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A B S T R A C T

Rivers are collectors of both water and environmental changes in a catchment area, and act as dispersal pathways 
for biodiversity. But it remains unclear whether, and how strongly, environmental changes and dispersal dy
namics shape the phytoplankton communities, especially within large river ecosystems. This study utilised 
environmental DNA (eDNA) to assess how water quality, land use, and geographical distance affect deterministic 
community assembly processes of eukaryotic phytoplankton across the entire Yangtze River—the world’s 
third–largest river—in the dry and wet season. We found significant differences in phytoplankton community 
composition over time and space, with more phyla detected during the dry season, and α diversity increased from 
upstream to downstream. Generalist species’ composition varied significantly across geographic regions, land use 
types, and environmental gradients during the wet season, whereas endemic species were primarily affected by 
local environmental conditions during the dry season. Stochastic processes dominated community assembly 
during both seasons, with dispersal limitation having a stronger influence than drift, particularly in the dry 
season. In contrast, deterministic processes had minimal effects, with α diversity showing weak responses to 
individual factors. By integrating eDNA–based biodiversity data with physicochemical and geospatial factors, we 
provide a comprehensive view of ecosystem conditions and highlight the need for region-specific conservation 
strategies in large, human-impacted rivers. It also indicates the predominant role of stochastic processes in 
shaping phytoplankton communities and suggests further investigation into the effects of hydrological factors.

1. Introduction

Environmental change is rapidly reducing biodiversity worldwide, 
with freshwater ecosystems among the most threatened (Albert et al., 
2021; Arthington et al., 2024). Despite covering a small proportion of 
the Earth’s surface, large rivers support high biodiversity, making their 
conservation critical (Alahuhta et al., 2019; Terui et al., 2021). How
ever, the role of their geographical and environmental features in 
regulating biodiversity patterns remains largely unknown (Alahuhta 
et al., 2019). For example, rivers simultaneously act as collectors of 
water and environmental change (e.g. land use change, habitat 

fragment) within the entire catchment area (Allan, 2004), as well as act 
as dispersal pathways for biodiversity (Reynolds, 2006). Understanding 
how changes in habitat and water conditions affect aquatic biodiversity 
is crucial for guiding effective conservation and restoration efforts 
(Wang et al., 2021).

Eukaryotic phytoplankton are key primary producers in aquatic 
ecosystems, linking the physical environment (e.g., sunlight) and 
chemical conditions (e.g., water quality) to secondary consumers. They 
are essential for energy flow, nutrient cycling, and information transfer 
within these ecosystems (Agawin et al., 2000; Borics et al., 2021; Gao 
et al., 2023). Phytoplankton growth is influenced by various factors such 

* Corresponding author at: State Key Laboratory of Environmental Criteria and Risk Assessment, Chinese Research Academy of Environmental Sciences, Beijing 
100012, PR China.

E-mail address: zgyan@craes.org.cn (Z. Yan). 

Contents lists available at ScienceDirect

Ecological Indicators

journal homepage: www.elsevier.com/locate/ecolind

https://doi.org/10.1016/j.ecolind.2025.114026
Received 3 April 2025; Received in revised form 9 August 2025; Accepted 10 August 2025  

Ecological Indicators 178 (2025) 114026 

Available online 21 August 2025 
1470-160X/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by- 
nc-nd/4.0/ ). 

mailto:zgyan@craes.org.cn
www.sciencedirect.com/science/journal/1470160X
https://www.elsevier.com/locate/ecolind
https://doi.org/10.1016/j.ecolind.2025.114026
https://doi.org/10.1016/j.ecolind.2025.114026
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecolind.2025.114026&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


as nutrients, light availability, hydrodynamics, and grazing pressure 
from zooplankton grazing (Reynolds, 2006). Environmental changes 
and uneven nutrient distribution thus exert strong selective pressures on 
phytoplankton communities, driving compositional shifts (Naselli- 
Flores, 2014). Due to their microscopic size, wide distribution, short life 
cycles, and rapid response to environmental change, phytoplankton 
composition is widely recognized as an effective indicator of aquatic 
ecosystem health (Zhu et al., 2023). Studies show that environmental 
factors such as water temperature (Lian et al., 2023; Zhao et al., 2023), 
nutrient levels (McCarthy and Goldman, 1979), dissolved oxygen (Dhar 
and Baghel, 2015), and pH (Siegfried et al., 1989) significantly affect 
phytoplankton community composition. While previous studies have 
conducted relatively comprehensive research on the combined effects of 
water quality, land use, spatial isolation, and community dynamics, as 
well as their roles in phytoplanktonic community assembly processes 
(Chen et al., 2019; Isabwe et al., 2018; Wang et al., 2024; Zhang et al., 
2019), such research remains limited in large–scale rivers.

One of the major challenges in using microscopic organisms as bio
indicators is the difficulty of species identification (Wang et al., 2024; 
Yan et al., 2023). Currently, microscopic observations are the primary 
method, but the reliance on distinct morphological features limits the 
accuracy and scope of using phytoplankton as indicators. This process is 
also often time–consuming and heavily reliant on advanced taxonomic 
expertise, highlighting the need to explore alternative approaches for 
biomonitoring. In recent years, with the widespread application of 
high–throughput sequencing technology in biological monitoring and 
biodiversity research (Didaskalou et al., 2022; Taberlet et al., 2018, 
2012), environmental DNA (eDNA) offers a solution for studying mi
crobial diversity and dynamics (Fan et al., 2020; Li et al., 2022; Sales 
et al., 2021).

The Yangtze River Basin, the world’s third longest river, connects 
with eight major tributaries and has an annual average runoff exceeding 
50 billion cubic meters. It supports rich aquatic biodiversity and pro
vides vital ecosystem services for human survival and development 
(Chen et al., 2020; Xu et al., 2018). However, over the past two decades, 
intensive human activities have posed significant threats to these bio
logical resources (Peng et al., 2023; Zhu et al., 2021). As a large river 
basin with pronounced seasonal water level changes and presence of 
multiple stressors, studying the phytoplankton community composition 
as indicator of human impacts across the Yangtze River can offer valu
able insights for protecting large river ecosystems.

Our study employs an eDNA sampling approach to characterize 
eukaryotic phytoplankton communities across the entire Yangtze River 
Basin and aims to answer the following questions: What are the seasonal 
and spatial variations of the eukaryotic phytoplankton community 
composition across the Yangtze River Basin? How do stochastic and 
deterministic ecological processes drive these variations? And how do 
environmental factors affect the eukaryotic phytoplankton community? 
We hypothesize that eukaryotic phytoplankton community composition 
differs between wet and dry season and across three regions from up– to 
downstream, reflecting changing environmental conditions. Secondly, 
we hypothesize that community composition is largely driven by sto
chastic ecological processes, reflecting stronger influence of dispersal 
than selection effects. And thirdly, we hypothesize that community 
composition is weakly linked to environmental factors, reflecting the 
prevailing hydrology of a large riverine system.

2. Materials and methods

2.1. Research area

The Yangtze River Basin (90◦33′E–122◦19′E, 24◦27′N–35◦54′N) is the 
third longest river in the world and is incredibly ecologically diverse. It 
spans 6,396 km with an elevation drop exceeding 5,400 m from west to 
east and has a catchment area of 1.94 × 106 km2 (Chen et al., 2014; 
Zheng et al., 2021). A large part of the Yangtze River Basin has a 

subtropical monsoon climate, the summer monsoon starts to influence 
the Basin in May and generally retreats in October. Precipitation is thus 
mostly concentrated in the summer season (June–August), accounting 
for nearly half of the annual total (Gemmer et al., 2008). This subse
quently causes the water level of the Yangtze River to be low from 
November to April (dry season), and high from June to September (wet 
season). We divided the Yangtze River into the upstream, midstream, 
and downstream according to convention and threats to river ecology, as 
shown in Fig. 1. For details on each region, see the Study Area section of 
the Supporting Information.

2.2. Sampling

We collected water samples across the entire Yangtze River Basin, 
from the upstream to the downstream in both the wet (July–August 
2022) and dry (March–April 2023) season. In total, we collected 81 
samples from 38, 23 and 20 sites in the upstream, midstream and 
downstream sections of the Yangtze, respectively. To date, evidence 
suggests streams and rivers with turbulent flow are well–mixed with 
respect to eDNA (Shu et al., 2020; Strickland and Roberts, 2019). 
Following established protocols (e.g., Huo et al., 2020; Li et al., 2025), 
we collected all samples from the top 50 cm of the water surface using a 
sterile water sampler and Nalgene bottles, anticipating this approach 
garners us the eDNA of both pelagic and benthic community (Deiner 
et al., 2015; Lor et al., 2020). We stored all samples on ice and 
express–couriered 1 L of water to our laboratory for water physico
chemical analysis (< 4 days). Simultaneously, we filtered 5 L of water 
through a 0.22–μm Millipore polycarbonate membrane Sterivex filter 
(Millipore, USA) and stored tubes with membranes in liquid nitrogen 
until DNA extraction. Blank controls of each site were performed using 
autoclaved tap water (filtered 300 mL volume of water) to monitor 
possible contaminants. Details on eDNA sampling are available in the 
eDNA Collection and Preservation section of the Supporting 
Information.

2.3. Spatial and local environment variables

We measured spatial variables by calculating the Euclidean distance 
between sampling points and analyzing land use proportions. We 
assessed land use parameters within a 5 km upstream buffer around each 
site, categorizing them into five types: cropland, woodland, grassland, 
water cover, construction land, and unused land. We derived these 
classifications from a 1 km resolution land use raster map interpreted 
from Landsat TM/ETM imagery (National Earth System Science Data 
Center of China). Furthermore, we summed the percentages of cropland 
and construction land as the proxy of human activities.

We measured environmental physicochemical factors including 
water temperature (T, ℃), pH, dissolved oxygen (DO, mg/L), turbidity 
(Turb), electrical conductivity (EC), chemical oxygen demand (CODCr, 
mg/L), total phosphorus (TP, mg/L), total nitrogen (TN, mg/L), chlo
rophyll a (Chl a, mg/L), permanganate index (CODMn, mg/L), fluoride 
(F–, mg/L), ammonium nitrogen (NH3–N, mg/L), nitrite (NO2–, mg/L), 
nitrate (NO3–, mg/L), and total organic carbon (TOC, mg/L). T, pH, DO, 
Turb, and EC were measured on–site using the multi–parameter water 
quality detector Hydrolab HL4 (HACH, USA). We then measured all 
other environmental factors in the lab in accordance with standard 
protocols (NEPB, 2002).

2.4. eDNA experiments and bioinformatics analyses

We extracted DNA from our Sterivex filters using the DNeasy Pow
erWater Sterivex Kit (Qiagen, Germany). We then used two general 
primers, V8F (Bradley et al., 2016) and 1510R (Amaral-Zettler et al., 
2009), to amplify the 18S V8 and V9 regions for eukaryotic phyto
plankton. We amplified all eDNA samples and blank controls in three 
replicates to minimize potential polymerase chain reaction (PCR) bias, 
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then pooled the purified PCR products in equimolar quantities for 
sequencing. We sent our DNA samples for high–throughput sequencing 
(Sangon Biotech, China). We obtained reads using second–generation 
sequencing that had undergone a first quality control via Fastp software 
(v0.12.4) (Chen et al., 2018) to remove chimeras and to filter out low
–quality reads. We used FastQC (v0.11.9) to evaluate the quality of reads 
(Andrews et al., 2012). Then, we employed USEARCH (v11.0.667) to 
splice the filtered double–ended reads and selected 150,000 reads by 
default, and selected all if insufficient (Edgar, 2010). We then 
de–weighted the combined sequences using VSEARCH (v2.15.2) 
(Rognes et al., 2016). The OTU sequences obtained were compared by 
BLAST (v2.2.31) (Guillou et al., 2013). Details are available in the DNA 
Extraction, Amplification, Sequencing, and Bioinformatic Analyses 
section of the Supporting Information.

To prevent potential cross–contamination and mitigate limitations 
from incomplete reference databases, we implemented a curation step. 
As precise screening may lead to the loss of important taxonomic in
formation due to the insufficient documentation of native species in 
public databases, we aimed to balance accuracy and data volume, by 
retaining 7 phyla that had been recorded in historical morphological 
surveys. We then assigned OTUs assigned to taxa at the phylum level and 
excluded OTUs that were absent in traditional surveys from subsequent 
analyses.

2.5. Statistical analysis

To assess the seasonal and spatial variation in eukaryotic phyto
plankton communities of the Yangtze River, we visualized taxonomic 
composition with a percentage pile bar chart. Species overlap across 
upstream, midstream, and downstream were illustrated with Venn dia
grams, and intergroup differences were analysed with t–tests. Nonmetric 
multidimensional scaling (NMDS) was applied to compare community 
structures, while Linear Discriminant Analysis Effect Size (LEfSe) anal
ysis identified taxonomic differences. Generalized Additive Models 
(GAMs) were constructed to explore influencing environmental 
variables.

Community differences were evaluated using PERMANOVA, and 
environmental, spatial, and land use factors were analysed with vari
ance inflation factor (VIF) screening. Correlation analysis and Mantel 
tests were used to assess environmental influences. Species were cate
gorized as endemic species (species occurring in only one area) and 
generalist species (species occurring in more than one area) according to 
the Venn plot. The Infer Community Assembly Mechanisms by Phylo
genetic–bin–based Null Model (iCAMP) was then applied to infer 

ecological processes shaping communities (Ning et al., 2020). Details 
are provided in the Supplementary Materials.

3. Results

In total, our 81 Yangtze River samples sequenced across both the wet 
season and dry season produced 7,080,244 sequencing reads (average of 
87,410 per sample) in the wet season, and 19,346,836 sequencing reads 
(average of 238,849 per sample) in the dry season. According to the 
morphological identification in the historic record of the Yangtze River, 
only 7 observed phyla were retained, representing 2054 OTUs in the wet 
season and 1525 OTUs in the dry season.

3.1. Spatial and seasonal variation

In the wet season, Bacillariophyta and Chlorophyta alternated as the 
dominant groups across the basin, with Bacillariophyta being much 
more abundant in the midstream (Fig. 2 (a)). The dry season showed 
more diverse dominant taxa, including Bacillariophyta, Chlorophyta, 
Pyrrophyta, Chrysophyta, and Cryptophyta, with dominance patterns 
varying across upstream, midstream, and downstream sites instead of 
being evenly distributed throughout the basin (Fig. 2 (b)). Euglenophyta 
and Xanthophyta were not dominant in either season.

LEfSe analysis (Fig. S2) revealed significant regional taxonomic dif
ferences. In the wet season, Bacillariophyceae and Naviculales dominated 
upstream, Sphaeropleales and Tetradesmus were abundant midstream, 
and Euglenida and Coscinodiscophyceae were more prevalent down
stream. In the dry season, Discostella was dominant upstream, while 
Trebouxiophyceae and Chlorophyceae were enriched midstream. Taxo
nomic structure varied most between upstream and downstream in the 
wet season, whereas in the dry season, significant differences were 
primarily observed in the midstream region.

Eukaryotic phytoplankton OTUs showed more overlap across the 
three river regions. The upstream region had the highest number of 
unique OTUs in both seasons (15.73 % in the wet season and 7.93 % in 
the dry season). In the wet season, more OTUs were found downstream 
than midstream, but in the dry season, the midstream region had more 
OTUs than the downstream. In total, 24.24 % of OTUs were common 
across all regions in the wet season, and 61.25 % were shared in the dry 
season (Fig. 3(a) (b)). The Shannon index was similar across seasons, 
with the downstream region having the highest index, followed by the 
midstream, and the lowest in the upstream. The difference in the 
Shannon index between regions was more pronounced in the wet season 
(Fig. 3 (c)).

Fig. 1. Sampling map of the Yangtze River, with upstream, midstream, and downstream sections highlighted in distinct colors.
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NMDS analysis (Fig. 4) showed clear regional differentiation in both 
seasons, confirmed by the Adonis pairwise test (Table S1). In the wet 
season, the upstream community was highly variable and distinct, while 
midstream and downstream communities were similar. In the dry sea
son, upstream diversity decreased, and midstream and downstream 
divergence increased.

3.2. Spatial and environmental drivers on eukaryotic planktonic 
community

.

3.3. Water quality influence

We found significant correlations among environmental factors, 
varying by season and region (Fig. 5, Fig. S3). For example, T and TN 
exhibited significant positive correlation with TN in the wet season, 
while T and pH exhibited significant negative correlation in dry season, 
potentially co–influencing the community composition (Fig. 5).

Correlation patterns also differed between species groups based on 
their generalist or endemic traits (Fig. S3). In the wet season, generalist 
species were more influenced than endemic species, with altitude, 
human activities, and TOC significantly affecting both. In the dry season, 
endemic species were more impacted, with pH being the only factor 
linked to generalists. Regional analysis showed stronger correlations 
with generalists upstream and midstream in the wet season, while 
downstream correlations were similar for both groups. In the dry season, 
no significant correlations were found upstream or midstream, but 
downstream, altitude and CODCr were significantly linked to both 
groups.

PERMANOVA analysis (Fig. 6) showed that environmental factors 
influenced community variation differently across seasons and river 
regions. In the wet season, several environmental variables, excluding 
TN, exhibited significant correlations with phytoplankton community 
composition. However, only a few factors, including pH, EC, and 
NH3–N, showed significant associations in the dry season. Overall, the 
explanatory power of environmental variables was relatively low, as 
indicated by the R2 values. This suggests that deterministic factors 
contributed limited effects to shaping community composition. Regional 
analyses revealed distinct but similarly weak associations: upstream 
communities were correlated with altitude, human activities, and a 
range of water quality factors; midstream communities were correlated 
with pH and TOC; and downstream communities were correlated with 
several environmental variables. In the dry season, human activities and 
water parameters (notably pH, EC, NH3–N, and CODCr) showed stronger 
associations across regions, but still explained only a minor portion of 
community variation. These findings imply that other processes beyond 
environmental filtering, may play a more prominent role in shaping 
phytoplankton communities.

Fig. 2. Composition of micro–eukaryotic plankton at phylum level in the upstream, midstream and downstream of Yangtze River Basin (based on the normalized 
read count) in (a) wet and (b) dry season.

Fig. 3. Venn diagrams show the overlap in OTUs between the upstream, 
midstream, and downstream regions of the Yangtze River during (a) wet season 
and (b) dry season. (c) Box plot showing Shannon index per region in wet and 
dry seasons. Dissimilarity significance: * p < 0.05, ** p < 0.01, and *** p 
< 0.001.
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3.4. Geographical influence

Community similarity generally decreased with increasing 
geographical distance across regions of the Yangtze River in both sea
sons, except in the midstream region during the wet season where this 
trend was not significant (Fig. 7). During the wet season, distance–decay 
was more pronounced in the downstream regions than in the upstream, 
while no significant distance–decay was observed in the midstream. In 
the dry season, distance–decay was stronger downstream than in the 
midstream, and stronger in the midstream than in the upstream. 
Compared to the wet season, the distance–decay relationship in the 
upper reaches during the dry season was weaker, whereas it was 
stronger in the midstream and downstream regions.

3.5. Community assembly mechanism

Our null model showed the relative contribution of stochastic pro
cesses (dispersal limitation, homogenizing disposal, and undominated 
processes) and deterministic processes (homogenizing selection and 
heterogeneous selection) (Fig. 8). In the wet season, the upstream 
community assembly was mainly composed of undominated processes 
(drift, diversification, weak diffusion, weak selection, etc.; 73 %), 
midstream community variation was mainly driven by undominated 
processes (38 %) and dispersal limitation (34 %), whereas downstream 
community assembly was mainly driven by dispersal limitation (76 %), 
homogenizing selection (13 %–15 %), homogenizing disposal (0–10 %) 
and heterogeneous selection (1 %–6%). In the dry season, community 
assembly for the whole basin as well as the separated regions were 
mainly composed of undominated processes (36 %–62 %) and dispersal 
limitation (36 %–60 %).

4. Discussion

Utilising eDNA methods across the entire Yangtze River Basin, in 
combination with physicochemical and geospatial factors between hy
drological seasons, we provide multiple insights into the eukaryotic 
phytoplankton community assembly processes and dynamics in large 
rivers. Our data suggest that in the Yangtze River, eukaryotic phyto
plankton communities undergo turnover in response to environmental 
changes, while the diversity index remains relatively stable. Stochastic 
processes, such as drift and dispersal limitation, predominantly govern 
overall community assembly.

4.1. Seasonal and spatial phytoplankton community variations

Although our data span only a single annual cycle, we observed 

distinct shifts in community composition between the wet and dry 
season, which probably reflect phytoplankton responses to changes in 
hydrological conditions, nutrient availability, light penetration, and 
water physicochemistry. For example, Bacillariophyta and Chlorophyta 
dominated during the wet season, while Pyrrophyta, Chrysophyta, and 
Cryptophyta alternately dominated in the dry season. This may not 
indicate stable seasonal cycles but rather the result of short term envi
ronmental fluctuations typical of large river systems.

We detected Bacillariophyta, Chlorophyta, and Euglenophyta in the 
wet season, as well as Pyrrophyta, Xanthophyta, Chrysophyta, and 
Cryptophyta additionally detected in the dry season. Despite a lower 
number of detected phyla in the wet season, the total sequence reads (a 
proxy for species abundance (Muri et al., 2020; Tsuji et al., 2022)) were 
higher. Some lake sites followed the PEG (Plankton Ecology Group) 
model, in which Bacillariophyta blooms in spring (dry season) due to 
their ability to capitalize on high nutrient availability and mixing con
ditions, and Chlorophyta blooms in summer (wet season) due to 
increased temperature and light availability, leading to enhanced pri
mary production (Cagle and Roelke, 2021; Sommer et al., 1986). Some 
studies on lakes along the Yangtze River have also demonstrated the PEG 
model (He et al., 2021; Meng et al., 2023; Zhang et al., 2020). However, 
large rivers may exhibit different dynamics due to continuous flow and 
stronger turbulence, patchy stratification, and hydrological connectivity 
(Meng et al., 2023; Rusanov et al., 2022). In the wet season for example, 
rising water levels and nutrient content are conducive to the propaga
tion of phytoplankton with ensuant biomass and species richness 
increasing correspondingly (Calbet and Landry, 2004). Still stronger 
water flow and physical disturbances may hinder non–dominant taxa. 
Whereas in the dry season, reduced flow and stable sediments could 
create favorable conditions for the growth and dominance of mixo
trophic and bloom–forming taxa, such as Pyrrophyta, Chrysophyta, and 
Cryptophyta, yet occurring in localized areas rather than system–wide 
(Li et al., 2018; Ruiz et al., 2004). Seasonal environmental changes, such 
as temperature, nutrient levels, and light availability, are further known 
to shape community composition. Higher water levels and turbidity in 
the wet season limit light penetration, restricting light–dependent algae. 
In contrast, lower water levels and improved transparency in the dry 
season promote their growth (Hewson and Fuhrman, 2004).

We also observed clear differentiation in microbial diversity and 
composition across regions. The Yangtze upstream serves as the source 
and species pool of biodiversity for the entire basin, as evidenced by the 
highest species richness observed during the dry season. In the wet 
season however, stronger hydrological flow from the upstream led to a 
greater diversity accumulation downstream, making it a collector of 
species from all regions (Ho et al., 2010; Lehman et al., 2008). The 
proportion of Chlorophyta increased significantly from the upstream to 

Fig. 4. NMDS plots of beta diversity in wet season and dry season with lines connecting data points with their respective seasonal means.
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the midstream regions, which may also be attributed to diatoms 
(Bacillariophyta) being predominantly cold–water species, whereas 
green algae (Chlorophyta) generally thriving in warmer aquatic envi
ronments (Schlie and Karsten, 2017). Still, we acknowledge that our 
observations on community dynamics and stability are observed over a 
one–year period only, and a longer time series corroborating the effect 
size and direction of the observed patterns are warranted in future 
studies.

4.2. Effects of environmental factors on the eukaryotic phytoplankton 
community

Our study showed that environmental factors contributed to the 

spatial and seasonal variations of specific eukaryotic phytoplankton 
community composition in the Yangtze River, although their overall 
explanatory power was relatively low. During the wet season, the 
increased discharge seems to enhance the dispersal of phytoplankton, 
leading to reduced spatial isolation effects. Endemic species preferen
tially occupied specific ecological niches, resulting in stronger envi
ronmental filtering effects on generalist species. Generalist species were 
more responsive to environmental fluctuations, likely due to their 
broader ecological tolerance and adaptability to dynamic hydrological 
conditions. In contrast, during the dry season, endemic species exhibited 
stronger associations with environmental factors, particularly pH, sug
gesting that local habitat conditions play a more critical role in shaping 
their distribution under lower–flow conditions (Erős et al., 2024; 

Fig. 5. Correlation analysis and mantel test between eukaryotic phytoplankton community and environmental factors in the whole basin of Yangtze River in (a) wet 
and (b) dry season. The significance of the correlation: *: p ≤ 0.05, **: p ≤ 0.01, ***: p ≤ 0.001.
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Gemmer et al., 2008; Lucas et al., 1999). Hydrologic and climatic factors 
largely controlled phytoplankton community structure during the wet 
season while anthropogenic related factors regulated phytoplankton 
during the dry season (Nwonumara and Okogwu, 2021).

We further found that spatial heterogeneity also significantly 
affected the relationship between environmental factors and phyto
plankton communities. The Yangtze River has the largest elevation drop 
at its source leading to significant differences between environmental 
factors, which likely further resulted in significant differences in the 
structure of phytoplankton communities across elevations (Han et al., 
2020). In the downstream area, intensive industrial activities had a 
prominent effect on community, reflected in the association between 
pollution factors and community structure (Feng et al., 2021). Tem
perature was the most explanatory factor in our study consistent with 
findings that water temperature is a key environmental variable influ
encing diatom community assemblages via size and growth rate (Canale 
and Vogel, 1974).

Previous investigations using traditional approaches to census 
eukaryotic phytoplankton in the Yangtze River indicated that water 
temperature, dissolved oxygen, biochemical oxygen demand, nitrite, 
and ammonia nitrogen were the most critical environmental factors 
explaining phytoplankton composition (Liu et al., 2019). Whereas 

another eDNA–based study on diatoms in the Yangtze River highlighted 
that photosynthetically active radiation, temperature, channel slope, 
and nutrient conditions are essential to diatom communities, alongside 
spatial dispersal (Wang et al., 2019). Although different studies focused 
on different types of factors, together with our study, evidence consis
tently indicates that water temperature, nutrient conditions, and river 
morphology are the primary factors explaining phytoplankton commu
nities. Our study achieved only limited explanatory power from the 
perspectives of water quality, land use, and elevation. However, the 
seasonal pattern differences suggest the potential role of hydrology for 
future research.

4.3. Ecological processes on phytoplankton community composition

Within our study, stochastic processes, especially undominated 
processes and dispersal limitation, primarily drove the assembly of the 
eukaryotic phytoplankton community across the Yangtze River. Previ
ous studies have demonstrated that stochastic and deterministic 
ecological processes exhibit scale dependency, whereas at local scales 
(including individual sites and neighboring locations), community as
sembly is primarily driven by deterministic processes (particularly ho
mogeneous selection) (Gu et al., 2021; Pearman et al., 2022). In 

Fig. 6. R2 values from PERMANOVA across wet and dry season, the columns are colored by p–value.
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contrast, at broader spatial scales, stochastic processes (mainly governed 
by dispersal limitation) play a more dominant role in structuring com
munities (Liu et al., 2023; Niño-García et al., 2016). Previous research 
on the assembly mechanisms of diatom communities within the Yangtze 
River Basin showed that the proportion of variation explained by pure 
environmental factors was higher than that explained by pure spatial 
factors, however, with most of the total variation remained unexplained 
(Wang et al., 2019). Our study speculates that in large river ecosystems 
like that of the Yangtze River, high environmental heterogeneity, com
plex hydrological conditions, and diverse biological interactions results 

in a more balanced influence of various ecological processes preventing 
any single process from completely dominating community assembly 
(Lu et al., 2020; Yao et al., 2024). As a result, the proportion of undo
minated processes is relatively high, leading to complex community 
structural dynamics. This being the case, our findings also suggest that 
future research should integrate finer spatial–scale analyses, multi–level 
ecological models, and long–term monitoring data to more accurately 
reveal the assembly mechanisms of phytoplankton communities and 
their ecological functions within the river basin ecosystem (Pearman 
et al., 2022).

Fig. 7. Distance–decay analysis of eukaryotic phytoplankton communities in the Yangtze River reaches during wet (a–c) and dry (d–f) seasons: (a, d) upper, (b, e) 
middle, and (c, f) lower reaches. The correlation significance is indicated on the graph, ns: p > 0.05, *: p ≤ 0.05, **: p ≤ 0.01, ***: p ≤ 0.001.

Fig. 8. The proportion of community assembly process in upstream, midstream, and downstream of Yangtze River Basin in wet and dry season.
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Compared to the wet season, the influence of dispersal limitation 
increased while homogenizing selection played a minimal role during 
the dry season. The balance between stochastic and deterministic 
ecological processes across geographic scales was primarily regulated by 
hydrological dynamics (Didaskalou et al., 2022; Isabwe et al., 2018). 
The reduced river discharge and lower hydrological connectivity likely 
create physical barriers to phytoplankton movement leading to greater 
regional differentiation, typically observed as distance–decay patterns 
(Segata et al., 2011). Here, we observed a more pronounced dis
tance–decay effect with stronger dispersal limitations, consistent with 
findings from studies on phytoplankton in the Tibetan Plateau flood
plain (Huang et al., 2023). While local environments during the dry 
season still influence the community structure of endemic species to 
some extent, high dispersal rates may overshadow or interact with local 
effects, making dispersal limitation the primary driver of local com
munity structure (Amarasekare, 2004; Chase, 2005; Leibold et al., 
2004). Therefore, a deeper understanding of the physical connectivity 
and hydrogeographic conditions of the Yangtze River Basin is crucial for 
elucidating the spatial distribution of plankton communities on a 
regional scale.

5. Limitations and scope

Our use of eDNA metabarcoding enabled the detection of over 1,000 
OTUs per season, which far exceeded the diversity reported by tradi
tional microscopy-based methods in the Yangtze River. Despite eDNA’s 
apparent sensitivity, it is crucial to acknowledge some potential meth
odological limitations. The possibility of primer bias (Potvin and Love
joy, 2009; Yeh et al., 2021), underrepresentation of rare taxa (Lohan, 
2019; Zhan et al., 2013), and seasonal variation in DNA transport and 
degradation may affect detection outcomes. For example, dominant taxa 
in the wet season may have reduced the detectability of low-abundance 
OTUs, whereas decreased dilution in the dry season may have enhanced 
their identification. Due to cautious interpretation of the results pre
sented in this study, we don’t believe that these factors had an impact on 
the overall direction of our results. However, future studies that incor
porate multiple molecular markers, improved spatial–temporal resolu
tion, and integrative methodologies (e.g., combining eDNA with 
microscopy and RNA-based techniques) may further elucidate the un
derstanding of phytoplankton community dynamics (Zhang et al., 
2024).

6. Conclusions

Our eDNA study reveals the spatiotemporal dynamics of eukaryotic 
phytoplankton in the Yangtze River and their responses to varying hy
drological conditions and pollutant influences. Stochastic processes, 
particularly dispersal limitation in the dry season, played a dominant 
role in community assembly, while seasonal hydrological changes sha
ped species interactions and biodiversity patterns. By distinguishing 
generalist and endemic species, our findings suggest potential early in
dicators of ecological disturbances from industrial pollution and hy
drological alterations. These insights are crucial for ecosystem-based 
management, emphasizing the importance of hydrological connectivity 
and species dispersal dynamics. While our study identifies broad pat
terns, future research should integrate experimental approaches, multi- 
marker eDNA methods, and hydrodynamic modeling to refine species 
detection and enhance predictive frameworks for assessing phyto
plankton responses to pollution and environmental change in large river 
systems.
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