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Extreme drought-heatwave events
threaten the biodiversity and stability
of aquatic plankton communities in the
Yangtze River ecosystems

Check for updates

Jixuan Lyu1, Yong Shi1, Tao Liu2, Xiaomei Xu1, Shengjing Liu1, Guang Yang1, Dong Peng 1,3, Yubing Qu1,
Shuo Zhang2, Chonghao Chen1, Yanxu Zhang 3 & Jianhua Gao 1,2

Rivers are crucial to biogeochemical cycles, connecting terrestrial, oceanic, and atmospheric
systems. However, their ecosystems are increasingly threatened by extremeweather events. Herewe
used the environmental DNA approach to assess the impact of extreme drought-heatwave events on
the aquatic plankton communities of the Yangtze River. We showed that an extreme drought-
heatwaveevent reduced theαdiversity of communities, increased theirβdiversity, andsimultaneously
simplified and destabilized community network structure. This event also shifted the dominant algae
taxa from Bacillariophyta to Cyanobacteria, accompanied by increases in organic carbon and labile
organic carbon contents. Globally, temperature rises during this extreme drought-heatwave event are
more pronounced in high-latitude regions, likely amplifying impacts on river ecosystem biodiversity
and stability. Our findings highlight the vulnerability of river ecosystems to extreme events and
underscore the need to mitigate climate change’s effects on river ecosystems.

Rivers play an important role in biogeochemical cycles among land, ocean,
and atmosphere1–3, yet in recent years, the aquatic ecosystems of rivers
worldwide have been directly threatened by human activities such as
damming4–6, and are further increasingly affected by climate change-
induced extremeweather events, such as heatwaves, droughts, and floods7–9.
The frequent occurrence and increased intensity of extreme weather events
are detrimental to riverine biota and ecosystem functions and may lead to
continuous disturbance of aquatic communities, lowering the resilience of
aquatic communities and making it difficult to recover to a stable state,
thereby affecting the balance of the entire ecosystem10. Among extreme
weather events, droughts and heatwaves often occur simultaneously due to
their similar synoptic circulation anomalies11–13, and the frequency of
compound drought-heatwave events is expected to increase tenfold globally
under the highest emissions scenario by the late 21st century14. Compound
drought-heatwave events are increasingly regarded as one of the worst
climatic stressors to global ecosystem health15–17.

In river ecosystems, aquatic plankton communities are foundational,
forming the base of the aquatic food web and contributing to primary
production18,19. For example, as the primaryproducer in aquatic ecosystems,

algae are crucial for the entire ecosystem’s carbon dynamics20,21. They not
only influence water quality and facilitate material cycles through processes
like photosynthesis and decomposition but also serve as indicators of eco-
system health and stability via their diversity and abundance20, which
however, could be easily impacted by extreme weather events in terms of
biodiversity and stability22,23. Therefore, in the context of global climate
change, the response of algae to extreme drought-heatwave events has
important consequences for the global carbon cycle, and understanding the
impact of extremedrought-heatwave events on the biodiversity and stability
of aquatic plankton communities is essential for the long-term conservation
and management of river ecosystems. Despite results that broaden our
understanding of aquatic communities, most studies only focus on a single
taxonomic group (e.g., fish)24–26, and variation in the multitrophic aquatic
plankton communities due to extreme drought-heatwave events in a
changing global environment, as well as their impact on the carbon cycles of
aquatic biospheres, are still incompletely characterized.

In the summer of 2022 (June–August), many countries worldwide
experienced extreme heatwaves, including a record-breaking drought-
heatwave event in the Yangtze River Basin (Fig. 1a), which led to historically
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lowwater levels in themiddle-lower reaches (SupplementaryFig. 1)27,28. This
offers a notable case study that examines the impacts of extreme drought-
heatwave events on aquatic plankton communities in river ecosystems. The
Yangtze River is the third-longest river in the world and is becoming an
artificially regulated river due to damming, where its ecosystem is regularly
affected by dams29–31. Yet, under the context of dam regulation, no research
has been done to study the impact of extreme drought-heatwave events on
aquatic plankton communities in the Yangtze River Basin.

To bridge the aforementioned understanding gap, we analyzed mul-
titrophic groups, including Eukaryotic algae, Animalia, Fungi, Protozoa,
Cyanobacteria, and Bacteria, using the environmental DNA (eDNA)
approach from suspended particulate matter sampled in the Yangtze River
Basin (Fig. 1). We selected three sampling periods to represent distinct
hydrological conditions. Thewater drainage/flood control period (hereafter
referred to as thewater drainage period, represented by July 2021) andwater
storage period (October 2021) were sampled during a normal hydrological
year, while the extreme drought-heatwave event period (August 2022)
marked by severe hydrological and meteorological anomalies despite being
in the water drainage period within the wet season (May–October). The
main objectives of this work are to show: (a) the impact of extreme drought-
heatwave events on the composition and stability of river ecosystems, (b) the
variation in algae communities and its knock-on implications for the carbon
budget and the carbon cycle, and (c) a reference for other large and rapidly
changing river systems.

Results and discussion
Here using the Yangtze River Basin as an example, we examine shifts in
the composition, spatial distribution, biodiversity, and network
structure of aquatic plankton communities during the water drainage,
water storage, and extreme drought-heatwave event periods. Our
findings highlight the dynamic and sensitive responses of aquatic
ecosystems to hydrological and climatic variations, reflecting the
intricate interactions within these systems under environmental stress.
Given the critical role of biodiversity and community composition in

ecosystem stability and biogeochemical cycling, understanding these
responses is crucial for advancing our knowledge of ecosystem resi-
lience, carbon cycles, and climate change.

Composition and spatial pattern of aquatic plankton
communities
AllOTUs (OperationalTaxonomicUnits)were assigned to11kingdoms, 64
Phylum, 148 classes, 244 orders, 313 families, 509 genera, and 1087 species.
A total of 309580 reads and 708 OTUs in Eukaryotic Algae (mean 7938
reads and 230OTUs per sample), 343261 reads and 268 OTUs in Animalia
(mean 8802 reads and 45 OTUs per sample), 65678 reads and 524OTUs in
Fungi (mean 1684 reads and 93OTUs per sample), 112838 reads and 1681
OTUs in Protozoa (mean 2893 reads and 204 OTUs per sample; excluding
Eukaryotic algae), 173983 reads and 181 OTUs in Cyanobacteria (mean
4461 reads and 44 OTUs per sample), and 71675 reads and 502 OTUs in
Bacteria (mean 1838 reads and 95 OTUs per sample; excluding Cyano-
bacteria) were detected by the eDNA approach after stringent quality
filtering.

The most abundant taxa were Mediophyceae and Chlorophyceae in
Eukaryotic Algae, Maxillopoda and Bivalvia in Animalia, Perkinsidae in
Protozoa, unclassified_k__Fungi in Fungi, Synechococcales in Cyano-
bacteria, and c__unclassified_d__Bacteria in Bacteria across the Yangtze
River Basin. The distribution and abundance of community composition in
different samples and periods were shown in Supplementary Fig. 5.

The qPCRresults and abundance inEukaryotic algae,Animalia, Fungi,
Protozoa, Cyanobacteria, and Bacteria were shown in Fig. 2. The average
proportions of Eukaryotic algae were 26 ± 9%, 28 ± 18%, and 23 ± 11%
during the water drainage, water storage, and extreme drought-heatwave
periods, respectively; the average proportions of Animalia were 19 ± 14%,
43 ± 27%, and 29 ± 18% during the three periods, respectively; the average
proportions of Fungi were 9 ± 11%, 3 ± 2%, and 4 ± 6% during the three
periods, respectively; the average proportions of Protozoa were 20 ± 14%,
8 ± 6%, and 4 ± 4% during the three periods, respectively; the average
proportions of Cyanobacteria were 19 ± 12%, 13 ± 11%, and 32 ± 10%
during the three periods, respectively; the average proportions of Bacteria
were 7 ± 6%, 6 ± 4%, and 8 ± 4% during the three periods, respectively.

The ranges of total gene quantity of aquatic plankton communities
were 1.4 × 109–1.7 × 1010 copies g-1 (copies per gram of suspended parti-
culatematter), 4.9 × 109–1.5 × 1011 copies g-1, and 5.9 × 109–1.0 × 1011 copies
g-1 during thewater drainage, water storage, and extreme drought-heatwave
periods, respectively, with the average gene quantity in both the water
storage and extreme periods being higher than that in the water drainage
period (P = 0.002 and 0.002, respectively, by the Kruskal-Wallis test).

Among the algae communities (Fig. 3), Bacillariophyta accounted for
20 ± 13%, 29 ± 20%, and 14 ± 12%during thewater drainage, water storage,
and extreme drought-heatwave periods, respectively; Chrysophyta
accounted for 2 ± 2%, 1 ± 2%, and 1 ± 1% during the three periods,
respectively; Dinophyta accounted for 4 ± 4%, 2 ± 1%, and 1 ± 1% during
the three periods, respectively; Chlorophyta accounted for 20 ± 10%,
17 ± 8%, and 19 ± 9% during the three periods, respectively; Cryptophyta
accounted for 13 ± 5%, 18 ± 13%, and 7 ± 4% during the three periods,
respectively; Cyanophyta accounted for 41 ± 16%, 32 ± 18%, and 59 ± 12%
during the three periods, respectively. In addition, total algae gene quantity
showed a significant positive correlation (P < 0.001)withparticulate organic
carbon (POC) and labile POC contents (Fig. 4).

Biodiversity, network structure, and environmental drivers of
aquatic plankton communities
Venn diagrams showed that the unique number of OTUs peculiar to the
water storage period (178 OTUs) and extreme period (129 OTUs) was
smaller than that in the water drainage (937 OTUs) (Fig. 2d). Compared
with the water drainage period in the normal year, the extreme drought-
heatwave event had an impact on the whole basin, leading to 79% and 85%
decreases in the number of distinct OTUs in the upper and mid-lower
reaches, respectively.

Fig. 1 | Map showing the study area. a Average surface air temperature anomaly
(°C) for June–August 2022 worldwide, relative to the average for the 1991–2020
reference period. The data are obtained from theNational Oceanic andAtmospheric
Administration (NOAA, https://psl.noaa.gov). The blue square represents the
location of the Yangtze River basin. b Locations of dam-associated reservoirs,
gauging stations, and sampling stations in the Yangtze River. The water level, water
discharge, sediment load, precipitation, and air temperature of the Yangtze River
Basin are provided in Supplementary Figs. 1–4.
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The Good’s coverage index from Eukaryotic algae to Bacteria
communities ranged from 92.4 ± 4.7% to 99.9 ± 0.1% for the samples,
confirming that the current profiles well represented the primary
communities. Eukaryotic algae, Bacteria, Fungi, and Protozoa showed
a significant decrease from the water drainage to the extreme drought-

heatwave event periods in the Chao1 richness index, Ace richness
index, and Shannon’s diversity index (Fig. 5), while the β diversity of
Eukaryotic algae, Protozoa, Fungi, Bacteria, and Cyanobacteria
showed significant increases from the water drainage to the extreme
drought-heatwave event periods (Fig. 6), whereas both the α and β

Fig. 2 | Spatial distribution of aquatic plankton communities in the Yangtze River Basin. a water drainage period. b water storage period. c extreme drought-heatwave
event period. Symbols are scaled by the gene quantity and presented as the mean of triplicate samples. d numbers of shared and unique OTUs during the three periods.
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diversity of Animalia showed no significant changes among the three
periods.

We constructed univariate correlation networks to explore relation-
ships between taxa (Supplementary Fig. 6) and uncover the underlying
structural attributes of taxa interactions (Fig. 7). Compared with the water
drainage period, the edge number, average neighbor number, density,
clustering coefficient, and modularity of the community network syner-
gistically decreased during the extreme drought-heatwave event per-
iod (Fig. 7).

Based on the partial Mantel test, we explored associations of hydro-
geochemical variables (includingwater temperature, dissolved oxygen, total
phosphorus, total nitrogen, ammonia nitrogen, suspended sediment con-
centration, pH, chemical oxygen demand, and biochemical oxygen
demand) with aquatic plankton communities in the water drainage, water
storage, and extreme drought-heatwave event periods (Fig. 8). The result
indicated that water temperature was a consistently strong driver affecting
aquatic communities across all three periods. During the water drainage,
water storage, and extreme drought-heatwave event periods, the average
water temperatures of sampling stations in the Yangtze River were
25.2 ± 2.0 °C, 22.7 ± 1.6 °C, and 28.6 ± 2.7 °C, respectively. The average
water temperature during the extreme drought-heatwave period was sig-
nificantly higher compared to the water drainage (P = 0.003) and water
storage (P < 0.001) periods, with increases of 3.4 ± 2.0 °C and 5.9 ± 1.9 °C,
respectively (Supplementary Fig. 7).

Altered biodiversity and reduced stability in aquatic plankton
communities under the extreme drought-heatwave condition.
Extreme drought-heatwave events increase environmental stress (for
instance, water temperature can impact communities through several
ecological mechanisms including metabolic regulation, community
composition shift, and dissolved oxygen dynamics32–35), causing many
species to be unable to adapt to these harsh conditions and be eliminated
(unique OTUs and α diversity), and increasing the species composition
differences between regions (β diversity)36. Reduced α diversity could
weaken the ecosystem’s ability to recover from further environmental
changes anddisturbances37,38, while increased βdiversity indicates greater
differences in ecosystem functions between regions. Thismight help river
systems maintain certain functions in the face of environmental changes
such as heatwaves but could also lead to increased system variability,
reducing the overall stability of ecosystems39.

Although water regulation and extreme drought-heatwave events
drove variations in taxa (Figs. 5 and 6), Protozoa and Fungi had a stronger
response (e.g., Chao1 richness index) to the water storage than other
taxonomic groups (Fig. 5b, c), while Eukaryotic Algae, Protozoa, Fungi, and
Bacteria were all driven by the extreme drought-heatwave event (e.g.,
Shannon’s diversity; Fig. 5a–c and e), indicating that the extreme drought-
heatwave event had a greater impact on aquatic communities than water
regulation for its broader influence on aquatic community composition. In
this study, Animalia exhibited stability and had no significant response to
either the water regulation or extreme drought-heatwave event
(Figs. 5d and 6d). Compared with microbial communities in lower trophic
levels, such as Fungi and Bacteria, Animalia often possesses a greater
adaptive capacity to cope with unfavorable conditions and environmental
stressors40–42. This resilience is attributed to their behavioral and physiolo-
gical plasticity, such as mechanisms like thermal acclimation, physiological
adjustments, and metabolic adaptations, enabling them to survive elevated
water temperatures and hypoxic environments43–45.

The variation in biodiversity led to changes in taxa interactions, which
in turn changed the stability of the community network (Fig. 7). Under the
pressure of extreme drought-heatwave events, the lower edge number,
average neighbor, density, and clustering coefficient (Fig. 7a–d) of aquatic
plankton communities indicated reduced connectivity and collaboration
within the ecosystem, potentially leading to decreased resilience and effi-
ciency in resource distribution46,47. In addition, lower modularity (Fig. 7e)
reflected less distinct community structures, which can affect the ecosys-
tem’s ability to maintain functional integrity and adaptability under stress5.

Fig. 3 | Composition of algae community. awater drainage period. bwater storage
period. c extreme drought-heatwave event period. The blue dotted boxes in stations
WS, ZG, and YC represent the Three Gorges Reservoir impact areas.

Fig. 4 | Relationships between POC and algae contents. The data are from all
sample stations during the water drainage, water storage, and extreme drought-
heatwave event periods. Data points are presented as the mean of duplicate samples.
Error bars are smaller than symbol sizes and not shown.
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Variation in algae communities caused by the extreme drought-
heatwave event affecting carbon cycle. The extreme drought-
heatwave event affected the biodiversity and stability of aquatic plank-
ton communities, which could bring important effects that we should pay
close attention to. As the primary producer in aquatic ecosystems, algae
contribute immensely to the fixation of atmospheric CO2 through

photosynthesis, playing a critical role in the carbondynamics of rivers48,49,
thus changes in the composition and gene quantity of algae communities
due to the extreme drought-heatwave event have effects on the carbon
cycle and the carbon budget. In river systems, energy supply (as light or
nutrient inputs) and flow stability are the two major drivers for riverine
primary productivity50. The extreme drought-heatwave event lowered

Fig. 5 | Discrimination for the α diversity. a
Eukaryotic algae. b Protozoa. c Fungi. d Animalia. e
Bacteria. fCyanobacteria. Significant differences are
studied using the Kruskal-Wallis test with FDR
multiple testing correction. *P < 0.5;
**P < 0.01; ***P < 0.001.
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water levels, prolonged water retention time (reflected as lower water
discharge, Supplementary Fig. 3), decreased water turbidity (Supple-
mentary Fig. 8), and providedmore light supply, thus promoting nutrient
availability (higher TN concentration51) and photosynthetic activity
among primary producers6,41,52,53.

Reservoir interception changed the dominant taxa in the ThreeGorges
Reservoir in the normal year in both water drainage and water storage
periods (Fig. 3a, b) –– from predominantly Cyanobacteria at station CQ to
predominantly Bacillariophyta at station YC, and then the dominant taxa
downstreamof the ThreeGorgesReservoir (from stationYY to stationXLJ)
was changed to Cyanobacteria again. Compared with the water drainage
period, the dominant taxa in the extreme drought-heatwave event was
Cyanobacteria throughout the whole basin, covering up the impact of
reservoirs on altering dominant taxa. Among river algae, diatoms are effi-
cient primary producers with high nutritional value, supporting zoo-
plankton and primary consumers, thus enhancing biodiversity and
ecosystem productivity54,55. In contrast, Cyanobacteria thrive in warm and
stagnant waters with elevated TN/TP ratios, producing toxins like micro-
cystins that harmaquatic life and reduceherbivore palatability32,56. This shift
in the dominant taxa of algae can decrease primary consumer populations,
reduce biodiversity, and disrupt community structure, making ecosystems
more vulnerable to environmental changes57,58.

The extreme drought-heatwave event changed not only the compo-
sition of algae communities but also the algae gene quantity. Compared to
thewaterdrainageperiod in thenormal year, the extremedrought-heatwave
event led to a significant increase in algae gene quantity (an 11-fold increase
in gene quantity, P = 0.02), POC content (31 ± 22%, P = 0.002), and labile

POC proportion of total POC (18 ± 8%, p < 0.001) throughout the whole
basin. In addition, algae gene quantity showed a significant positive corre-
lation with POC content (Fig. 4), as well as labile POC content that can be
remineralized and decomposed more readily, indicating the dominant role
of algae in contributing to POC content. The increase in algae gene quantity
and the shift of dominant algae taxa driven by the extreme drought-
heatwave event were detrimental to carbon storage. Accordingly, the suc-
cession of dominant taxa and the increase in labile POC proportion trig-
gered by the extreme drought-heatwave event could affect the biodiversity
and stability of the ecosystem and thus likely change biogeochemical cycles
in the Yangtze River Basin.

Implications of changes in aquatic communities for global rivers.
Our results showed that this extreme drought-heatwave event reduced
biodiversity and stability in aquatic communities of the Yangtze River
Basin, which highlighted the riverine ecosystem’s vulnerability to
extreme weather events, yet, this extreme drought-heatwave event
occurred on a global scale, and the variation in the biodiversity and
stability of aquatic communities could occur in other regions worldwide
as well. In the climate system, extreme drought-heat events drive changes
in air temperature and precipitation, which in turn affect hydrological
conditions in the river system. These alterations lead to shifts in the
biodiversity and structural stability of riverine aquatic communities, as
well as the riverine carbon cycle. Furthermore, changes in the river system
can have cascading effects on the coastal ecosystem, which could feed-
back to the climate system, creating a complex interplay between riverine,
coastal, and atmospheric processes59 (Fig. 9).

Fig. 6 | Discrimination for the β diversity. a
Eukaryotic algae. b Protozoa. c Fungi. d Animalia.
e Bacteria. f Cyanobacteria. Ordination plots of com-
munity structure based on Bray-Curtis dissimilarity
matrices. Significant differences were studied byAdonis
with the Monte Carlo 999 permutations test; the close
dots in the ordination space indicate that each shares a
larger percentage of taxa with the other. Boxplots
showing the pairwise comparison of the dissimilarity of
community structure among the three periods. sig-
nificant differences were investigated using the one-way
ANOVA followed by post-hoc Bonferroni test.
*P < 0.5; **P < 0.01; ***P < 0.001.
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During the extreme drought-heatwave event in 2022, although the
temperature increase in theYangtzeRiverBasinwasnot themost significant
(Supplementary Fig. 9a), the biodiversity and stability of aquatic plankton
communities were severely negatively affected. With the rise of latitude,
temperature increase became greater (Supplementary Fig. 9a), and thus the
impact of the extreme drought-heatwave event on the river ecosystems was
likely to be amplified. In addition, the fastest temperature growth currently
occurs at 70°–80°N (reflected as the biggest slope of the fitted curve, Sup-
plementary Fig. 9b). Heatwave events and rising temperatures may have
more severe and lasting impacts on high-latitude regions (high-latitude
amplification), such as the Arctic, where permafrost melting could release
greenhouse gases and destabilize carbon reserves, exacerbating global
warming60–62. This process creates feedback loops that further influence the
river system (Fig. 9). Given these vulnerabilities, these issues warrant
heightened global attention and action.

The evidence from various river basins worldwide underscores the
critical need for global awareness and action to protect riverine biodiversity
and stability from the threats posed by extreme weather events4,63,64. Under
the context of globalwarming, the frequencyand intensityof extreme events
are increasing. A recent study suggested that events similar to those that
occurred in 2022 could happen once every 8.5 years rather than the current
possibility of once every 76,000 years65. This will substantially increase the
vulnerability of river ecosystems and may lead to trending changes in the
river ecosystem (e.g., during the Millennium Drought in Australia, some
rivers failed to recover to pre-drought flow regimes, resulting in irreversible
ecosystem changes16). Effective strategies that integrate ecological needs and

promote sustainable water use are essential to address future aquatic eco-
system challenges posed by extreme weather.

Methods
Regional settings
The Yangtze River is 6300 km long and covers a basin area of around
1.8 × 106km2 (Fig. 1). It is geographically divided into upper, middle, and
lower reaches. The upper reaches, extending from the Qinghai-Tibetan
Plateau to Yichang city, are characterized bymountainous topography with
high relief at elevations over 3000m and mainly distributed with Paleozoic
carbonate rocks, Mesozoic sedimentary and igneous rocks. The major tri-
butaries of theupper reaches include theYalongjiang,Minjiang, Jialingjiang,
and Wujiang rivers. The middle-lower reaches mainly consist of riverine
plains, and are overlain by the Paleozoic marine, Mesozoic sedimentary
rocks, andQuaternary loose sediments offluvial and lacustrine facies, where
theDongting and Poyang lakes and theHanjiang River interact closely with
themainstream.Controlled by theAsianmonsoon, the annual precipitation
in the basin generally ranges from <500mm in the source region to
>1600mm yr-1 in themiddle-lower reaches. In the Yangtze River Basin, the
wet season typically extends from May to October, while the dry season
covers November through the following April.

The Three Gorges Dam is currently the biggest hydropower project in
the world, impounded in 2003. In terms of water regulation within a year,
the TGR is the most typical for the overall three periods (Fig. 10). Drainage
period (January–June): to supplywater for the lower reaches andprepare for
the wet season, the water level of the TGR is lowered to 145m; flood control

Fig. 7 | Network structure properties for eukar-
yotic aquatic plankton communities. a Edge
number. b average number of neighbors. c density.
d clustering coefficient. e modularity.
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period (June–September): in this stage, the TGR generally operates at the
flood control level of 145m, keeping flood water storage capacity to retain
possible floods; storage period (September–December): in this stage, the
TGR began to store more incoming water and gradually raised the water
level to 175m to ensure shipping, water replenishment, and power
generation.

Sampling
Suspended particulatematter (SPM)was collectedwithin the Yangtze River
Basin in July 2021 (13 sampling stations), October 2021 (14 sampling sta-
tions), and August 2022 (14 sampling stations), respectively (Fig. 1b). July,
August, and October are all in the wet season. During the wet season, the
Yangtze River supplies over 86% of the annual sediment load to the East
China Sea (MWRC, 1961–2022), suggesting our samples are representative
of the majority of POC exported by the Yangtze River.

Sub-surface water samples (0.5 m underwater, 150 L total) were col-
lected from a cross-section in the main channel using acid-washed 25-L
polyethylene samplers at each station, and SPMsubsequentlywas recovered
by filtering the water under pressure through pre-combusted (450 °C for
3 h) glass fiber filters (nominal pore size: 0.7 μm, Whatman GF/F). All the
filtered samples were freeze-dried and stored at –20 °C for further analysis.

DNA extraction, polymerase chain reaction (PCR) amplification,
sequencing, and quantitative PCR (qPCR) analysis
Total microbial genomic DNA was extracted from SPM samples using the
E.Z.N.A.® soil DNAKit (Omega Bio-tek, Norcross, GA,USA) following the
manufacturer’s instructions. The quality and concentration of DNA were
determinedby1.0%agarose gel electrophoresis andaNanoDrop®ND-2000
spectrophotometer (ThermoScientific Inc.,USA) andkept at−80 °Cbefore
further use. TheV4 region of the 18S rRNA genewas amplifiedwith primer
pairs 3NDF (5’-GGCAAGTCTGGTGCCAG-3’) and V4-euk-R2R
(5’-ACGGTATCTRATCRTCTTCG-3’), which were designed to broadly
capture eukaryotic diversity66; target fragments of the 16 s rRNA gene were

amplified with primer pairs CYA359F (5’-GGGGAATTTTCCG-
CAATGGG-3’) and aCYA781R (5’-GACTACTGGGGTATCTAATCC-
CATT-3’) to identify cyanobacteria67, by an ABI GeneAmp® 9700 PCR
thermocycler (ABI,CA,USA).ThePCRreactionmixture including4 μL5×
Fast Pfu buffer, 2 μL 2.5 mMdNTPs, 0.8 μL Forward primer (5 μM), 0.8 μL
Reverse primer (5 μM), 0.4 μL Fast Pfu polymerase, 10 ng of templateDNA,
andddH2O to afinal volumeof 20 µL. PCRamplification cycling conditions
were composed of initial denaturation at 95 °C for 3min, followed by 35
cycles of denaturing at 95 °C for 30 s, annealing at 55 °C for 30 s, and
extension at 72 °C for 45 s, with a final extension at 72 °C for 10min. All
samples were amplified in triplicate. The PCR product was extracted from
2% agarose gel and purified using the AxyPrep DNA Gel Extraction Kit
(Axygen Biosciences, Union City, CA, USA) according to the manu-
facturer’s instructions and quantified using Quantus™ Fluorometer (Pro-
mega, USA). Purified amplicons were pooled in equimolar amounts and
paired-end sequenced on an Illumina MiSeq platform (Illumina, USA).

The DNA copy numbers of eukaryotes and bacteria in the SPM
samples were quantified by qPCR using the primers of 3NDF_V4-euk-R2R
andCYA359F_aCYA781R, respectively. qPCR reactionswere performed in
triplicate, using the Real-Time PCR Detection Syste. Each multiplex reac-
tion was performed in a 20 μL volume comprising 10 μL 2X ChamQ SYBR
Color qPCR Master Mix, 0.8 μL each primer (5 μM), 0.4 μL 50 X ROX
Reference Dye 1, 2 μL DNA template, and 6 μL ddH2O. The qPCR
amplification program consisted of an initial denaturation step at 95 °C for
3min, followed by40 cycles at 95 °C for 5 s, 58 °C for 30 s, and 72 °C for 60 s.
Melting curve and agarose gel electrophoresis analysis were used to confirm
the specificity of the amplifications. Standard curves were created using 10-
time serial dilutions of plasmids, with correlation coefficients of R2 > 0.99
and amplification efficiencies between 99–108%. The DNA copies in the
dilutedDNA solution standardwere calculated by the flowing equation: the
number of copies permicroliter (copies µl-1) = DNA concentration (ng µl-1)
× 10−9 × 6.02 × 1023 (mol−1)/[660× genome size (bp)]. The qPCR data was
expressed as DNA copies per gram of suspended particulate matter (unit,

Fig. 8 | Relationships between the hydrogeochemical variables (Euclidean dis-
tance) and water drainage, water storage, and extreme drought-heatwave event
period (Bray–Curtis distance) revealed by the Mantel test. Edge width corre-
sponds to Mantel’s r value, and the edge color denotes statistical significance.
Pairwise correlations of these variables are shown with a color gradient denoting

Spearman’s correlation coefficient. *p < 0.05; **, 0.001<p < 0.01; ***p < 0.001.
TEMP: water temperature; DO: dissolved oxygen; NH3-N: ammonia nitrogen; TP:
total phosphorus; TN: total nitrogen; SSC: suspended sediment concentration;
COD: chemical oxygen demand; BOD5: biochemical oxygen demand.
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copies g-1; the freeze-dried suspended particulatemattermasswasmeasured
using an analytical balance).

Measurementofparticulateorganiccarbon (POC)and labilePOC
contents
To ensure uniformity, the samples were thoroughly ground using an agate
mortar before analysis. This process was conducted to achieve sample
homogenization, which is crucial for standardizing preparation and
improving the accuracy of subsequent measurements. The homogenized
samples were acid-treated with HCl solution (1M) to completely remove
inorganicCbefore the analysis. ThePOCandPNcontentswere determined
at Nanjing University using an elemental analyzer (Flash 2000HT, Thermo
Fisher Scientific), and the precision of the determination was better than
± 0.02 wt.% and 0.002 wt.%, respectively.

Labile POC was determined following a two-step acid hydrolysis
procedure with H2SO4 as the extractant, as previously described by

Rovira and Vallejo68 and Belay-Tedla et al69. At first, 500 mg of the
decarbonated sample was hydrolyzed with 20ml of 2.5M H2SO4 at
105 °C for 30min. The hydrolysate was recovered by centrifugation and
decantation. The residue was washed with 20ml of pure water, and the
washing supernatant was added to the hydrolysate. This hydrolysate was
regarded as labile pool I. The remaining residue was hydrolyzed
with 2 ml of 13M H2SO4 overnight at room temperature under con-
tinuous shaking. Afterward, the acid concentration was brought down to
1M by dilution with pure water, and the sample was hydrolyzed at
105 °C for 3 h with occasional shaking. The second hydrolysate was
regarded as labile pool II. Labile pools I and II were combined to obtain
the total labile pool.

Hydrogeochemical variables
Hydrogeochemical variables including water temperature (°C), dissolved
oxygen (mg L-1), total phosphorus (mg L-1), total nitrogen (mg L-1),

Fig. 10 | Water regime of the Three Gorges
Reservoir since its impoundment. aWater level.
b River flow.

Fig. 9 | Interactive relationships among the cli-
mate system, river system, and coastal ecosystem.
This figure shows the interactions among different
environmental components and how they are
influenced by extreme drought-heatwave events and
water regulation.
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ammonianitrogen (mgL-1), chemical oxygendemand (mgL-1), biochemical
oxygen demand (mg L-1), and pHwere obtained from real-timemonitoring
data of water quality cross-section provided by the China National Envir-
onmental Monitoring Centre (https://www.cnemc.cn) and analyzed using
the standard methods70. The hydrogeochemical variables analyzed in this
study were obtained from monitoring stations located near each of our
sampling sites, and the data were temporally matched to our sampling
periods, ensuring consistency in the temporal context of the study. To
determine suspended sediment concentration (mg L-1), the samples were
freeze-dried; the dry sample mass was then weighted using an analytical
balance, and the measured mass was normalized by the sampled water
volume to calculate suspended sediment concentration accurately.

Statistical analysis
Bioinformatic analysis was carried out using the Majorbio Cloud platform
(https://cloud.majorbio.com). Based on the OTUs information, rarefaction
curves and alpha diversity indices including observed OTUs, Chao1 rich-
ness,ACE richness, Shannondiversity, andGood’s coveragewere calculated
withMothur v.1.30.171. Significant differences in theαdiversitywere studied
using the Kruskal-Wallis test with FDR multiple testing correction.

The similarity among three periods in different taxawas determinedby
Non-metric Multidimensional Scaling (NMDS) based on Bray-Curtis dis-
similarity using the Vegan v.2.5-3 package. Significant differences were
studied by Adonis with the Monte Carlo 999 permutations test.

The univariate correlation networks were constructed to explore
relationships between taxa72. A correlation between two nodes was con-
sidered to be statistically robust if Spearman’s correlation coefficient was
over 0.5 or less than−0.5, and the P-value less than 0.05. The edge number,
average neighbor number, density, clustering coefficient, andmodularity of
the community network were determined using the “Analyze Network”
function in Cytoscape v.3.10.2.

Statistical differences in POC content, labile POC proportion, water
temperature, NH3-N concentration, TP concentration, and TN con-
centration among the water drainage, water storage, and extreme drought-
heatwave periods were assessed using the one-way analysis of variance
(ANOVA) test in Origin v.2023. Before conducting the one-way ANOVA
test, we used the Levene test for homoscedasticity and the Shapiro-Wilk test
for the normal distribution. To analyze significant differences in gene
quantity across the threeperiods that did not follow thenormal distribution,
the Kruskal-Wallis test was performed, using Origin v.2023b.

Data availability
The raw eukaryote sequence data used in this study have been deposited in
the NCBI SRA database under accession code PRJNA1221869. The raw
prokaryote sequence data used in this study have been deposited in the
NCBI SRA database under accession code PRJNA1221784.
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