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Abstract The subtropical North Atlantic is a key region for ocean carbon cycling despite its relatively small
spatial extent. Here we present a high-resolution transect (23°-27°N; ~2° longitude spacing) across the North
Atlantic Subtropical Gyre, integrating physical, chemical, and microbial observations to examine how
hydrography and nutrient limitation structure organic matter stoichiometry and carbon pump partitioning. The
region was strongly stratified, with a mean mixed layer depth of 125 + 25 m deep nutriclines (>180 m), limiting
nutrient resupply to surface waters in the gyre interior. Boundary regions influenced by western boundary
currents and eastern upwelling exhibited higher nutrient availability and distinct microbial communities. Across
this gradient, particulate and dissolved organic matter stoichiometry varied systematically with nutrient supply
and microbial structure. Particulate organic matter exhibited elevated C:P and N:P ratios in the gyre interior,
consistent with stronger phosphorus limitation under Prochlorococcus-dominated conditions, while boundary
regions approached Redfield-like stoichiometry. Dissolved organic matter showed a similar spatial structure,
with higher inferred C*:N and C*:P ratios in the interior relative to the margins. C* was derived from dissolved
nitrogen and phosphorus using literature-based stoichiometric relationships and evaluated across multiple
endmember assumptions. Although absolute values varied, spatial patterns remained consistent, indicating
robust gradients despite stoichiometric uncertainty. Statistical analyses identified phosphorus availability and
microbial community composition as key predictors of organic matter stoichiometry, with particulate and
dissolved pools showing differing predictability. Together, these results suggest strong coupling between
stratification, nutrient supply, microbial community structure, and carbon pump partitioning across the
subtropical North Atlantic.

Plain Language Summary The subtropical North Atlantic plays a major role in storing carbon from
the atmosphere, even though it covers only a small part of the global ocean. This study used detailed
measurements across the region to understand how temperature, ocean circulation, and nutrient availability
influence planktonic organisms that drive carbon cycling. In the nutrient-poor central gyre system, microscopic
cyanobacteria like Prochlorococcus dominate and produce organic matter that is largely recycled within the
upper ocean or transformed into long-lived dissolved form. In contrast, the nutrient-rich edges of the gyre
support a more diverse plankton community that contributes more to sinking particles exported to the deep
ocean. Together, these processes shape the balance between two key carbon storage mechanisms: the biological
carbon pump, which transports carbon to depth via particles, and microbial processes that transform and retain
dissolved organic carbon in surface waters. As climate change strengthens ocean stratification and reduces
nutrient supply to surface waters, the balance between these pathways may shift. Such changes could alter how
efficiently the subtropical North Atlantic stores carbon and regulates atmospheric CO,.

1. Introduction

The North Atlantic, though smaller than other ocean basins, plays a disproportionate role in the global carbon
cycle, accounting for a large fraction of oceanic CO, uptake and export production (Friedlingstein et al., 2024;
Reay et al., 2008). Within this basin, the subtropical North Atlantic gyre (NASG) is a key site of carbon
sequestration, strongly shaped by Gulf Stream transport and the Atlantic Meridional Overturning Circulation
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(AMOC) (Primeau, 2005; Ridge & McKinley, 2020). Permanent stratification and oligotrophy characterize the
NASG, where high dust deposition can stimulate diazotrophic N,-fixation but phosphorus supply remains scarce,
leading to widespread P-(co)limitation (Jickells et al., 2005; Macovei et al., 2019; Mather et al., 2008).

Planktonic organisms are central to carbon cycling in this system. Productivity at the nutrient-rich boundaries of
the gyre supports diverse assemblages, while the oligotrophic interior is dominated by small cyanobacteria such
as Prochlorococcus and Synechococcus, which together contribute a large fraction of chlorophyll a in the region
(Flombaum et al., 2013; Hickman et al., 2010). Particulate organic matter (POM) produced by these communities
underpins the biological carbon pump, although much of this material is rapidly remineralized in the upper ocean
or released as dissolved organic matter (DOM). In oligotrophic systems, long-term carbon storage is increasingly
thought to be linked to microbial processing of DOM and the transformation of fresh organic matter into more
persistent forms that accumulate in the ocean interior (Guidi et al., 2016; Jiao et al., 2010; Polimene et al., 2017).

The stoichiometry of POM and DOM provides important constraints on these processes. POM often approxi-
mates Redfield proportions (106:16:1), whereas DOM is typically more carbon-rich, particularly in its more
refractory fractions, reflecting both microbial processing and nutrient limitation (Browning & Moore, 2023;
Hopkinson & Vallino, 2005; Liang et al., 2023; Moore et al., 2013). As a result, shifts in plankton community
structure — from nutrient-replete boundary systems to cyanobacteria-dominated gyre interiors — are expected to
influence both particulate export and DOM accumulation and transformation.

Recent studies have highlighted the coupling between plankton ecology, nutrient availability, and carbon cycling
across the Atlantic: Microbial interactions involving Prochlorococcus can strongly influence ecosystem function
and carbon processing (Cai et al., 2024), while regional variability in POM stoichiometry reflects differences in
nutrient supply and community composition (Fagan et al., 2024). Nutrient-ratio budget approaches further
suggest that subtropical gyres are maintained by tight internal recycling under chronic phosphorus stress (Masuda
et al., 2023; Xiang et al., 2023). At finer scales, temporal partitioning of nutrient acquisition strategies enables
microbial communities to sustain productivity under low-P conditions (Muratore et al., 2024), while global
models indicate that phytoplankton nutrient plasticity will play an important role in regulating future carbon
cycling (Kwon et al., 2022). Together, these studies emphasize that plankton physiology and nutrient availability
jointly structure organic matter production and transformation, with implications for the relative roles of par-
ticulate export and microbial recycling.

Here, we present a high-resolution west-east transect across the subtropical North Atlantic (between 23° and
27°N) with sampling spaced approximately every 2° longitude (Figure 1), integrating physical, chemical, and
microbial observations to examine how hydrography and nutrient availability shape plankton communities,
organic matter stoichiometry, and carbon pump partitioning. We test three working hypotheses relating to: (a)
community structure shifts from nutrient-replete boundary assemblages dominated by Synechococcus and
picoeukaryotes to Prochlorococcus-dominated assemblages in the oligotrophic interior of the NASG; (b) POM
and DOM elemental ratios vary systematically along the gradient, with elevated C:P and N:P in the interior
reflecting stronger nutrient limitation and altered microbial processing; and (c) basin-scale variability in organic
matter stoichiometry can be statistically related to environmental and microbial drivers, including nutrient
concentrations, cyanobacterial abundance, and heterotrophic community structure. To quantify these relation-
ships, we applied a multi-tiered statistical framework integrating stepwise regression, random forest models,
mixed-effect models, and cross-validation. This approach allows identification of key predictors while accounting
for spatial structure and model uncertainty. By combining these complementary methods, we assess the relative
importance of environmental and biological controls on organic matter stoichiometry and microbial community
structure across the NASG, and explore how these relationships vary along a strong hydrographic and nutrient
gradient.

2. Materials and Methods
2.1. Sampling and Analyses

Sampling was conducted during the RRS James Cook cruise JC191 (19 January—1 March 2020) along a west—east
transect centered near 24°N (spanning ~23°-27°N depending on station location) from Port Everglades, USA, to
Santa Cruz de Tenerife, Spain, occupying GO-SHIP reference section AO5 (Figure 1).
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Figure 1. Spatial map of the study region in the subtropical North Atlantic (centered at 24°N (23°-27°N)). Blue dots indicate sampling locations (38 out of 135 CTD
stations occupied). White sections indicate the defined subregions: WB = Western Boundary, Western Basin, MAR = Mid-Atlantic Ridge, Eastern Basin, and
EB = Eastern Boundary, based on temperature-salinity signatures.

Out of 135 stations, 38 were sampled for ecological and biogeochemical parameters at six depths (max. 375 m)
spanning the euphotic zone. Water (5 L) was collected from Niskin bottles mounted on a CTD rosette (Seabird
911, equipped with AQUAtracka III fluorometer). Subsamples were taken for dissolved inorganic nutrient
analysis (NO5;™, NO,™, PO43_, and Si(OH),), dissolved and POM analysis (carbon (C), nitrogen (N), and
phosphorus (P)), chlorophyll a analysis (hereafter Chl a), and microbial community composition (cyanobacteria
Prochlorococcus and Synechococcus, picoeukaryotes <20 pm, and heterotrophic high-nucleic-acid (Hnac) and
low-nucleic-acid (Lnac) containing bacteria) via flow cytometric determination.

Dissolved inorganic nutrients (NO;~, NO, ™, Si (determined as Si(OH),), and PO,*>") were analyzed on board
within 8 hr after collection using a SEAL AA3 autoanalyzer following GO-SHIP protocols (Becker et al., 2020).
Precision was assessed using CRMs (KANSO), with long-term standard deviations of 0.011 pmol L™' (NO; ™),
0.004 pmol L™" (NO,7), 0.033 pmol L™ (Si), and 0.003 pmol L™ (PO,*7).

Samples for dissolved organic phosphorus (DOP) were obtained from filtrates passing through GF/F filters for
collection of dissolved nutrients, and stored frozen (—20°C) until analysis by high-temperature persulfate
oxidation (following Lomas et al., 2010; Davis et al., 2014, 2019). Total dissolved phosphorus was measured
colorimetrically, and DOP was calculated as TDP-PO,”~. Oxidation efficiencies were monitored with nucleotide
standards (ADP, PEP, DGMP and ATP). Long-term reproducibility for DOP was 0.004 pmol L™". Dissolved
organic nitrogen (DON) was analyzed by high-temperature catalytic oxidation (Dickson et al., 2007) using KHP/
glycine calibration and CRMs for accuracy; relative uncertainty was 0.12 pmol L™".

Particulate organic carbon (POC), nitrogen (PN), and phosphorus (PP) were collected on pre-combusted GF/F
filters (2 L filtered) and stored frozen (—20°C). Although technically total particulate nitrogen is measured, with
the scope of a basin-spanning transect, we present it as particulate organic nitrogen (PON), assuming negligible
contribution from particulate inorganic nitrogen, which is typical for oligotrophic open-ocean environments.
Similarly, PP represents particulate organic phosphorus. POC and PON were analyzed on a Flash2000 elemental
analyzer after vapor-phase decarbonization, with analytical precision of +0.28 pg L™ (POC) and +0.36 ug L™
(PON). PP was determined after combustion and acid extraction as dissolved inorganic phosphorus on a SEAL
AA500 autoanalyzer (Davis et al., 2014) with a relative uncertainty of 0.03 pmol L™", and then converted into PP
inpg L7\

Chl a was quantified using the JGOFS acidification method (Knap et al., 1996). Filters (200 mL samples collected
on GF/F filters) were extracted in 90% acetone at —20°C and analyzed fluorometrically (Turner AU-10). Ac-
curacy was within 5% of reference standards. Measurements were cross-calibrated with in situ fluorometer data.

For microbial counts, 4 mL of unfiltered seawater was fixed with glutaraldehyde (0.5% final concentration) and
stored at —80°C. Autotrophic cyanobacteria (Prochlorococcus, Synechococcus) and picoeukaryotes (<20 pm)
were enumerated directly, while heterotrophic bacteria (Hnac and Lnac) were stained with SYBR Green I DNA
dye prior to analysis on a CyFlow Cube 8 cytometer (Sysmex) following Tarran and Bruun (2015). Results were
validated using fluorescent beads (diameter 3.6 pm, Beckman Coulter) as internal standards.
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2.2. Derived Variables

Mixed layer depth (MLD) was defined from CTD temperature profiles as the depth at which the temperature
decreased by 1°C from the surface (S. E. Reynolds et al., 2007). Such an arguably conservative temperature
threshold provides a robust indicator of surface stratification, specifically for subtropical oligotrophic waters
where density differences are often small, and allows a consistent basis for cross-basin and global comparison (de
Boyer Montégut et al., 2004; Kara et al., 2003). Nutricline depths were estimated from logarithmic fits of nutrient
profiles, with Zy (NO;~ > 2 pmol L™") and Z, (PO,>~ > 0.1 pmol L™") following Dave et al. (2015). Analytically
derived concentrations and elemental stoichiometry were depth-integrated within the MLD. Density (c,) was
calculated from the CTD temperature and salinity to identify water masses. The depth of the deep chlorophyll
maximum (DCM) was determined from in situ fluorescence profiles.

The metabolic state (AC:HC ratio) of the microbial community was estimated as the ratio of autotrophic to
heterotrophic cell counts following Calvo-Diaz et al. (2011):

Pro + Syn + Picoeuks
Hnac + Lnac

Metabolic state =

The quasi-conservative tracer N* was calculated to assess the imprint of nitrogen fixation following Gruber and
Sarmiento (1997):

N* = (NO3 — 16PO;~ +2.90) x 0.87

Values >2 pmol L™" are commonly interpreted as indicative of excess nitrogen relative to Redfield proportions
and are commonly used as a qualitative indicator of potential N,-fixation influence in the thermocline of the
subtropical North Atlantic, although alternative physical and biogeochemical processes may also contribute
(Gruber & Sarmiento, 1997).

Samples for DOC could not be used due to contamination (DOC > 1,000 pmol L™"), caused by leaching of
carbon-based polymers from the vessel lids into the seawater sample, precluding reliable quantification of DOC.
To provide a first-order constraint on DOM composition, we therefore derived an inferred carbon proxy (hereafter
C*) from measured DON and DOP using literature-based DOM stoichiometric relationships (Liang et al., 2023).

C* was calculated independently from DON and DOP as
CX\ = (C: N)poy X [DON]

C} = (C : P)poy X [DON]

Where (C:N)pon and (C:P)pon represent assumed bulk DOM stoichiometric ratios, and [DON] and [DOP] are
concentrations measured across the transect. The global mean for bulk DOM (387:26:1, C:N:P) was used as the
primary reference. To reduce dependence on any single assumption, C* was defined as the mean of C* and C*p
estimates. Because DOM stoichiometry varies within and across environments, we assessed the sensitivity of
inferred C* to alternative endmember compositions, including global semi-labile DOM (179:20:1) and regionally
constrained bulk (638:43:1) and semi-labile (414:49:1) DOM stoichiometries reported specific to the NASG
(Table S3 in Supporting Information S1, Liang et al., 2023). Variability across these endmember assumptions was
quantified using coefficients of variation (CV, %), calculated as the standard deviation divided by the mean across
all estimates per endmember scenario. We emphasize that C* represents a derived proxy rather than a direct
measurement of DOC. Accordingly, C*-based DOM stoichiometries are interpreted as indicators of relative
DOM compositional structure rather than absolute carbon concentrations. Uncertainty associated with assumed
stoichiometry is therefore explicitly constrained and does not affect the robustness of observed basin-scale spatial
patterns.

2.3. Statistical Analysis

All analyses were conducted in RStudio (v1.4.1106; R Core Team, 2022). While the full data set was not normally
distributed (Shapiro—Wilk, p < 0.05), normality within subregions and sample size (n = 38) supported the use of
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Table 1

Physico-Chemical Properties of Defined Subregions (Mean + SD)

Western boundary (n = 2) Western basin (n = 15) Mid-Atlantic ridge (n = 8) Eastern basin (n = 9) Eastern boundary (n = 4)

Latitude

Longitude

Temperature [°C]

Salinity [psu]

Dissolved oxygen [pmol kg™']
Density o, [kg m™]

MLD [m]
Zy [m]
Zp [m]
DCM [m]

27°N 26.5°-24.5°N 25.1°-23.3°N 24°-25.5°N 26.1°-28.4°N
79.9°-79.2°W 76.5°-53.7°W 52.2°-40.3°W 38.2°-20.8°W 18.9°-13.2°W
25505 241 £04 233+£03 21.8 £0.8 18.7 £ 0.8
36.5 £ 0.2 37+02 374 £ 0.1 373 £02 36.6 £ 0.1
199.3 £2.5 209.2 £ 1.5 2102 £23 2144 £39 2283 £49
243 £03 252 £ 0.1 257 £ 0.1 26.1 £0.1 26.4 £ 0.1
100 + 51 111 + 16 139 + 12 141 = 17 120 + 46
102 + 35 217 =24 203 + 24 185 + 29 120 + 42
79 £ — 241 = 28 213 £ 21 161 + 49 67 = 38
37 £20 115 = 19 141 = 15 96 = 51 45 £ 25

Note. Depth-integrated temperature, salinity and dissolved oxygen from CTD profiles, calculated density (o,), calculated nutricline depths Z, and Z,, and deep
chlorophyll maximum (DCM) from AQUAtracka III fluorescence profiles.

parametric tests under the central limit theorem (Kwak & Kim, 2017). We first explored the full data set using
Pearson correlation (Figure S1 in Supporting Information S1). Then, for each response variable (POM C:N, DOM
C*:N, and AC:HC), we defined mechanistic predictor pools informed by nutrient availability, plankton community
composition, and microbial activity (Table S1 in Supporting Information S1). Predictor pools were selected to test
mechanistic links between nutrient supply, microbial community structure, and temperature-regulated metabolism
in structuring particulate stoichiometry, dissolved stoichiometry, and autotroph—heterotroph metabolic balance.
Stepwise regressions (backward selection, maximum of five predictors) were applied to identify the most influ-
ential variable. This approach permits interpretability and the ability to highlight key drivers across multiple
variables. Predictor importance was further assessed using random forest models, while linear mixed-effect models
included the pre-defined subregions as a random effect to account for spatial structure. Predictor contributions were
summarized across all three approaches, and the top predictors were highlighted for each response. Model outputs,
including estimates, cross-validation results, and variance explained, were integrated to provide a robust assess-
ment of the environmental and ecological drivers of organic matter stoichiometry and microbial community
structure (Table S2 in Supporting Information S1).

3. Results
3.1. Hydrography of the Subtropical North Atlantic

The subtropical North Atlantic was strongly stratified, with a mean MLD of 125 + 25 m (Table 1). Five hy-
drographic subregions were identified along the transect based on contrasting temperature-salinity signatures
(Figure 1, Figure S2 in Supporting Information S1), and measured parameters were integrated across the MLD.
Transect-wide cross-sections of temperature, salinity and dissolved oxygen cross-section are shown in Figure S3
in Supporting Information S1. The western boundary was warm (25.5 £+ 0.5°C, 36.5 £+ 0.2 psu), whereas the
eastern boundary exhibited similar salinity (36.6 £ 0.1 psu) but substantially cooler temperatures (18.7 £ 0.8°C),
resulting in higher density above the MLD (o, = 26.4). In contrast, the central gyre (Mid-Atlantic Ridge and
eastern basin) displayed the highest salinities (>37.3 psu) and intermediate densities. Dissolved oxygen declined
westward and correlated negatively with temperature (r = —0.94, p < 0.001) and salinity (r = —0.72, p < 0.01).
Oxygen concentrations were highest in the east (>220 pmol kg™"), consistent with the influence of oxygenated
waters associated with upwelling and circulation processes. Together, these gradients reflect a transition from
warm, oligotrophic, and highly stratified gyre waters in the western NASG to cooler, more nutrient-influenced
conditions toward the eastern boundary.

3.2. Planktonic Biomass and Community Composition

Chl a, a proxy for phytoplankton biomass, was low across surface waters of the gyre interior (<0.1 pg L™") but
increased sharply in the eastern boundary (>0.4 pg L™") (Table 2, Figure S4 in Supporting Information S1). Chl a
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Table 2
Depth-Integrated Biological Parameters of Defined Subregions (Mean + SD)
Western Western Mid-Atlantic Eastern Eastern
boundary (n = 2) basin (n = 15) ridge (n = 8) basin (n = 9) boundary (n = 4)
Chla [pg L™ 0.11 £ 0.07 0.08 £ 0.03 0.11 £ 0.02 0.16 £ 0.05 0.28 £ 0.07
Prochlorococcus [10° cell 145 £ 95 102 + 38 80 + 21 92 +22 52 + 18
counts mL_l]
Synechococcus [10° cell counts mL™"] 26 £ 7 14+ 14 11 £12 17 £ 12 39 + 26
Picoeukaryotes [10® cell counts mL™"] 3119 2304 23+£02 54+£32 15.1 £ 14.1
Pro:Syn ratio 5.54 7.34 7.14 5.49 1.33
Hnac [10° cell counts mL™'] 1.4 +£0.1 1.3+12 1.1 £03 1.3+£0.2 22+03
Lnac [10° cell counts mL™"] 1.5£0.1 1.4£02 14+04 20£03 27+03
AC:HC 0.062 + 0.03 0.049 + 0.02 0.041 £+ 0.02 0.036 + 0.01 0.022 + 0.008

Note. Chl a, abundance of Prochlorococcus, Synechococcus, Hnac and Lnac from discrete measurements, and Pro:Syn ratio and AC:HC derived from these.

strongly correlated with nutrient supply (r = 0.75 for NO;™, r = 0.88 for PO,*~, both p < 0.001). The DCM was
shallowest in the western (37 £ 20 m) and eastern (45 £ 25 m) boundaries and deepened in the central NASG,
particularly in the western basin (>100 m) (Table 1).

Prochlorococcus dominated the phytoplankton community throughout the euphotic zone, peaking at the western
boundary (145 + 95 X 10° cells counts mL™") and declining eastward (Figure 2a). Abundances correlated
positively with temperature (r = 0.41, p < 0.05) and negatively with nutrients (r = —0.52 for NO;™, p < 0.01).
Synechococcus was largely confined to the upper 100 m, with maxima in the eastern boundary (39 + 26 x 10°
cell mL™"), correlating positively with NO;™ (r = 0.46, p < 0.05) and negatively with temperature (r = —0.42,
p < 0.05) (Figure 2b). Picoeukaryotes followed a similar eastward increase (Figure 2c). Consequently, the Pro:
Syn ratio was highest in the gyre interior (>5) but lowest in the eastern boundary (1.3), consistent with a shift in
dominance under relatively nutrient-replete conditions (Table 2). These contrasting distributions demonstrate
how nutrient availability and stratification structure cyanobacterial niches across the basin.

Heterotrophic bacteria were abundant across the transect and were dominated by low-nucleic-acid containing
(Lnac) cells, which increased eastward (up to 2.7 £ 0.3 X 10 cells counts mL™") (Figure 3b). High-nucleic-acid
containing (Hnac) cells were more prevalent in productive boundary regions (1.4 + 0.1 x 10 cell counts mL ™" in
the west and 2.2 + 0.3 x 10° cell counts mL ™" in the east) (Figure 3a). Autotroph:heterotroph (AC:HC) ratios
declined eastward, from 0.062 £ 0.03 in the western boundary to 0.022 £ 0.008 in the eastern boundary, driven
primarily by changes in Prochlorococcus abundance (r = 0.81, p < 0.001) (Table 2). This decline is consistent
with a shift toward relatively greater heterotrophic biomass under enhanced nutrient supply.

3.3. Nutrient Distributions

Surface waters across the NASG were strongly depleted in macronutrients (<0.1 pmol L™ NO;™,
<0.01 pmol L™" PO,*7), with deep nutriclines (Zy = 190 + 44 m, Zp = 190 + 68 m) (Figure 4). Nutriclines were
deepest in the western basin (Zy = 217 + 24 m, Zp = 241 £ 28 m) but shoaled markedly at the eastern boundary
(Zy =120 £ 42 m, Z, = 67 £ 38 m), consistent with upwelling of nutrient-rich waters and elevated surface
productivity. Temperature correlated negatively with nutrients (r = —0.77 for NO;™, r = —0.90 for PO,>~, both
p < 0.001), further supporting the role of upwelled colder waters in nutrient supply.

DOM constituted the majority of the total dissolved pool, accounting for >90% of total dissolved nitrogen and
phosphorus (Figure S5 in Supporting Information S1). DON concentrations were highest in the central NASG
(>7 pmol LY (Figure 5a), whereas DOP declined eastward to near depletion (<0.01 pmol LY (Figure 5b).
Consequently, total dissolved N:P ratios were highly elevated (>300 in the Mid-Atlantic Ridge region), far
exceeding the Redfield ratio (Table 3). These patterns indicate strong phosphorus scarcity driving pronounced N:
P imbalances.
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Figure 2. Abundance (10? cell counts mL™") and distribution of (a) Prochlorococcus, (b) Synechococcus, and
(c) picoeukaryotes across the transect. Black dots indicate discrete sampling depths for flow cytometric determination and
green dashed line and dots indicate deep chlorophyll maximum at each station occupied.
3.4. Particulate and Total Organic Matter
POM was concentrated within the euphotic zone and showed strong regional contrasts (Table 3). POC and PON
were highest in the eastern boundary (>50 and 7.5 pg L™, respectively), reflecting enhanced productivity
(Figures 6a and 6b). PP also increased sharply eastward (>0.3 pg L™h (Figure 6¢), with additional peaks above
the Mid-Atlantic Ridge, suggesting localized productivity enhancement. POM stoichiometry reflected nutrient
availability: C:P and N:P ratios were highest in the western NASG (213 + 45 and 44 + 7, respectively) and
declined eastward (<130 and ~20, respectively), consistent with relief of phosphorus limitation in upwelling-
influenced waters (Table 3; Figure S6 in Supporting Information S1).
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Figure 3. Abundance (10° cell counts mL™") and distribution of (a) Hnac and (b) Lnac heterotrophic bacteria across the
transect. Black dots indicate discrete sampling depths for flow cytometric determination and green dashed line with dots
indicate deep chlorophyll maximum at each station occupied.

The total organic matter pool (TOM) was dominated by DOM, particularly in the gyre interior. TOM N:P ratios
reached extreme values (~260 in the Mid-Atlantic Ridge region) driven by nitrogen excess relative to phosphorus
(Table 3). Together, these results suggest that DOM accumulation and chronic P limitation jointly control basin-
scale organic matter stoichiometry.

3.5. Indicators of Nutrient Imbalance

The nitrogen anomaly (N*) increased with temperature (r = 0.86, p < 0.001), consistent with regions of potential
diazotrophic influence (Table 3). Elevated N* coincided with high DON concentrations and extreme total organic
N:P ratios, suggesting a potential role for biological nitrogen inputs in shaping basin-scale nutrient imbalances.
We note, however, that N* is an indirect tracer and may also reflect physical processes such as advection of
nutrient-rich waters or local remineralization (Williams et al., 2011, 2026). Accordingly, N* should be interpreted
as a qualitative indicator of nitrogen excess rather than a diagnostic measure of N,-fixation.

3.6. Statistical Identification of Drivers

Statistical modeling was used to identify environmental and biological predictors of variability in POM C:N and
DOM C*:N stoichiometry, and microbial community structure (AC:HC) ratios (Table S1 in Supporting Infor-
mation S1). Predictive performance for POM C:N was low overall (CV R? = 0.054), indicating substantial un-
explained variability in particulate stoichiometry (Table S2 in Supporting Information S1). Across modeling
approaches, no single dominant set of predictors emerged. Random forest analysis identified PO43 ~ concentra-
tion, Prochlorococcus abundance, and Lnac bacterial abundance as important variables. Stepwise regression
similarly retained PO,>~ as a weak but consistent predictor, alongside Prochlorococcus in some model iterations.
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Figure 4. Cross-section plots of concentrations (in pmol LY of (a) nitrate (NO;™), with yellow dashed line and dots
indicating Z, (NO;™ > 2 pmol L") and (b) phosphate (PO43 7), with blue dashed line and dots indicating Z,
(PO43_ > 0.1 pmol L") at each station occupied across the transect. Black dots indicate discrete sampling depths.

Mixed-effects models including subregion as a random factor did not substantially improve explanatory power,
suggesting that particulate stoichiometry is only weakly constrained by the measured environmental and bio-
logical variables at the basin scale.

In contrast, DOM C*:N was highly predictable (CV R* = 0.91; RMSE = 0.78). Stepwise regression identified
DOP as the strongest single predictor (standardized coefficient § = 34.0). Random forest analysis pointed toward
DOP as the dominant variable, followed by weaker contributions from PO,>~ and microbial community
composition metrics. Mixed-effects models nearly explained all variance in DOM C*:N (marginal R* = 0.99;
conditional R* = 0.997), suggesting limited additional spatial structure beyond measured predictors. This sug-
gests that DOM stoichiometry is most strongly associated with phosphorus availability, which was consistent
across modeling approaches.

AC:HC ratios were also well explained (CV R* = 0.86; RMSE = 0.075; marginal R* = 0.91) by the environmental
and biological predictor set. Across modeling approaches, Prochlorococcus abundance emerged as the strongest
explanatory variable, while Synechococcus, temperature, and Hnac provided secondary explanatory power.
Random forest results supported this ranking, with Prochlorococcus contributing the highest variable importance
score (Table S2 in Supporting Information S1). This suggests that the AC:HC balance is primarily structured by
cyanobacterial composition and modulated by temperature. Across all response variables, phosphorus availability
and microbial community composition consistently emerged as key predictors, suggesting that carbon processing
pathways in the NASG are mainly associated with underlying nutrient availability.
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Figure 5. Cross-section plots of concentrations (in pmol L") of (a) Dissolved organic nitrogen, with yellow dashed line and
dots indicate Zy (NO3;~ > 2 pmol L") and (b) dissolved organic phosphorus, with blue dashed line and dots indicate Zp
(PO43_ > 0.1 pmol L™") across the transect. Black dots indicate discrete sampling depths.
Table 3

Inventory of Particulate (POM), Dissolved (DOM), Total (TOM) Organic Matter, Total Stoichiometry (Dissolved Organic + Inorganic, Total N:P), and
Semi-Conservative N,-Fixation Tracer N*

Western boundary (n = 2)

Western basin (n = 15) Mid-Atlantic ridge (n = 8) Eastern basin (n = 9) Eastern boundary (n = 4)

POM C:N 5+ — 8+4 8+£2 8+1 7x1
POM N:P 44 =7 36 = 18 25 =11 18 £2 202
POM C:P 213 = 14 212 =45 182 £ 46 149 = 23 128 = 10
DOM C*:N 21 = —(11 = -) 15+£6(@8=x3) 10305 =x1) 9£2(5 1) 10£206=x1)
DOM N:P 14 = — 39 £21 307 £ 214 184 + 218 81 + 45
DOMCH*:P 298 £ 2 483 £ 155 2,479 + 1,593 1,564 + 1,621 792 + 333
TOM N:P 16 + — 42 +£23 258 £ 170 79 £ 39 16 £ 3
Total N:P 14 +1 40 £ 22 281 + 206 100 = 72 35+8

N* 2.6 £0.1 2.6 £0.1 2.7+0.1 23+£03 1.8 £0.2

Note. For DOM, two estimates—C* inferred from global mean bulk DOM and (in parentheses) from mean semi-labile DOM stoichiometry—are given. Additional
endmember DOM stoichiometries specific to the NASG are provided in Table S3 in Supporting Information S1. All data are depth-integrated and presented as

mean + SD per defined subregion.
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Figure 6. Cross-section plots of measured concentrations (in pg L™") of (a) Particulate organic carbon, (b) particulate organic
nitrogen, and (c) Particulate phosphorus across the transect. Gray dashed lines and dots indicate the calculated mixed layer
depth at each station occupied, and black dots indicate discrete sampling depths.
4. Discussion
4.1. Controls on the Hydrography of the Subtropical North Atlantic
The high-resolution data set presented here (~2° station spacing), combined with statistical analysis of physico-
chemical and biological parameters, provides a detailed view of the hydrographic structure across the subtropical
North Atlantic between 23° and 27°N, particularly the NASG. Hydrogeography is strongly influenced by basin-
scale circulation, notably the AMOC, which modulates heat transport and stratification (Primeau, 2005; Smeed
et al., 2018). Consistent with this framework, we observed a west-east gradient of decreasing temperature and
MARX ET AL. 11 of 16

851807 SUOWILLID BAIERID 3|qedljdde ayy Aq peusenob afe Sapie O ‘88N JO S8|NJ o Akeiq1T 8UIIUO A3 U (SUORIPUOD-PUR-SLLBYWI0D" A 1M Ae.d]]BUl[Uo//Stiy) SUORIPUOD Pue swie | 8y} 88S *[9202/50/.2] o Ariqiauljuo Aim ‘uoidureyinos JO AsieAlun A 8E982000G202/620T 0T/I0p/ w00’ Aa M Ariqijeul|uo'sgndnBey/sdiy woiy pepeojumod ‘s ‘9202 ‘16266912



NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Oceans 10.1029/2025JC023638

increasing salinity, reflecting the advection of colder, saline waters transported into the NASG interior and the
impact of eastern boundary upwelling systems.

Stratification was evident in the mean MLD (125 + 25 m) and associated density structure, consistent with other
oligotrophic gyres in the Pacific and Indian Oceans. Long-term observations indicate that global warming has
been associated with increased gyre stratification (~6.1% since the 1960s (Yamaguchi & Suga, 2019)), and is
expected to further expand (Polovina et al., 2008), partly linked to AMOC weakening (Smeed et al., 2018). Deep
nutriclines across most of the transect indicate restricted vertical nutrient supply, with shoaling confined to the
gyre margins.

These patterns align with the nutrient-ratio budget framework of Xiang et al. (2023), where stratification not only
limits nutrient input but systematically shapes nutrient imbalances that structure ecological communities. Our
observations confirm that circulation-driven stratification acts as a first-order control on both physical structure
and nutrient limitation in the NASG.

4.2. Diverging Nutrient Regimes Across the Subtropical North Atlantic

The subtropical North Atlantic exhibits strong basin-scale contrasts in nutrient availability. While Gulf Stream
influence in the west and the Mauritanian upwelling in the east provide episodic nutrient inputs (Williams
et al., 2011, 2026), the gyre interior remains extremely depleted in surface NO;~ (<50 nmol L™" and PO,*~
(<10 nmol L™Y). These concentrations are consistent with previous observations (Martiny et al., 2019; Zubkov
et al., 2007) and typify oligotrophic gyres globally, although the ultimately limiting nutrient might differ among
basins (Browning & Moore, 2023; Moore et al., 2013).

Phosphorus availability appears particularly important in this system. Although Saharan dust (~193.5 Tg yr™')
delivers substantial nutrient inputs to the subtropical Atlantic (Jickells et al., 2005), >85% of its phosphorus is
insoluble and minimally bioavailable (Mahowald et al., 2008). In contrast, the iron-rich deposition can promote
diazotrophic activity (Conway & John, 2014; Tagliabue et al., 2017), consistent with the high N,-fixation
observed in the NASG (~250 pmol N m2d7h (Capone et al., 2005), rates substantially higher than in the Pacific
gyres (30-120 pmol N m™2 d™") (Mahaffey et al., 2014). Observed N* anomalies are consistent with potential
enhanced diazotrophic influence, likely from Trichodesmium and UCYN-A (Breitbarth et al., 2007; S. E. Rey-
nolds et al., 2007). High concentrations of DON (>7 pmol L") near the Mid-Atlantic Ridge further suggest
coupling between trace metal supply and increased N,-fixation (Kunde et al., 2019; Tuerena et al., 2019). We
emphasize, however, that N* values are indirect indicators and can also reflect physical transport or reminer-
alization processes (Williams et al., 2026). Consequently, although elevated DON in the gyre interior is consistent
with positive N* anomalies, these observations may reflect a combination of biological production and physical
processes, and interpretations of diazotrophy should be considered with caution in the absence of direct N,-
fixation measurements.

In the absence of equivalent phosphorus inputs, nitrogen fixation contributes to sustained P-stress, increasing
reliance on DOP as an alternative nutrient source (Dhyrman, 2016; Mahaffey et al., 2014; S. Reynolds
et al., 2014). Observed DOP concentrations (210 + 160 nmol L™! in the western NASG) are consistent with
previously reported values (210 # 10 nmol L™" reported for the eastern basin) (Mather et al., 2008). DOP remains
an important phosphorus resource under chronic PO,*~ depletion. Our statistical models independently indicated
a strong statistical association (§ = 34.0; marginal R> = 0.99; CV R* = 0.91) between DOP and DOM across the
basin.

4.3. Factors Determining the Microbial Community in the Subtropical North Atlantic

Microbial community structure broadly tracked hydrographic and nutrient gradients. Prochlorococcus dominated
the oligotrophic gyre interior, exceeding cell counts of Synechococcus by up to five-fold, while Synechococcus
and picoeukaryotes increased toward nutrient-enriched eastern waters. This partitioning is consistent with global
cyanobacterial biogeography (Flombaum et al., 2013) and reflects combined nutrient and temperature controls.
Our modeling supports this mechanistic interpretation: autotroph:heterotroph biomass ratios (AC:HC) were
strongly associated with Prochlorococcus abundance (marginal R? = 0.91; CV R*> = 0.86), with additional
contributions from temperature and Hnac bacteria. These results confirm that phytoplankton composition is a
primary determinant of trophic structure across the transect.
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Adaptations underpinning Prochlorococcus dominance—genome streamlining, ecotype partitioning, and small
cell size—facilitate survival in ultraoligotrophic waters (Casey et al., 2022; Luo, 2015; Painter et al., 2014). In
contrast, Synechococcus exhibits greater metabolic plasticity and responsiveness to nutrient pulses (Scanlan
et al., 2009).

Heterotrophic bacteria showed analogous partitioning: Lnac bacteria dominated the stratified interior of the
NASG, while Hnac bacteria increased in nutrient-replete boundary regions. Prochlorococcus-Lnac partnerships
in the gyre interior and Synechococcus-Hnac associations at productive margins indicate tight coupling between
microbial trophic structure and nutrient availability.

These structural differences imply contrasting carbon processing pathways. In Prochlorococcus-dominated,
phosphorus-limited regions, elevated C:P production and enhanced recycling are consistent with greater retention
and transformation of organic matter in the dissolved form (Jiao et al., 2010; Letscher & Moore, 2015; Liang
et al., 2023). In contrast, boundary systems characterized by Synechococcus and picoeukaryote-rich communities
are associated with conditions more conducive to POM production and export (Hopkinson & Vallino, 2005;
Liang et al., 2023).

4.4. Impact of Community Structure on Organic Matter Stoichiometry

Organic matter stoichiometry closely tracked nutrient and community gradients. Elevated POM C:P (>200) and
N:P (>35) ratios in the western NASG correspond well with reported cellular stoichiometry of Prochlorococcus
(228 £ 77 C:P, 22 £ 9 N:P) and Synechococcus (188 = 68 C:P, 21 = 7 N:P) (Fagan et al., 2024; Lomas
etal., 2021), consistent with strong phosphorus limitation in the gyre interior. Model results show that particulate
C:N was only weakly predictable (CV R* — 0.24; marginal R* = 0.054), with PO43_, Prochlorococcus, and Lnac
identified as key predictors, indicating that particulate composition is strongly influenced by dynamic production
and environmental variability, particularly in boundary regions.

In contrast, DOM C*:N was highly predictable and closely associated with DOP, suggesting a strong statistical
relationship between phosphorus availability and inferred DOM composition. Central NASG waters exhibited
elevated C*:N and C*:P relative to boundary regions and global averages (Table 3) (Hopkinson & Vallino, 2005;
Jiao et al., 2010; Letscher & Moore, 2015; Liang et al., 2023).

DOM carbon (C*) in this study is a derived proxy based on DON and DOP using literature-based stoichiometric
assumptions (Liang et al., 2023). As such, it does not represent direct DOC measurements and should be
interpreted in a relative sense. Absolute values and derived C*:N and C*:P ratios are subject to uncertainty and are
interpreted as indicative of relative DOM composition rather than quantitative carbon concentrations. To assess
this uncertainty, C* was calculated using multiple DOM endmember compositions (global bulk, global semi-
labile, and regionally constrained NASG bulk and semi-labile). Despite substantial variability in absolute
values (Table S3 in Supporting Information S1), basin-scale spatial gradients were consistent across all as-
sumptions. Coefficients of variation across endmembers ranged from ~30% to 50% for C*:N and ~70%—-80% for
C*:P, indicating that uncertainty is larger for P-normalized ratios but does not alter the observed spatial patterns.
Importantly, these patterns are independently supported by directly measured N:P ratios, which show pronounced
nitrogen enrichment relative to phosphorus in the gyre interior. This supports the interpretation of strong phos-
phorus stress and enhanced microbial processing (Jiao et al., 2010; Letscher & Moore, 2015), irrespective of the
specific DOM stoichiometric assumption. While the C* approach does not allow precise quantification of DOM
carbon concentration or lability, the combined evidence from measured nutrients and inferred stoichiometry
indicates systematic differences in organic matter processing across the basin. Direct DOC measurements and
molecular-level characterization would further refine these constraints.

Taken together, these results are consistent with a basin-scale functional gradient in organic matter processing,
with enhanced recycling and accumulation of carbon-enriched DOM in the stratified gyre interior and compar-
atively greater particulate production in nutrient-influenced boundary regions. This gradient reflects the com-
bined influence of stratification, nutrient limitation, and microbial community structure at basin-scale. The
differing sensitivity of C*:N and C*:P to DOM endmember assumptions reflects the asymmetric biogeochemical
control of nitrogen and phosphorus in oligotrophic systems. Low and highly variable phosphorus concentrations
amplify uncertainty in P-normalized metrics, whereas nitrogen-based ratios remain comparatively more stable.
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5. Conclusions and Broader Context

NASG combines features that distinguish it from other oligotrophic gyres. Like all subtropical gyres, it is
permanently stratified with chronically low nutrient concentrations, yet it receives far greater dust inputs than the
Pacific or Indian gyres (Jickells et al., 2005), stimulating diazotrophy at rates exceeding those observed elsewhere
(Capone et al., 2005; Mahaffey et al., 2014). As a result, phosphorus limitation is particularly pronounced,
situating the NASG among the more strongly P-stressed regions of the global ocean (Browning & Moore, 2023;
Moore et al., 2013).

The microbial community is strongly structured by nutrient availability, with interior regions associated with
more strongly recycled, phosphorus-poor organic matter (Jiao et al., 2010; Letscher & Moore, 2015), while
boundary regions are associated with conditions supporting more labile organic matter production (Hopkinson &
Vallino, 2005). Statistical analyses confirm that microbial composition and nutrient availability jointly structure
organic matter pools across the basin. Although the transect reflects late winter conditions, spatial gradients in
nutrient limitation and community composition are consistent with long-term observations (Martiny et al., 2019;
Zubkov et al., 2007), suggesting that these patterns are robust beyond seasonal variability. Given ongoing
climate-driven changes, including stratification intensification and potential circulation weakening, the balance
between dissolved and particulate matter pathways may shift, with implications for carbon cycling efficiency in
the North Atlantic. Finally, this study highlights the importance of integrating physical, chemical, and biological
measurements to resolve coupled biogeochemical processes at basin scales.
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