10

15

20

25

30

https://doi.org/10.5194/egusphere-2026-5900
Preprint. Discussion started: 23 October 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

Shipboard microcosm simulations of eddy-driven water mass mixing
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Abstract. Mesoscale eddies strongly influence marine microbiomes, but their effects on microbiome association and
stability remain unclear. We conducted 16-day shipboard microcosm experiments using surface water, DCM water, and 1:1
mixed seawater from eddy-influenced and non-eddy-influenced sites in the Kuroshio Extension. We hypothesized that eddy
enhanced nutrients and light would alleviate resource competition, promoting diversity and deterministic assembly by
shifting taxa from stress tolerant to growth adapted strategies. Prokaryotes and microeukaryotes responded divergently. Eddy
associated conditions increased prokaryotic richness and evenness but reduced microeukaryotic richness. Microeukaryotes
showed narrower niche breadth in surface and mixed treatments and stronger heterogeneous selection, especially in the
DCM. Assembly was strongly depth dependent. Surface communities were restructured more than DCM communities. In
surface and mixed layers, prokaryotes showed increased dispersal limitation and decreased homogeneous selection under
eddy associated conditions, whereas the DCM showed the opposite. Microeukaryotes generally exhibited opposite depth
dependent patterns. Co occurrence networks were more complex and robust under eddy associated conditions, mainly driven
by prokaryotes. DCM networks had higher robustness and lower vulnerability. Weakened correlations between prokaryotic
composition and environmental variables suggest a shift from top down environmental filtering to bottom up biotic control.
These results reveal distinct adaptive strategies of prokaryotic and eukaryotic microbiomes and highlight the role of eddies in

sustaining microbial resilience and ecosystem functioning in the open ocean.

1 Introduction

Mesoscale eddies are pervasive features of ocean circulation that strongly influence marine ecosystems by redistributing heat,
nutrients, plankton, and particulate organic matter (Mcgillicuddy et al., 2007; Baldocchi, 2003; Abernathey and Haller, 2018;

Zhang et al., 2014). Through vertical transport and mixing, eddies can modify nutrient availability and light exposure,
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thereby affecting primary production and microbial biogeochemical processes (Shulenberger and Reid, 1981; Gula et al.,
2016; Lee et al., 1991; Glenn and Ebbesmeyer, 1994; Mcgillicuddy Jr, 2016). In particular, vertical displacement can expose
deep-water microbiomes to elevated irradiance and induce photoacclimation (Richardson et al., 1983; Cullen and Macintyre,
1998), while phototrophic and heterotrophic microbiomes can adjust photosynthetic and metabolic activities in response to
changing light conditions (Chen et al., 2010; He et al., 2002; Malzahn et al., 2010). Eddy-associated effects have been
documented across oceanic regions including the North Pacific (Brzezinski et al., 1998), Hawaii (Vaillancourt et al., 2003)
and Bermuda (Krause et al., 2009), highlighting the importance of mesoscale physical processes in structuring marine
microbiomes.

However, microbial responses to eddy-associated environmental forcing are different across major microbial groups
(Blooms, 2012). Eddies can alter bacterial activity, microeukaryotic biomass, phytoplankton metabolism, and heterotrophic
bacterial processes, with consequences extending across marine food webs and biogeochemical pathways(Belkin et al., 2022;
Wear et al., 2020; Dufois et al., 2016; Mcgillicuddy et al., 2007; Mikaelyan et al., 2023; Allen et al., 2005). Prokaryotes and
microeukaryotes also differ in physiological traits, ecological niches, and responses to environmental stress, potentially
leading to divergent strategies of community organization and persistence (Li et al., 2025). Beyond changes in taxonomic
composition, environmental forcing can modify how microbiomes are assembled and associated with one another. Microbial
co-occurrence networks provide a complementary framework for characterizing emergent organizational properties and
potential community stability (Mengting Maggie Yuan and Shi, 2021; Kajihara and Hynson, 2024). Network robustness,
vulnerability, and compositional stability can further reflect the capacity of microbial communities to resist or recover from
environmental perturbations (Zelikova et al., 2014b; Landi et al., 2018a; Wu et al., 2021). Yet, most existing evidence is
derived from field observations in which multiple environmental gradients covary, making it difficult to disentangle how
eddy-associated physical forcing reorganizes microbial assembly and network properties. In particular, whether prokaryotic
and eukaryotic microbiomes exhibit distinct organizational and stability responses remains poorly understood.

The Kuroshio Extension (KE) is an especially dynamic region characterized by frequent mesoscale eddies and strong
gradients in temperature, light, and nutrient availability (Hu et al., 2018). These physical processes provide an appropriate
natural setting for examining how transient changes in water-column conditions are reflected in microbial community
organization. However, field observations alone cannot readily separate effects associated with water-mass origin from those
arising during subsequent mixing and community succession. Controlled shipboard microcosm experiments therefore
provide a useful complementary approach by reducing environmental heterogeneity while retaining naturally occurring
microbial assemblages. In this study, seawater was collected from an eddy-influenced and a non-eddy-influenced region of
the KE and incubated using surface water, deep chlorophyll maximum (DCM) water, and controlled surface—-DCM mixtures.
Importantly, these manipulations were designed to examine microbial responses to contrasting source-water conditions and
vertical mixing, rather than to reproduce the full hydrodynamic dynamics of mesoscale eddies. The 16-day incubation
enabled temporal tracking of changes in microbial composition, assembly processes, and network organization under

controlled conditions.
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The goals here are to explore: (1) how do contrasting eddy-associated source-water conditions and surface-DCM mixing
alter microbial community assembly and succession; (2) do these environmental conditions differentially reorganize the co-
occurrence structure and stability of prokaryotic and eukaryotic microbiomes; and (3) which ecological processes and
environmental factors are associated with the divergent responses of these two microbial domains? We hypothesized that
changes in light and nutrient availability associated with contrasting water-column conditions would shift the relative
importance of deterministic selection, dispersal, and stochastic processes, while reorganizing microbial associations and
network stability. Given their different ecological strategies and life-history traits, we further expected prokaryotes and
microeukaryotes to exhibit distinct trajectories of community assembly and network organization. By integrating temporal
community profiling, ecological assembly analyses, and network-based approaches, this study aims to clarify how short-term
physical and resource perturbations associated with mesoscale oceanographic variability can reorganize marine microbiomes

and reveal domain-specific strategies of community persistence.

2. Materials and methods
2.1 Study sites and shipboard microcosm experiment

Seawater samples were collected during cruises aboard R/V Dongfanghong 3 in the Kuroshio Extension region from an
eddy-uninfluenced site (D2; 32.34°N, 145.83°E; June 22, 2022) and the edge of a warm eddy-influenced site (P31; 31.01°N,
150.01°E; July 12, 2022) (Fig. S1). Seawater was collected with a SeaBird CTD—Niskin rosette from the surface (2 m) and
deep chlorophyll maximum (DCM) layers and passed through a 200-pum acid-washed nylon mesh to remove large
zooplankton.

For each source-water region, three water-column conditions were established: surface water (Surface), DCM water (DCM),
and a 1:1 mixture of surface and DCM water (Mix), with three replicate bottles for each condition. This distinction allows
the culturing experiment to evaluate microbial responses associated with contrasting source-water environments. The
surface-DCM mixture was used as a controlled vertical-mixing treatment and was not intended to reproduce the
hydrodynamic dynamics of natural eddies.

Each 20 L transparent polycarbonate bottles (Nalgene 2251-0050) was maintained as an independent experimental unit
throughout the incubation, and the total incubation volume was 360 L. Bottles were shaken and homogenized three times
daily to minimize particle settling and spatial heterogeneity, and subsampling was conducted after homogenization. No
additional seawater, nutrients, or other external materials were added during the incubation. The incubation lasted 16 days,
and samples were collected on days 0, 2, 4, 6, 8, 10, 12, 14, and 16.

For microbial analyses, 500 mL of seawater was filtered sequentially through 3-pm and 0.22-um filters using a gentle
vacuum (<25 cm Hg). Filters were placed in 2 mL lysis buffer (50 mM Tris-HCl, 1 mM EDTA, 150 mM NaCl, and 0.1%
SDS), immediately frozen in liquid nitrogen, and stored at —80°C. The filtered seawater samples were applied for nutrient

concentration analysis of PO+*~, NOs/NO:", and SiOs*", and it was measured using a continuous-flow autoanalyzer (AA3,
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Seal Analytical) following established colorimetric methods (Whitledge et al., 1981; Coverly et al., 2009). During the
shipboard microcosm experiments, the temperature of the culture water, which was influenced by using surface seawater as
the circulating water, and natural light intensity were continuously monitored using DEFI-T and DEFI-F sensors (JFE
Advantech). The recorded temperature ranged from 23.5 to 30.9 °C, with a mean of 26.1 °C, and light intensity ranged from
3.3 to 532.8 umol photons m s™!. At the end of incubation, 0.6—1 L of seawater was filtered onto GF/F filters (Whatman,
Maidstone, UK) for chlorophyll a analysis. Pigments were extracted in 90% acetone at —20°C in darkness for 18-22 h and
quantified using a Turner Trilogy fluorometer (Zhang et al., 2018).

2.2 DNA extraction, sequencing, and sequence processing

DNA was extracted using a phenol-chloroform-isoamyl alcohol extraction and precipitation protocol (Stoeck and Epstein,
2003; Bostrom et al., 2004). DNA concentration and purity were assessed using a NanoDrop spectrophotometer. The V4
region of prokaryotic 16S rRNA genes was amplified using primers 515F/806R (Caporaso et al., 2012), while the V4 region
of microeukaryotic 18S rRNA genes was amplified using primers 528F/706R (Cheung et al., 2010). PCR amplification and
purification followed the published protocols (Lian et al., 2023). Briefly, PCR reaction conditions were 94 °C for 5 min,
followed by 30 cycles of 94 -C for 30 s, 52 °C for 30 s, 72 °C for 30 s, and a final extension at 72 °C for 10 min. Amplicons
were sequenced using the Illumina MiSeq PE300 platform (MajorBio, China).

The raw sequences were processed using QIIME 2 (2021.4) (Bolyen, 2019). Within the QIIME 2 workflow, paired reads
were merged and primer sequences were removed, low-quality reads with a quality score <25 were discarded, and amplicon
sequence variants (ASVs) were inferred using DADA2 (Callahan et al., 2016). ASVs detected in fewer than two samples or
represented by fewer than 22 reads across the dataset were removed. Representative ASV sequences were taxonomically
classified against the SILVA database (v138) using the SILVA 138-99-515-806 classifier (Quast et al., 2013). After quality
filtering, 4,496 prokaryotic and 6,265 microeukaryotic ASVs were retained. For analyses requiring equal sequencing depth,
ASV tables were rarefied to 40,000 reads per sample. Sequence data are available under the SRA BioProject number

PRICA048229.

2.3 Community organization and assembly

Microbial community composition was visualized using non-metric multidimensional scaling (NMDS) based on Bray-Curtis
dissimilarities with the “vegan” package. Levins’ niche breadth and niche overlap were calculated using the “spaa” package
(Zhang and Zhang, 2013). Niche breadth was calculated from the distribution of each ASV across the defined environmental
groups, with larger values indicating broader habitat/resource utilization. The same calculation framework was applied
separately to prokaryotic and microeukaryotic ASVs. Phylogenetic structure was evaluated using mean nearest taxon
distance (MNTD) (Kembel et al., 2010).

Microbial community assembly processes were quantified using iCAMP, which partitions assembly into heterogeneous

selection, homogeneous selection, homogenizing dispersal, dispersal limitation, and drift (Stegen et al., 2013; Vellend et al.,

4
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2014). iCAMP analyses were performed using non-rarefied ASV data. The neutral community model (NCM) was
additionally used to evaluate the potential contribution of neutral processes and immigration to community assembly, and

LR I3

was calculated by the “Hmisc”, “minpack.lm” and “stats4” packages (Sloan et al., 2006).

2.4 Microbial co-occurrence networks

Multi-domain co-occurrence networks were constructed from prokaryotic and microeukaryotic ASVs using Pearson
correlations of log-transformed abundance data (Table S1 and S2). ASVs detected in at least 25% of samples were retained,
and network thresholds were determined using a random matrix theory (RMT)-based approach (Luo et al., 2006; Zhou et al.,
2010). Networks were visualized and characterized in Gephi (version 0.9.2).

The topological characteristics of microbial co-occurrence networks were assessed using multiple indexes, including
components, degree, clustering coefficient, modularity, diameter, clusters, graph density, and average path length (Watts and
Strogatz, 1998; Guidi et al., 2016; Mori et al., 2017; Zhou et al., 2010). Nodes with high degree or betweenness centrality
were considered key taxa maintaining network structure and stability (Gibson et al., 2015; Freeman, 1977; Freeman, 1980;
Saavedra et al., 2011). Network analysis was also performed at the species level to identify general interaction patterns
among microbes.

Microbial network complexity and stability, reflected by parameters including network size, connectivity, average clustering
coefficient, modularity, robustness, and vulnerability, were assessed using topological and statistical analyses. Robustness of
network is defined as the proportion of the remaining species in this network after random or targeted node removal
(Montesinos-Navarro et al., 2017; Dunne et al., 2002). For simulations of random species removal, a certain proportion of
nodes was randomly removed. For simulations of targeted removal, certain numbers of module hubs were removed. The
vulnerability of each node measures the relative contribution of the node to the global efficiency. The node persistence is
defined as the proportion of coexisting species (over the total number of species) at an ecological regime (Landi et al.,

2018b). The compositional stability evaluates the change in community structure over time (Zelikova et al., 2014a).

2.5 Statistical analysis

All statistical analyses were conducted in R version 4.1.0. Differences in microbial diversity and community composition
were evaluated using permutation-based approaches implemented in the “vegan” package, including ANOSIM and Mantel
tests where appropriate. Piecewise structural equation model (SEM) was used to evaluate the direct and indirect effects of
environmental factors on prokaryotic and eukaryotic microbiomes using the “piecewiseSEM” package (Grace, 2006). The
models were specified separately for prokaryotic and microeukaryotic communities, and model adequacy was evaluated

using the reported goodness-of-fit statistics.
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3. Results
3.1 Contrasting source-water conditions reshaped microbial diversity and compositions

The shipboard microcosm experiment revealed clear physicochemical contrasts between the eddy-influenced and non-eddy-
influenced source waters. At the DCM layer, the eddy-influenced region exhibited lower concentrations of phosphate (0.054
vs 0.075 uM), nitrate/nitrite (0.139 vs 0.877 uM), and silicate (2.540 vs 3.230 uM) compared to the eddy-uninfluenced
(control) region (Table S3). In contrast, surface water from the eddy-influenced region contained slightly higher phosphate
(0.021 vs 0.019 uM) and silicate (1.631 vs 1.262 uM)(Table S3).I n the non-eddy-influenced region, nitrate/nitrite
concentrations in the Mix treatment were higher than those in the Surface treatment (0.534 vs. 0.109 uM) and declined to
0.105 uM by day 6. Thus, surface-DCM mixing generated a transient increase in nutrient availability that was followed by
rapid nutrient depletion during incubation.

Prokaryotic and microeukaryotic communities showed distinct diversity responses across different source-water conditions
(Fig. la-d). At day 0, prokaryotic richness and evenness were generally higher in eddy-influenced than in non-eddy-
influenced communities, whereas microeukaryotic richness showed the opposite pattern. During incubation, prokaryotic
richness remained higher under eddy-influenced conditions in most treatments, although DCM communities became lower
than their non-eddy-influenced counterparts on days 8—10. Prokaryotic richness also generally declined from Surface to Mix
and DCM treatments under eddy-influenced conditions. Microeukaryotic richness showed a similar depth-related decline in
the non-eddy-influenced region, whereas other treatment contrasts were comparatively weak. Prokaryotic evenness was
generally higher in eddy-influenced communities, while microeukaryotic evenness showed no consistent difference among
treatments. Notably, prokaryotic diversity in the non-eddy-influenced Mix treatment increased after day 10 and approached

that of the eddy-influenced Mix treatment by day 16 (Fig. la,c).
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Figure 1. Alpha and beta diversity of prokaryotic and microeukaryotic communities. Panels (a, ¢) and (b, d) show the alpha
diversity of prokaryotic and microeukaryotic communities, respectively, while panels (e) and (f) depict their beta diversity. Non
eddy-influenced conditions, abbreviated as “Cont” (Control).

Community composition also differed between the two source-water environments (Fig. le,f; Table S4). Eddy-influenced
conditions were associated with shifts in both prokaryotic and microeukaryotic taxonomic composition. Among
microeukaryotes, the relative abundance of Dinoflagellata and Arthropoda decreased, whereas Diatom and Chlorophyta
increased under eddy-influenced conditions. Similarly, Actinobacteria and Bacteroidota were relatively enriched, whereas
Cyanobacteria and Gammaproteobacteria were reduced. These compositional shifts were accompanied by clear separation of
community structures among Surface, Mix, and DCM samples (Fig. le,f).

Prokaryotic community composition differed more markedly between eddy influenced and uninfluenced regions, whereas
microeukaryotic communities were strongly structured by the vertical stratification from the Surface to DCM groups (Fig. le,
f). Microeukaryotic community structure was particularly more sensitive to the variation of light intensity within the culture

and depth, with diversity decreasing as light availability declined. These trends were supported by ANOSIM and Mantel
7
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tests, which revealed that depth (groups), cultivation time, temperature and light intensity within the culture significantly

shaped microbiome compositions, especially for microeukaryotes (Table S5).

3.2 Eddy-associated conditions altered niche breadth and shifted community assembly processes

Phylogenetic structure and niche breadth further revealed contrasting responses between prokaryotic and microeukaryotic
communities (Fig. 2). During the incubation period, the prokaryotic and microeukaryotic communities originating from the
eddy-influenced region exhibited significantly greater phylogenetic distances across three culturing groups (Surface, Mix,
and DCM) (Fig. 2a, b), indicating the stronger potential for ecological diversification of microbiomes. Prokaryotic niche
breadth did not differ significantly between eddy-influenced and non-eddy-influenced communities (Fig. 2c¢), whereas
microeukaryotic niche breadth was significantly narrower in the eddy-influenced Surface and Mix treatments (Fig. 2d). No
significant difference in microeukaryotic niche breadth was detected between DCM communities. These results indicate that

prokaryotes and microeukaryotes differed in their resource utilization under contrasting source-water conditions.
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Figure 2. Phylogenetic distance and niche breadth of prokaryetic (a, ¢) and microeukaryotic (b, d) communities in (non)eddy-
influenced regions. Values with different superscript letters (a, b) indicate significant differences among columns (P < 0.05). Non
eddy-influenced conditions, abbreviated as “Cont” (Control).

The contribution of stochastic processes to community assembly was lower in eddy-influenced Surface and DCM

communities than in their non-eddy-influenced counterparts (Fig. 3a,b). A similar reduction in stochastic contributions was

8
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210 observed in the non-eddy-influenced Mix treatment, indicating that surface— DCM mixing altered the balance between

stochastic and deterministic assembly.
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Figure 3. Fit of Sloan's neutral model to prokaryotic (a) and microeukaryotic (b) communities across different water layers and
regions. Non eddy-influenced conditions, abbreviated as “Cont” (Control).

215
Homogeneous selection and dispersal limitation were the dominant assembly processes across treatments, with
homogeneous selection contributing more strongly to prokaryotic than to microeukaryotic communities, whereas dispersal
limitation contributed relatively more to microeukaryotes (Fig. 4a,b). In prokaryotic communities, eddy-associated
conditions increased the contribution of dispersal limitation and decreased homogeneous selection in the Surface and Mix
220 treatments, whereas the DCM showed the opposite tendency. In microeukaryotic communities, eddy-associated conditions

increased heterogeneous selection, particularly in the DCM treatment.



https://doi.org/10.5194/egusphere-2026-5900
Preprint. Discussion started: 23 October 2026
(© Author(s) 2026. CC BY 4.0 License.

EGUsphere®

76‘ ® Preprint repository
a Surface Mix DCM
_100]
S
c 75
R
50
2
025
o
0
Cont  Eddy Cont  Eddy Cont Eddy
b Surface Mix DCM
100
9
~75
=
e
£ 50
§-25
1™
o
0
Cont  Eddy Cont  Eddy Cont Eddy

[l Drift.and.Others
Homogenizing.Dispersal
| Dispersal.Limitation

B Homogeneous.Selection
B Heterogeneous.Selection

c 009 -‘vCont-sqr'ace d 0'08 ‘O"Corli-sqrface
o 0081 & Somm @ 0.07 o o Btn
= —— - ———
c_Qg'gs R £ .90.05 i
& Hikia 00.04
o 3004 € 003
£
@ B0.03 Qun
B @ 0.02
o 0.02 £
T o0 . . .

0 = er% | @ 0 ol i 3
0d 2d 4d 6d 8d 10d 12d 14d 16d 0d 2d 4d 6d 8d 10d 12d 14d 16d

Figure 4. Contributions of different ecological processes to the assembly of prokaryotic (a) and microeukaryotic (b) communities.
Variations in the contribution of heterogeneous selection to prokaryotic (c) and microeukaryotic (d) communities over the culture

225 period. Non eddy-influenced conditions, abbreviated as “Cont” (Control).
The temporal dynamics of heterogenecous selection also differed among treatments (Fig. 4c,d). For prokaryotes, its
contribution in the Mix treatment peaked on day 6 under non-eddy-influenced conditions and on day 8 under eddy-
influenced conditions, while Surface and DCM communities showed less temporal variation. Microeukaryotic heterogeneous
230 selection remained relatively high in the eddy-influenced DCM treatment, and mixing further increased its contribution.

These results suggest that seawater mixing enhances deterministic assembly in prokaryotes, while light-related factors may

10
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play a dominant role in structuring microeukaryotic communities. Together, these results demonstrate that source-water
conditions and vertical mixing altered the relative importance of deterministic and stochastic assembly processes, with

distinct responses between prokaryotes and microeukaryotes.

3.3 Eddy-associated communities exhibited reorganized network structure and stability

Microbial co-occurrence networks showed distinct organizational patterns of the eddy influenced/uninfluenced communities
across the Surface, Mix and DCM groups (Fig. 5a; Table S1). The eddy-influenced Surface and DCM networks contained
more nodes and edges than the corresponding non-eddy-influenced networks, suggesting their more complexes networks
(Fig. 5a). For instance, the Surface and DCM microbial co-occurrence network had more nodes (345 vs 236; 286 vs 187) and
edges (820 vs 784; 1166 vs 238) at eddy-influenced treatment than those in the control. Network complexity was also
strongly depth-dependent, with the Mix treatment generally containing more nodes than the Surface and DCM treatments.
For example, the non-eddy-influenced networks had more nodes (392 vs 236, 187) in the Mix group compared to those in
the Surface and DCM groups, suggests the control microbial communities in the Mix groups were more complex and prone
to the eddy effected microbiomes. Eddy-associated conditions increased modularity, the number of components, and cluster

number in the Surface network, whereas DCM networks exhibited stronger “small-world” properties (Table S1).

11
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Figure 5. Co-occurrence networks (a) and stability (b—e) of microbial communities in the Surface, Mix, and DCM layers of non-
eddy-influenced (abbreviated as “Cont”) and eddy-influenced regions.

Network stability showed contrasting patterns between (non)eddy-influenced conditions (Fig. Sb—e). Network robustness

was greater under eddy-influenced conditions across the Surface, Mix, and DCM treatments (Fig. 5b). However,

vulnerability was also higher in the eddy-influenced Surface and Mix networks than in the corresponding non-eddy-

influenced networks (Fig. 5b,c). In contrast, the eddy-influenced DCM network combined higher robustness with lower

vulnerability, resulting in a distinct stability profile. The increased robustness of eddy-influenced Surface, Mix, and DCM

networks was primarily associated with prokaryotic rather than microeukaryotic components (Fig. S2; Table S2). The

robustness of eddy-uninfluenced prokaryotic networks of Mix group was increased after 12-16 days cultivation, and
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eventually approaching to the robustness levels in the eddy-influenced treatments (Fig. 5d and e). These results suggest that
prokaryotic communities had the ability to more quickly adapted to eddy currents, and this convergence was accompanied by

changes in community composition and assembly processes, particularly in the Mix treatment.

3.4 Factors deferentially associated with prokaryotic and microeukaryotic community dynamics

Mantel test analysis results showed significant associations between microbial community variation and environmental
variables, including nitrate/nitrite, phosphate, silicate, light intensity, temperature, and culturing time (Table 1). The strength
and combination of these associations differed among water layers, source-water conditions, and microbial domains.
Prokaryotic communities generally showed weaker associations with environmental variables under eddy-influenced
conditions than under non-eddy-influenced conditions, whereas microeukaryotic communities retained stronger
environmental associations in eddy-influenced treatments (Table 1). The Mix treatment also showed relatively strong

associations with nutrient concentrations and other environmental variables.

Table 1. Factors structuring the eddy-affected microbial community dynamics based on ANOSIM and Mantel tests. Only

statistically significant values are shown in the table.
Microbial Control Eddy effected
Factors
groups Surface Mix DCM Surface Mix DCM
Nitrate/nitrite 0.67* 0.80* 0.70*
Phosphate 0.75* 0.71*
Prokaryotic Silicate 0.66* 0.76* 0.61* 0.74*
community PAR 0.78* 0.45* 0.62*
Temperature 0.39* 0.69%* 0.30%* 0.75% 0.75%
Time 0.98* 0.98* 0.79*
Nitrate/nitrite 0.59* 0.79* 0.76*
Phosphate 0.78%* 0.85%* 0.76*
Microeukaryotic Silicate 0.69* 0.67* 0.50* 0.40%*
community PAR 0.69* 0.52* 0.66*
Temperature 0.47* 0.64* 0.88%*
Time 0.82%* 0.88* 0.61%*
* P<0.01.

Piecewise SEM further identified direct and indirect relationships between environmental variables and major microbial

groups (Figs. S3,S4). The variation of environmental factors was less correlated to the dynamic of major prokaryotic groups
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in the eddy-influenced group compared to those in the control (Fig. S3), suggesting eddy caused seawater mixing facilitated
the efficient use of light and nutrients. For prokaryotes, temperature and light intensity were critical predictors of community
variation, particularly in the non-eddy-influenced Mix treatment, and it also influenced other environmental factors, such as
the variation of silicate. Increasing temperature was positively associated with SAR406 clade and Bacteroidota and
negatively associated with Planctomycetota, Cyanobacteria, and Gammaproteobacteria. Increasing light intensity was
positively associated with Bacteroidota and negatively associated with SAR406 clade. Silicate, temperature, and light
availability were also linked to changes in Myxococcota, Verrucomicrobiota, Bdellovibrionota, Betaproteobacteria, and
Gammaproteobacteria through direct or indirect pathways (Fig. S3).

Microeukaryotic communities were less sensitive to the environmental variation in the eddy-influenced conditions (Fig. S4).
Temperature was positively associated with Ochrophyta and Chrysophyceae but negatively associated with Centrohelida,
Prymnesiophyceae, and Diatom. Light availability was positively associated with Chrysophyceae, Haptophyta, and Picozoa
and negatively associated with Retaria. Through correlations with silicate, temperature and light availability also influenced
other microeukaryotic groups, such as Cerozoa. Overall, the environmental associations indicated domain-specific responses

to temperature, light, and nutrient variability across the culturing conditons.

4. Discussion
4.1 Eddies reshaped the community assembly of microbiomes

Our shipboard microcosm experiment, using seawater collected from eddy-influenced and eddy-uninfluenced regions,
revealed that contrasting source-water conditions were associated with distinct microbial assembly and association patterns,
with divergent responses between prokaryotic and microeukaryotic communities.

The surge in nutrients and light availability within eddies likely acts as an ecological switch, shifting the predominant
microbial life-history strategy from stress tolerance to rapid growth. The strong shear forces at the edges of the eddy create a
physical barrier, partially isolating the eddy-influenced region from the surrounding water (Sweeney et al., 2003; Baltar et al.,
2010). Previous study also found that the eddy caused changes in biogeochemical dynamics (Sweeney et al., 2003; Baltar et
al., 2010) and microbial populations (Villar et al., 2015) compared to those in the adjacent areas. This alleviation of resource
competition may contribute to the increased prokaryotic diversity and the shift toward more deterministic assembly
processes. The decline in microeukaryotic diversity and increased heterogeneous selection suggest stronger environmental
filtering or trophic constraints on these communities (Fig. la-d). Larger size and slower replication rates may render
microeukaryotes more vulnerable to top-down control. For example, the larger size limits their passive diffusion capacity
(Farjalla et al., 2012; Wu et al., 2018). The nutrient conditions may stimulate a rapid response from prokaryotic prey, which
could in turn alter trophic interactions and grazing pressure on microeukaryotes.

The pronounced depth-dependent characteristics further illuminate the contrasting ecological responses of prokaryotic and

eukaryotic microbiomes to source-water conditions. Eddy-associated conditions altered the relative contributions of niche-
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based selection and dispersal-related processes across the Surface-DCM gradient (Fig. 4). The significant restructuring in
Surface communities aligns with the fact that the surface ocean microbiome is inherently more dynamic and variable, and is
frequently exposed to rapid changes in light, temperature, and nutrient availability. The enhanced dispersal limitation
observed in Surface and Mixed-layer prokaryotes suggests that in a resource-rich and physically heterogeneous environment,
the relative contribution of immigration and local community sorting may change as new ecological niches become available.
These depth-dependent patterns indicate that the effects associated with eddy-influenced source waters are not uniform

across the water column, but depend strongly on the environmental characteristics and resource availability of microbiomes.

4.2 Prokaryotes outpace microeukaryotes under eddy-associated conditions

Prokaryotes exhibited greater flexibility under eddy-associated conditions than microeukaryotes. Prokaryotes possess
broader niches, partly because horizontal gene transfer is more prevalent in them than in microeukaryotes, potentially
facilitating rapid adjustment to changing environmental conditions (Arnold et al., 2022). In contrast, microeukaryotes may
have narrower niches because of their stronger dependence on specific environmental resources, such as light availability
(Carscadden et al., 2020). These differences may contribute to the contrasting responses of the two major microbiome groups
to eddy-associated environmental changes.

The eddy-influenced microbiomes were more affected by dispersal limitation. Reduced migration among populations can
restrict gene flow and promote genetic differentiation (Gavrilets, 2014; Burridge and Waters, 2020; Ortego et al., 2021). The
contrasting responses of prokaryotes and microeukaryotes across depths instead suggest different ecological strategies and
short-term community reorganization under eddy-associated conditions. In the DCM, the stronger contribution of
homogeneous selection may reflect the relatively stable environmental conditions of this specialized depth layer, consistent
with previous findings that selection and drift can contribute differently to prokaryotic and microeukaryotic community

assembly (Osburn et al., 2021).

4.3 Eddy-associated conditions fosters more complex and stable microbiome networks

The eddy environment fosters more complex and robust microbiome co-occurrence networks, with prokaryotes contributing
substantially to this pattern. Increased connectivity and robustness may indicate greater potential for niche partitioning, more
efficient resource utilization and energy flow, and more extensive interspecies interactions, such as cross-feeding and
mutualism, within the stabilized eddy environments (Sulheim and Mitri, 2023; Habedank et al., 2025). The coexistence of
high robustness and vulnerability suggests that eddy-associated microbiomes may maintain both network stability and the
capacity for reorganization under environmental perturbation.

The weaker correlation between community composition and environmental variables further suggests that the measured
abiotic variables explained a smaller proportion of community variation under eddy-associated conditions. This decoupling

may indicates a transition from a system primarily governed by top-down environmental filtering to one where bottom-up
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biotic interactions become the dominant organizers of community structure. This shift from abiotic to biotic control could be
a hallmark of mature and stable ecosystems (Jiao et al., 2024; Zengler and Zaramela, 2018).

Our microcosm results revealed a convergent trajectory in which mixing and incubation shifted marine microbiomes toward
an eddy-associated state, providing experimental support for field observations that eddies are hotspots of distinct microbial
activity (Baltar et al., 2010). Given the limitations of the microcosm experiment and the use of single-variable region
sequencing of 16S/18S rRNA genes (Gloor et al., 2017), further investigations involving in situ sampling and metagenomic
sequencing of (non)eddy-influenced waters are warranted, and it could provide deeper insights into microbial composition
and functional dynamics.

Ocean eddies regulate the transport and redistribution of salt, heat, oxygen, carbon, and nutrients, thereby influencing marine
ecosystems and biogeochemical cycling (Zhang et al., 2014; Dong et al., 2014; Omand et al., 2015; Conway et al., 2018;
Zhai et al., 2010; Hewitt et al., 2022; Wang et al., 2023). Eddy activity has increased by 2-5% per decade in eddy-rich
regions over recent decades (Martinez-Moreno et al., 2021), and future warming may further intensify surface eddy kinetic
energy in many regions, including the Kuroshio Current system (Yun et al., 2024; Beech et al., 2022; Li et al., 2024). Such
changes could alter the frequency and magnitude of resource redistribution and environmental heterogeneity experienced by
marine microbiomes. By demonstrating contrasting short-term responses of prokaryotic and microeukaryotic communities
and associated changes in network organization, our study highlights the importance of considering different prokaryotic and
microeukaryotic communities assembly and association patterns when evaluating how mesoscale physical processes may

influence ocean biogeochemical cycling under a changing climate.

5. Conclusions

Shipboard microcosm experiments in the Kuroshio Extension region revealed that eddy-associated conditions reshaped the
assembly and network stability of prokaryotic and eukaryotic microbiomes, with greater flexibility in prokaryotes and
stronger compositional and assembly responses in microeukaryotes. The emergence of more complex and stable co-
occurrence networks, primarily driven by prokaryotes, suggests increased community organization under eddy-associated
conditions, although these associations do not directly demonstrate biological interactions. The convergent changes observed
during mixing and incubation further indicate that eddy-associated conditions can reorganize microbial community assembly
and association patterns. This shift was further evidenced by the weakened correlation between microbiome composition and
environmental variables, indicating a potential transition from top-down environmental filtering to bottom-up biotic control.
Overall, this study highlights contrasting responses of prokaryotic and eukaryotic microbiomes and the importance of
microbial community organization in understanding how mesoscale oceanographic processes may influence marine

biogeochemical cycling.
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