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Abstract

Subsurface anticyclonic eddies (SAEs) reshape ocean stratification and nutrient-light regimes, yet their micro-
bial and biogeochemical impacts remain poorly resolved. We combined CTD-ADCP hydrography, nutrient pro-
files, microscopy and flow-cytometry, and 18S/16S rRNA transcript sequencing to examine a long-lived SAE in
the northern South China Sea. The lens-shaped eddy featured a strong velocity core (maximum 0.46 ms~' at
90 m) and a deepened euphotic zone from exterior reference to edge to center (107.9 — 117.9 — 124.5 m).
Depth-integrated chlorophyll-a (25-150 m) was higher inside the eddy (19.7 mg m?) than at reference waters
(18.2 mg m~?), peaking at the center (20.8 mg m~?), indicating subsurface intensification of autotrophic bio-
mass. Alpha-diversity enhanced within the eddy, especially at its edge, while vertical turnover of protistan and
bacterial assemblages exceeded center-edge differences, contrasting with surface-intensifying anticyclonic
eddies that often homogenize communities. Distance-based redundancy analyses identified water mass, nutri-
ent, viral, bacterial, and nanoflagellate gradients as key correlates of community structure, reflecting light-
nutrient colimitation modulated by top-down control. Ecotype-resolved patterns supported this framework that
high-light Ostreococcus tauri declined, whereas low-light Prochlorococcus MIT9313 was ~ 5-fold enriched just
above the core and toward the center. Protist-bacteria co-occurrence network formed depth- and edge-specific
modules and hub taxa included protist Stramenopiles, free-living Alphaproteobacteria and particle-associated
Deltaproteobacteria. Collectively, the deepened euphotic zone and elevated subsurface chlorophyll-a, together
with spatially structured community assembly, demonstrate that the eddy functions as a localized biogeochemi-
cal reactor enhancing subsurface productivity and microbial recycling in oligotrophic waters—linking eddy
physics to ecosystem function.

Mesoscale eddies, typically spanning 100-200 km in diame-
ter, account for over half of oceanic kinetic energy and redis-
tribute heat, salt, and nutrients on regional to basin scales
(Carton 2001; Chelton et al. 2011). By uplifting or depressing
isopycnals, cyclonic and anticyclonic eddies modulate nutri-
ent fluxes into the euphotic zone, triggering phytoplankton
blooms and altering mixed-layer depth, with cascading
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impacts on bacteria and protists (McGillicuddy et al. 1999;
Nelson et al. 2014). Although these physical-biogeochemical
couplings are well documented, the responses of entire micro-
bial assemblages, especially at trophic and ecotypic resolution,
remain poorly explored.

Recent work has revealed that eddy polarity and develop-
mental stage exert strong control over protistan metabolic
activity and community composition (Beatty et al. 2025).
In particular, Anticyclonic eddies, with their nutrient-poor
waters, select for mixotrophic dinoflagellates and chryso-
phytes, upregulating genes for both phototrophy and grazing
(Gleich et al. 2024). Eddy-mediated shifts in diatom size
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structure further cascade through the microbial food web
(Waga et al. 2019). However, most investigations have focused
on single phytoplankton taxa, overlooking heterotrophic and
parasitic protists as well as the dichotomy between free-living
and particle-associated bacteria (Nelson et al. 2014; Wang
et al. 2018). In oligotrophic gyres, gradients of light, tempera-
ture and nutrients structure the distribution of Prochlorococcus
high-light and low-light ecotypes (Moore and Chisholm 1999;
Malmstrom et al. 2010) and partition picoeukaryote lineages
such as Ostreococcus across frontal zones (Demir-Hilton
et al. 2011; Clayton et al. 2017; Simmons et al. 2016). Impor-
tantly, Sheyn et al. (2025) demonstrated that cyclonic eddies
enrich high-light I Prochlorococcus near the deep chlorophyll
maximum, an effect absent in anticyclonic counterparts, und-
erscoring eddy polarity as a determinant of microbial ecotype-
level structure.

Subsurface anticyclonic eddies (SAEs) represent a unique
class of coherent vortices, characterized by lens-shaped cores
bounded by the main and seasonal thermoclines. Also known
as intrathermocline eddies, submesoscale coherent vortices, or
mode-water eddies, these structures are marked by a depressed
main thermocline, uplifted seasonal thermocline, a subsurface
velocity maximum, weakened stratification, and low potential
vorticity (Dugan et al. 1982; McWilliams 1985; McGillicuddy
et al. 1999). These attributes enable them to isolate and trans-
port water masses across long distances, often without leaving
strong surface signatures (Meunier et al. 2018; Yang
et al. 2019). Their detection typically requires in situ instru-
mentation such as ADCP, Argo floats, gliders, or moorings
(Takikawa et al. 2005; Nan et al. 2017). Despite their fre-
quency and potential ecological importance, the influence of
SAEs on protistan, free-living and particle-associated bacterial
assemblages has been poorly addressed.

The South China Sea (SCS) is one of the most eddy-active
regions globally, averaging 33 mesoscale eddies annually
between 1993 and 2007 (Sun et al. 2021). Nearly half of
the winter Kuroshio Loop Current (KLC) shedding eddies per-
sist into late spring as subsurface, lens-shaped anticyclonic
eddies (Xu et al. 2023). Unlike surface-intensified eddies, the
long-lived SAEs that develop in this region have not been sys-
tematically studied in terms of their effects on microbial com-
munities. In late 2020, one such SAE formed and remained
active until late 2021 (Qi et al. 2022). It exhibited hallmark
features of SAE structure—a lens structure between 25 and
150 m, a subsurface velocity maximum exceeding 0.5 m s™! at
~ 90 m. Unlike regular subsurface eddies, this SAE showed sig-
nificant surface signals such as positive sea-level anomalies
and negative sea surface temperature anomalies, reflecting
KLC shedding, winter cooling, and geostrophic adjustment
(Qi et al. 2022; Xu et al. 2023). Even at 11 months of age, this
eddy maintained a shallower mixed layer and colder, saltier
upper waters (25-50 m) than the surrounding region (Fig. 1).

Despite the prevalence of long-lived SAE in the South
China Sea, it remains unclear (i) how their lens-shaped
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hydrography partitions microbial diversity along vertical
(above-core, core, below-core) and horizontal (center-edge)
gradients, (ii) whether apparent center-edge contrasts persist
after accounting for vertical stratification, and (iii) how
within-eddy light and nutrient regimes select for distinct tro-
phic strategies and phototroph ecotypes. To address these
questions, we coupled hydrographic observations (sea-level
anomaly, ADCP, CTD) with nutrient profiles, microscopy and
flow-cytometric cell counts, and 18S/16S rRNA transcript
sequencing to characterize active protist, free-living bacterial,
and particle-associated bacterial communities at four depths
(surface, 75, 100, and 150 m) across the eddy center, edge,
and adjacent reference stations. Specifically, we asked whether
(1) the SAE generates distinct vertical and horizontal micro-
habitats that differentially structure protist, free-living, and
particle-associated bacterial communities; (2) light-nutrient
gradients favor mixotrophic protists in the nutrient-poor cen-
ter and autotrophic protists at the nutrient-enriched edge;
(3) phototrophic ecotypes partition the eddy lens according to
light adaptation (e.g., low-light Prochlorococcus enriched
within the core, high-light Ostreococcus above and at the
edge); (4) microbial co-occurrence networks delineate modules
corresponding to these hydrographic habitats. Together,
these analyses aim to elucidate how SAEs reorganize microbial
diversity, trophic strategies, and protist-bactria interactions,
thereby linking mesoscale physical dynamics to microbial and
biogeochemical functioning in one of the ocean’s most eddy-
active regions.

Materials and methods

Cruise logistics and study area

Data were collected aboard R/V Dong Fang Hong 3 during
the NORC2021-05 cruise (20 August-8 September 2021),
which targeted mesoscale eddies in the northeastern South
China Sea (Nan et al. 2011). The three-dimensional structure,
formation mechanism, and regional prevalence of the focal
subsurface anticyclonic eddy have been described in Qi et al.
(2022) and Xu et al. (2023). Building on that physical frame-
work, we here detail the biological sampling and associated
measurements. The eddy’s position was tracked with a spatial
resolution of 0.25° x 0.25°, using satellite altimeter-based sea-
level anomalies data sourced from the Copernicus Marine Envi-
ronment Monitoring Services. Stations with sea-level anomalies
> 30 cm were designated eddy center, while those with sea-level
anomalies < 30 cm defined eddy edge. Two hydrographic sec-
tions across the subsurface anticyclonic eddy were conducted
to characterize its structure. Eleven profiles were located within
the eddy, and three additional profiles served as exterior refer-
ence sites outside its influence (Fig. 1; Supporting Information
Table S1).

Hydrographic data were obtained using a Sea-Bird CTD pro-
filer (SBE 911, Sea-Bird Electronics, USA) mounted on a Gen-
eral Oceanics rosette sampler equipped with 24 Niskin bottles
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(12 L capacity). The CTD’s temperature and salinity data were
validated by the National Center of Ocean Standards and
Metrology and processed using SBE Processing Data software
(v7.26.7) following the “Specifications for Oceanographic Sur-
vey.” A shipborne broadband Acoustic Doppler Current Pro-
filer (ADCP; 75 kHz; Teledyne RD Instruments, Poway, CA,
USA) provided velocity profiles of the water column up to
200 m depth, with a bin size of 8 m and a sampling interval of
1 min. Velocity data were used to quantify the eddy’s dynamic
features, particularly its core at ~ 90 m depth. Maps of sam-
pling transects and velocity fields were created using Matlab
(R2021b, MathWorks Inc., USA). Water samples were collected
from four depths (5, 75, 100, and 150 m) at each station. The
5 m samples were excluded from subsequent microbial and
environmental analyses because the subsurface anticyclonic
eddy was confined to 25-150 m. Analyses therefore focused
on samples representing the eddy’s interior across this depth
range. The euphotic depth (Z.,) was estimated following the
inherent optical property-based model of Lee et al. (2007) and
Wu et al. (2021), extracting from the 8 d—-composite and 4 km—
resolution level-3 data files (reprocessing R2022.0.1) generated
by using NASA Earthdata’s SeaDAS software. Z., was defined as
the 0.5% photosynthetically available radiation (PAR) depth
(Zo.s%), which more accurately represents the compensation
depth than the conventional Z;o,. Calculated Z., values were
107.9 m at the reference station, 117.9 m at the eddy edge, and
124.5 m at the eddy center, indicating a progressively deepened
euphotic layer toward the anticyclonic center.

Biochemical observations

Water samples for chlorophyll-a analysis (500-1000 mL)
were filtered through GF/F glass fiber filters (Whatman, UK)
under low vacuum pressure (<100 mmHg), flash-frozen in
liquid nitrogen, and stored at —80°C. In the laboratory,
chlorophyll-a was extracted in 90% acetone (16-24h, dark,
—20°C) and quantified with a Trilogy fluorometer (Turner
Designs, USA) following standard fluorometric methods (Parsons
et al. 1984). Depth-integrated chlorophyll-a (25-150 m) was
calculated for each station using chlorophyll-a concentrations
measured at standard depths (25, 50, 75, ~ 90, 100, ~ 120, and
150 m). Integrations were performed using the trapezoidal
method to approximate the vertical distribution of chlorophyll-a
within the eddy. Nutrient concentrations (nitrite, nitrate, phos-
phate, and silicate) were determined using an AA3 nutrient
autoanalyzer (SEAL Analytical, Germany) with detection limits
of 0.01-0.02 ymol L™' (Du et al. 2013). Nanoflagellate abun-
dances were quantified from 50 mL seawater samples prefiltered
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through a 20 yum nylon mesh. Samples were fixed with 1% glu-
taraldehyde and stained with DAPI (Sigma, USA) to distinguish
pigmented nanoflagellates from heterotrophic nanoflagellates
under fluorescence microscopy (Nikon ECLIPSE 90i, Japan). Bac-
terial and viral abundances were determined via flow cytometry
(Epics Altra II, Beckman Coulter, USA) after fixation with 1%
glutaraldehyde, flash-freezing, and staining with SYBR Green I
(1/10,000 or 1/20,000 final concentration for bacteria and
viruses, respectively). Viral samples were further heated to 80°C
for 10 min before analysis.

RNA sampling, extraction, PCR, and sequencing

Eight liters of seawater were sequentially filtered through
200, 3, and 0.22 um pore-size polycarbonate filters (Millipore,
USA) to separate free-living and particle-associated bacteria, as
well as protists. The 0.22-3 ym fraction was used for free-
living bacteria, while the > 3 ym fraction represented particle-
associated bacteria. Protistan communities were collected
using a combination of the 0.22 and 3 ym filters to capture
both small flagellates and larger microeukaryotes. For each sta-
tion and depth, total RNA was extracted separately from the
3 and 0.22 ym filters, and the resulting RNA extracts were
then combined by pooling equal volumes from each filter
prior to DNase treatment, reverse transcription, and PCR
amplification. Filters were flash-frozen in liquid nitrogen and
stored at —80°C. Given environmental DNA'’s persistence in
marine environments (Dell’Anno and Corinaldesi 2004) and
the prevalence of dormant cells among marine microbes
(Zinger et al. 2012), we employed a rRNA gene transcript-
based approach to specifically characterize the active microbial
response to eddy. RNA extraction was performed using the
RNeasy Mini Kit (Qiagen, Germany), with DNA removed by
RNase-free DNase treatment. cDNA was synthesized using a
High-Capacity c¢DNA Reverse Transcription Kit (Applied
Biosystems, USA). We note that rRNA read proportions do not
represent absolute cell counts or biomass, but rather the distri-
bution of ribosome-rich, metabolically active taxa under the
sampled conditions (see Discussion for implications). For bac-
terial communities, the V3-V4 region of the 16S rRNA gene
was amplified using primers 341F and 806R (Roggenbuck
et al. 2014). The 806R primer can underestimate the relative
abundance of SAR11 (Apprill et al. 2015). Therefore, our
SAR11 estimates should be considered conservative. We focus
on relative patterns across habitats and depths rather than
absolute contributions for this clade. The comparatively low
SAR11 signal may also reflect the transcript-based sequencing
approach, which emphasizes ribosome-rich, metabolically

Fig. 1. Overview of hydrographic conditions in the South China Sea during the field sampling. (a) Map showing the broader geographic view of the
sampling region. (b) Enlarged view of the specific sampling locations. (¢, d) Temperature distributions along latitudinal and longitudinal transects, respec-
tively. (e, f) Salinity distributions along the same transects. (g, h) Potential density distributions along latitudinal and longitudinal transects. (i-l) Sea level
anomaly (cm) patterns during the sampling period, with arrows representing sea surface currents. (m, n) Zonal (u) and (o, p) meridional (v) velocity

components along latitudinal and longitudinal transects.
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active taxa. For protistan communities, the V4 region of the
18S rRNA gene was amplified using primers TAReuk454FWD1
and TAReukREV3 (Stoeck et al. 2010). Amplicons were pooled,
purified, and sequenced using the Illumina MiSeq PE300 plat-
form (Majorbio Bioinformatics Technology Co., Ltd., China).

Sequencing data processing and statistical analyses

Raw reads were processed using USEARCH v10 (Edgar 2013)
and QIIME v1.9.0 (Caporaso et al. 2010). Quality control
included trimming low-quality reads (Trimmomatic v0.38) and
removing chimeras and singletons (USEARCH v10). Opera-
tional taxonomic units were clustered at 97% identity and
annotated against the Protist Ribosomal Reference Database
(PR2) and SILVA v132 (Guillou et al. 2013; Quast et al. 2013).
Rarefied operational taxonomic unit tables ensured uniform
sequencing depth for downstream analysis, with 30,036 and
20,305 reads retained for protistan and bacterial communities,
respectively. Alpha diversity indices, including operational tax-
onomic unit richness, Chaol, ACE, and Faith’s PD, were calcu-
lated using QIIME v1.8.0. Nonparametric statistical tests
(Wilcoxon rank-sum and Kruskal-Wallis) were applied to evalu-
ate diversity differences across depth layers and horizontal
zones. Principal Coordinates Analysis (PCoA) and Analysis of
Similarity (ANOSIM) were used to assess beta diversity using
Bray-Curtis distance matrices. Differential operational taxo-
nomic units between depth layers and between center-edge
were identified using a two-step procedure. Prior to differential
analysis, rare operational taxonomic units were removed,
defined as those with a relative abundance < 0.01% within
the eddy dataset, and the remaining operational taxonomic
units were considered non-rare. Indicator Species Analysis
(Indicspecies) first detected operational taxonomic units charac-
teristic of specific spatial groups, and these were then validated
using likelihood ratio tests in edgeR. Only operational taxo-
nomic units identified as significant by both methods (FDR-
adjusted p <0.05) were designated as reliable indicators. To
relate community patterns to environmental gradients, Mantel
tests and distance-based redundancy analysis (AbRDA) were per-
formed. Bray—Curtis dissimilarities of log-transformed opera-
tional taxonomic unit tables were used as response matrices,
while Euclidean distances of standardized environmental vari-
ables, including temperature, salinity, dissolved inorganic nutri-
ents, chlorophyll-g, viral abundance, bacterial abundance, and
heterotrophic nanoflagellate abundance, served as predictors.
Mantel correlations (Spearman’s r, 9999 permutations) identi-
fied significant associations between community composition
and environmental gradients. dbRDA (vegan v2.6-4, R v3.6.1)
quantified the relative contributions of physicochemical and
biological factors to p-diversity, with significance assessed
by permutation (p < 0.05). To minimize collinearity, nutrient;
bacterial and viral; heterotrophic and pigmented nanoflagellate;
and temperature-salinity variables were summarized as principal
components (PClyytrient; PClpacsvin PClng, and PClys, respec-
tively). Mantel tests were also applied to the subset of
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differential operational taxonomic units to examine how
vertical and horizontal enrichments (e.g., Dinophyceae,
Bacillariophyta) corresponded with environmental and biologi-
cal gradients within the eddy. A co-occurrence network was
constructed to explore the relationships between protists and
bacteria. To minimize noise and complexity in the network
analysis, operational taxonomic units with a relative abundance
below 0.01% and present in less than 50% of the samples were
excluded. Spearman’s rank correlation coefficients (r) were calcu-
lated for the remaining operational taxonomic units using the
Hmisc package. Only robust correlations (|r| = 0.7) that were sta-
tistically significant (FDR-adjusted p <0.01) were included in
the analysis. Network visualization and modular analysis were
carried out using the interactive software Gephi (version 0.9.2;
Bastian et al. 2009).

Results

Physical, chemical, biological features

Sampling stations were arranged along two transects—C
(latitudinal) and ZCD (longitudinal)—with sea-level anomalies
> 30 cm stations (C5, C6, ZCD7, ZCD6, ZCDS) designated as
eddy center, and sea-level anomalies < 30 cm stations (C1, C8,
C3, ZCD1, ZCD3, LX2) as eddy edge (Fig. 1; Supporting Infor-
mation Table S1). The eddy’s vertical core was defined by max-
imum currents (~ 0.46 m s~ ') at ~ 90 m, with sharply reduced
velocities above and below this depth (Fig. 1m-p). To disen-
tangle vertical and horizontal patterns within the subsurface
anticyclonic eddy, we adopted a hierarchical analytical frame-
work. First, to characterize vertical structuring, samples were
grouped into three layers relative to the velocity core
(~ 90 m): above-vertical core (AVC, 75 m), vertical core (VC,
100 m), and below-vertical core (BVC, 150 m). These depth
layers included all within-eddy stations (center and edge) to
capture the overall vertical organization of microbial assem-
blages. Second, to assess horizontal structuring, all depths
were combined to compare communities between the eddy
center and edge. To further evaluate location-specific vertical
stratification, vertical variation was analyzed separately for
center, edge, and reference stations. Finally, horizontal varia-
tion within each depth layer (center vs. edge at 75, 100, and
150 m) was also tested. This nested design enabled parallel
evaluation of vertical and horizontal community differentia-
tion within and across eddy habitats.

The subsurface anticyclonic eddy (SAE) sampled in the
northern South China Sea was characterized by a lens-shaped
core spanning ~ 25-150 m, bounded by highly stretched
isotherms and isopycnals (Fig. 1). Unlike regular subsurface
eddies, this SAE exhibited significant surface signals (sea-level
anomalies + 39.85 cm; cold-core sea surface temperature anom-
aly 0.4-1.0°C) (Fig. 1). The temperature difference between the
layer above the vertical core (75 m) and below it (150 m) was
4.4°C, compared to 5.7°C at adjacent reference stations,
reflecting the stretched isotherms of this eddy. A deepened
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euphotic zone was observed from reference to edge to center
(107.9 — 1179 — 124.5 m), consistent with the anticyclonic
downwelling signature. Depth-integrated chlorophyll-a (25-
150 m) was higher inside the eddy (19.7 mg m~?) than at refer-
ence waters (18.2 mg m~2), peaking at the center (20.8 mg m?),
indicating subsurface intensification of autotrophic biomass.
Compared to reference stations, the eddy exhibited relatively
lower nutrient concentrations but generally higher biotic vari-
ables, including depth-integrated chlorophyll a (25-150 m) and
abundances of bacteria, viruses, and pigmented nanoflagellates,
although most differences were not statistically significant
(Fig. 2). Vertically, within the eddy, nutrient concentrations
increased steadily from above to below the vertical core, whereas
chlorophyll-a, picoeukaryote counts, bacterial and viral abun-
dances decreased over the same interval (all p < 0.05) (Fig. 2).
Heterotrophic and pigmented nanoflagellate abundances also
varied significantly, but primarily between the upper and lower
layers. When vertical stratification was examined separately for
each locality, these trends remained consistent at the eddy edge
(Supporting Information Fig. S1). At the eddy center, vertical
patterns persisted for bacteria and viruses, while chlorophyll-a,
picoeukaryotes, and pigmented nanoflagellate exhibited rela-
tively higher abundances at the vertical core than in the layers
above or below, though not all were significant. For nutrients,
concentrations still peaked below the vertical core, but the dif-
ferences between values above and at the vertical core were not
statistically significant (Supporting Information Fig. S1). Hori-
zontally, nutrient concentrations were higher at the edge than
at the center, while temperature showed the opposite pattern,
and these contrasts were significant across all depth layers
(Supporting Information Fig. S1). Chlorophyll-a, and pigmented
nanoflagellate abundances were significantly higher at the edge
than at the center above vertical core, but no significant center-
edge differences were observed when all depth layers were
pooled (Supporting Information Fig. S1).

Alpha diversity and community composition

Microbial alpha-diversity, including richness, Chaol, ACE,
and Faith’s PD, generally increased with depth, peaking at
150 m for most groups except particle-associated bacteria
(Supporting Information Fig. S2). This vertical trend persisted
when eddy center and edge samples were analyzed separately
(Supporting Information Fig. S2). Horizontally, diversity was
consistently higher at the eddy edge than at the center across
protists, free-living bacteria, and particle-associated bacteria,
and this pattern remained evident within each depth layer,
indicating that horizontal variability is robust and not an arti-
fact of vertical aggregation (Supporting Information Fig. S2).
Overall, alpha diversity within the eddy exceeded that at refer-
ence stations, except for free-living bacteria, which showed no
significant difference (Supporting Information Fig. S2).

Our analysis revealed that the eddy imposed a pro-
nounced structuring effect on both protistan and bacterial
assemblages (Fig. 3). Protistan communities within the eddy
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were dominated by Dinophyta, Stramenopiles, Rhizaria, and
Ciliophora, together comprising 92.9% of total sequences
(Fig. 3a). Dinophyceae were most abundant overall (35.9%),
higher at references (38.5%) than within the eddy (35.2%),
whereas Pelagophyceae (14.1% vs. 4.0%) and Ciliophora
(13.1% vs. 9.1%) were enriched within the eddy (Fig. 3a).
Within the eddy, pronounced horizontal contrasts were
observed and generally remained consistent across depths:
Dinophyceae were consistently higher at the center than at the
edge, while Pelagophyceae showed the opposite trend, higher
at the edge at and above the vertical core but higher at the cen-
ter below it (Fig. 3a; Supporting Information Fig. S3a). Verti-
cally, when all within-eddy samples were considered together,
Dinophyceae were enriched above the vertical core, whereas
Pelagophyceae peaked at the vertical core (Fig. 3a). To test
whether these depth-related trends persisted locally, we rea-
nalyzed vertical variation separately for the eddy center and
edge. At the center, the overall vertical pattern for Dinophyceae
remained consistent, while Pelagophyceae shifted their maxi-
mum abundance to below the vertical core. At the edge, the
vertical distribution of Dinophyceae reversed (enriched below
the core), whereas Pelagophyceae retained their peak at the ver-
tical core (Supporting Information Fig. S3a).

Free-living bacterial communities were dominated by
Gammaproteobacteria  (Alteromonadales), = Cyanobacteria
(Synechococcales), Alphaproteobacteria (Rhodobacterales),
and Deltaproteobacteria (SAR324), together comprising 90.3%
of total sequences (Fig. 3b). Alteromonadales decreased from
41.7% at reference stations to 29.8% within the eddy (Fig. 3b).
They were consistently more abundant at the eddy center
than at the edge and peaked below the vertical core—a pattern
that held across depths and localities (Supporting Information
Fig. S3b). Synechococcales exhibited the opposite, being
enriched within the eddy (24.2% vs. 5.0% at the reference
stations) (Fig. 3b). Horizontally, they were more abundant at
the edge than at the center across all depths except below
the vertical core, where the trend reversed (center > edge). Verti-
cally, they were more abundant at and above the core than
below it (Supporting Information Fig. S3b). Rhodobacterales
(Thalassobius) showed similar overall abundance inside and out-
side the eddy but were consistently more concentrated at the
center (10.4% vs. 4.1% at the edge) across all depths (Fig. 3b;
Supporting Information Fig. S3b). Vertically, they were more
abundant below the core (9.3% vs. 5.1%-5.3% at and above the
core). This vertical pattern persisted in center samples but
reversed at the edge, where their abundance decreased with
depth (Fig. 3b; Supporting Information Fig. S3b).

Particle-associated bacterial communities were dominated by
Gammaproteobacteria (Alteromonadales), Alphaproteobacteria
(Rhodobacterales), and Deltaproteobacteria (Bdellovibrionales),
accounting for 93.2% of the total sequences (Fig. 3c).
Compared with reference stations, Alteromonadales declined
inside the eddy, with low relative abundance at the edge
(36.3% vs. 44.5% in the center) and at the wvertical core
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Fig. 2. Bar plots showing the variation of environmental factors among different subgroups. Comparisons are shown between reference stations and
eddy stations, among depth layers, and between the eddy center and edge. AVC, above-vertical core; VC, vertical core; BVC, below-vertical core; DRP,
dissolved reactive phosphorus; DIN, dissolved inorganic nitrogen; DSi, dissolved inorganic silicate; HNF, heterotrophic nanoflagellates; PNF, pigmented
nanoflagellates; Refer., reference stations. Statistical significance is indicated as follows: ns (not significant); ***p < 0.001; **p < 0.01; *p < 0.05.

(32.8% vs. 40.9%—-44.9% above and below). These patterns were
consistent across depths and localities. In contrast,
Rhodobacterales and Bdellovibrionales were enriched inside the
eddy (Fig. 3¢). Rhodobacterales increased with depth and were
more abundant at the center than at the edge across layers and
localities (Fig. 3c; Supporting Information Fig. S3c), whereas
Bdellovibrionales were less abundant below the vertical core and
more abundant at the edge than at the center, patterns that
were generally consistent across depths and localities (Fig. 3¢;
Supporting Information Fig. S3c).

Ecotype-level patterns in chlorophytes and cyanobacteria
Mesoscale eddies have long been recognized to “sort”
picoplankton ecotypes by water mass, such as chlorophyte
and cyanobacteria. Resolving chlorophytes to species and cya-
nobacteria to ecotypes, we found that although Ostreococcus
comprised a minor fraction of the total protistan community,
over 99.9% of Ostreococcus reads belonged to O. tauri.
Expressed as a proportion of total protistan reads, O. tauri was
depleted in the eddy core compared to reference stations
(0.97% vs 1.89%), declined from 1.98% above the vertical core
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Fig. 3. (a—¢) Alluvial diagrams showing the community composition of (a) protists, (b) free-living bacteria, and (c) particle-associated bacteria at the
phylum or class levels across different subgroups. (d—f) Bipartite networks displaying differential operational taxonomic units (OTUs) in protistan and bac-

terial communities across vertical and horizontal gradients. Panels show

(d) protistan, (e) free-living (FL) bacterial, and (f) particle-associated

(PA) bacterial OTUs assigned to classes, orders, or families with significant vertical or horizontal differences, respectively. AVC, above-vertical core; VC, ver-
tical core; BVC, below-vertical core. The AVC, VC, and BVC layers include both center and edge samples to illustrate overall vertical organization within
the eddy. Center and edge categories represent horizontally segregated samples combined across all depths.

to 0.05% below it, and peaked at the edge (1.55%) (Fig. 4). In
contrast, low-light Prochlorococcus MIT9313, expressed as a
proportion of total free-living bacterial reads, constituted
16.89% within the eddy compared to 3.15% at reference sta-
tions. Its relative contribution was maximal above the vertical
core (22.39%), declined below, and was higher at the eddy
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center (18.28%) than at the edge (15.98%) (Fig. 4). Syn-
echococcus CC9902 also enriched within the eddy representing
7.24% of the free-living bacterial reads within the eddy
vs. 1.84% at reference stations, peaking at the vertical core
(9.77%), and showing comparable distributions at the center
(6.17%) and edge (7.93%) (Fig. 4).
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Vertical and horizontal variations of microbial community
within eddy

Our study revealed significant structural differences in
microbial communities between the SAE and reference sta-
tions, highlighting the eddy’s influence on microbial composi-
tion. These differences were quantified using the Analysis of
Similarities (ANOSIM) (Supporting Information Table S2). Pro-
tistan communities exhibited the most pronounced differ-
ences between the eddy and reference stations (ANOSIM,
R=0.518, P<0.001), followed by particle-associated bacteria
(R=0.352, P<0.001) and free-living bacteria (R=0.277,
P <0.001). Principal Coordinates Analysis (PCoA) further
showed distinct groupings of microbial communities within
the eddy, structured by both vertical (above, at, and below the
vertical core) and horizontal (center vs. edge) gradients (Fig. 5;
Supporting Information Fig. S4). Across all microbial groups,
vertical differences in community structure were greater than
horizontal differences between the eddy’s center and edge
(Fig. 5; Supporting Information Fig. S4; Supporting Information
Table S2). Within the eddy, vertical variation in community
structure was significantly greater than at the reference stations,
particularly at the eddy center (Fig. 5). This pattern was
observed for both protists and bacteria, with ANOSIM R-values
indicating the greatest vertical differentiation at the eddy center
for protists (R = 0.812) compared to the edge (R =0.727) and
reference stations (R = 0. 457) (P < 0.001; Supporting Informa-
tion Fig. S2). Followed by free-living bacteria (eddy center:
R =0.722; eddy edge R = 0.541; reference stations R = 0.547),
then particle-associated Bacteria (eddy center: R = 0.628; eddy
edge R=0.412; reference stations R = 0.424; Fig. 5). For

horizontal gradients, protistan communities showed the stron-
gest response, with ANOSIM R-values ranging from 0.455 to
0.851 (P<0.001) across depth layers, compared to free-living
bacteria (R = 0.323-0.492, P < 0.01) and particle-associated bac-
teria (R =0.355-0.755, P<0.01) (Supporting Information
Fig. S4; Supporting Information Table S2).

To quantify the SAE’s impact, we identified operational tax-
onomic units that were differentially abundant across vertical
(above, at and below vertical core) and horizontal (center vs
edge) gradients using Indicator Species Analysis and edgeR.
Depth-specific biomarkers numbered 202 protistan opera-
tional taxonomic units, 129 free-living bacterial operational
taxonomic units, and 96 particle-associated bacterial opera-
tional taxonomic units (Supporting Information Fig. S4), col-
lectively contributing 14.65%, 9.75%, and 4.08% of total
community sequences, respectively. Center-edge differential
operational taxonomic units included 152 protistan, 81 free-
living bacterial, and 179 particle-associated bacterial opera-
tional taxonomic units (Supporting Information Fig. S4),
accounting for 39.35%, 5.63%, and 9.69% of community
sequences, respectively. Our study identified distinct microbial
biomarkers that corresponded to both vertical (above, at, and
below the vertical core) and horizontal (center vs. edge) struc-
tural gradients within the SAE. These biomarkers provide
insights into the microbial compositional shifts driven by the
eddy’s unique environmental conditions. Notably, some taxa
discussed earlier as ecologically structured by the eddy were
also recovered by the differential operational taxonomic units
analyses. For example, a non-rare Ostreococcus operational tax-
onomic unit (operational taxonomic unit 8), representing
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Fig. 5. Principal coordinates analysis (PCoA) plots showing microbial community composition across vertical layers within and outside the subsurface

anticyclonic eddy, based on Bray—Curtis dissimilarity. Panels display vertical

variation (above-vertical core, vertical core, and below-vertical core) for pro-

tists, free-living bacteria, and particle-associated bacteria across reference stations (a—c), eddy edge (d-f), eddy center (g-i), and all eddy (j-I) samples
combined. AVC, above-vertical core; VC, vertical core; BVC, below-vertical core.

0.97% of total protistan reads, was identified as a shared differ-
ential operational taxonomic unit enriched at the eddy edge.
In contrast, ecotype-level patterns observed for Prochlorococcus
and Synechococcus were driven primarily by abundant back-
ground operational taxonomic units that exhibited consistent
depth- and position-related trends, but did not meet the con-
servative criteria for shared differential operational taxonomic
units across statistical methods.

Protistan operational taxonomic units exhibiting vertical dif-
ferentiation were dominated by Radiolaria (Acantharea, Poly-
cystinea), Ciliophora (Spirotrichea, Oligohymenophorea), and
Dinophyta (Dinophyceae, Syndiniales). Together, these groups
accounted for 61.39% of vertically differential protistan ope-
rational taxonomic units by numbers and 56.36% by relative
abundance of vertically differential protistan operational taxo-
nomic units (Fig. 3d). Among free-living bacterial communities,
Alphaproteobacteria (Rhodobacterales), Dehalococcoidia (SAR202
clade), and Deltaproteobacteria (Bdellovibrionales) comprised
56.59% of vertically differential operational taxonomic units by

numbers and 54.49% of their cumulative relative abundance
(Fig. 3e). In particle-associated bacteria, vertically differential oper-
ational taxonomic units were dominated by Deltaproteobacteria
(notably Bdellovibrionales), representing 57.29% by numbers
and 65.42% by relative abundance (Fig. 3f). Differential
operational taxonomic units along the center-edge gradient
also showed distinct taxonomic affiliations. In protists, Stra-
menopiles (Bacillariophyta) and Dinophyceae dominated, con-
tributing 53.29% of center-edge differential operational
taxonomic units by numbers and 87.18% by cumulative relative
abundance (Fig. 3d). In free-living bacteria, Deltaproteobacteria
(Bdellovibrionales) and Alphaproteobacteria (Rhodospirillales)
accounted for 46.91% of center-edge differential operational taxo-
nomic units by numbers and 35.25% of their cumulative relative
abundance (Fig. 3e). In particle-associated bacteria, Bacteroidia
(Flavobacteriales) and Deltaproteobacteria (Bdellovibrionales,
Myxococcales) dominated, comprising 66.48% by numbers and
59.56% by relative abundance of center-edge differential opera-
tional taxonomic units (Fig. 3f). The distinct microbial assemblages
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and biomarkers identified here highlight the ecological signifi-
cance of SAEs in shaping microbial communities.

Factors shaping microbial community within eddy

To evaluate how physicochemical and biological gradients
structured microbial communities, we quantified the relation-
ships between environmental variables and protistan, free-
living, and particle-associated bacterial assemblages (Fig. 6).
Distance-based redundancy analysis (dbRDA) revealed that
nutrient (PClnutrient), temperature—salinity structure (PClrg),
chlorophyll-a, viruses, and nanoflagellates collectively expl-
ained 27%-31% of total community variation across groups
(Adj R* = 0.27-0.31; Fig. 6). For protists, community structure
was primarily shaped by bacterial and viral abundances (indi-
vidual contributions =41.17%, p <0.001), followed by the
nutrient gradient (22.09%, p<0.001), and temperature-
salinity conditions (20.28%, p < 0.001; Fig. 6a). In free-living
bacteria, viral, nutrient, and temperature-salinity variables
were the dominant explanatory factors (19.28%-29.77%,
p < 0.01), with nanoflagellate abundance also contributing sig-
nificantly (Fig. 6b). Particle-associated bacterial communities
were similarly structured by these gradients, with nanofla-
gellates and nutrients contributing comparably (25.41%
and 25.37%, respectively, p < 0.01; Fig. 6¢), underscoring the
strong coupling of particulate microbial niches to both
resource availability and trophic interactions. Across all micro-
bial groups, chlorophyll-a made a minor contribution to the
total variance. Mantel test between environmental factors and
community variations showed the same result (Supporting
Information Table S3). In addition, protistan and bacterial
community structures were strongly correlated. Mantel ana-
lyses revealed strong associations between protistan and free-
living bacterial communities (r=0.830, p <0.001) as well as
particle-associated bacterial communities (r = 0.733, p < 0.001).
These relationships remained significant after controlling for

Microbiota in subsurface anticyclonic eddy

depth (partial Mantel r=0.721 and 0.661, respectively;
p <0.001). Collectively, these analyses demonstrate that micro-
bial community assembly within the subsurface anticyclonic
eddy reflects the combined influence of nutrient availability,
water-mass structure, biological interactions (bacteria, viruses,
and nanoflagellates), and coordinated turnover between protis-
tan and bacterial communities.

Protists-bacteria co-occurrence network

To elucidate potential interactions among active microbial
taxa within the SAE, we constructed a protist-bacteria
co-occurrence network. The resulting network comprised 1031
nodes (362 protist, 287 free-living bacterial, 382 particle-
associated bacterial taxa) and 14,181 edges, of which 10,614
were positive and 3567 negative (Fig. 7). Cross-domain links
were abundant: 2458 protist-free-living bacterial and 2263
protist-particle-associated bacterial edges, alongside 2552
protist-protist, 1561 free-living—free-living, 2724 particle-associ-
ated—particle-associated, and 2623 free-living—particle-associated
bacterial connections. Network topology metrics (average path
length, clustering coefficient) significantly exceeded those of
degree-preserving randomized networks (Supporting Informa-
tion Table S4), consistent with a “small-world” architecture,
while a power-law degree distribution confirmed a scale-free,
non-random structure (Supporting Information Table S4).

Modularity analysis partitioned the network into three
major modules, collectively containing ~ 70% of nodes,
each mapping to specific vertical or horizontal SAE niches
(ternary plot, Fig. 7). Module I (above-core waters) enriched
in free-living Alphaproteobacteria (Rhodobacterales), particle-
associated Deltaproteobacteria (Bdellovibrionales), and Stra-
menopiles (MAST, diatoms), reflecting high-light conditions.
Module II (below-core waters) dominated by free-living
Chloroflexi (SAR202), particle-associated Deltaproteobacteria,
and protists—including Rhizaria (Polycystinea), Ciliophora
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Fig. 6. Distance-based redundancy analysis (dbRDA) based on Bray-Curtis dissimilarities showing the relationships between environmental factors and
microbial communities for (a) protists, (b) free-living (FL) bacteria, and (c) particle-associated (PA) bacteria. AVC, above-vertical core; VC, vertical core;
BVC, below-vertical core. To minimize collinearity among predictors, environmental variables were summarized as principal components: PC1ytrient,
nutrient gradient; PC1+s, temperature-salinity structure; PC1p,csvir, bacterial and viral distribution; PC1y: pigmented and heterotrophic nanoflagellates.
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Fig. 7. (a) Co-occurrence network of protistan and bacterial communities within the subsurface anticyclonic eddy. Three topological modules (I-lll) are
identified and color-coded. (b—d) Ternary plots showing the proportional distribution of individual operational taxonomic units across three depth layers:
above the vertical core (AVC), vertical core (VC), and below the vertical core (BVC). Each axis represents the relative contribution (%) of an operational
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sampling location (eddy center, eddy edge, or others), and point size (“degree”) represents the number of connections of each node within the
corresponding co-occurrence module. (e-g) Sub-network visualizations of modules Il illustrating the direction and strength of cross-domain associa-
tions. Nodes represent individual operational taxonomic units, with circles for protists, triangles for free-living bacteria, and squares for particle-associated
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(Scuticociliatia), and Syndiniales—consistent with low-light micro-
habitats (Fig. 7). Module III (edge waters) characterized by particle-
associated Deltaproteobacteria (Myxococcales, Bdellovibrionales)
and Bacteroidetes (Flavobacteriales), indicative of enhanced
mixing and nutrient inputs (Fig. 7). Key hub taxa (highest
degree and betweenness centrality) included Stramenopiles, free-
living Actinobacteria, and particle-associated Deltaproteobacteria,
underscoring their pivotal role in linking phototrophic and het-
erotrophic assemblages across the SAE’s vertical and horizontal
microhabitats.

Discussion

Vertical and horizontal structuring of microbial
assemblages in the SAE

Mesoscale eddies isolate and transport distinct water
masses, often shaping microbial communities distinct mark-
edly from surrounding waters (Chelton et al. 2011; Nelson
et al. 2014). Similar studies of Western Boundary Current
fronts have shown that these energetic boundaries host assem-
blages distinct from both adjacent productive and oligotro-
phic provinces, with elevated diatom and dinoflagellate
biomass alongside peaks in appendicularians and rhizarians
(Mangolte et al. 2022, 2023). In our subsurface anticyclonic
eddy, the velocity core at ~90m (max ~ 0.46 ms ') was
bounded by two shear layers (Ri< 0.25; 3.5-fold increase in
diapycnal diffusivity; Qi et al. 2022), defining three physical
strata that are above vertical core, vertical core, and below ver-
tical core. This stratification was mirrored in microbial assem-
blages (Fig. 5). PCoA and ANOSIM revealed stronger vertical
turnover within the SAE than at reference sites (Fig. S;
Supporting Information Table S2). The euphotic depth (Ze,)
deepened progressively from the reference waters (107.9 m) to
the eddy edge (117.9 m) and center (124.5 m), consistent with
the anticyclonic downwelling signature (Wang et al. 2023).
Consequently, the 75m and 100 m samples were within
or at the base of the euphotic zone, whereas the 150 m sam-
ples were below it at all habitats. Above the core, protistan
communities were dominated by autotrophic and mixotro-
phic lineages, raphid-pennate and mediophycean diatoms,
Spirotrichea, and Dinophycea, coinciding with elevated
chlorophyll-a and optimal light-nutrient conditions at the edge
but significant lower nutrients conditions at the center (Pierce
and Turner 1992). This pattern aligns with recent observations
of increased ciliate abundance in anticyclonic eddies (Beatty
et al. 2025). Below the core, heterotrophs and parasites
(Syndiniales, Radiolaria, Scuticociliatia) prevailed, reflecting
low-light conditions and reliance on deep-water organic pools
(Sun et al. 2024). Depth-differentiated protist operational taxo-
nomic units (14.7% of total; identified by Indicspecies and
edgeR) confirm discrete niche partitioning along gradients of
irradiance, temperature, and nutrient availability. This optical
structure reinforces the observed biological zonation that
phototrophic and mixotrophic lineages were largely confined

Microbiota in subsurface anticyclonic eddy

to layers above the vertical core, whereas heterotrophic and par-
asitic assemblages dominating below the euphotic boundary.
These patterns are further supported by dbRDA and Mantel
analyses, which showed that protistan communities were pri-
marily structured by temperature, nutrient availability, and
biotic factors such as viral and bacterial abundances and
chlorophyll-a concentrations (Fig. 6; Supporting Information
Table S$3). In addition, protistan and bacterial community struc-
tures covaried strongly, indicating coordinated turnover across
trophic levels. Protistan assemblages were tightly correlated
with both free-living and particle-associated bacterial communi-
ties (Mantel r = 0.830 and 0.733, respectively; both p < 0.001),
and these relationships remained significant after controlling
for depth (partial Mantel r = 0.721 and 0.661; both p < 0.001).
This concordance likely reflects the combined influence of
shared environmental filtering and direct or indirect biotic
interactions, including grazing, parasitism, and protist-derived
organic matter that shapes bacterial niches. Because bulk
chlorophyll-a integrates phytoplankton biomass but not pro-
ducer identity or DOM quality, it may explain comparatively
little bacterial variation even when protistan composition
changes markedly. Correlations between differentially dis-
tributed assemblages and environmental factors further rev-
ealed that vertically segregated protistan lineages are tightly
coupled to biogeochemical gradients (Supporting Information
Fig. S6). Specifically, Spirotrichea, Oligohymenophorea (mainly
Scuticociliatia), and Radiolaria (mainly Acantharea and
Polycystinea), showed strong associations with bacterial and
viral abundances, temperature, dissolved inorganic nutrients,
and chlorophyll-a (r=0.18-0.66, all p<0.001; Supporting
Information Fig. S6), suggesting that physiochemical structures
and biological interactions jointly modulate their distribution.

Free-living bacteria exhibited similar vertical trends.
Rhodobacterales peaked above the vertical core, whereas the
SAR202 clade dominated below it. Mantel tests showed that
Bdellovibrionales and Rhodobacterales were strongly corre-
lated with nutrients and viral variables (r= 0.20-0.39,
p <0.01), indicating that both bottom-up nutrient supply and
viral top-down regulation influence free-living bacterial assem-
bly. The SAR202 clade was similarly linked to dissolved inor-
ganic nitrogen and viral abundance (r = 0.24-0.50, p < 0.01),
suggesting that deep-water bacterial turnover is tightly
coupled to nutrient cycling and viral lysis. In contrast,
particle-associated bacteria displayed minimal vertical differ-
entiation (4.1% depth-differentiated operational taxonomic
units), implying that shear-driven particle mixing homoge-
nizes their distribution within the eddy.

Horizontal (center-edge) contrasts were equally pronounced.
Protists exhibited the strongest horizontal segregation (39%
of operational taxonomic units; ANOSIM R = 0.455-0.851
across depths, P<0.001; Supporting Information Fig. S4).
Bacillariophyta peaked at the edge, likely fueled by subme-
soscale upwelling and lateral nutrient inputs, whereas
Dinophyceae dominated the interior, reflecting mixotrophic
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resilience in oligotrophic cores (Gleich et al. 2024). Mantel cor-
relations based on communities of differentially distributed
operational taxonomic units supported these ecological inter-
pretations that Bacillariophyta were strongly associated with
dissolved inorganic silicate and nitrogen, as well as bacterial
and viral abundances (r=0.20-0.61, p<0.02; Supporting
Information Fig. S6), consistent with their dependence on
nutrient availability (Romero et al. 2016;), taxa-specific coupling
with heterotrophic bacteria via phytoplankton-derived dissolved
organic matter (e.g., diatom-Rhodobacterales interactions; Amin
et al. 2012), and viral regulation (Pelusi et al. 2021) in productive
edge waters. In contrast, Dinophyceae showed strong correlations
with bacterial abundance (r=0.553, p<0.001) and dissolved
nutrients (r=0.565-0.634, p <0.001; Supporting Information
Fig. S6), supporting a mechanistic explanation in which dinofla-
gellate activity persists under low ambient nutrients through
bacterivory or uptake of regenerated nitrogen and phosphorus,
hallmarks of mixotrophic nutrition (Jeong et al. 2010; Stoecker
et al. 2017). Thus, the observed Dinophyceae enrichment repre-
sents not merely a taxonomic shift but a functional response to
stratified, resource-limited conditions in eddy center. Together,
these relationships indicate that the contrasting diatom-
dinoflagellate distributions between the eddy edge and center
reflect a shift from new production driven by nutrient entrain-
ment to a recycled, mixotrophy-dominated productivity regime
within the eddy center.

Free-living bacteria showed moderate horizontal structuring
(R=0.323-0.492, P <0.01), whereas particle-associated bacte-
ria were even more differentiated (R = 0.355-0.755, P < 0.01).
Among particle-associated taxa, predatory Bdellovibrionales
and Myxococcales, along with the OM27 clade, critical players
in the degradation of dissolved organic matter (Ezzedine
et al. 2022; Hungate et al. 2021), were enriched at the edge,
where elevated particle flux and nutrient availability create
localized biogeochemical hotspots. Mantel analyses further
confirmed that Bdellovibrionales and Myxococcales correlated
with viral abundances (r=0.22-0.30, p<0.01; Supporting
Information Fig. S6), suggesting that predation and viral lysis
jointly regulate particle-associated bacterial activity, stimulating
organic-matter remineralization and nutrient recycling along
the eddy edge (Ezzedine et al. 2022; Hungate et al. 2021).

Our use of tRNA likely accentuates taxa with high ribosome
content, emphasizing active copiotrophs (e.g., Alteromonadales)
and metabolically active phototrophs or mixotrophs, while
potentially inflating their proportional representation relative
to rDNA inventories (Blazewicz et al. 2013; Giner et al. 2020).
This pattern explains the elevated rRNA signal of
Alteromonadales in the free-living fraction (Fig. 3): copiotrophs
rapidly upregulate ribosomes under nutrient supply, so their
rRNA shares exceed what rtDNA would suggest. For dinoflagel-
lates, 18S rDNA copy number varies by orders of magnitude
among species; although rRNA abundance does not directly
mirror gene copy number, ribosome content scales with cell
size and growth state (Ruvindy et al. 2023). Consequently,

Microbiota in subsurface anticyclonic eddy

rRNA-based data may overrepresent large or fast-growing dino-
flagellates relative to cell counts. We therefore interpret tRNA
proportions as indicators of potential metabolic activity rather
than absolute abundance, highlighting how light-nutrient
regimes modulate microbial responsiveness within the eddy.

Although our sampling strategy captured the principal
hydrographic and ecological transitions of the subsurface anti-
cyclonic eddy, the vertical resolution (surface, 75, 100, and
150 m) inevitably limits detection of finer-scale gradients, par-
ticularly within the upper 25-50 m layer, where isopycnal
doming is most pronounced. Previous studies have shown
that microbial composition, chlorophyll-a, and nutrient distri-
butions can shift sharply within these shallow transition
zones (Sasai et al. 2006; Spingys et al. 2021). The absence of
samples from this layer may therefore underestimate the
steepness of biological and chemical gradients within
the eddy. Nonetheless, the strong vertical turnover observed
between 75 and 150 m demonstrates that our sampling
depth effectively captured the core stratification structuring
microbial assemblages. Future high-resolution profiling
(e.g., 10-20 m intervals) will help resolve these microscale
transitions and better constrain biogeochemical fluxes across
the eddy’s upper interface.

Enhanced alpha-diversity in SAE

Mesoscale eddies exert contrasting influences on microbial
diversity. Cyclonic eddies typically enrich protist richness
through nutrient injection, whereas surface-intensifying anti-
cyclonic eddies often homogenize communities and reduce
diversity (Chen et al. 2015; Gleich et al. 2024). In contrast,
our long-lived SAE exhibited significantly elevated alpha-
diversity for both protists and particle-associated bacteria com-
pared to adjacent reference waters (Fig. 2). This enhancement
reflects the SAE’s distinctive lens-shaped hydrography and
internal biogeochemical gradients, which generate multiple
coexisting microhabitats. At the eddy edge, submesoscale
upwelling delivers pulses of nitrate and phosphate that fuel
localized phytoplankton blooms and elevated chlorophyll-a
concentrations (Wang et al. 2018; Zhou et al. 2013), coincid-
ing with a surge in Bacillariophyta operational taxonomic
units and peak protist richness. For particle-associated bacte-
ria, alpha-diversity gains within the eddy are likely linked to
the greater availability of particulate organic matter at the
edge, which offers diverse surfaces and substrates for meta-
bolic specialization and niche partitioning (Chen et al. 2024).
By contrast, free-living bacterial alpha-diversity showed only
marginal increases within the SAE, which may reflect the rela-
tively uniform and low concentrations of dissolved organic
substrates throughout the eddy lens. Studies in the South
China Sea that did not distinguish free-living from particle-
associated fractions likely wunderestimated this particle-
associated specific diversity enhancement (Sun et al. 2021).
Critically, our high-resolution sampling design—targeting
both center and edge stations at multiple depths—was

14 of 18

85U80|7 SUOWIWOD aAIea.) 3ol dde ay) Aq peusenoh ae sapie YO ‘8sn Jo se|n. 10} Ariqi]8uljuO 8|1 UO (SUORIPUOD-PUB-SWLBIWI0D A8 | 1M AeIq Ul U0//:SANY) SUORIPUOD pue SWwia | 8u) 38S *[9202/£0/52] Uo AriqiTauliuo A8 |Iim ‘AisAIUN UeweIX Aq 2GE0 0U|/Z00T OT/I0p/L0d A8 | AReqijeuljuo'sando se//sdny Wwouy pepeojumod ‘€ ‘9202 ‘0655656



Wang et al.

essential for resolving the fine-scale gradients underpinning
alpha-diversity peaks. Previous surveys employing coarser sta-
tion grids lacked the spatial resolution required to detect these
microhabitat-driven diversity patterns in long-lived subsurface
eddies. In summary, the unexpectedly high protist and
particle-associated bacterial richness within the SAE under-
scores how subsurface anticyclonic dynamics shape diverse
ecological niches. These findings highlight the importance of
depth- and feature-specific sampling for accurately assessing
microbial diversity patterns in complex mesoscale structures.

Ecotype-level niche partitioning of chlorophytes and
cyanobacteria

Mesoscale eddies impose sharp light-nutrient gradients that
act as ecological filters for microbial ecotypes (Sheyn
et al. 2025). Within our subsurface anticyclonic eddy, these fil-
ters produced mirrored distributions of the high-light
chlorophyte O. tauri and the low-light picocyanobacterium
Prochlorococcus  MIT9313.  Ostreococcus comprises — distinct
ecotypes with contrasting light-nutrient adaptations (Demir-
Hilton et al. 2011; Clayton et al. 2017). High-light clades domi-
nate sunlit surface waters, while low-light lineages persist
deeper in oligotrophic layers. Fine-scale surveys at the Kuroshio
Front have even distinguished “coastal/mesotrophic” (OI) vs.
“open-ocean” (OII) Ostreococcus ecotypes tied to specific water
masses (Clayton et al. 2017), with similar biogeographical par-
titioning across the North Pacific (Simmons et al. 2016). In our
study, the high-light specialist O. tauri was markedly depleted
in the SAE relative to reference sites, declined steadily from
above to below the vertical core, and peaked at the eddy edge.
These patterns indicate that high-light ecotypes can withstand
the intensified mixing but require sufficient irradiance, whereas
neither high- nor low-light lineages thrive in the dark,
nutrient-poor interior.

In parallel, Prochlorococcus MIT9313, a low-light-adapted LL
ecotype, was significantly enriched within the ACE lens.
MIT9313 reached its maximum just above the vertical core
(75 m), decreased toward 150 m, and exhibited higher abun-
dance in the eddy center than at the edge (Fig. 4). Previous
work by Sheyn et al. (2025) documented enrichment of high-
light Prochlorococcus clades (HLI/HLII) in cyclonic eddies; our
results extend this paradigm by demonstrating that ACE cores
act as refugia for LL-adapted lineages. The decline of each eco-
type outside its preferred depth, above the vertical core, under-
scores light availability and nutrient supply as the principal
niche axes in subsurface anticyclonic eddies. By resolving these
fine-scale, ecotype-specific patterns, our study shows that SAEs
function as microscale biogeographical filters, partitioning
microbial diversity across the light-nutrient continuum.

Protist-bacteria co-occurrence network

The co-occurrence network revealed a modular architecture
tightly aligned with the SAE’s physical gradients, indicating
that microbial interactions are highly sensitive to both depth

Microbiota in subsurface anticyclonic eddy

and horizontal position. We identified three major modules
(Fig. 7). Module I (above vertical core) enriched in Stramenopiles
(MAST clades, diatoms), Spirotrichea ciliates, Dinophycea,
Bdellovibrionales, and Flavobacteriales, reflecting interactions of
phototrophic, mixotrophic, and heterotrophic interactions in the
light layer. Module II (below vertical core, 150 m) dominated by
Polycystinea (Radiolaria), Scuticociliatia, Syndiniales, SAR202,
Bdellovibrionales, and Myxococcales, indicative of predator—prey
and parasitic associations under low-light conditions. Module III
(edge waters) characterized by particle-associated Bdellovibrionales,
Myxococcales, and Flavobacteriales, signifying predatory and cop-
iotrophic bacterial niches at the eddy edge where particle and
nutrient concentrations peak. Keystone taxa—identified by high
betweenness and degree centrality—include Stramenopiles, free-
living Actinobacteria, and particle-associated Deltaproteobacteria,
each acting as hubs connecting modules and maintaining network
cohesion. While correlation networks cannot prove direct interac-
tions, the spatially coherent modules suggest a valuable framework
for exploring potential ecological relationships within the SAE.

Ecosystem and biogeochemical implications

Depth-integrated chlorophyll-a between 25 and 150 m was
higher inside the eddy (19.7 mg m ?) than at reference sta-
tions (18.2 mg m~2), with elevated values at both the center
(20.8 mg m2) and edge (19.1 mg m~?) (Fig. 21). This pattern
indicates that, despite overall nutrient depletion in the eddy
core, subsurface biomass and primary production remained
enhanced relative to surrounding waters (He et al. 2021; Wang
et al. 2023). The elevated integrated chlorophyll-a reflects the
combined influence of deepened light penetration and effi-
cient internal nutrient recycling, with distinct mechanisms
operating across eddy zones: submesoscale upwelling at the
edge supplies nutrients that stimulate diatom growth, whereas
recycled nutrient pathways in the center sustain mixotrophic
and heterotrophic activity within the deepened euphotic layer
(Supporting Information Fig. S7). Collectively, these findings
indicate that the subsurface anticyclonic eddy functions not
only as a physical trapping feature but also as a localized bio-
geochemical reactor, coupling light-nutrient-driven produc-
tion with microbial recycling to sustain productivity in
oligotrophic waters.
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