulk and
labile surface ocean DOM stoichiometry that effectively leads to a “subsidy” of DOP in
Pacific surface waters that may support elevated rates of carbon and nitrogen fixation

compared to the Atlantic.

Although low surface ocean PO4*" concentrations and thus elevated P stress are the primary
drivers of DOP consumption, recent work suggests that alleviated iron stress can enhance surface
ocean DOP consumption (Liang et al., 2022a). In Figure 7 we overlay the zonal trends of 12
modeled dust deposition rates (Xu & Weber, 2021), as well as satellite derived NPQ-corrected
Psat» @ Temote-sensing based estimate of iron stress experienced by phytoplankton (Behrenfeld et
al., 2009; Liang et al., 2022a), to explore their relationships with surface ocean DOP
distributions. Since modeled dust deposition patterns and rates are highly dependent on model
choice, we consider the dust deposition output from 12 different atmospheric models (Xu &
Weber, 2021). These 12 atmospheric models include 10 models from the AEROCOM Phase 11
Intercomparison project and two estimates from Mahowald et al., 2005 and Zhang et al., 2015.
NPQ-corrected ¢, has been used to indicate iron stress experienced by marine phytoplankton
(Behrenfeld et al., 2009; Browning et al., 2014; Hopwood et al., 2018; Lee et al., 2021; Liang et
al., 2022a) based on phytoplankton photochemical and physiological relationships (Behrenfeld &
Milligan, 2013), where higher NPQ-corrected ¢g,; values correspond to elevated iron stress faced
by phytoplankton. We find that dust deposition rates increase and NPQ-corrected ¢, decreases
from East to West across the Pacific Ocean (Figure 7). Gradients in both metrics suggest that
phytoplankton experience less iron stress in the Western than Eastern Pacific Ocean, consistent
with observations that iron limits phytoplankton growth (Mahowald et al., 2005; Moore et al.,
2013; Ustick et al., 2021) and nitrogen fixation rates (Knapp et al., 2016) in the Eastern Pacific
Ocean. We note that hydrothermal vents along the Tonga-Kermadec Ridge in the Western Pacific
Ocean are another potential source of iron in addition to dust deposition (Guieu et al., 2018). Thus,

we interpret the increasing bulk and labile surface ocean DON:DOP and DOC:DOP stoichiometry
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from East to West in the Pacific Ocean to result from progressive DOP consumption, in particular

as PO4* stress increases and iron stress decreases zonally.

4.3 Linkage between bulk and labile DOM stoichiometry and iron supply in the Atlantic
Ocean

Here we explore potential causes of the meridional as opposed to zonal gradients in bulk and
labile surface ocean DOM stoichiometry observed in the Atlantic Ocean. In the Atlantic
Ocean the maxima in bulk and labile surface ocean DON:DOP and DOC:DOP concentration
ratios were found in the Sargasso Sea (20° N- 40° N) (Figures 3 and 8), coincident with the
extraordinarily low DOP concentrations previously observed in this region, ~50 nM (Mather
et al., 2008; Lomas et al., 2010; Liang et al., 2022b) (Figure 3). Indeed, the Sargasso Sea is the
region where the highest bulk and labile surface ocean DON:DOP and DOC:DOP
stoichiometry is found not just in the Atlantic Ocean, but in the global ocean (Figures 1 and
2), highlighting the unique nature of this region . Previous work suggested that enhanced DOP
consumption in this region occurs when phytoplankton face increased PO4*" stress but iron
stress is alleviated (Liang et al., 2022a). Similar to our analysis in the Pacific Ocean, we use
meridionally-averaged, modeled dust deposition rates (Xu & Weber, 2021), NPQ-corrected
¥sar (Behrenfeld et al., 2009; Liang et al., 2022a), and surface ocean P* calculated from World
Ocean Atlas 2013 (Garcia et al., 2013) to evaluate iron and PO4* stress, respectively, in the

Atlantic Ocean.

The minima in Atlantic surface ocean P* is found between 20° N and 40° N (Figure 8), indicative
of elevated PO4* stress in this region. The maxima of dust deposition rates estimated from the 12
models converged between 0° and 20° N, and NPQ-corrected ¢, also decreases between 20° N
and 40° N (Figure 8), suggesting reduced iron stress in this region. The maxima of DOC and DON
concentrations in the Atlantic Ocean were also found between 0° N and 20° N, consistent with
regional dust fertilization of phytoplankton (Figures 3 & 8). However, no notable increase in DOP
concentrations are observed between 0° and 20° N, and the maxima in DON:DOP and DOC:DOP
concentration ratios are found between 20° N and 40° N. We interpret these meridional trends to
indicate that reduced iron stress from dust deposition enhances primary productivity to the extent

that phytoplankton can access adequate N and P, from either inorganic or organic sources. Between
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20° N to 40° N, consumption of DOP increases due to elevated PO43" stress, with a resulting
surface ocean DOM stoichiometric signature of extraordinarily elevated bulk and labile DON:DOP
(up to ~58:1) and DOC:DOP (up to ~745:1) concentration ratios (Figure 8). We suggest that other
regions with relatively elevated bulk and labile surface ocean DON:DOP (~27-30:1) and
DOC:DOP (~400:1) concentration ratios, e.g., the Western North and South Pacific and Western
South Atlantic (Figures 1 and 5) (Tables 3,4, 6 & 7) would continue to draw down surface ocean

DOP concentrations if iron were more abundant.

4.4 Comparison between surface ocean DOM and POM stoichiometry

Finally, we compare our results in bulk and labile surface ocean DOM stoichiometry with POM
stoichiometry. Recent studies show that surface ocean POM C:N:P stoichiometry exhibits regional
variability depending on nutrient stress and phytoplankton community composition (Teng et al.,
2014; Galbraith & Martiny, 2015; Lomas et al., 2021; Inomura et al., 2022). Here, we use recent
global POM concentration datasets (Martiny et al., 2014; Tanioka et al., 2022) to calculate surface
ocean POC:PON:POP stoichiometry in the same 10 biogeochemical regions (Table S1) and
compare them with the bulk and labile surface ocean DOC:DON:DOP stoichiometry (Figure 9).
First, we find that bulk DOC:DON concentration ratios (C:N = 14.6:1) are higher than labile
DOC:DON and POC:PON concentration across all regions, with labile DOC:DON and POC:PON
concentration ratios more similar to each other, mean of 8.9:1 for labile DOC:DON and 7.7:1 for
POC:PON (Figure 9) (Table S1). These results suggest that labile DOM and POM are produced
with similar C:N ratios, with refractory DOM becoming more depleted in N either from
preferential remineralization (Letscher & Moore, 2015, Knapp et al., 2018), and/or potentially
accumulating DOC from another source (McCarthy et al., 2004). We also note that labile
DOC:DON concentration ratios are systematically higher than POC:PON concentration ratios in
the Pacific than Atlantic Ocean (Figure 9). We hypothesize that this results from preferential loss
of surface ocean DON resulting from increased pressure on the surface ocean DON pool due to
dissimilatory inorganic N loss in the ODZs of the Eastern Pacific (Knapp et al., 2018a; Bif et al.,
2022), although additional field work would help evaluate this possibility.

Additionally, we find that labile DOM, bulk DOM, and POM have similar N:P stoichiometry

across different biogeochemical regions, with the exception of the NASG, where labile and bulk
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DON:DOP stoichiometry (N:P = 43:1 for bulk DOM and N:P=49:1 for labile DOM) exceed
PON:POP stoichiometry (N:P =31:1) (Figure 9) (Table S1), suggesting that the NASG is a unique
region with significant DOP consumption by phytoplankton. Typically, bulk DOC:DOP
stoichiometry (global mean of 387:1) is higher than labile DOC:DOP and POC:POP stoichiometry
(global mean of 179:1 for labile DOC:DOP and global mean of 160:1 for POC:POP), which are
similar across the different biogeochemical regions (Figure 9). However, the NASG exhibits
higher labile DOC:DOP stoichiometry (C:P = 638:1) than POC:POP (C:P = 285:1), which we
hypothesize results from autotrophic DOP consumption. We argue that the reduced P* and
elevated dust deposition to the NASG sets it apart in the global ocean and places extreme pressure
on the surface ocean DOP pool as alternative autotrophic nutrient sources, consistent with previous
studies on DOP cycling in the Sargasso Sea (Mather et al., 2008; Van Mooy et al., 2009; Lomas
et al., 2010; Orchard et al., 2010; Sohm & Capone, 2010; Reynolds et al., 2014).

5. Conclusion

In this work we describe global patterns in surface ocean DOC:DON:DOP stoichiometry using
updated global ocean DOC, DON and DOP concentration datasets (Hansell et al., 2021; Liang et
al., 2022b). We find that bulk and labile surface ocean DOC:DON stoichiometry exhibit the least
spatial variability, consistent with prior work (Hansell & Carlson, 1998a, 2001; Bif et al., 2022),
although the labile DOC:DON stoichiometry is closer to the “Redfield” 6.6:1 C:N stoichiometry
(on average ~8.9:1) than bulk DOC:DON stoichiometry (on average ~14.6:1). Additionally,
significant differences in bulk and labile surface ocean DON:DOP and DOC:DOP stoichiometry
were observed within and among ocean basins, whether divided based on biogeochemical or
geographical boundaries, and we argue that these trends are driven by the significant rates of water
column denitrification occurring in the eastern tropical Pacific, and because of the high rates of
atmospheric dust deposition to the tropical North Atlantic. Specifically, we find that bulk and labile
surface ocean DON:DOP and DOC:DOP stoichiometry increase from the East to West in the
Pacific as a result of increasing pressure on the DOP pool as surface waters transit westwards in
the basin (Liang et al., 2022a). In the Atlantic, meridional increases in bulk and labile surface
ocean DON:DOP and DOC:DOP stoichiometry from the South to the North are coincident with
regions of low iron stress and high PO4* stress, and the lowest concentrations of surface ocean

DOP observed globally. These observations illustrate the geochemical expression of subsurface
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(i.e., denitrification) and atmospheric (dust deposition) processes on surface ocean organic matter
stoichiometry. We stress that these observations would not be possible without the considerable
effort associated with basin-crossing cruises including the CLIVAR, GO-SHIP, and
GEOTRACES field campaigns, which provide unique synoptic insight into global marine

biogeochemical processes.
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Figure 2. Combined North and South Pacific zonal mean surface (< 73 m) ocean bulk DOC (a),
DON (b), and DOP concentration (c), as well as bulk surface ocean DOC:DON (d), DON:DOP
(e) and DOC:DOP (f) concentration ratios. Red line shows the fitting curve of the data using the
LOWESS method (Cleveland, 1979) and red shading area shows the 95% confidence interval.
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Figure 4. Type II linear regressions of bulk surface (<73 m) ocean DOC concentrations (a), DON
concentrations (b), and DOP concentrations vs. Net Primary Productivity determined with the
Carbon-based Productivity Model (CbPM) (Westberry et al., 2008). “AtlSub”: Atlantic Subarctic
region; “NASG”: North Atlantic Subtropical Gyre; “EqAtl”: Equatorial Atlantic region; “SASG™:
South Atlantic Subtropical Gyre; “IND”: Indian Ocean; “SO”: Southern Ocean; “PacSub”: Pacific
Subarctic region; “NPSG”: North Pacific Subtropical Gyre; “EqPac”: Equatorial Pacific region;
“SPSG”: South Pacific Subtropical Gyre.
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824  Blue shading marks the Sargasso Sea region (20° N — 40° N). Red, green, and black shadings
825  reflect the 95% confidence interval.
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828  Figure 9. Comparison of surface ocean POM, labile, and bulk DOM stoichiometry in different
829  biogeochemical regions. The dashed line marks the canonical Redfield ratio (C:N:P = 106:16:1).
830  C:N:P ratios in POM were calculated from global ocean POM concentration datasets (Martiny et
831 al., 2014; Tanioka et al., 2022).
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834  Table 1. Mean bulk surface (<73 m) ocean DOC, DON and DOP concentrations (=1 S.D.) in the
835 10 biogeochemical regions, where n DOC, n DON and n_DOP represent the number of DOC,
836 DON and DOP concentration observations in each region.
DOC (uM) n_DOC DON (pM) n_DON DOP (uM)  n_DOP
AtlSub 68.7£15.4 313 5.3£1.7 94 0.12+0.04 11
NASG 70.2+8.6 493 4.8+0.9 244 0.11+0.07 229
EqAtl 73.5£21.6 46 5.3+1.1 43 0.20+0.07 26
SASG 67.5£6.3 130 4.44+0.7 126 0.15+0.07 89
IND 70.2+4.8 247 4.8+0.8 241 0.25+0.06 18
SO 52.4+8.3 569 3.7+£0.8 349 0.18+0.09 67
PacSub 61.5£7.5 234 4.5+1.5 186 0.21+0.11 46
NPSG 68+6.3 228 4.4+0.4 151 0.19+0.08 93
EqPac 67.7+6.4 154 4.5+0.8 81 0.27+0.06 39
SPSG 67.7+6.8 228 4.240.5 171 0.19+0.06 141
Global mean 65.8 2642 4.5 1686 0.17 759
837
838  Table 2. Mean bulk surface (< 73 m) ocean DOC, DON and DOP concentrations (+1 S.D.) in the
839 10 geographical regions, where n_ DOC, n_DON and n_ DOP represent the number of DOC, DON
840 and DOP concentration observations in each region.
region DOC (uMm) n_DOC DON (uM) n_DON DOP (uM) n_DOP
ENATL 67.0+£10.2 586 5.1£1.3 206 0.13+0.07 162
WNATL 75.5+11.9 240 4.8+0.8 150 0.10+0.06 94
WSATL 70.1x11.4 89 4.6+0.9 85 0.15+0.07 71
ESATL 66.0+6.2 85 4.6+0.7 74 0.16+0.07 39
Indian 69.3£5.5 275 4.8+0.7 261 0.25+0.06 21
Southern 50.4+7.2 505 3.6+£0.9 304 0.14+0.08 32
ENPAC 65.4+7.0 236 4.5+1.2 210 0.24+0.10 62
WNPAC 66.0£7.8 286 4.3+£0.8 145 0.17+0.07 83
WSPAC 69.2+8.7 104 4.3+0.4 55 0.16+0.04 62
ESPAC 66.2+£5.3 236 4.3+0.6 196 0.22+0.07 133
Global mean 65.8 2642 4.5 1686 0.17 759
841
842  Table 3. Mean (+ 1 S.D.) bulk surface (< 73 m) ocean DOC:DON, DON:DOP, and DOC:DOP
843  concentration ratios in the 10 biogeochemical regions, calculated from Table 1.
Region Mean DOC:DON Mean DON:DOP Mean DOC:DOP Mean DOC:DON:DOP
AtlSub 13.0+5.1 4420 573+230 573:44:1
NASG 14.6+£3.3 43+29 638+414 638:43:1
EqAtl 13.9+5.0 27411 368+168 368:27:1
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SASG 15.342.8 29+14 450+214 450:29:1

IND 14.6£2.6 19+6 281+70 281:19:1

SO 14.2+3.8 21+12 291+153 291:21:1
PacSub 13.7+4.9 21£13 293+158 293:21:1
NPSG 15.5£2.0 23+10 358+154 358:23:1
EqPac 15.0£3.0 1745 251461 251:17:1
SPSG 16.1£2.5 2247 356+118 356:22:1
Global mean 14.6 26 387 387:26:1

844
845  Table 4. Mean (= 1 S.D.) bulk surface (< 73 m) ocean DOC:DON, DON:DOP, and DOC:DOP

846  concentration ratios in the 10 geographical regions, calculated from Table 2.

region Mean DOC:DON Mean DON:DOP Mean DOC:DOP Mean DOC:DON:DOP
ENATL 13.1£3.9 39+23 515+288 515:39:1
WNATL 15.7£3.6 48+30 7554468 755:48:1
WSATL 15.24+3.9 31£16 4671231 467:31:1
ESATL 14.3£2.6 29+13 413+185 413:29:1
Indian 14.4+2.4 19+5 27770 277:19:1
Southern 14.0+4.0 26+16 360+212 360:26:1
ENPAC 14.5+4 .2 1949 273+117 273:19:1
WNPAC 15.3£34 25+11 388+166 388:25:1
WSPAC 16.1£2.5 27+7 433+121 433:27:1
ESPAC 15.4+£2.5 20+7 301+99 301:20:1
Global mean 14.6 26 387 387:26:1

847
848  Table 5. Mean labile and refractory DOC:DON, DON:DOP, and DOC:DOP concentration ratios
849  determined using different NPP data products and approaches. See text for details.

DOC (uM) DON (uM) DOP (uM) DOC:DON DON:DOP DOC:DOP DOC:DON:DOP

Labile DOM (slope

11.2:1 15.5:1 173:1
ratios, CbPM) 173:15.5:1
Labile DOM (slope
10.7:1 16.4:1 176:1
ratios, VGPM) 176:16.4:1
Refractory DOM
46 2.8 0.05 16.5:1 56:1 920:1
(intercept ratios, CbPM) 920:56:1
Refractory DOM
45 2.5 0.05 18.0:1 50:1 900:1 900:50:1

(intercept ratios, VGPM)
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850
851
852  Table 6. Mean labile (+ 1 S.D.) surface (< 73 m) ocean DOC, DON and DOP concentrations and
853  labile DOC:DON, DON:DOP and DOC:DOP concentration ratios in the 10 biogeochemical
854  regions.
region 1aDOC (uM) 1aDON (uM)  1aDOP (uM)  [aDOC:DON  1aDON:DOP  1aDOC:DOP  1aDOC:DON:DOP
AtlSub 24.3+16.3 3.5+1.7 0.07+0.06 7.0+5.8 50451 346+392 346:50:1
NASG 25.8+10.0 3.0+1.0 0.06=0.08 8.5+4.3 49+63 414+549 414:49:1
EqAtl 29.1£22.2 3.5+1.1 0.15+0.08 8.4+7.0 23+14 195+178 195:23:1
SASG 26.0+8.2 2.6+0.8 0.10+0.08 9.8+4.3 26421 254+209 254:26:1
IND 27.8+7.1 3.0+0.9 0.20+0.07 9.243.6 15+7 138+58 138:15:1
SO 10.5+9.8 1.9£0.9 0.13+0.09 5.445.6 15£13 83+98 83:15:1
PacSub 22.049.1 2.7£1.5 0.1620.11 8.1+5.8 17£15 139+114 139:17:1
NPSG 28.5+8.2 2.60.6 0.14£0.09 11.0£4.0 19£12 209+141 209:19:1
EqPac 28.248.2 2.740.9 0.22+0.07 10.6+4.7 1245 127+53 127:12:1
SPSG 28.2+8.6 2.4+0.6 0.14£0.07 12.0+4.9 17£9 209+118 209:17:1
Global mean 25.0 2.8 0.14 8.9 20 179 179:20:1
855
856
857  Table 7. Mean (£ 1 S.D.) labile surface (< 73 m) ocean DOC, DON, and DOP concentrations and
858  labile DOC:DON, DON:DOP and DOC:DOP concentration ratios in the 10 geographical
859  regions.
1aDOC (uM)  1aDON (uM)  1aDOP (uM)  [aDOC:DON  1aDON:DOP  1aDOC:DOP  1aDOC:DON:DOP
ENATL 23.5+11.8 3.3£13 0.08+0.09 7.1+4.6 42451 299+372 299:42:1
WNATL 31.3£13.0 3.0£0.9 0.05+0.07 10.5+5.3 58+76 610813 610:58:1
WSATL 28.8+12.6 2.8+1.0 0.10+0.08 10.1£5.7 27422 276+236 276:27:1
ESATL 24.6+8.1 2.8+0.8 0.11+0.08 8.9+3.9 26+20 228+185 228:26:1
Indian 27.1£7.6 3.0+0.9 0.20+0.07 9.1+3.6 15+7 135+61 135:15:1
Southern 8.6+8.9 1.8+0.9 0.09+0.08 4.8+5.6 19420 93+126 93:19:1
ENPAC 26.0+8.8 2.7+1.2 0.19£0.10 9.6+5.4 1449 13483 134:14:1
WNPAC 26.6£9.4 2.5+0.9 0.12+0.07 10.6+5.2 22+15 228+166 228:22:1
WSPAC 29.8+10.1 2.5+0.6 0.110.05 12.1£5.0 22+11 270+153 270:22:1
ESPAC 26.9+7.5 2.5+0.8 0.17+0.07 10.9+4.5 14£7 154+78 154:14:1
Global mean 25.0 2.8 0.14 8.9 20 179 179:20:1
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