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Abstract
Diatoms and dinoflagellates are two pivotal phytoplankton groups present in coastal ecosystems that play key roles in marine 
food webs and biogeochemical cycles. The diatom-to-dinoflagellate ratio (diat/dino ratio) serves as an indicator of ecosystem 
status and phytoplankton community dynamics; however, the specific taxa that contribute to its variability remain poorly 
understood. This study investigated the phytoplankton community composition and diat/dino ratios in the coastal regions 
of the East China Sea and northern South China Sea during summer using quantitative PCR (qPCR) and 18S rRNA gene 
pyrosequencing. The qPCR results revealed that diatoms dominated in the estuarine and nearshore waters, whereas dino-
flagellates prevailed in the offshore regions. Random Forest analysis identified dissolved oxygen (DO) and the nitrogen-to-
phosphorus (N:P) and silicon-to-nitrogen (Si:N) ratios as the primary drivers of variation in the diat/dino ratio. The influence 
of N:P ratios was further modulated by the absolute nitrogen and phosphorus concentrations. Taxonomic profiling revealed 
that Thalassiosiraceae and Chaetocerotaceae were enriched in nutrient-rich estuarine waters, while Leptocylindraceae, 
Bacillariaceae, and Skeletonemaceae dominated in regions with low N:P ratios. In contrast, dinoflagellate families, such as 
Thoracosphaeraceae, Pyrocystaceae, Peridiniaceae, and Heterocapsaceae, were more abundant in environments with high 
DO and elevated N:P ratios. Notably, the northward expansion of Scrippsiella (Thoracosphaeraceae) drove changes in the 
bloom dynamics that threaten the coastal ecosystem balance. These findings demonstrate that nutrient stoichiometry and 
oxygen availability influence the diat/dino ratio by favoring distinct phytoplankton taxa, thus offering insights into how 
anthropogenic nutrient inputs shape community structure and guide coastal ecosystem management.
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Introduction

In recent years, shifts in phytoplankton community compo-
sition have become an increasing concern (Michael Beman 
et al. 2005; Rajapaksha et al. 2024), particularly regard-
ing changes in the diatom-to-dinoflagellate ratio (diat/dino 
ratio), which is a widely used indicator of phytoplankton 
community structure. Diatoms and dinoflagellates are two 
of the most ecologically important phytoplankton groups, 
although they fulfill markedly different roles within marine 
ecosystems. Diatoms are key primary producers that con-
tribute substantially to biogeochemical cycles and marine 
food webs (B-Béres et al. 2023). In contrast, dinoflagel-
lates include numerous toxic and mixotrophic species, and 
their rising abundance is often associated with harmful 
algal blooms (HABs), thereby posing potential threats to 
marine biodiversity and ecosystem health (Gu et al. 2013; 
Jeong et al. 2016).

Changes in the diat/dino ratio have been documented 
across various marine environments, including the coastal 
waters of Europe (Hinder et al. 2012; Nohe et al. 2020; 
Spilling et al. 2018; Wasmund et al. 2017), the Bohai Sea 
(Wei et al. 2024), and the East China Sea (ECS) (Xiao 
et al. 2018). However, despite extensive research on the 
diat/dino ratios, the drivers of shifts therein remain to be 
fully elucidated. For instance, in the ECS, a decline in 
diatom dominance over the past 50 years has been attrib-
uted to nutrient enrichment (Jiang et al. 2014), whereas 
alterations in the silicon-to-nitrogen (Si:N) ratio following 
the Three Gorges Dam construction have favored dino-
flagellate proliferation (Zhou et al. 2016). Similarly, in 
the Bohai Sea, eutrophication characterized by elevated 
nitrogen-to-phosphorus (N:P) ratios has been linked to 
a transition from diatom dominance to a codominance 
with dinoflagellates (Wei et al. 2024). In contrast, stud-
ies in the Pearl River Estuary (PRE) have revealed that 
increased nitrate levels were associated with higher dia-
tom-to-dinoflagellate ratios (Cheung et al. 2021). These 
contrasting findings may reflect (1) regional differences in 
species composition, as various diatom and dinoflagellate 
taxa have distinct physiological traits and environmental 
tolerances, and (2) variability in the intensity and type of 
eutrophication across locations.

Despite the complexity of these communities, many 
studies treat diatoms and dinoflagellates as homogene-
ous functional groups, often overlooking the ecological 
roles and environmental sensitivities of the specific taxa 
(Agirbas et al. 2017; Liang et al. 2019; Nohe et al. 2020; 
Spilling et al. 2018; Wang et al. 2024). However, different 
species within these groups possess unique morphologi-
cal, behavioral, and nutritional traits that influence their 
ecological niches (Litchman et al. 2010). For example, 

Chaetoceros and Thalassiosira are both common diatoms, 
but they differ considerably in form and function. Chaetoc-
eros typically forms long chains with silica-based setae, 
which reduces sinking and deters grazers, thus making 
them well suited to the turbulent, nutrient-rich coastal 
waters (Hoffmann et al. 2007). In contrast, Thalassiosira 
species are often solitary, more grazing-sensitive, and 
broadly distributed across coastal and open ocean regions 
(Liu et al. 2024).

To better evaluate the ecological influence of diat/dino 
ratio shifts, it is essential to focus on the key indicator taxa 
rather than relying solely on broad functional groupings. 
However, traditional approaches such as light microscopy 
and pigment analysis offer limited taxonomic resolution, and 
they often fail to detect small, cryptic, or heterotrophic taxa 
(Cheung et al. 2021; Hinder et al. 2012; Wei et al. 2024; 
Xiao et al. 2018). These limitations highlight the urgent need 
for molecular tools, such as high-throughput sequencing, to 
more accurately characterize the phytoplankton community 
structure and reveal the nutrient-driven mechanisms behind 
community shifts.

To address the knowledge gaps concerning (1) key envi-
ronmental drivers of the diat/dino ratio variations and (2) 
specific diatom and dinoflagellate taxa involved in these 
shifts, we examined the phytoplankton abundance and com-
munity composition across diverse environmental niches. 
By integrating random forest (RF) models with correlation 
analyses, we identified the key taxa that contribute to shifts 
in the diat/dino ratio and the environmental variables that 
are most strongly associated with these changes. In sum-
mer, coastal waters of China experience relatively stable 
temperatures but high variability in nutrient concentrations 
and stoichiometric ratios, thereby providing a natural experi-
mental setting to separate the influence of nutrient dynamics 
from that of temperature on the phytoplankton community 
structure.

Materials and methods

Study sites and sample collections

Sampling was performed in the coastal water of the ECS 
and northern South China Sea (SCS) in August 2023, with 
sampling locations including the Changjiang River Estu-
ary (CJE), PRE, Daya Bay (DYB), and coastal waters of 
Fujian and Zhejiang (MZC) (Fig. S1). A total of 92 sam-
pling stations were established and parameters were meas-
ured, including temperature (Tem), salinity (Sal), dissolved 
oxygen (DO), ammonium (NH4⁺), nitrate (NO3

−), nitrite 
(NO2

−), phosphate (PO4
3−), and silicic acid (Si(OH)4). At 

each station, one surface seawater sample (at approximately 
3 m depth, within the surface mixed layer) was collected 
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using a conductivity–temperature–depth rosette system 
(CTD, Sea-Bird Electronics) fitted with 12-L Niskin bottles. 
For DNA sample collection, 500 mL of seawater collected 
from each station was prefiltered with a 200 µm mesh to 
exclude mesozooplankton and then filtered through a 3-µm 
polycarbonate membrane (PC, Millipore Corporation). The 
polycarbonate membrane samples were flash-frozen in liquid 
nitrogen and stored at −80 °C. The temperature, salinity, 
and DO of the samples were measured with CTD sensors. 
To assess the chlorophyll content, 250 mL of prefiltered 
seawater was passed through GF/F filters. Chlorophyll was 
extracted from these filters using a 90% acetone solution, 
and the extract was subsequently measured using a Tril-
ogy fluorometer (Turner Designs) following the previously 
described method by Strickland and Parsons (1972). Nutri-
ent samples were collected by filtering water through a 0.45 
μm acetate fiber membrane. Silicate samples were stored at 
4 °C, while NO3

−, NO2
−, NH4

+, and PO4
3− samples were 

stored at −20 °C. The concentrations of NO3
−, NO2

−, PO4
3−, 

and Si(OH)4 were determined using a Bran+Luebbe Auto-
Analyzer 3 (AA3, Germany) via gas-segmented continuous 
flow analysis, which is an automated colorimetric method 
based on spectrophotometry. The quantification limits for 
NO3

−, NO2
−, PO4

3−, and Si(OH)4 were 0.10, 0.04, 0.08, 
and 0.08 umol/L, respectively. The analytical precision was 
±1% for NO3

− and NO2
−, ±2% for PO4

3−, and ±2.8% for 
Si(OH)4 (Murphy and Riley 1962). The NH4

+ concentrations 
were measured using a Bran+Luebbe AA500 AutoAnalyzer 
(Germany), with a quantification limit of 0.1 umol/L (Hol-
mes et al. 1999). Moreover, in this study, NOx represents 
the combined concentration of NO3

− and NO2
−. The photo-

synthetically active radiation (PAR) data were downloaded 
from the NOAA database at https://​coast​watch.​pfeg.​noaa.​
gov/​data.​html.

Genomic DNA extraction, qPCR of diatoms 
and dinoflagellates, and bioinformatics analysis

Genomic DNA was extracted from the 3 µm polycarbonate 
membranes collected from the 92 stations using a modified 
enzyme/phenol-chloroform extraction protocol (Xia et al. 
2020). The diatom and dinoflagellate cell abundances were 
quantified by qPCR using the primer pairs 5′-CAG​GTC​
TGT​GAT​GCC​CTT​-3′/5′-CAA​TGC​AGW​TTG​ATG​AWC​
TG-3′ and 5′-CCG​CGG​TAA​TTC​CAG​CTC​-3′/5′-GAG​CCA​
GATRCDCAC​CCA​-3′, respectively (Godhe et al. 2008). 
To determine the optimal annealing temperature for qPCR 
amplification, a gradient PCR was performed. The reaction 
was set up in a total volume of 50 µL, containing 25 µL 
of 2× Taq Mix (Takara, China), 2 µL of forward primer, 
2 µL of reverse primer, 2 µL of DNA template, and 19 µL 
of double-distilled water. The thermal cycling conditions 
included an initial denaturation at 95 °C for 3 min, followed 

by 30 cycles of denaturation at 95 °C for 20 s, annealing 
across a temperature gradient ranging from 52 °C to 65 °C 
for 20 s, and extension at 72 °C for 30 s. The diatom and 
dinoflagellate PCR products were cloned into the pMD18-T 
vector (Takara), and plasmids containing the diatom and 
dinoflagellate rDNA fragments were extracted using the 
Mini Plasmid Kit (Takara). Based on the formula reported 
by Zhu et al. (2005), the initial concentrations of diatom 
and dinoflagellate plasmids were determined to be 2.23 × 
1010 and 1.92 × 1010 copies per µL, respectively. Standard 
curves were generated by performing 10 serial dilutions of 
the diatom and dinoflagellate plasmids. The qPCR reaction 
was performed in a 20 μL volume consisting of 10 μL of 
qPCR master mix, 0.3 μL of each primer, 2 μL of template 
DNA, and 7.4 μL of double-distilled water. The amplifica-
tion reactions were performed in triplicate with the follow-
ing PCR protocol: initial denaturation at 95 °C for 3 min, 
followed by 30 cycles of denaturation at 95 °C for 20 s and 
annealing/extension at 55 °C for diatoms or 60 °C for dino-
flagellates for 25 s. Standard curves and negative controls 
without template DNA were included in each qPCR run. No 
PCR amplification was detected in the negative controls. 
Cell abundance was calculated by relating the qPCR-derived 
gene copy number to the standard curves, which provided 
a linear relationship between the Ct values and known gene 
copy number (GCN). It is important to note that the copy 
number of the 18S rRNA gene varies across the different 
diatom and dinoflagellate species. To improve the reliability 
of our quantitative data, a correction factor (GCN per cell) of 
166 for diatoms and 4919 for dinoflagellates was applied, as 
previously reported by Martin et al. (2022). The distribution 
of diatom and dinoflagellate abundances across the studied 
region was visualized using Surfer Version 23.

Diat/dino ratio

The diat/dino ratio was calculated using the formula: 
diat∕dino =

Abundance_diatom

Abundance_dinoflagellate
 , where abundance represents 

the number of cells per liter. To normalize the distribution, 
the ratio was log10-transformed. A positive log-transformed 
value indicates diatom dominance, whereas a negative value 
reflects a higher dinoflagellate abundance. To examine the 
relationship between the diat/dino ratio and environmental 
variables, three statistical approaches were employed: gen-
eralized additive models (GAMs), RF, and a cubic polyno-
mial regression model. GAMs were implemented using the 
R package mgcv (version 1.9-1), which provides flexibility 
in modeling nonlinear relationships (Pedersen et al. 2019). 
For the GAM selection, we first calculated the relative 
importance of each predictor and sequentially removed vari-
ables with the lowest importance. This stepwise procedure 
continued until the model with the lowest Akaike 

https://coastwatch.pfeg.noaa.gov/data.html
https://coastwatch.pfeg.noaa.gov/data.html
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information criterion value was obtained. The optimal GAM 
had the following structure, and the statistical model is given 
by

To further investigate the potential nutrient interactions, 
we constructed alternative models that incorporated tensor 
(te) product smooths between the N:P ratio and PO4

3− or 
NOx, which are expressed as

Partial dependence plots and variable importance curves 
were generated using the randomForest package (version 
4.7-1.2) in R (Breiman 2001; Tyralis et al. 2019). In addi-
tion, a cubic polynomial regression model was applied using 
the geom_smooth() function from the ggplot2 package (ver-
sion 3.5.1) in R, with the formula y ~ poly(x, 3), to explore 
the nonlinear relationships among diatom abundances, dino-
flagellate abundances, the diat/dino ratio, and environmental 
factors.

Pyrosequencing of the 18S rRNA gene 
and bioinformatics analysis

The V9 hypervariable region of the 18S ribosomal RNA 
(rRNA) gene was amplified using standard primers 1389F 
(5′-TTG​TAC​ACA​CCG​CCC-3′) and 1510R (5′-CCT​TCY​
GCA​GGT​TCA​CCT​AC-3′) (Amaral-Zettler et al. 2009). The 
PCR reaction was performed in a 50 µL reaction volume 
containing 25 µL of 2× Premix Taq, 2 µL of each primer, 
2 µL of reverse primer, 2 µL of DNA template, and 19 µL 
of nuclease-free water. Thermal cycling consisted of initial 
denaturation at 94 °C for 30 s, followed by 30 cycles of 
denaturation at 94 °C for 30 s, annealing at 52 °C for 30 s, 
extension at 72 °C for 30 s, and a final extension at 72 °C 
for 10 min. The amplicons were then gel-purified using the 
EZNA® Gel Extraction Kit (Omega, USA) and sequenced 
on a NovaSeq 6000 platform (Magigene, China).

High-quality 18S rRNA gene sequences were filtered 
using fastp (version 0.23.4) and analyzed with QIIME2, 
following the standard operating procedure previously 
described by Bolyen et al. (2019). The DADA2 pipeline 
was employed to generate denoised, chimera-free, and 
nonsingleton amplicon sequence variants (ASVs), along 

(1)

log10(diat∕dino) ∼ s(Tem) + s(Sal) + s(DO) + s(Chla)

+ s
(

Si(OH)4
)

+ s(PO3−
4
) + s

(

NO
x

)

+ s
(

NO−
2

)

+ s
(

NH+
4

)

+ s(N∕P) + s(Si∕N)

(2)
log10(diat∕dino) ∼ te

(

N∕P, PO3−
4

)

+ s(DO) + s(PAR)

(3)
log10(diat∕dino) ∼ te

(

N∕P, NO
x

)

+ s(DO) + s(PAR)

with their representative sequences (Callahan et al. 2016). 
The taxonomic assignment of the representative sequences 
was performed using DIAMOND (blastn, E-value ≤ 1e-5) 
against the PR2 database (version 5.0.0) (Buchfink et al. 
2015). Sequences classified as Bacteria, Archaea, or 
Metazoa, as well as ASVs with fewer than 10 reads, were 
removed. The taxonomic ranks were assigned at the spe-
cies, genus, or phylum level based on the sequence simi-
larity thresholds of ≥97%, ≥95%, and ≥83%, respectively. 
Furthermore, species richness was calculated using the 
qiime diversity command in QIIME2 after rarefying all 
samples to a total of 13,500 reads.

The geographic distribution of microeukaryotic plank-
ton, diatom, and dinoflagellate communities was visual-
ized using the R package scatterpie (version 0.2.4). Clus-
ter analysis of the microeukaryotic plankton communities 
was performed using the R package vegan (version 2.6-10) 
based on the Bray–Curtis dissimilarity at the family level. 
The relationship between the diat/dino ratio and relative 
abundances of the diatom and dinoflagellate families was 
analyzed using a combination of RF models and Spear-
man’s correlation. In addition, GAMs were applied to 
explore associations between the key families and envi-
ronmental factors. All RF, Spearman’s correlation, and 
GAMs analyses were performed with log10-transformed 
data to ensure normalization.

Results

Geographic distribution patterns of diatom 
and dinoflagellate abundances

During the investigation, the abundance of diatoms in Chi-
na’s coastal waters ranged from 3.9 × 102 cells L−1 to 4.8 × 
106 cells L−1, while dinoflagellate abundances ranged from 
48 cells L−1 to 5.8 × 106 cells L−1 (Fig. 1). Spatially, dia-
toms and dinoflagellates exhibited distinct distribution pat-
terns. Diatoms were predominantly found in the nearshore 
stations and estuarine brackish waters. Hotspots of increased 
diatom abundances (≥ 106 cells L−1) were observed at sta-
tions Z10_3 (4.8 × 106 cells L−1) and Z12_1 (2.2 × 106 cells 
L−1), both of which were located in the diluted waters of 
the PRE. Additional hotspots were found at station ZH_8 
(4.5 × 106 cells L−1), which was influenced by river run-off 
from the Oujiang River, and at station D45 (1.0 × 106 cells 
L−1) in DYB (Fig. 1A). In contrast, dinoflagellates generally 
exhibited a higher abundance than diatoms at offshore sta-
tions. The identified dinoflagellate hotspots were at stations 
C1_1 (4.9 × 106 cells L−1) and C2_3 (5.8 × 106 cells L−1), 
which were located in the nearshore region north of the CJE 
(Fig. 1B).
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Key environmental drivers of diat/dino ratio 
variations

The diat/dino ratio exhibited substantial spatial variability 
across the study area, ranging from 0.01 to 34.10. The ele-
vated diat/dino ratios were primarily observed in the CJE 
and western nearshore zones of the PRE, whereas the low 
ratios were primarily detected in the northern nearshore 
regions of the CJE and southeastern regions of the PRE 
(Fig. 2A). The RF analysis results revealed that the DO, 
N:P ratio, and Si:N ratio were the most important factors that 
influenced the diat/dino ratio, with increase in mean squared 
error (IncMSE) values of 23.07%, 19.13%, and 21.49%, 
respectively (Fig. 2B). Results from further analysis using 
cubic polynomial regression showed that diatom abundance 
was significantly negatively correlated with the N:P ratio (p 
< 0.01; Fig. 2C) and positively associated with the Si:N ratio 
when values were below 8 (p = 0.05; Fig. 2C). In contrast, 
the abundance of dinoflagellates exhibited a significant posi-
tive correlation with DO concentration (p < 0.01; Fig. 2D), 
which suggests that these two phytoplankton groups pos-
sess competitive advantages under different biogeochemical 
conditions.

Diversity and community composition of diatoms 
and dinoflagellates across regions with different 
diat/dino ratios

The relative abundances of diatoms and dinoflagellates in 
the eukaryotic communities are presented in Fig. S2. Con-
sistent with the spatial diat/dino ratio pattern, diatoms dis-
played a higher relative abundance than dinoflagellates in the 
estuarine regions and western nearshore zones of the PRE. 
In contrast, dinoflagellates were more abundant in the adja-
cent coastal waters of both the CJE and PRE (Fig. S2A, B).

Based on the cluster analysis, we identified two major 
groups within the eukaryotic communities, where one was 
dominated by dinoflagellates (Cluster I) and the other by 
diatoms (Cluster II) (Fig. 3). Cluster I was further divided 
into four subclusters, each reflecting distinct variations in 
the dominant dinoflagellate families. Subcluster 1.1 was pre-
dominant at stations from the ECS and exhibited a relatively 
balanced distribution of dominant families, which included 
Dinophyceae_XX (17.49%), Dino-Group-II-Clade-22 
(8.52%), Gymnodiniaceae (8.15%), and Pyrocystaceae 
(7.17%). Subcluster 1.2, representing the DYB stations, 
was largely dominated by Dinophyceae_XX (33.67%) and 

Fig. 1   Abundance of diatoms and dinoflagellates in the study region. A Diatom abundance. B Dinoflagellate abundance. Cell concentrations 
(log10-transformed, cells L−1) are visualized using different color gradients on contour maps, which were generated using Ocean Data View
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Dino-Group-II-Clade-22 (8.45%). Subcluster 1.3, which 
primarily consisted of offshore stations in the ECS and 
SCS, was overwhelmingly dominated by Dinophyceae_XX 
(42.31%). Furthermore, subcluster 1.4, covering stations 
from the northern CJE and southern/eastern PRE, was 
dominated by Thoracosphaeraceae (23.34%), followed by 
Dinophyceae_XX (16.10%), Pyrocystaceae (10.14%), Peri-
diniaceae (9.95%), and Heterocapsaceae (8.62%) (Fig. S3).

In addition, Cluster II was further divided into two sub-
clusters: 2.1 and 2.2. Subcluster 2.1, primarily consisting of 
the estuarine stations, was dominated by the diatom families 
Thalassiosiraceae (18.99%) and Chaetocerotaceae (12.97%). 
In contrast, subcluster 2.2, which encompassed stations from 
DYB and coastal regions of MZC, was characterized by a 
higher relative abundance of Leptocylindraceae (10.56%), 
Bacillariaceae (9.53%), Skeletonemaceae (8.74%), and 
Thalassiosiraceae (8.01%) (Fig. S3).

To investigate how the nutrient conditions at the stations 
influenced the diat/dino ratio under elevated N:P scenarios, 
we focused on two representative subclusters, namely sub-
cluster 1.4, a dinoflagellate-dominated nearshore region, and 
subcluster 2.1, a diatom-dominated estuarine region. Both 
subclusters exhibited elevated N:P ratios (Fig. S4), but the 

PO4
3− and NOₓ concentrations were markedly lower in sub-

cluster 1.4 than in subcluster 2.1. GAMs analysis identified 
opposite patterns in the diat/dino ratio responses to nutrient 
conditions. Specifically, when the N:P ratio ranged approxi-
mately from 30 to 100, the diat/dino ratio increased as the 
concentrations of PO4

3− and NOx rose. In contrast, under 
relatively low PO4

3− and NOx conditions, the diat/dino ratio 
declined as the N:P ratio increased (Fig. 4).

We further examined the diatom and dinoflagellate families 
that were associated with algal blooms in the coastal waters of 
China during summer. Based on previous studies, the bloom 
thresholds for diatoms and dinoflagellates are 2 × 106 and 1 
× 106 cells L−1, respectively (Costa et al. 2021; Gong et al. 
2017). In this study, diatom blooms were detected at stations 
Z10_3 (4.8 × 106 cells L−1), Z12_1 (2.2 × 106 cells L−1), 
and ZH_8 (4.5 × 106 cells L−1), while dinoflagellate blooms 
occurred at stations C1_1 (4.9 × 106 cells L−1) and C2_3 (5.8 
× 106 cells L−1). The dominant families responsible for the 
diatom blooms varied across stations. At station Z10_3, Bacil-
lariaceae (20.21%), Skeletonemaceae (14.40%), and Hemiaul-
aceae (12.32%) were the most abundant bloom-associated 
families. In contrast, at station Z12_1, the bloom-associated 
families were dominated by Leptocylindraceae (24.43%) and 

Fig. 2   Spatial patterns of the diatom-to-dinoflagellate ratio (diat/
dino ratio) and key environmental drivers in the study region. A Spa-
tial distribution of the diat/dino ratio (log10-transformed). B Variable 
importance ranking identified using the random forest (RF) model 
showing the environmental factors that influence the diat/dino ratio 
(log10-transformed). A higher increase in the mean squared error 

(IncMSE) values indicates greater importance. NOx refers to the 
combined concentrations of nitrate (NO3

−) and nitrite (NO2
−). Cubic 

polynomial regressions for diatom abundance C and dinoflagellate 
abundance D (both log10-transformed) with the DO, N:P ratio, and 
Si:N ratio
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Skeletonemaceae (10.48%). At station ZH_8, Chaetocerota-
ceae (17.16%) and Mediophyceae_XX (11.15%). In the case 
of dinoflagellate blooms, stations C1_1 and C2_3 were both 
predominantly occupied by Thoracosphaeraceae, with rela-
tive abundances of 48.34% and 23.64%, respectively. Further 
analysis revealed that within Thoracosphaeraceae, Scrippsiella 
was the primary bloom-forming genus, with an average rela-
tive abundance of 31.68% at the bloom sites (Table S1). In 
addition, a similar distribution pattern was observed between 
the diat/dino ratio and overall phytoplankton species richness 
across the surveyed stations. Furthermore, a regression model 
revealed a significant positive correlation between the overall 
phytoplankton species richness and diat/dino ratio (p < 0.01; 
Fig. S5), which suggests that a higher dominance of dinoflagel-
lates may negatively affect the overall phytoplankton diversity.

Key environmental drivers of diatom 
and dinoflagellate community composition

An RF model combined with Spearman correlation 
analysis identified the key taxa that contributed to the 
diat/dino ratio shifts. Among diatoms, the families 

Thalassiosiraceae, Chaetocerotaceae, Bacillariaceae, and 
Hemiaulaceae played significant roles, with high IncMSE 
values of 13.30%, 19.46%, 16.80%, and 15.57%, respec-
tively, and strong positive correlations with the diat/dino 
ratio (r > 0.6; p < 0.001; Fig. 5). Spearman correlation 
analysis further revealed that these four key families were 
significantly negatively correlated with DO and signifi-
cantly positively correlated with Chl a, Si(OH)4, and PO4

3- 
(p < 0.05; Fig. 5). In addition, Bacillariaceae exhibited 
a significant negative correlation with the N:P ratio (p 
< 0.05; Fig. 5). Among dinoflagellates, Thoracosphaer-
aceae, Dino_Group_II_Clade_22, and Peridiniaceae were 
identified as the key contributors, revealing IncMSE val-
ues of 14.02%, 11.45%, and 8.03%, respectively, and a 
significant negative correlation with the diat/dino ratio 
(r < -0.4; p < 0.001). Moreover, Spearman correlation 
analysis revealed a significant positive correlation between 
the families Thoracosphaeraceae and Peridiniaceae with 
DO, while both families exhibited a significant negative 
correlation with Si(OH)4 and PO4

3− (p < 0.05; Fig. 5). 
Dino_Group_II_Clade_22 only revealed a significant 
negative correlation with temperature (p < 0.05; Fig. 5). 

Fig. 3   Community composition, diatom-to-dinoflagellate ratio (diat/
dino ratio) and diversity across clusters. The dendrogram, which was 
constructed based on Bray–Curtis similarity of diatom and dinoflagel-
late community composition, was accompanied by stacked bar plots 
illustrating their relative abundances at the family level. The line plot 

in the middle represents the spatial variation of the diat/dino ratio 
(log10-transformed) across the study area. The two bar plots depict the 
distribution of diatom and dinoflagellate abundance, with asterisks 
(*) indicating stations where blooms were observed. The line plot on 
the right indicates richness (square root-transformed)
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The environmental factor relationships were inversely cor-
related between dinoflagellates and diatoms.

To further validate these findings, GAMs were applied 
to the identified key phytoplankton families and taxa 
characterized by high relative abundance or ecologi-
cal significance, which included the diatom families 
Leptocylindraceae and Skeletonemaceae and the dino-
flagellate families Dinophyceae_XX and Pyrocystaceae 
(Figs. 6, S6). The results confirmed significant differences 
between diatoms and dinoflagellates for the environmental 
responses. Within each group, different families exhib-
ited similar response patterns but varied in sensitivity. 
Notably, after controlling for other environmental factors, 
Thalassiosiraceae, Chaetocerotaceae, Bacillariaceae, and 

Skeletonemaceae revealed significant negative partial 
effects of temperature at 27.5 °C–30 °C, whereas Thora-
cosphaeraceae, Dinophyceae_XX, and Pyrocystaceae dis-
played positive effects of temperature, thus indicating a 
preference for higher temperatures among dinoflagellates 
(p < 0.05; Fig. 6). Regarding the Si(OH)4 concentrations, 
Thalassiosiraceae, Chaetocerotaceae, and Bacillariaceae 
were positively correlated with Si(OH)4 (p > 0.05), while 
Thoracosphaeraceae, Dino_Group_II_Clade_22, Dinophy-
ceae_XX, and Pyrocystaceae were significantly negatively 
correlated (p < 0.05; Figs. 6, S6). This reflects the greater 
Si(OH)4 dependency in diatoms and inhibitory effects on 
dinoflagellates. The N:P ratio was negatively correlated 
with Thalassiosiraceae, Chaetocerotaceae, and Bacillari-
aceae, with significant negative effects on Thalassiosir-
aceae and Bacillariaceae (p < 0.05). In contrast, Thora-
cosphaeraceae and Dino_Group_II_Clade_22 exhibited 
positive correlations with the N:P ratio (p > 0.05). In 
addition, Thalassiosiraceae, Chaetocerotaceae, and Bacil-
lariaceae were negatively correlated with DO (p > 0.05), 
while Thoracosphaeraceae and Pyrocystaceae exhibited 
significant positive correlations (p < 0.05), thereby sug-
gesting a preference among dinoflagellates for high DO 
conditions. Consistent with these findings, Thoracosphaer-
aceae and Pyrocystaceae were dominant in stations within 
Cluster 1.4, which demonstrated significantly higher DO 
levels than other stations (p < 0.05; Table S2), along with 
elevated N:P ratios and lower Si(OH)4 concentrations (Fig. 
S4).

Discussion

In this study, we applied an integrative analytical frame-
work that combined RF and GAMs to identify the key 
environmental drivers that influenced the spatial vari-
ability in the diat/dino ratio across China’s coastal waters 
during summer. This multi-model approach outperformed 
traditional single-model methods in robustness and inter-
pretability and highlighted the dominant roles of Si(OH)4 
availability, N:P ratios, and DO in shaping the phytoplank-
ton community structure. By incorporating high-through-
put sequencing data, we further resolved the spatial niches 
of the key taxa at a high resolution, thereby bridging cru-
cial gaps in understanding phytoplankton responses to 
varying environmental conditions (Fig. 7). Together, these 
insights advance our mechanistic understanding of nutri-
ent stoichiometry and oxygen dynamics in regulating the 
dominance of diatoms and dinoflagellates, which offers 
valuable implications for the prediction and mitigation of 
harmful algal blooms within eutrophic coastal ecosystems.

Fig. 4   Generalized additive models (GAMs) reveal the dynamics of 
the diatom-to-dinoflagellate ratio (diat/dino ratio) in response to pair-
wise interactions between the N:P ratio and PO4

3− or NOx. A N:P 
ratio and PO4

3−. B N:P ratio and NOx. The gray dashed boxes indi-
cate the response patterns of the diat/dino ratio to changes in PO4

3− 
or NOx concentrations within an N:P range of approximately 30–100. 
The black dashed boxes highlight the response of the diat/dino ratio 
to variations in the N:P ratio under relatively low PO4

3− and NOx 
concentrations. Red areas indicate low values of the diat/dino ratio, 
and yellow areas indicate high values. NOx refers to the combined 
concentrations of NO3

− and NO2
−
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Key environmental drivers of the diat/dino ratio–
Si:N ratio

RF analyses revealed that the diat/dino ratio in the coastal 
waters of China during summer was primarily influenced 
by the Si:N ratio, N:P ratio, and levels of DO availability 
(Fig. 2). Diatoms dominated in regions characterized by 
abundant Si(OH)4, Si:N ratios ranging from 1 to 8, and N:P 
ratios of approximately 16:1, whereas dinoflagellates were 
more prevalent in areas characterized by higher N:P ratios 
and DO levels (Fig. 7). These findings indicate that diatom 
abundances increase when the Si:N ratio is below 8, thus 
emphasizing the essential role of Si:N stoichiometric bal-
ance in supporting the growth of diatoms (Fig. 2C). This 
pattern aligns with the physiological demand of diatoms 
for silicate, which is essential for the synthesis of their sili-
ceous frustules and completion of their cell cycle (Martin-
Jézéquel et al. 2000). Silicate availability directly regu-
lates the diatom cell cycle and morphology. The diatom 

cell cycle is classically divided into four phases: G1, S, 
G2, and M (Inzé and De Veylder 2006). Under Si-limited 
conditions (i.e., an Si:N ratio lower than 0.02), diatom 
cells are arrested in the G2 and M phases, thus preventing 
division and leading to cell elongation (Brzezinski et al. 
2024; Hoffmann et al. 2007; Xu et al. 2014). Furthermore, 
low Si:N ratios alter the diatom morphology, increasing 
their vulnerability to grazing (Assmy et al. 2013; Dur-
bin 1977; Liu et al. 2016). For instance, some species, 
such as Chaetoceros, rely on sufficient silicate to form 
longer chains, and when Si:N ratios are low, these spe-
cies produce shorter chains, which are more susceptible to 
grazing, thus further reducing their abundance (Hoffmann 
et al. 2007). In the ECS, reduced silicate input because of 
the regulation of riverine discharge by the Three Gorges 
Dam may lower the Si:N ratios, thereby limiting diatom 
growth and altering their morphology. Over time, this 
could contribute to the long-term decline in diatom abun-
dance (Zhou et al. 2016).

Fig. 5   Influence of key families and environmental factors on the 
diatom-to-dinoflagellate ratio (diat/dino ratio). An RF model ranks 
the importance of diatom and dinoflagellate families in influencing 
the diat/dino ratio (log10-transformed), with an IncMSE% represent-
ing their contribution to the ratio’s variation. The correlation heatmap 
depicts the relationships among specific families, diatom and dino-

flagellate abundances, the diat/dino ratio, and environmental factors. 
Red and blue squares represent positive and negative correlations, 
respectively. Significant correlations are depicted by the size of the 
squares and marked with asterisks (***, p < 0.001; **, p < 0.01; and 
*, p < 0.05)



230	 Marine Life Science & Technology (2026) 8:221–236

Key environmental drivers of the diat/dino ratio–
N:P ratio

Disparities in nitrogen and phosphorus supply also signifi-
cantly affected the diat/dino ratio. In this study, high N:P 
ratios were observed in the estuarine stations for subcluster 
2.1 and nearshore stations for subcluster 1.4 (Figs. 7, S4), 
which is consistent with the stoichiometric shifts reported 
in previous studies (Jiang et al. 2014; Zhou et al. 2008). For 
example, substantial nitrogen inputs in the ECS have resulted 
in the dramatic increase in N:P ratios, where the ratio 
increased from 40 in the 1960s to 200 in the 2010s (Moon 

et al. 2021; Ou et al. 2020). Subcluster 1.4 was dinoflag-
ellate-dominated, likely because of the limited availability 
of phosphorus (Figs. 3, S4). This observation is consistent 
with the resource allocation theory proposed by Klausmeier 
et al. (2004), which posits that under high N:P ratios and 
phosphorus-limited conditions, phytoplankton allocate more 
resources toward phosphorus acquisition and thus favor taxa 
with inherently higher cellular N:P stoichiometry. Dinoflag-
ellates, which generally exhibit higher internal N:P ratios 
and lower phosphorus requirements than diatoms (John 
and Flynn 2000; Rhee and Gotham 1980), are therefore 
better adapted to thrive in high N:P, phosphorus-depleted 

Fig. 6   GAMs reveal the partial effects of temperature, DO, 
Si(OH)4 and N:P ratios on the relative abundance of key families 
(log10-transformed). A Thalassiosiraceae, B Chaetocerotaceae, C 
Bacillariaceae, D Thoracosphaeraceae, and E Dino_Group_II_

Clade_22. The shaded areas represent the 95% confidence intervals, 
and tick marks on the x-axis represent the distribution of the observed 
data
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environments (Xiao et al. 2018; Zhang et al. 2024). Consist-
ent with this mechanism, previous studies in the ECS have 
demonstrated that rising N:P ratios and warming, together 
with PO4

3− concentrations dropping as low as 0.01 umol/L, 
contributed to the long-term decline in diat/dino ratios (Xiao 
et al. 2018). Similarly, Zhang et al. (2024) reported that lim-
ited phosphorus concentrations under high N:P ratio con-
ditions significantly constrained diatom growth, and they 
were outcompeted by dinoflagellates in phosphorus-depleted 
environments. However, subcluster 2.1 was diatom-domi-
nated (Figs. 3, S4), likely because sufficient phosphorus and 
nitrogen availability support diatom growth under high N:P 
conditions. Our GAM analysis supports this notion, reveal-
ing that within an N:P ratio range of approximately 30–100, 
increased PO4

3− and NOx concentrations were positively 
associated with higher diat/dino ratios (Fig. 4). This pat-
tern aligns with findings from Hong Kong coastal waters, 
where the relatively high PO4

3− (0.65–1.29 umol/L) and 
rising NO3

− levels were associated with the elevated diat/
dino ratios (Cheung et al. 2021). Furthermore, experimental 
studies have shown that the diatom Phaeodactylum tricor-
nutum maintains a competitive edge over the dinoflagellate 
Prorocentrum minimum under nutrient-replete conditions (P 
> 70 umol/L; N > 4400 umol/L), regardless of the tempera-
ture conditions and N:P ratio (Bi et al. 2021). Overall, our 
findings suggest that while high N:P ratios generally favor 
dinoflagellates, this effect is modulated by nutrient avail-
ability. Under phosphorus-limited conditions, increasing 

N:P ratios exacerbate the growth suppression of diatoms, 
thereby enhancing dinoflagellates’ dominance. Conversely, 
in nutrient-rich environments, additional nitrogen inputs 
may stimulate diatom growth and help them maintain their 
competitive advantage. These results emphasize the crucial 
role of phosphorus availability in shaping the phytoplank-
ton community composition, indicating that the ecological 
outcome of nitrogen enrichment is highly dependent on the 
concurrent phosphorus supply.

Key environmental drivers of the diat/dino ratio–DO

This study also found a significant negative correlation 
between DO and the diat/dino ratio. However, the under-
lying mechanisms behind this relationship are likely to be 
complex. On the one hand, phytoplankton can directly affect 
oxygen levels within aquatic ecosystems through photosyn-
thesis. Moreover, intense phytoplankton blooms can lead 
to oxygen depletion due to the increased activity of het-
erotrophic bacteria that accompany the bloom (Chen et al. 
2024a). On the other hand, changes in oxygen levels can 
indirectly influence phytoplankton communities. Oxygen 
availability can affect grazers and microbial communities 
that interact with phytoplankton, thereby indirectly shap-
ing the community structure (Li et al. 2022). In addition, 
some phytoplankton, particularly mixotrophs, are known to 
prefer oxic conditions, thus further linking oxygen levels 
to phytoplankton dynamics (Cohen et al. 2021; Jeong et al. 

Fig. 7   Conceptual diagram of the diatom-to-dinoflagellate ratio (diat/
dino ratio) across different clusters in China’s coastal waters. Colored 
circles represent different clusters. Red arrows indicate high (↑) or 
low (↓) levels of environmental factors or taxa relative abundance. 

The map shows a simplified coastline for visual clarity and does not 
represent national boundaries. CJE: Changjiang River estuary; PRE: 
Pearl River estuary; DYB: Daya Bay; MZC: coastal waters off Fujian 
and Zhejiang
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2010). In this study, estuarine stations dominated by diatoms 
(subcluster 2.1) exhibited lower DO levels (mean: 4.9 mg 
L−1; Fig. S4), likely because of organic matter degradation 
driven by nutrient-rich inputs (Gray et al. 2002; Wang et al. 
2017). The prevalence of diatoms in low-oxygen waters is 
consistent with previous findings (Broman et al. 2017) and 
may be explained by the experimental evidence that dem-
onstrated that reduced oxygen enhanced diatom growth by 
limiting photorespiration and mitochondrial activity (Sun 
et al. 2022). Rapid diatom blooms, such as at station ZH_8, 
may further deplete the oxygen levels and reinforce hypoxia 
through positive feedback (Mohd-Din et al. 2020; Wallace 
and Gobler 2021). In contrast, the dinoflagellate-dominated 
stations (subcluster 1.4) exhibited higher DO levels (mean: 
7.9 mg L−1), which suggests that oxygen-rich waters may 
favor dinoflagellates because of their mixotrophic charac-
teristics and dependence on oxidative metabolism (Cohen 
et al. 2021; Jeong et al. 2010). For instance, Lepidodinium 
sp. enhances energy production via oxidative phosphoryla-
tion when prey availability supports mixotrophy (Chen et al. 
2024b). These findings highlight the complex role of oxygen 
in the structure of phytoplankton communities. While dia-
toms and dinoflagellates produce oxygen through photosyn-
thesis, their contrasting responses to DO levels suggest that 
oxygen availability is a key, yet often overlooked, driver of 
community composition. Future models of phytoplankton 
succession should incorporate these DO dynamics to better 
capture these interactions.

Overall, the spatial heterogeneity of Si:N ratios, N:P 
ratios, and DO levels collectively shapes the diat/dino ratio. 
Offshore regions were primarily limited by silicate avail-
ability, whereas nearshore and estuarine zones were influ-
enced by nutrient imbalances. Moreover, oxygen availability 
further modulates the phytoplankton community structure. 
These spatial patterns emphasize the need for region-spe-
cific strategies to manage eutrophication and anticipate the 
climate-driven shifts in phytoplankton dynamics.

Taxon‑specific contributions to shifts in the diat/
dino ratio across environmental conditions

The present study further identified key phytoplankton 
groups that may drive a shift in the diat/dino ratio in the 
coastal waters of China during summer. These findings 
reveal that different diatom families dominated in the two 
regions with high diat/dino ratios (subclusters 2.1 and 
2.2 in Fig. 3). In the estuarine environments (subcluster 
2.1), which were characterized by low-salinity and high-
nutrient loads, diatom communities were dominated by 
the Thalassiosiraceae and Chaetocerotaceae families. The 
dominance of these families suggests their adaptation to 
high-nutrient, low-salinity conditions (Alverson et al. 2007; 
Bharathi et al. 2022; De Luca et al. 2019). In contrast, the 

Leptocylindraceae, Bacillariaceae, Skeletonemaceae, and 
Thalassiosiraceae families prevailed in the nearshore regions 
with low N:P ratios and sufficient Si(OH)4 availability (sub-
cluster 2.2, Fig. S4), thus indicating the role of nutrient stoi-
chiometry in shaping the taxonomic composition (Eissler 
et al. 2025; Pang et al. 2024; Takabayashi et al. 2006). These 
diatom families are known for their rapid proliferation under 
favorable conditions, which often results in bloom forma-
tion (Kužat et al. 2022; Ma et al. 2022; Marić Pfannkuchen 
et al. 2018). Such conditions likely contributed to the bloom 
development in subcluster 2.2, as seen at stations with low 
N:P ratios and high Si(OH)4 concentration (e.g., Z10_3 and 
Z12_1). These cases highlight how nutrient conditions char-
acterized by low N:P ratios and sufficient silicate availability 
in nearshore regions can promote diatom dominance and 
trigger bloom formation. Furthermore, our results highlight 
niche differentiation among the diatom taxa, where species-
specific ecological preferences drive spatial heterogeneity 
within the community structure. This differentiation has 
considerable ecological implications, as shifts in diatom 
assemblages directly influence nutrient cycling, primary 
production, and carbon export in coastal ecosystems (Fu 
et al. 2022; Henson et al. 2019; Tréguer et al. 2018). Given 
that the different diatom families exhibited distinct ecologi-
cal niches and responded variably to nutrient stoichiometry, 
understanding these patterns is essential for predicting eco-
system responses to nutrient enrichment.

Our study revealed a significant positive correlation 
between the diat/dino ratio and phytoplankton species rich-
ness (Fig. S5), which suggests that shifts toward dinoflag-
ellate dominance may contribute to biodiversity loss. This 
aligns with previous studies revealing that elevated dinoflag-
ellate abundances can suppress other phytoplankton groups 
through resource competition, mixotrophy, water condition 
modifications, and the release of allelopathic compounds, 
which ultimately reduces species richness and ecosystem 
stability (Cheung et al. 2021; Gu et al. 2013; Jeong et al. 
2010).

Extreme diat/dino ratios that were observed in the dino-
flagellate-dominated regions were closely associated with 
the proliferation of specific dominant taxa, thereby high-
lighting species-specific ecological preferences and the 
niche differentiation across environmental conditions. An 
unclassified lineage within Dinophyceae, denoted as Dino-
phyceae_XX in the PR2 database (Guillou et al. 2012), was 
consistently abundant and exhibited peak relative abun-
dance in the offshore zones that were characterized by low-
nutrient levels (subcluster 1.3 in Fig. 3). The prevalence 
of this unclassified lineage in oligotrophic waters suggests 
that it may comprise taxa with adaptations to nutrient-
poor conditions. Notably, numerous dinoflagellates pos-
sess mixotrophic capabilities, which combine phototrophy 
and heterotrophy as a flexible nutritional strategy (Lambert 
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et al. 2022; Mitra et al. 2023). Although the trophic mode 
of Dinophyceae_XX remains unresolved, its dominance 
within oligotrophic environments suggests that mixotrophy 
may underlie its ecological success. Such traits support 
the findings of previous studies revealing that mixotrophic 
dinoflagellates are often well suited to low-nutrient, strati-
fied offshore environments, where mixotrophy provides a 
competitive advantage (Cohen et al. 2021; Stamieszkin 
et al. 2024). In contrast, nearshore waters with high N:P 
ratios and elevated DO levels were predominantly char-
acterized by the prevalence of the Thoracosphaeraceae, 
Pyrocystaceae, Peridiniaceae, and Heterocapsaceae fami-
lies (subcluster 1.4 in Fig. 3). Among these, Scrippsiella 
(Thoracosphaeraceae) emerged as a key bloom-forming 
genus. Its dominance in high-nutrient, oxygen-rich envi-
ronments is consistent with previous studies demonstrating 
that Scrippsiella thrives under eutrophic conditions and 
elevated N:P ratios (Ge et al. 2012). Similar to numer-
ous dinoflagellates, Scrippsiella is mixotrophic (Cooper 
et al. 2016; Jeong et al. 2005), capable of photosynthesis 
and phagotrophy via endocytosis, an oxygen-consuming 
process that may explain the prevalence of blooms in well-
oxygenated environments (Beisner et al. 2019; Cohen et al. 
2021). In addition to nutrient stoichiometry and DO levels, 
elevated surface water temperatures during summer may 
further favor the dominance of Scrippsiella. Laboratory 
and field observations have shown that Scrippsiella tro-
choidea grows rapidly at temperatures of approximately 
30 °C to 32.1 °C (Tian et al. 2021). Moreover, Scripp-
siella readily forms resting cysts under adverse conditions, 
thereby enhancing its persistence, dispersal capacity, and 
potential for bloom recurrence (Li et al. 2025). Histori-
cally, Scrippsiella-dominated blooms were largely con-
fined to the SCS (Tian et al. 2021; Wang et al. 2011). 
However, recent observations, including those from the 
present study, indicate a northward expansion (Wang and 
Wu 2009), with blooms at stations C1_1 and C2_3 in the 
ECS showing clear Scrippsiella dominance. With the 
increase in its dispersal and recurrence potential, Scripp-
siella is increasingly contributing to biodiversity loss 
and ecosystem instability. Its blooms have been shown to 
exert rapid and lethal effects on the larvae of economically 
important shellfish species, such as Crassostrea virginica 
and Mercenaria mercenaria (Tang and Gobler, 2012), thus 
emphasizing the sustained ecological and economic risks 
associated with its expansion.

Conclusions

This study reveals the crucial roles of Si:N ratios, N:P ratios, 
and DO levels in regulating the distribution and dominance 
of diatoms and dinoflagellates within coastal ecosystems. 
Low Si:N ratios limit diatoms’ growth, thereby favoring 
dinoflagellates, especially under nutrient-imbalanced con-
ditions. Elevated N:P ratios further reinforce this shift by 
suppressing diatom abundances and enhancing dinoflagel-
late proliferation, thus emphasizing the urgency of nutrient 
management to prevent HABs and their ecological conse-
quences. Moreover, the positive correlation between DO 
and dinoflagellate abundances (Figs. 2D, 7) suggests that 
well-oxygenated environments may promote dinoflagellate 
dominance, thereby adding another layer of complexity to 
phytoplankton dynamics. These findings highlight the need 
for integrated management approaches that consider nutrient 
stoichiometry and oxygen dynamics to maintain balanced 
phytoplankton communities and mitigate the risk of HABs.

Future research should focus on the long-term monitoring 
of nutrient stoichiometry and oxygen fluctuations to predict 
shifts in phytoplankton community structures. Integrating 
high-throughput sequencing with metatranscriptomics could 
provide valuable insights into the metabolic responses of 
diatoms and dinoflagellates to environmental changes (Xia 
et al. 2024). In parallel, laboratory experiments simulat-
ing nutrient limitations may help clarify the physiological 
mechanisms that underlie diatom–dinoflagellate competi-
tion. Collectively, these efforts will inform more effective 
strategies for managing coastal eutrophication and reducing 
the ecological and socioeconomic impacts of HABs.
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