
1. Introduction
Seamounts are widespread undersea mountains with a height of more than 1,000 m and have been focal areas 
of biological diversity and biogeography research (Clark et al., 2010; Rogers, 1994; Stocks et al., 2012). It is 
well known that seamounts act as “hotspots” of benthos, while fish, zooplankton, and other pelagic marine lives 
are also found to aggregate around seamounts (Genin, 2004; Koslow et al., 2000; Rogers, 2018). At shallow 
(summit depth 0–200 m) and intermediate (summit depth 200–400 m) seamounts, interactions between topogra-
phy and hydrography generate physical changes such as vertical mixing, internal waves, and Taylor column and 

Abstract Seamount effects, which are generally defined as hydrographic disturbances caused by 
topography and nutrient enrichment and biological aggregations around seamounts, are normally observed 
in shallow seamounts due to limited sampling efforts in deep seamounts. However, it remains unclear how 
and to what extent do deep seamounts leave their imprint on planktonic communities. Herein ciliates, a 
representative protist group, were chosen to explore the effect of deep seamount on planktonic community. By 
investigating the vertical and horizontal distribution of ciliate communities around the Kocebu Guyot (summit 
at −1,198 m) and in nonseamount area, we revealed an obvious deep seamount effect, which enhanced the 
vertical mixing of ciliate communities to an extent of over 1,000 m above the summit. The vertical mixing 
was manifested by a strong uplift of bottom dwellers from waters deeper than 500 m and a weak uplift from 
the 300 m layer to the deep chlorophyll maximum (about 150 m) layer. Network analysis showed that the 
ciliate cooccurrence relationship around the seamount was much more complex than that in nonseamount area. 
Statistical analysis indicated that seamount significantly weakened the limitation that water depth posed on 
vertical ciliate distribution. Overall, the ciliate communities presented a much higher-resolution record of deep 
seamount effects than physico-chemical data. Deep seamount could enhance the vertical mixing of waters and 
cooccurrence complexity of planktonic community to the euphotic layer. Considering the wide existence of 
deep seamounts, such an effect may have ecological significance and enhance the cycles of matter and energy 
of global oceans.

Plain Language Summary Seamounts are widely distributed undersea mountains. The specific 
topography and hydrography of seamounts directly or indirectly enrich the concentrations of particle organic 
matter and subsequently enhance primary production. This phenomenon is known as a seamount effect and is 
generally found in shallow (summit depth <200 m) and intermediate seamounts (summit depth 200–400 m). 
In order to find out whether and to what extent can deep seamount (summit depth >400 m) have a seamount 
effect on surrounding environments, we explored planktons around a deep seamount with a summit depth of 
about 1,200 m. We found a distinct deep seamount effect, which could enhance vertical mixing of planktons to 
an extent of over 1,000 m above the summit. The vertical mixing was composed of a strong uplift of benthos in 
waters deeper than 500 m and a weak uplift from the 300 m layer to deep chlorophyll maximum (about 150 m) 
layer. Such a deep seamount effect has never been documented before and may have ecological significance and 
enhance the cycles of matter and energy of global oceans.
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subsequently enhance organic matter and inorganic nutrients in the euphotic zone above the seamounts, resulting 
in the promoting of primary productions (Chapman & Haidvogel, 1992; Genin, 2004; Mohn et al., 2021; Read 
& Pollard, 2017). A study exploring the circulation pattern around a deep seamount (summit −1,308 m) in the 
northwest Pacific Ocean found a deep anticyclonic cap enclosing the entire seamount at a depth of 728 m (Guo 
et al., 2020). Likewise, recent studies on the Kocebu Guyot with a summit depth of 1,198 m showed that the 
seamount influenced particulate organic carbon in the upper waters to up to a depth of 750 m (Ma et al., 2020a), 
as well as nutrients in the bottom layer of the euphotic zone, to result in high biomass of phytoplankton (Dai 
et al., 2022). These findings have extended our understanding of the ecological importance of deep seamounts 
and give clues about the deep seamount effects. A recent study of planktonic bacteria, protists, and fungi around 
the Kocebu Guyot gave clues about deep seamount effects, but the scope of the effect was unclear due to a lack 
of distinct indicators (Zhao, Zhao, Zheng, et al., 2022). Whether and to what extent do deep seamounts have any 
imprint on planktonic community remains unclear.

Ciliates (Alveolata, Ciliophora) are a representative, highly diverse microeukaryotic group widely distributed in 
world oceans (Fenchel, 1987; Foissner, 2006). They are vital components of microzooplankton in microbial food 
webs as bridges between primary producers and larger consumers in marine environments (Azam et al., 1983; 
Pierce & Turner, 1992). Numerous studies on ciliate diversity and distribution have been conducted in the open 
ocean areas. Close correlations between ciliates communities and phytoplankton richness as well as environmen-
tal variations were found in the Atlantic Ocean (Dolan et al., 2002) and in the polar oceans (Jiang et al., 2014). 
Moreover, an obvious stratification of ciliate community was detected not only in the sunlit ocean on a global 
scale (de Vargas et al., 2015; Gimmler et al., 2016) but also from the surface to the abyssopelagic zone in the 
western Pacific Ocean (Zhao, Filker, Stoeck, et al., 2017). In terms of the seamount communities, Zhao, Filker, 
Xu, et al. (2017) investigated benthic ciliates on a seamount and showed that water depth was a less important 
factor shaping the distribution of ciliates, which was distinctly different from those in shallow seafloors. This 
implied that the seamount might enhance the transport of ciliates along the gradient of the water depth through 
the passive dispersal of ocean currents. All these findings indicate that ciliates could serve as a suitable repre-
sentative to uncover the effect of deep seamount on the diversity and distribution patterns of microplanktonic 
community.

In this study, we hypothesized that planktonic ciliates, a widely distributed protist group with broad niche widths, 
might provide similar imprint of deep seamount effects as indicated by physico-chemical and phytoplankton data. 
In order to understand the mechanism of deep seamount effects, ciliate communities in the water columns around 
the deep seamount Kocebu Guyot and those in a nonseamount area in the western Pacific Ocean were determined 
with high throughput sequencing. We aimed to study the variation in the vertical connectivity and community 
interactome of plankton between the deep seamount and nonseamount areas and to estimate to what extent deep 
seamounts could have an effect on the planktonic community.

2. Materials and Methods
2.1. Study Area and Sample Collection

The Kocebu Guyot is a flat-topped deep seamount of the Magellan Seamount Chain in the western Pacific Ocean, 
with a summit depth of about 1,198 m and a height of about 4,000 m. During the cruise of R/V KeXue in 2018, we 
collected a total of 38 full-depth water samples from five stations, A2, A5, A8, B1, and B8, around the Kocebu 
Guyot (Figure 1 and Table S1 in Supporting Information S1). The sampling stations and collection procedure had 
been described by Zhao, Zhao, Zheng, et al. (2022), who studied the diversity of planktonic bacteria, protists, and 
fungi around the seamount. Briefly, station A5 was located above the seamount, and the other four stations were 
situated around the seamount where water currents flowed along or perpendicular to the stations. A total of 20 L 
water was collected from each water layer at each station, which were then filtered first through a 200 μm sieve, 
then a 0.22 μm polycarbonate filter. All polycarbonate filters were immediately put in liquid nitrogen and stored 
at −80°C until laboratory processing.

For comparison with nonseamount area, data from three stations of the Philippine Basin in the western Pacific 
Ocean (Figure 1 and Table S2 in Supporting Information S1) were downloaded from National Center for Biotech-
nology Information (NCBI) under the accession number SRP139064 (Zhao, Filker, Stoeck, et al., 2017).

Water temperature, salinity, and sampling depth were measured in situ via a CTD probe. Dissolved oxygen (DO) 
was measured in situ by Winkler iodometry at ≤2% relative standard deviation after fixation with manganese 
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sulfate and alkaline potassium iodide solution (Ma et al., 2020b). Chlorophyll a (Chl a) was extracted in 90% 
acetone at 4°C for 24  hr and measured using a Turner Designs Trilogy Fluorometer (Turner Designs, USA; 
Parsons et al., 1984). The concentrations of NO3-N, NO2-N, PO4-P, SiO3-Si, and NH4-N of water samples were 
determined with a continuous flow analyzer (QuAAtro, Seal Analytical Limited, UK) according to the Joint 
Global Ocean Flux Study (JGOFS) spectrophotometric method (Gordon et  al.,  1993) after filtration through 
borosilicate glass microfiber filters (Whatman Grade GF/F filter). Concentrations of total nitrogen (TN) and 
total phosphorus (TP) in seawater were quantified with a continuous flow analyzer (QuAAtro, Seal Analytical 
Limited, UK) after persulfate oxidation. The concentrations of Chl a, DO, NO3-N, NO2-N, PO4-P, SiO3-Si, and 
NH4-N of seamount samples were integrated in Table S3 in Supporting Information S1. The concentrations of 
Chl a, NO3-N, NO2-N, PO4-P, SiO3-Si, NH4-N, TN, and TP of nonseamount samples were integrated in Table S4 
in Supporting Information S1.

To describe the physical drivers and mechanisms responsible for the biological distributions observed, the delay 
time altimetry product provided by Archiving Validation and Interpretation of Satellite Oceanographic data 
(AVISO) Version 3 was used here. This multiple-satellite-merged data set contains global gridded sea level 
anomaly and sea surface geostrophic current anomaly data with a 1/4𝐴𝐴

◦  resolution from January 1993 to Decem-
ber 2020, which can provide information of mesoscale eddies in the study area. The data are available at www.
aviso.altimetry.fr. In addition, a 3-day averaged output from an eddy-permitting reanalysis model ECCO2 based 
on MITgcm was applied to obtain the vertical velocity around the Kocebu Guyot and the nonseamount area. 
Here, ECCO2 is abbreviation for the “Estimating the Circulation and Climate of the Ocean” synthesis version 2 
(Menemenlis et al., 2008), and MITgcm for the Massachusetts Institute of Technology General Circulation Model 
(Marshall et al., 1997). The horizontal resolution of ECCO2 is 1/4𝐴𝐴

◦  , and the time ranges from 2009 to 2013. There 
are 50 uneven vertical levels, with the thicknesses ranging from about 10 m in the upper 150 m to about 400 m 
below 5,000 m. The ECCO2 data are available at http://apdrc.soest.hawaii.edu/las/v6/dataset?catitem=4837.

2.2. Laboratory Procedure and DNA Sequencing

Environmental DNA of seamount samples was extracted using All Prep DNA/RNA Mini Kit (Qiagen, Germany) 
following the manufacturer’s instructions. The 18S rRNA V4 region of ciliate was amplified using a nested PCR 
approach (Stock et al., 2013) with two sets of primers. First, CilF and CilR I–III (Lara et al., 2007) were used to 
amplify the 18S rRNA gene of ciliates; second, the purified PCR product was used to amplify the hypervariable 
V4 region of ciliate 18S rRNA with primers Reuk454FWD1 and TAReukREV3 (Stoeck et al., 2010).

Subsequently, the final PCR products were sequenced using the Illumina MiSeq platform (Illumina, Inc., San 
Diego, CA). The merged clean reads were submitted to downstream analysis. DNA sequences of nonseamount 
samples were generated using the same method by Zhao, Filker, Stoeck, et al. (2017).

2.3. Data Processing and Statistical Analysis

2.3.1. Generating Zero-Radius Operational Taxonomic Units Table

The obtained seamount data combining with nonseamount data were dereplicated and singletons were excluded 
using USEARCH (v.11.0; Edgar, 2013). Unoise3 was used to generate zero-radius operational taxonomic unit 

Figure 1. Sampling stations in the Kocebu Guyot and nonseamount areas. A5 is located at the summit of the Kocebu Guyot 
and the other four stations are situated around the seamount.
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(ZOTU) of 100% similarity and the resulting ZOTUs were taxonomically assigned according to PR 2 (v.4.14) 
database using BLAST (Edgar, 2018; Edgar & Flyvbjerg, 2015; Guillou et al., 2013). Considering that not all the 
rarefaction curves of samples were saturated (Figure S1 in Supporting Information S1), all samples were rare-
fied with the minimum sample size (1,783) to ensure intersample comparability. A ZOTU table of 1,625 ciliate 
ZOTUs and 97,309 reads was obtained.

2.3.2. Taxonomic Diversity and Phylogenetic Diversity

We selected ZOTU richness as taxonomic alpha diversity (hereafter TDAlpha) and calculated it using the 
vegan package (Dixon, 2003). Phylogenetic diversification across regional and continental scales over a long 
time results in community biodiversity (Graham & Fine, 2008). The combining of phylogenetic diversity with 
geographic structure and environmental gradients could enable us to understand the ecological mechanisms of 
biodiversity (Cavender-Bares et al., 2009; Heino & Tolonen, 2017). To calculate the phylogenetic alpha diver-
sity (hereafter PDAlpha) of the seamount and nonseamount samples, a phylogenetic tree was generated using 
aligned representative sequences of ciliate ZOTUs that were extracted from the seamount and nonseamount data 
sets. The representative sequences were aligned in SeaView (v.5) with MUSCLE mode (Gouy et al., 2010), then 
the aligned sequences were used to make the phylogenetic tree in FastTree with -gtr option (Price et al., 2010). 
Finally, the Faith’s phylogenetic diversity (i.e., the minimum total length of all the phylogenetic branches 
required to span a given set of taxa on the phylogenetic tree) as PDAlpha was calculated using the tree file and 
ZOTU abundance file with “pd” function in the picante package (Faith, 1992; Kembel et al., 2010). Taxonomic 
beta diversities (hereafter TDBeta) and phylogenetic beta diversities (hereafter PDBeta) were computed using 
“beta” function in the BAT package (Cardoso et  al.,  2015). We further implemented boxplot to present the 
TDAlpha and PDAlpha of ciliate communities in the seamount and nonseamount areas using the ggplot2 pack-
age (Wickham, 2016).

In order to evaluate the difference between seamount and nonseamount ciliate communities, we applied hierarchi-
cal cluster analysis based on Bray-Curtis distances of all samples using PRIMER (v.6). The Bray-Curtis distances 
were calculated using log-transformed ZOTU table. SIMPROF analysis with 999 permutations was utilized to 
disentangle the significant difference in similarity between samples.

2.3.3. Disentangling the Relative Importance of Deterministic and Stochastic Processes

The relative importance of ecological processes was disentangled by using β-Nearest Taxon Index (βNTI) and 
occurrence-based Raup-Crick matrix (βRC; Chase et al., 2011; Stegen et al., 2013, 2015). Statistical analyses were 
implemented with the Picante and Vegan packages (Dixon, 2003; Kembel et al., 2010).

2.3.4. Sample–Sample and Taxon–Taxon Cooccurrence Networks

In order to evaluate the cooccurrence relationships of samples, we performed the network analysis and calculated 
Spearman’s correlation using “corr.test” function in the Psych package. With the aim to reflect robust core inter-
actions, ZOTUs that featured (a) presence in at least four stations for nonseamount samples and seven stations 
for seamount samples, (b) correlations with Spearman’s rank correlation coefficient >0.5 or <−0.5, and (c) 
statistical significance (P < 0.05, all P-values were adjusted by the Benjamini and Hochberg FDR controlling 
procedures) were selected (Barberan et al., 2012).

Taxon–taxon cooccurrence networks of ciliate community under 1,000  m were constructed to explore the 
seamount effects on relationships among the ciliate taxa. To ensure interhabitat comparability, the water layers 
of 1,000, 2,000 m, and the bottom were sampled both from the seamount and nonseamount areas. In addition, 
we implemented the taxon–taxon cooccurrence network of each station from the seamount and nonseamount 
areas to compare the complexity of each network throughout the water column in different habitats. Taxon–taxon 
cooccurrence network of each water layer in the seamount was also implemented to distinguish the core taxa in 
different water layers. In order to highlight the core relationships, ZOTUs with an occurrence ratio of at least 50% 
were selected. The Spearman’s correlation was calculated and any correlations with coefficient absolute value 
>0.6 and statistical significance (P < 0.05) were retained. Core taxa was defined as the taxa with the top three 
number of correlations.

The analysis was implemented with the igraph and pshcy packages in R and the networks were illustrated using 
Gephi (v.0.9.2; Mathieu et al., 2009). The size of node represented the level of interactions with other nodes, the 
width of line represented the absolute coefficient value of each correlation.
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2.3.5. SourceTracker for Karyorelictea in Water Column Around Seamount

In order to identify the sources of benthic Karyorelictea in water column at the seamount area, SourceTracker 
analysis was utilized following the method of Knights et al. (2011). We sorted the samples found with Karyorelic-
tea into different groups according to water layers and estimated the source proportions of individual water layers.

2.3.6. Evaluating the Effects of Environmental Factors on Ciliate Communities

In order to evaluate the direct and indirect effects of specific environmental factors on TDAlpha and PDAlpha 
of ciliate communities in the seamount and nonseamount areas, partial least squares path modeling (PLS-PM) 
was implemented using the PLSPM package (Sanchez, 2013a). We divided the environmental factors into four 
blocks (latent variables), DEPTH (sampling depth), ENV (temperature, salinity, and DO), NUTR (concentra-
tion of NO3-N, NO2-N, NH4-N, PO4-P, and SiO3-Si) and BIO (concentration of Chl a), an arrangement that 
was enlightened by Gao et al. (2019). Due to cruise discrepancy in the nonseamount area, the ENV block only 
consisted of temperature and salinity, while the NUTR block included concentration of NO3-N, NO2-N, NH4-N, 
PO4-P, SiO3-Si, TN, and TP. After initial permutation, factors with loading <0.7 in the outer model section were 
excluded and a final PLS-PM was carried out (Sanchez, 2013b).

Further analysis of environmental factors influencing the ciliate community structure was verified by the varia-
tion partitioning analysis (VPA) using the “varpart” function of the vegan package. TDBeta and PDBeta matrices 
of ciliate communities in seamount and nonseamount areas were used as data sets and the decomposition was 
based on distance-based redundancy analysis (McArdle & Anderson,  2001). The environmental factors were 
divided into four sections as in PLS-PM. ANOVA tests were performed on the individual variations explained 
by each section with 999 permutations. In order to evaluate the impact of depth upon ciliate communities in 
seamount and nonseamount areas, the proportion of adjusted R 2 of depth out of all factors was calculated, respec-
tively. All statistical analyses mentioned above were conducted in R (v.3.6.2).

3. Results
3.1. Diversity and Community of Ciliates in Seamount and Nonseamount Areas

The ciliate communities in the seamount and nonseamount areas exhibited similar patterns of vertical distribu-
tion. Overall, the ciliate samples tended to group according to depth rather than sampling regions, with distinction 
between photic and aphotic samples. The samples in the nonseamount area were separated distinctly from the 
seamount samples within the photic and aphotic zones (Figure 2a). The seamount ciliate community from the 
200 m layer had higher similarity with that from the photic water layers, while in the nonseamount area the ciliate 
community from the 200 m layer was more similar to that from the aphotic deepwater layers.

The TDAlpha of ciliate community exhibited an indistinctly unimodal pattern, while no clear pattern was shown 
for the PDAlpha in the seamount area, where both the TDAlpha and PDAlpha peaked in the 200 m water layer 
(Figure 2b). In contrast, both the TDAlpha and PDAlpha showed a distinctly unimodal distribution in the nonsea-
mount area, where the peak values occurred in the deep chlorophyll maximum (DCM, about 150 m depth) layer, 
and then the diversity decreased with increasing depth.

The class Karyorelictea, as typical bottom dwellers, was unexpectedly frequent and abundant in the seamount 
water samples and contributed to about 44.3% of the total sequences in the water layers below 300 m (Figure S2 
in Supporting Information S1). Karyorelictea sequences occurred also in the 200 m and DCM layers around the 
seamount, with an average proportion of 0.88%. In the nonseamount area, Karyorelictea was detected only in the 
1,000 and 2,000 m layers, with an average sequence proportion of merely 0.1% (Figure 3a). Due to the presence 
of Karyorelictea, the sequence proportion of the class Spirotrichea out of all sequences decreased in the seamount 
area (52.2%) than the nonseamount area (65.15%; Figure S2 in Supporting Information S1).

The SourceTracker analysis showed that the population of Karyorelictea in the DCM was mainly derived from 
the lower water layers (Figure 3b), with about 28% of the sequences came from the 1,000 m layer, 24% from the 
200 m layer, and 16% from the 300 m layer. As regards Karyorelictea in the 200 m layer, 32% came from the 
300 m layer, 15% from the DCM, 11% from the 3,000 m layer, and 23% from unknown sources. For karyorelicte-
ans in the 300 m layer, nearly half were derived from unknown sources, 29% from the water layers below 300 m, 
and about 16% from the DCM. From the 2,000 m water layer, the contribution of karyorelicteans from deeper 
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waters increased. Over half of karyorelicteans in the 2,000 m layer came from the 3,000 m (19%) or bottom (35%) 
water layers, and 67% of karyorelicteans in the 3,000 m layer came from the bottom water.

3.2. Quantification of Selection, Dispersal, and Drift Structuring Pelagic Communities

The ciliate communities in the seamount and nonseamount areas were both primarily determined by variable 
selection with the explanations of 48.08% and 40.44%, respectively, followed by the homogeneous dispersal 
with the respective contributions of 35.56% and 30.88%. The homogeneous selection barely contributed to the 
community variations. Dispersal limitation and drift took more importance in the nonseamount area than in the 
seamount (Figure 4a).

3.3. Effects of Environmental Selection on Ciliate Community

Depth exerted strong and significant direct influence on the TDAlpha and PDAlpha of ciliate community in the 
nonseamount area, while the direct influence of depth was subtle and no significant effect was observed in the 
seamount area (Figure 4b). The ENV block (temperature, salinity, and DO) significantly influenced the TDAlpha 
of ciliate communities in both the seamount and nonseamount areas, while it was insignificant for the PDAlpha. 

Figure 2. (a) Cluster plot based on the Bray-Curtis distance matrix of all samples. Red dotted line represents the adjoining 
samples have no significant difference according to SIMPROF analysis (P > 0.05). (b) TDAlpha and PDAlpha of ciliate 
communities along depth gradients in the seamount (left panel) and nonseamount areas (right panel). The groups of Fisher-
LSD test were annotated in the plot.

 21699291, 2023, 3, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JC

018898 by H
O

N
G

 K
O

N
G

 PO
L

Y
T

E
C

H
N

IC
 U

N
IV

E
R

SIT
Y

 H
U

 N
G

 H
O

M
, W

iley O
nline L

ibrary on [21/05/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Oceans

ZHAO ET AL.

10.1029/2022JC018898

7 of 14

The TDAlpha and PDAlpha of ciliate community were better explained in the nonseamount area with the R 2 
values of 0.87 and 0.63, respectively, compared with those of the seamount ciliate community (R 2 = 0.686 and 
0.376, respectively).

The pure effect of DEPTH, NUTR, ENV, and BIO appeared to be significant on ciliate community from both the 
seamount and nonseamount areas with varying proportions (Figure 4c). In the seamount ciliate community, the 
ENV took the greatest proportions both in explanations of the TDBeta (9.1%) and PDBeta (4.5%), and the BIO (Chl 
a) occupied the least contributions to the TDBeta and PDBeta. In the nonseamount area, the DEPTH and NUTR 
(NO3-N, NO2-N, NH4-N, PO4-P, SiO3-Si, TN, and TP) took the greatest proportions for TDBeta and PDBeta. 
The independent explained variations of depth were generally lower in the seamount (1.4% for TDBeta, 0.9% for 
PDBeta) than those in the nonseamount area (10.7% for TDBeta, 1.7% for PDBeta; Figure 4c). The total contribu-
tions of depth to the TDBeta and PDBeta around the seamount were also lower than those in the nonseamount area.

3.4. Dispersal Processes Influencing Ciliate Community Connectivity

Samples in the nonseamount area only significantly related to those in the same water layer (Figure 5a). Around 
the seamount, the surface and DCM samples only correlated with samples from the same depth, while samples 
below 300 m presented significant correlations with samples from different water layers. Modularity indexes of 
sample–sample network in the seamount and nonseamount areas were 0.651 and 0.613, respectively, while the 
average clustering coefficients were 0.699 and 0.889 in the seamount and nonseamount areas, respectively.

The proportions of shared ZOTUs of samples from the same station in the seamount and nonseamount areas 
were respectively calculated. Along the vertical profile, the mean proportion of shared ZOTUs in the seamount 
samples from the same station was higher than that in the nonseamount samples, particularly in samples at and 
below 2,000 m (Table S5 in Supporting Information S1).

3.5. Physical Drivers for Ciliate Community Connectivity

Many mesoscale eddies, which could be found by satellite altimetry and by reanalysis models, occurred in the 
Kocebu Guyot area (Figure S3 in Supporting Information S1). The mesoscale eddies are frequent in this region, 
associated with strong upward flows; for example, strong upward flows frequently occurred with a maximum 
velocity up to 1 × 10 −5 m/s (∼0.8 m/day) and could sustain for several months (Figure S4 in Supporting Infor-
mation S1). As a result, the study area is characterized with mean upward flows, as indicated by the long-term 
mean upward vertical velocity above the seamount (Figure 6). At the seamount stations A5, A8, and A2, the  mean 
upward flows with magnitude of 0.5 × 10 −5 m/s (∼0.4 m/day) could extend from the summit to ∼200 m; at stations 

Figure 3. (a) Relative abundance of the bottom-dwelling Karyorelictea in different water layers in the seamount and nonseamount areas. The size of each solid circle is 
in proportion to the sequence number of Karyorelictea. (b) SourceTracker proportions of different water layers estimated for Karyorelictea around the seamount.
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B1 and B8, there were also mean upward flows with similar magnitude between 200 and 1,000 m (Figures 6a, 6c, 
and 6d). On the contrary, the upward flow was very weak at depths from 200 to 1,000 m in the nonseamount area 
like station DY7, and the long-time mean vertical velocity was about 1 order lower than that around the seamount. 
The mean upward flows in the study area are crucial for the maintenance of the bottom dwellers in the upper layers.

3.6. Taxon–Taxon Cooccurrence Relationships

After ZOTUs filtration using the same standard, the cooccurrence relationship of the seamount ciliates (Figure 5b) 
consisted of 84 nodes and 348 edges with the average degree or node connectivity of 8.286, while the cooccur-
rence relationship in the nonseamount area consisted of 67 nodes and 215 edges with the average degree of 
6.418. The modularity index of the seamount and nonseamount networks was 0.719 and 0.826, respectively. 
Negative correlations took a higher percentage of 20.47% in the nonseamount area than those of 16.95% around 
the seamount. The core taxa around the seamount were the classes Spirotrichea, Karyorelictea, and Nassophorea, 
while those in the nonseamount area were Spirotrichea, Nassophorea, and Oligohymenophorea.

Figure 4. (a) Relative proportions of ecological processes shaping ciliate communities in the seamount and nonseamount areas. (b) The direct effects of environmental 
factors on taxonomic (TDAlpha) and phylogenetic (PDAlpha) alpha diversity based on the final partial least squares path models (PLS-PM). The width of arrows 
indicates the influential degree of each block. The lower barplots show the total effects of each latent variable. (c) The effects of environmental factors on the taxonomic 
(TDBeta) and phylogenetic (PDBeta) beta diversity based on the VPA. Individual variances and significant levels of ANOVA permutation tests are annotated in 
corresponding parts (*P < 0.05 and **P < 0.01).
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The taxon–taxon relationship at each station along the water column around the seamount contained a much 
higher number of nodes and edges compared with that in the nonseamount area (Figures S5 and S6 in Supporting 
Information S1). In the seamount area, the mean value of average path length was 2.665, and that of modularity 
index was 0.896 for each separate network. In the nonseamount area, the mean value of average path length was 

Figure 5. (a) Sample–sample networks indicating significant Spearman’s correlations of samples in the seamount and nonseamount areas. The nodes represent samples 
from different water layers. Edges represent significant correlations. (b) Taxon–taxon network illustrating the cooccurrence relationships of ciliate groups. The nodes 
represent zero-radius operational taxonomic units (ZOTUs) with annotation of assigned class. Blue edges represent positive correlations and orange edges represent 
negative ones.
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3.538 and that of modularity index was 1.240 (Table S6 in Supporting Information S1). Karyorelicteans in the 
seamount area were present in taxon–taxon networks from the bottom water layer up to the 200 m layer and the 
proportion of Karyorelictea out of the total taxa in each network decreased roughly from the bottom to the 200 m 
layer (Figure S7 in Supporting Information S1).

4. Discussion
4.1. Evidence of Deep Seamount Effects

Deep seamounts, particularly those whose summits are deeper than 1,000 m, were previously thought to have 
limited impact on their surrounding environments. By investigating the ciliate communities around the Kocebu 
Guyot and those in a nonseamount area, we found that the deep seamount enhanced the vertical mixing and 
cooccurrence complexity of the ciliate community to an extent of over 1,000 m above the summit (Figure 7). The 
vertical mixing is composed of a strong uplift in the deep water and an upward weak uplift in the shallow water. 
The strong vertical mixing was shown by the presence of abundant bottom-dwelling Karyorelictea uplifted from 
the bottom water to the 500 m water layer, about 700 m above the summit (Figure 7). Karyorelicteans as typical 
microbenthos have been found mainly in marine interstitial habitats (Foissner, 1998), and they are also frequently 
found in sediments from a seamount about 2,000 km from the Kocebu Guyot (Zhao, Filker, Xu, et al., 2017). 
Like the distinct uplift of bottom dwellers, Ma et al. (2020a) observed an uplift of temperature and concentra-
tion of particulate organic carbon around the Kocebu Guyot, which reached to about 450 m above the summit 
(−1,198 m). A similar uplift was also shown by observation of a deep anticyclonic cap about 600 m above the 
summit (−1,308 m) around the nearby deep seamount Caiwei Guyot (Guo et al., 2020).

Furthermore, the ciliate community provides a higher-resolution record of the deep seamount effects, which 
uplifted the bottom-dwellers karyorelicteans to the DCM (about 150 m) water layer (Figure 7). A similar uplift 
signal was confirmed by the upward transport of nutrients and enhanced phytoplankton observed on the Kocebu 
Guyot (Dai et  al., 2022), while a recent study of bacteria, protists, and fungi around the Kocebu Guyot held 

Figure 6. Five-year (2009–2013) mean vertical velocity (in m/s) at: (a) 17.1𝐴𝐴
◦  N, (b) 17.4𝐴𝐴

◦  N, (c) 17.6𝐴𝐴
◦  N, and (d) 17.9𝐴𝐴

◦  N 
based on the ECCO simulation. The green boxes denote the upward flow over the Kocebu Guyot latitudes.
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clues of deep seamount impact on the diversity and connectivity of pelagic communities, the vertical influen-
tial range was unclear (Zhao, Zhao, Zheng, et al., 2022). This study, together with the physico-chemical and 
biological indications, suggests the existence of deep seamount effects that enhances the vertical mixing and 
promotes the connectivity of aphotic and photic waters. Considering the wide existences of deep seamounts 
worldwide, such an effect may have ecological significance and enhance the cycles of matter and energy of global 
oceans. Nonetheless, a deep seamount effect has been documented only in the tropical western Pacific Ocean, and 
whether such effect frequently occurs in the world ocean remains unknown.

4.2. Seamount Enhances Vertical Connectivity and Cooccurrence Complexity

According to the sample–sample cooccurrence networks, the ciliate communities around the seamount showed 
higher connectivity than those in the nonseamount area among all the water layers, and much higher connectiv-
ity occurred below the seamount summit. Furthermore, above the summit water layers, the mean proportion of 
shared ZOTUs among samples from the vertical profile of the same station had subtle difference from those in 
the nonseamount area. The vertically shared proportions around seamount below the summit water layers were 
significantly higher than those in the nonseamount area (Table S5 in Supporting Information S1). Moreover, 
seamount ciliates showed significant higher proportions of shared ZOTUs between DCM and 200 m as well 
as 1,000 and 2,000 m than that of nonseamount area (Table S7 in Supporting Information S1). These findings 
indicate a higher vertical connectivity of community around the deep seamount, which strongly expands previous 
understanding of seamount effects on planktons from shallow seamounts (Eriksen, 1998; Lueck & Mudge, 1997) 
and intermediate-depth ridge (Meredith et al., 2015).

We further revealed that the enhanced vertical connectivity could promote the taxon–taxon cooccurrence rela-
tionships, which were more complex in the seamount communities than the nonseamount ones. In our study, the 
bottom-dwellers Karyorelictea played a vital role in the taxon–taxon networks of ciliates and took about one third 
of the number of network nodes in the seamount area, while they hold an extremely low proportion in the nonsea-
mount area. Our analysis indicated that Karyorelictea in the seamount upper water layers mainly came from the 
lower water layers, further supporting the effect of enhanced vertical mixing. Water depth is generally considered 

Figure 7. The conceptual model of horizontal and vertical connectivity patterns of ciliate communities in the seamount and 
nonseamount areas. The solid triangles represent samples, with upward and downward directions indicating the two major 
groups of ciliate communities in each area. The dashed line connecting samples means significant cooccurrence relationships 
between samples. The right violin shows the proportion of benthic forms in the total ciliate community.
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a main factor limiting the distribution of both planktonic and benthic ciliates (Grattepanche et al., 2016; Sun 
et al., 2020; Zhao, Filker, Stoeck, et al., 2017). The seamount effects by enhancing the connectivity significantly 
promoted the vertical communication of different water layers, and thus redistributed the organisms. Different 
physico-chemical and trophic conditions of different water layers may boost the diversification of organisms.

4.3. Potential Hydrodynamic Processes Contribute to the Vertical Migration of Benthic Karyorelictea

We hypothesize that mesoscale oceanic eddies could be an important driving factor to the vertical migration 
of the benthic Karyorelictea via maintain overall constant upward flows. When an impinging flow encounters 
a seamount, an anticyclonic cap, which is composed of an anticyclonic circulation at the foot and a bottom 
trapped anticyclonic circulation over the summit, may be generated (Guo et al., 2020; Huppert & Bryan, 1976; 
Owens & Hogg, 1980). Simultaneously, a radial–vertical secondary circulation can be induced, which consists 
of downward flows above the summit center, offshore flows at the summit rim and up-slope flows above the rim 
(Guo et al., 2020). Due to abundant surface-intensified mesoscale eddies which may extend to over 1,000 m deep 
(Chelton et al., 2011) and subsurface-intensified mesoscale eddies which cover the depths of ∼300 to more than 
1,000 m (Feng et al., 2021; Xu et al., 2019) passing by the Magellan Seamount Chain, the current associated with 
eddies frequently results in upward flows which may last for several months.

During our survey, we encountered an anticyclonic surface-intensified eddy to the west of the seamount stations 
and a cyclonic surface-intensified eddy to the north of the stations, both of which had strong horizontal velocities 
extending from the surface to nearly the bottom (Figure S3a in Supporting Information S1). Despite differences in 
the manifestation of surface eddies between modeled and observed SLA (Figures S3a and S3b in Supporting Infor-
mation S1), we still see similar patterns in the modeled SLA (Figure S3b in Supporting Information S1), associated 
with upward velocities (∼3 × 10 −5 m/s, ∼2.5 m/day) around the seamount (Figure S3c in Supporting Information S1). 
The upwelling should be responsible for the unusual presence of benthic Karyorelictea ciliates in the upper layers. 
In addition, we obtained a 5-year mean vertical upward flow caused by persistent eddy-induced upwellings (Figure 
S4 in Supporting Information S1), with a vertical velocity ∼0.4 m/day (Figure 6). This suggests that this region 
is undergoing an overall upward flow, which is crucial for the maintenance of the bottom dwellers in the upper 
layers. Nonetheless, internal wave-induced vertical mixing could also be an option for the vertical transport of the 
benthic Karyorelictea near the submit of the seamount, since it is usually enhanced near the rough bottom (Ledwell 
et al., 2000); however, no evidence is available to prove that this kind of mixing can extend from 1,000 to 200 m 
depths.

5. Conclusions
The distribution pattern and connectivity of ciliate community were detected from a deep seamount and compared 
with those from a nonseamount area in the western Pacific Ocean. We presented a distinct deep seamount effect, 
which enhanced the vertical connectivity of planktonic communities to an uplift extent of 1,000 m above the 
summit. Such an effect was indicated by the presence of bottom dwellers in the water column and more complex 
cooccurrence relationships in the seamount community compared with that of nonseamount community. The 
increase in vertical exchange is attributed to the reduction of the influence of water depth on ciliate community 
by the seamount. This finding expands previous understanding of seamount effects originated from the shallow 
and intermediate-depth seamounts.
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