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Hydrological disconnection from main channels (either via natural siltation or due to construction of hydro-
logical infrastructures) is modifying biogeochemical cycling in river-floodplain systems. Knowledge on how this
process influences phytoplankton composition and harmful algal blooms (HABs) in floodplain lakes is quite scant
due to the lack of long-term water quality monitoring and the concurrent influence of multiple drivers of change.
Here, chlorophyll and carotenoid pigment biomarkers from dated sediment cores were analyzed from Dongting
Lake (China’s second largest freshwater lake) and one of its satellite lakes (Donghu) in the Yangtze floodplain, to
evaluate the long-term influence of hydrological isolation on algal community composition and HABs. The re-
sults showed that pigment concentrations and the ratio of canthaxanthin/diatoxanthin (which reflects the
relative abundance of cyanobacteria to diatoms) increased after the 1910s in Donghu Lake, when it was sepa-
rated from Dongting Lake due to siltation. In contrast, significant increases in pigments started from the 1980s in
Dongting Lake. Variance partitioning analysis revealed that the combined influence of hydrology, temperature
and anthropogenic pollutants explained the largest proportion of variance (33.4%) in the pigment assemblages in
Donghu Lake, followed by the joint effects of anthropogeny pollutants and hydrology (23.6%) and the sole effects
of anthropogenic pollutants (14.9%) and hydrology (11.2%). In Dongting Lake, anthropogenic pollutants
explained 24.5% of the variance in pigment assemblages solely, followed by the additive effects of anthropogenic
pollutants and temperature (17.8%). These long-term analyses therefore demonstrate that, in combination with
anthropogenic pollutants and warming, hydrological isolation from the main channel may stimulate algal pro-
duction and the prevalence of cyanobacteria, whereas free hydrological connection with the Yangtze main
channel seems to alleviate such HABs in these Yangtze floodplain lakes.

1. Introduction

Shallow freshwater lakes around the globe are suffering from severe
ecosystem deterioration such as harmful algal blooms (HABs) and
diminished resilience, especially in the densely-populated floodplain
areas (H. Wang et al., 2019; Hou et al., 2022; Han et al., 2024). For lentic
waterbodies, algal production and community composition are mainly
regulated by nutrients and climate change (Paerl and Huisman, 2008;
Taranu et al., 2015; Hellweger et al., 2022). In river-floodplain systems,
the periodical flooding sustains water, sediment and nutrient exchange
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between floodplain lake basins and the main channel (Junk et al., 2005;
Palmer and Ruhi, 2019; Li et al., 2021). Therefore, natural hydrological
connection with the main channel works as an important confounding
factor controlling the key limnological conditions including hydrologi-
cal settings (e.g., water residence times and water flushing rates),
nutrient concentrations, light availability and hence algal production
and community composition in floodplain lakes (Squires and Lesack,
2002; McGowan et al., 2011; Li et al., 2019; 2020). Previous studies
suggest that the influence of flooding on algal production in floodplain
lakes depends on the relative nutrient loading of the main channel and
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the floodplain lakes themselves. In floodplain lakes connected to a main
channel with relatively higher nutrient levels, algal production responds
to flood frequency in a unimodal way where lakes with intermediate
flood frequency have the highest production due to the trade-off be-
tween light and nutrients, regulated by riverine sediment and nutrient
influxes, respectively (Squires and Lesack, 2002). In floodplain lakes
with a relatively nutrient-poor main channel, algal production declines
with increasing flood frequency, as the suspended particles and water
influxes from the main channel may deteriorate light conditions and
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dilute nutrients and algal biomass in floodplain lakes (Sokal et al., 2010;
Li et al., 2023).

Although flooding maintains the dynamics and fertility of flood-
plains, it is one of the most damaging and life-threatening natural haz-
ards (Johnson et al., 2020). Consequently, hydrological infrastructures
such as dams and reservoirs are extensively built for flood control, as
well as other benefits such as hydropower and navigation, especially in
developing countries in tropical and sub-tropical areas (Moran et al.,
2018). These hydrological infrastructures have profoundly modified the
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Fig. 1. Location of the study area in mainland China (A) with insets showing the changes in the water surface area of Dongting Lake and later isolation of Donghu
Lake (B and C) and the land use and cover change in the Dongting Lake catchment (D and E). Maps B and C are sourced from Yu et al. (2020).
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natural hydrological settings of the river continuum and the natural
hydrological connection between the main channel and the lateral
floodplain (J. Wang et al., 2019; R. Wang et al., 2019), as well as the
biogeochemical cycling of nutrients (e.g., nitrogen, phosphorus and
silica) in floodplain lakes and coastal areas (Maavara et al., 2020; Zeng
et al., 2022). In combination with nutrients and climate change, the
constructions of these hydrological infrastructures hold the potential to
modulate eutrophication in floodplain lakes (Zeng et al., 2023; Salgado
et al., 2024). The influences of hydrological infrastructures on algal
production and community composition in floodplain lakes are some-
times controversial. On one hand, the prolonged water retention times
after local dam construction promote the retention of algae, as well as
nutrients, which fuel algal production (Chen et al., 2016). Therefore,
hydrological infrastructure can facilitate algal production, in particular
cyanobacteria which have a competitive advantage over diatoms in
waterbodies with high water retention times (Richardson et al., 2018).
One the other hand, local dam construction can stabilize water level
fluctuations and improve water clarity by blocking riverine suspended
particle influxes (McGowan et al., 2025; Zeng et al., 2024), which may
stimulate the growth of submerged macrophytes that suppresses algae
production (Scheffer et al., 1993). Therefore, hydrological in-
frastructures play a vital role, working either synergistically or antago-
nistically with nutrients and climate, in modulating eutrophication in
floodplain lakes.

Under the scenario of global proliferation of dam construction and
ongoing eutrophication, it is invaluable and necessary to gain a
comprehensive understanding of the influence of hydrological discon-
nection from the main channel on water body eutrophication for the
protection and restoration of these precious floodplain lakes. The in-
fluence of these hydrological infrastructures on algal community
composition in floodplain lakes are difficult to define due to two main
reasons (Zeng et al., 2024). Firstly, most of the hydrological in-
frastructures were built before the start of instrumental monitoring re-
cords, especially in developing countries (Battarbee et al., 2012).
Therefore, the limnological consequences of hydrological alteration are
inadequately captured by available monitoring datasets. Secondly, it is
hard to disentangle the influences of hydrological alteration from other
drivers such as anthropogenic nutrient inputs and climate change, both
of which change concurrently with hydrological modification (Zeng
etal., 2023). Alternatively, paleolimnological studies of lakes within the
same catchment but contrasting hydrological connection (with the main
channel) offer the best opportunity to generate records of sufficient
length and quality to investigate the influence of hydrological alteration
on floodplain lake ecosystems, while disentangling the impacts of other
stressors.

Dongting Lake (28°18'-30°12' N, 110°24'-113°6' E) which is
located in the middle Yangtze reaches is currently the second largest
freshwater lake in China (Fig. 1). It is known as the “kidney”, which
filters out the sediment load of the Yangtze River. The natural sediment
siltation of Dongting Lake, in combination with land reclamation, has
led to the shrinkage of the water surface area of Dongting Lake from >
5200 km? before 1900 CE to ~2500 km? after 2020 CE (Yu et al., 2020).
This has resulted in the formation of more than 70 satellite lakes in the
Dongting Lake catchment which have lost their hydrological connection
with the Yangtze River (Fig. 1D and1E) (Wang et al., 2024), providing
ideal materials for disentangling the influence of hydrological isolation
on floodplain lake ecosystems from climate and nutrients. By comparing
chlorophyll and carotenoid pigments in '3”Cs and '°Pb dated sediment
cores from Dongting Lake and one of its satellite lakes (Donghu Lake),
this study aims to investigate how hydrological disconnection from the
Yangtze main channel may influence algal community composition in
the Yangtze floodplain lakes. Considering the large influxes of anthro-
pogenic nutrients from the catchment, we hypothesize that hydrological
isolation from the main channel may impede the flushing of the rela-
tively nutrient-poor water from the Yangtze River and increase nutrient
residence time, resulting in accelerating algal blooms in Donghu Lake.
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The results will provide guidelines for alleviating eutrophication in
floodplain lakes and for evaluating the ecological consequences of newly
planned dams.

2. Materials and methods
2.1. Study area

The Yangtze River (~ 6300 km) is the third longest river in the
world. The middle and lower reaches of the Yangtze Basin are charac-
terized by a floodplain landscape where flooding and meandering of the
main channel formed ~ 600 shallow lakes with a water surface area >1
km? (NIGLAS, 2019). These Yangtze floodplain lakes uphold high
biodiversity and > 15 of them have been designated as Ramsar Wetlands
of International Importance (Ramsar Convention Bureau, 2025). As one
of the most developed and densely-populated areas in China (more than
400 million people live in the Yangtze Basin), it generates ca. 40% of the
nation’s economy (Dong et al., 2016) but due to intensive human ac-
tivities, ~85% the Yangtze floodplain lakes are suffering from eutro-
phication (NIGLAS, 2019). Meanwhile, more than 50,000 dams were
built in the Yangtze Basin, including the Three Gorges Dam (TGD) (Yang
et al., 2011), which has resulted in changes in nutrient composition and
declines in algal primary production in the East China Sea (Gong et al.,
2006; Zeng et al., 2023).

The Dongting Lake Wetland (middle Yangtze floodplain, China) is
one of the world’s 200 priority ecological protection areas. The three
sub-lakes (East Dongting, West Dongting and South Dongting) of
Dongting Lake have all been designated as Ramsar Wetlands of Inter-
national Importance (Ramsar Convention Bureau, 2025). After the
construction of the TGD, water and suspended sediment discharge
substantially decreased (Yu et al., 2018), leading to the further
shrinkage of the water surface area, and the edges of the lake became
terrestrialised and covered with vegetation (Xie et al., 2015). Dongting
Lake has a mean water surface area of ~ 2500 km? and mean water
depth of ~ 6.4 m. The Dongting Lake catchment has experienced
intensive social-economic development. Agricultural activities such as
land reclamation have a long history in the catchment (Yu et al., 2020).
After the release of the “reform and opening up” policy, industrial and
urban activities profoundly intensified in the catchment, with urban
areas increasing from 2.2% in 1980 CE to 4.1% in 2020 CE (Fig. 1D and
1E). Hydrologically, Dongting Lake is freely connected with the Yangtze
River. Water discharge of the Yangtze flows into Dongting Lake via the
“three outlets” (Songzi River, Hudu River and Ouchi River) in the west
and flows back to the Yangtze River at Chenglingji at the northeast of the
lake (Fig. 1A). During this process, large amounts of water and sedi-
ments from the Yangtze River are retained in Dongting Lake. It is esti-
mated that > 30% of the annual water volume and ~ 80% of the annual
sediment load (ca. 1.07 x 108 tons) of Dongting Lake were from the
Yangtze River before the TGD operation in 2003 CE (Chen et al., 2016).
Donghu Lake (29°18' —29°25'N; 112°31'—112°41’E) used to be a part of
Dongting Lake before the 1910s, and became separated from Dongting
Lake after the 1910s due to land reclamation and natural siltation
(Fig. 1B and 1C) (Yu et al., 2020). The water surface area and mean
water depth of Donghu Lake is ~ 50 km? and ~ 2.3 m, respectively.

2.2. Sediment coring and dating

The Donghu Lake sediment core was collected in the central part of
the lake basin (which normally represents the area of most uniform
sedimentation) in 2022 CE. In larger Dongting Lake, the sediment core
was taken from the east part of the lake in 2017 CE (Fig. 1), where the
sedimentation conditions are relatively stable and hence more likely to
build a reliable chronology (Xiang et al., 2002). Moreover, the east part
of Dongting Lake is closer to Donghu Lake in terms of distance, making
the two sediment records more comparable (Fig. 1). The water-sediment
interface of the sediment cores was well preserved. The sediment cores
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were sectioned at 1-cm intervals in the field. Subsamples for the chro-
nology and sedimentary elemental analysis were stored at 4 °C. Sub-
samples for pigment analysis were stored in the dark at —20 °C. 219pb
and '¥Cs in the two sediment cores were presented in Wang et al.
(2024) and Zeng et al. (2022).

2.3. Sedimentary pigment analysis

Sedimentary chlorophyll and carotenoid pigments in freeze-dried
samples were firstly extracted using a mixture (5 ml) of acetone,
methanol and deionized water (80: 15: 5, v/v) and dried under N». Then,
the extracted pigments were dissolved using an injection solvent which
is a mixture of acetone, ion-pairing reagent and methanol (70: 25: 5, v/
v) and injected into a high performance liquid chromatography unit
(HPLC) comprised of an Agilent 1200 series quaternary pump, auto-
sampler, ODS Hypersil column (250 x 4.6 mm; 5 mm particle size) and
photo-diode array (PDA) detector for separation, quantification and
identification. Concentrations of the pigments were calibrated using
commercial standards from DHI (Denmark) and expressed as nanomole
pigment per gram organic carbon (nmol/g TOC). In this study, thirteen
pigments indicating siliceous algae (diatoxanthin), cryptophytes
(alloxanthin), cyanobacteria (canthaxanthin), No-fixing cyanobacteria
(aphanizophyll),  chlorophytes-cyanobacteria  (lutein-zeaxanthin),
chlorophytes (Chl b, pheophytin b and pheophytin b’), and total algae
(Chl a, phaeophorbide a, pheophytin a, pyropheophytin a, and g-caro-
tene) were quantified and are reported. Original data of sedimentary
pigments in the Dongting Lake sediment core is from Zeng et al. (2023).

2.4. Geochemical analysis

After being digested using a mixture of HF, HCl, HNO3 and HCIO4 (3:
0.5: 6: 0.5, v/v), major metal elements (i.e., Al and K) and total phos-
phorus (TP) were analyzed using inductively coupled plasma-atomic
emission spectrometry (ICP-AES); and trace elements (i.e., Zn and Pb)
were analyzed using inductively coupled plasma-mass spectrometry
(ICP-MS). Zn and Pb mainly originate from mining activities and are
used to reflect industrial activities in the catchment (Chen et al., 2016).
Weathering of the Upper Yangtze Basin, which constitutes of Jurassic
sandstone and the carbonates, releases large quantities of K into the
Yangtze River (Chen et al., 2022). After eliminating the potential in-
fluence of grain size and organic matter by dividing K by Al, a typical
inert and conservative lithogenic element in the earth surface, previous
studies shows that the K/Al ratios in Dongting Lake is significantly
related with the sediment load in middle Yangtze River (Chen et al.,
2022; Wang et al., 2024). Therefore, the K/Al ratios was used to reflect
the hydrological connectivity with the Yangtze main channel in this
study. After the removal of carbonates using 5% HCI, total organic
carbon (TOC) and total nitrogen (TN) in the sediment cores were
analyzed using an element analyzer. Al, K, and TP in the sediment core
from Donghu Lake are from Wang et al. (2024). TP and TN in the
sediment core from Dongting Lake are from Zeng et al. (2023). TOC in
the Dongting Lake sediment core is from Zeng et al. (2022).

2.5. Statistical analysis

Principal component analysis (PCA) was used to simplify and sum-
marize the trend of the pigment dataset as the gradient length of the first
axis of the detrended correspondence analysis was < 2 standard de-
viations (SD), indicating a linear analysis was most appropriate (Zeng
et al., 2023). To compare the pigment records of the two lakes on a
common scale, a single PCA was performed using a dataset combining
the log(x + 1)-transformed pigment data from the two lakes. To assess
periods of major change in algal production in the two lakes, generalized
additive models (GAMs) were fitted to time series of pigment PCA axis 1
using the gamm() function with the “mgcv” (version 1.8.31) package
and the first derivatives were calculated using the “gratia” package. In
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order to investigate the potential drivers of algal production and com-
munity change (indicated by sedimentary pigments) in the two lakes,
redundancy analysis (RDA) was carried out. According to previous
studies from the middle Yangtze floodplain lakes (Chen et al., 2016;
Zhang et al., 2019; Zeng et al., 2023), explanatory variables in RDA
include proxies indicating hydrological connectivity with the Yangtze
main channel (i.e., K/Al ratio) (Chen et al., 2022), anthropogenic pol-
lutants from the catchment (i.e., Zn, Pb, TP and TN) (Wang et al., 2024),
and climate variables (i.e., annual temperature anomalies and the
drought-flooding index) (Supporting Information Figure S1). Both the
pigment dataset and the explanatory variables were log(x + 1)-trans-
formed before RDA. For the RDA, explanatory variables with a varia-
tion inflation factors (VIF) > 10 were excluded due to high collinearity,
and only the significant variables were presented. Significant variables
were then assigned into the three groups (i.e., hydrological connectivity,
anthropogenic pollutants and climate), and the variance partitioning
analysis (VPA) was performed to evaluate the relative importance of
hydrological connectivity, anthropogenic pollutants and climate change
on algal production and community composition change in the two lakes
(Hall et al., 1999). PCA and RDA were performed using Canoco 5.0
(Smilauer and Leps, 2014). The VPA was carried out in R (R Core Team,
2023) using the “vegan 2.5-4" package (Oksanen et al., 2019).

3. Results
3.1. Chronologies of sediment cores

In Donghu Lake, the '3”Cs was firstly detected at 35 cm and gradually
increased to a peak value of ~ 16.2 Bq/kg at 25 cm, followed by a
decreasing trend to the top of the sediment core (Fig. 2A). In Dongting
Lake, the peak value of ¥’Cs (~ 22.1 Bq/kg) was reported at 39 cm
(Fig. 2B). Therefore, this peak value of ¥Cs at 25 cm in the Donghu
Lake sediment core and at 39 cm in the Dongting Lake sediment core was
identified as 1963 CE, corresponding to the year with maximum nuclear
weapon tests (Chen et al., 2019). In both Donghu Lake and Dongting
Lake, excess 21°Pb (219Pb,,) showed a general exponential decreasing
trend from the top to the bottom of the sediment cores (Fig. 2A and 2B).
The chronologies of the sediment cores were established using 2'°Pb and
137Cs with the constant rate of supply (CRS) model.

3.2. Sedimentary pigments

The pigment assemblages showed a general increasing trend in the
Donghu Lake sediments over the last 200 years (Fig. 3A). In Donghu
Lake, concentrations of pigments indicating siliceous algae (diatox-
anthin), cryptophytes (alloxanthin), cyanobacteria (canthaxanthin), No-
fixing cyanobacteria (aphanizophyll), chlorophytes (lutein-zeaxanthin,
Chl b, pheophytin b and pheophytin b’) and all algae (Chl a, phaeo-
phorbide a, pheophytin a, pyropheophytin a and f-carotene) were low
and stable before the 1910s. Between 1910s and the 1980s, concentra-
tions of most of the pigments started to increase with the exception of
p-carotene which slightly decreased. During this period, biomarkers of
No-fixing cyanobacteria (aphanizophyll), which were barely detected
before the 1910s, appeared. After the 1980s, concentrations of all the
pigments substantially increased and reached the maximum in the
2010s.

Similar to Donghu Lake, pigment assemblages in Dongting Lake
sediments also showed an overall increasing trend over the last 200
years (Fig. 3B). The concentrations of all pigments were low in Dongting
Lake before the 1980s. After the 1980s, concentrations of all pigments
substantially increased, especially after the construction of the TGD in
2003 CE. Aphanizophyll (indicators of N,-fixing cyanobacteria) were
initially undetectable and profoundly increased after ~ 2005 in
Dongting Lake.

The first and second PCA axis explained 80.47% and 9.79% respec-
tively of the variance in the sedimentary pigments (Fig. 4). Correlation
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Fig. 2. Profiles of excess 210p, (21°Pbex), 137Cs and the chronology of the sediment cores from Donghu Lake (A) and Dongting Lake (B).

analysis showed that the first PCA axis was significantly (p < 0.001) and
positively (r > 0.80) correlated with all the pigments, and the second
PCA axis was significantly (p < 0.001) and negatively (r = —0.5)
correlated with indicators of Nj-fixing cyanobacteria (aphanizophyll).
The trajectories of changes in both lakes mainly reflects increased
abundance of all pigments. Sample scores on the first PCA axis were
generally smaller in Dongting Lake than in Donghu Lake, suggesting that
algal production (including Nj-fixing cyanobacteria) was higher in

Donghu Lake.

3.2. Comparison between sedimentary proxies

In Donghu Lake, K/Al ratios stabilized at a relatively high value of ~
0.275 before the 1910s, followed by a gradual decrease to ~ 0.24 in the
1980s and then remained stable thereafter (Fig. 5A). The concentration
of Zn was relatively stable before the 1910s and strongly fluctuated
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of the Three Gorges Dam in 2003 CE.

thereafter (Fig. 5B). Variations in Pb, TP and TN showed similar trends
in Donghu Lake over the last 200 years (Fig. 5C, 5D and 5E). Concen-
trations of these four elements were low before the 1910s, followed by a
gradual increase between the 1910s and the 1980s before substantially
increasing after the 1980s. TOC and C/D ratios (canthaxanthin/diatox-
anthin ratio) were low before the 1910s, followed by a gradual increase
between the 1910s and the 1980s before substantially increasing after
the 1980s (Fig. 5F and 5G). The results of GAMs showed that sample
scores on the first pigment PCA axis stabilized at relatively low values
before the 1910s, and significantly (p < 0.05) increased between the
1910s and ~ 2002 CE in Donghu Lake (Fig. 5H).

In Dongting Lake, K/Al ratios fluctuated around 0.295 before 2003
CE, followed by a sharp decrease to 0.275 in the 2020s (Fig. 5a). The
concentrations of Zn and Pb fluctuated before 2003 CE and then pro-
foundly increased after 2003 CE (Fig. 5b and 5c¢). TN and TP fluctuated
around 0.1% and 0.52 mg/g before the 1980s in Dongting Lake,
respectively (Fig. 5d and 5e). Between the 1980s and 2003 CE, TN
content slightly decreased from ~1.5% to ~ 0.5%, whereas TP content
increased from 0.5 mg/g to 0.6 mg/g. After 2003 CE, both TN and TP
profoundly increased, reaching ~0.35% and 0.75 mg/g after the 2010s,

respectively. TOC content was low before 2003 CE and increased
thereafter (Fig. 5f). The C/D ratios highly fluctuated before the 1980s
and slightly decreased thereafter (Fig. 5g). The GAMs showed that
sample scores on the first pigment PCA axis remained at relatively low
values before the 1980s, and significantly increased thereafter (Fig. S5h).

3.3. Relationship between sedimentary pigments and potential drivers

The first RDA axes explained 81.6% and 70.3% of the total variance
in the sedimentary pigments in Donghu Lake and Dongting Lake,
respectively (Fig. 6). In Donghu Lake, all pigments were positively
correlated with temperature and sedimentary TN, TP and temperature,
and negatively correlated with K/Al ratios (Fig. 6A). In Dongting Lake,
all pigments were positively correlated with Zn and temperature, but
negatively correlated with K/Al ratios (Fig. 6B).

VPA showed that the joint effects (33.4%) of hydrological connec-
tivity, anthropogenic pollutants and temperature explained the largest
amounts of variances in sedimentary pigments in Donghu Lake, followed
by the combined effects of hydrological connectivity and anthropogenic
pollutants (23.6%) (Fig. 7A). While the sole effect of hydrological
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connectivity (11.2%), anthropogenic pollutants (14.9%) and tempera-
ture (0.8%) on sedimentary pigments were relatively smaller, they were
significant (p < 0.05) (Fig. 7A) in Donghu Lake. In Dongting Lake,
anthropogenic pollutants alone explained the largest amounts of vari-
ances in sedimentary pigments (24.5%, p < 0.001), followed by the
additive effects of anthropogenic pollutants and temperature (17.8%)
and the joint effects of anthropogenic pollutants, temperature and hy-
drological connectivity (14.4%) (Fig. 7B). In contrast, the sole effects of
hydrological connectivity (6.4%) and temperature (3.4%) on sedimen-
tary pigments were smaller (p < 0.01).

Regression analysis shows that the C/D ratios are significantly and
negatively related with K/Al ratios (adj-R>= 0.63; p < 0.001), and
positively related to sedimentary TN (adj-R2= 0.61; p < 0.001) and TP
(adj-R%= 0.29; p < 0.001) in Donghu Lake (Fig. 8A). In Dongting Lake,
the C/D ratios are only significantly and negatively related with sedi-
mentary TN (adj-RZ: 0.12; p < 0.01) (Fig. 8B). In contrast, the re-
lationships between C/D ratios and K/Al ratios (p = 0.07) and
sedimentary TP (p = 0.06) are not significant.

4. Discussion
4.1. Changes in algal production

Chlorophyll and carotenoid pigments in lake sediments have been
widely used to reflect algal community composition in paleolimnology
and paleoecology, provided that the influences of degradation are
thoughtfully evaluated (Leavitt and Hodgson, 2002; Stevenson et al.,
2016; Moorhouse et al., 2018). In this study, we argue that changes in
sedimentary pigments mainly reflect the changes in algal community
composition rather than resulting from degradation. Firstly, the in-
creases in sedimentary pigments were concurrent with the increases in
sedimentary TP and TOC in both Donghu Lake and Dongting Lake

(Supporting Information Figure S2). In Dongting Lake, the increase in
sedimentary pigments after the 1990s was also consistent with the in-
crease in Chl a and phytoplankton biomass in the water column, as re-
flected by water monitoring data (Huang et al., 2013). Indeed,
regression analysis shows that both Chl a in the sediments (adj-R? =
0.60; p < 0.001) and sedimentary pigment PC1 (adj-R? = 0.50; p <
0.001) were significantly positively correlated with the phytoplankton
biomass in the water column in Dongting Lake (Supporting Information
Figure S4). Secondly, the Chl a/pheophytin a ratio increased after the
1910s in Donghu Lake (Supporting Information Figure S2A), probably
indicating improved pigment preservation which is associated with algal
production increases (Dixit et al., 2000; McGowan et al., 2012). Thirdly,
the concentrations of sedimentary pigments would be expected to
exponentially decline with depth if the changes in sedimentary pigments
were solely driven by degradation. Instead, pigment concentrations
remained stable after ~2010 CE and concentrations of diatoxanthin and
canthaxanthin even slightly decreased after 2015 CE in Donghu Lake.
For the large Dongting Lake, location of sampling site may cause bias in
explaining the sedimentary pigments due to potential spatial heteroge-
neities (Lin et al., 2021). Some key paleolimnological records of the
sediment core used in this study including canthaxanthin, TOC and 5'3C
were similar to previously published records by Chen et al. (2016) and
records of an unpublished sediment core in Dongting Lake (Supporting
Information S3). This suggests that sediment records gathered from the
sampling point in this study are broadly representative of the history of
Dongting Lake. Therefore, the overall increasing trends in the chloro-
phyll and carotenoid pigments appear to reflect the increases in algal
production in both Donghu Lake and Dongting Lake over the last 200
years, as witnessed in other freshwater lake basins (Dixit et al., 2000;
Stevenson et al., 2016; Moorhouse et al., 2018), as well as other Yangtze
floodplain lakes (Lin et al., 2023; Zeng et al., 2023). The relatively
greater magnitude of increase in sedimentary pigments in Donghu Lake
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suggests a more sizeable algal community shift (Fig. 3). Moreover, in-
creases in the ratios of C/D in Donghu Lake after the 1910s implied the
prevalence of cyanobacteria over diatoms (Fig. 5G). This indicated the
gradual increase of cyanobacteria dominance in the algal community,
which has been widely reported in north temperate and subarctic lakes
(Taranu et al., 2015).

4.2. Influence of anthropogenic nutrient inputs and climate warming

The timing (since 1980 CE) of significant changes in pigment com-
munities in Dongting Lake was consistent with the release of the “Re-
form and opening-up” policy in China (Fig. 4h), implying that human
activities in the catchment led to the shifts in algal communities in
Dongting Lake (Zeng et al., 2023). This is also in agreement with VPA
which showed that anthropogenic pollution alone explained the largest
amounts (24.5%) of the variance in the pigment assemblages in
Dongting Lake (Fig. 6B). In Donghu Lake, anthropogenic nutrients also
had the largest sole effects on the variance of sedimentary pigments
(Fig. 6A). Pollutants from agricultural and industrial activities in the
catchment are the main source of external nutrient inputs, including
nitrogen and phosphorus, leading to algal blooms in lake ecosystems
worldwide (Hou et al., 2022). As one of the most developed areas in
China, the Yangtze floodplain has experienced intensive social economic
development since the 1980s (Dearing et al., 2012), leading to increases
in nutrient influx to the floodplain lakes (Liu et al., 2018). In the
Donghu-Dongting Lake catchment LUCC showed that the urban area
nearly doubled from 2.2% to ~ 4.1% between the 1980s and the 2020s
(Fig. 1), reflecting the intensification of urbanization and industrial
development, which was recorded by the profound increases in sedi-
mentary Pb after the 1980s in both lakes (Chen et al., 2016). Meanwhile,
agricultural activities also intensely developed in the catchment during
this period. For example, the fertilizer usage increased ~ 1.75-fold from
the 1980s to the 2020s in the Dongting Lake catchment (Chen et al.,
2016). These resulted in the increases in anthropogenic pollutants
including nutrients into the lakes, as reflected by water monitoring re-
cords which showed increased TN and TP in the water column after the
1990s in Dongting Lake (Huang et al., 2013). As a consequence, algal
production increased in Dongting Lake and Donghu Lake during this
period (Huang et al., 2013). Therefore, our results support the idea that
anthropogenic nutrient inputs play an important role in driving the
shifts in algal assemblage in both Dongting Lake and Donghu Lake as
reported in many other Yangtze floodplain lakes (Lin et al., 2023; Zeng
et al., 2023).

While the changes in algal communities are consistent with re-
sponses to increasing anthropogenic nutrients, it is possible that
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, and *** indicate significance levels at <0.05, <0.01 and < 0.001, respectively.

warming also caused the variation in algal communities in the lakes as
revealed by RDA (Fig. 6). The results of VPA indicated that the joint
effects of temperature and anthropogenic pollutants explained a large
part of the variance in sedimentary pigments in Dongting Lake since the
1800s (Fig. 7B). This suggests that warming acted in synergy with nu-
trients in influencing the algal community in Dongting Lake over the last
200 years, which has been extensively reported in other Yangtze
floodplain lakes (Cao et al., 2014; Lin et al., 2021; Ran et al., 2023), as
well as many temperate and subarctic lakes in the northern hemisphere
(Taranu et al., 2015). By enhancing the release of sedimentary nutrients
and algal growth rates, warming can exacerbate the blooms of phyto-
plankton, especially cyanobacteria (Lin et al., 2023). It is worth-noting
that results of this study were different from previous studies on
Dongting Lake which suggested that temperature was insignificantly
related with sedimentary pigments (Chen et al., 2016; Zeng et al., 2023).
This might be attributed to the differences in the time scales of the
studies. Our study covers records of the last 200 years, whereas previous
studies mainly focus on records of the last 70 years. This is in agreement
with findings from Taibai Lake showing that temperature changed from
a significant variable to an insignificant variable in explaining sedi-
mentary chironomid assemblages as the focuses of the study changed
from centurial-scales to decadal-scales, implying that the influence of
warming on the lake ecosystem declined as anthropogenic activities in
the catchment intensified after the 1950s (Cao et al., 2014).

4.3. Influence of hydrological isolation from the Yangtze River

Although algal production also profoundly increased after the 1980s
and anthropogenic pollutants had the largest sole influence on sedi-
mentary pigments in Donghu Lake, the GAMs showed that significant (p
< 0.05) increases in algal production started from the 1910s when it was
separated from Dongting Lake (Fig. 4H). Moreover, VPA indicated that
hydrological connectivity also explained substantial quantities of vari-
ance in sedimentary pigments in Donghu Lake, either solely (11.2%), in
combination with anthropogenic pollutants (23.6%) or working jointly
with both warming and anthropogenic nutrients (33.4%) (Fig. 7A). This
provides strong evidence that hydrological isolation, in addition to
anthropogenic nutrient loading and warming, caused the most sub-
stantial increases in algal production and sedimentation in Donghu
Lake. After separating from Dongting Lake due to land reclamation and
natural siltation after the 1910s (Yu et al., 2020), Donghu Lake turned
into a hydrologically isolated lake which was disconnected from the
Yangtze main channel. This can be reflected by the decrease in K/Al
ratios after the 1910s (Fig. 4A), which indicates declining riverine
sediment influxes from the Yangtze River (Chen et al., 2022; Wang et al.,
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2024). Hydrological isolation from the main channel can stabilize hy-
drological conditions by prolonging water retention times, reducing
water exchange, water velocity and water level fluctuation in floodplain
lakes (Li et al., 2013; McGowan et al., 2011). This prolonged water
retention time and decreased water exchange ratios in floodplain lakes
may stimulate the retention of pollutants including nutrients and hence
amplify internal nutrient cycling which fuel primary production and the
sedimentation of algae (McGowan et al., 2011; Zeng et al., 2024).
Consistent with this explanation, sedimentary Pb, TN and TP increased
in Donghu Lake after the 1910s (Fig. 4C, 4D and 4E).

The changes in sedimentary proxies in Dongting Lake after 2003 CE
also support the idea that decreased hydrological connection with the
Yangtze main channel, in combination with the anthropogenic nutrient
inputs, caused the shifts in algal communities in the Yangtze floodplain
lakes. This explanation is supported by the VPA which showed that the
second largest proportion of variance in pigment assemblages were
explained by the combined effects of hydrology and human activities
(Fig. 6B). After the construction of the TGD in 2003 CE, the water
retention times increased from ~18 days to ~29 days and the water
exchange ratio decreased by ~ 35% in Dongting Lake, while the lake
retains free hydrological connection with the Yangtze River (Chen et al.,
2016; Wang et al., 2024). As a result, the supply of riverine suspended
particles decreased, as indicated by the sharp decreases in the K/Al ra-
tios after 2003 CE in Dongting Lake (Fig. 4A) (Chen et al., 2022). On the
other hand, the content of sedimentary Zn, Pb, TN and TP profoundly
increased during this period, suggesting the retention of pollutants and
nutrients (Chen et al., 2016), which probably resulted in the further
increase in algal production in Dongting Lake after 2003 CE.

With increasing nutrient influxes from human activities and warm-
ing, isolation from Dongting Lake seems to have also resulted in
enhanced prevalence of cyanobacteria in Donghu Lake, as reported in
many temperate lakes in the Northern Hemisphere (Taranu et al., 2015).
Firstly, the C/D ratio gradually increased after the 1910s in Donghu Lake
(Fig. 4G), indicating more pronounced increases in cyanobacteria than
siliceous algae. Secondly, regression analysis shows that the C/D ratios
are negatively related to K/Al ratios (adj-R?> = 0.63; p < 0.001) but
positively related to sedimentary TN (adj-R? = 0.61; p < 0.001) and TP
(adj—R2 = 0.29; p < 0.001) (Fig. 7A) in Donghu Lake. Stabilized and
lentic hydrological conditions after disconnection from the Yangtze
River (e.g., decreased flow velocity and water level fluctuations) were
more favorable for cyanobacteria rather than diatoms, the latter of
which have a physiological advantage in high-flushing and turbulent
water bodies (Richardson et al., 2018; Lin et al., 2021). Such lentic
conditions will also promote the retention of nutrients in such floodplain
lakes as these. Therefore, our results showed that hydrological isolation
of floodplain lakes from the main channel not only promoted overall
algal productivity, but also resulted in the dominance of cyanobacteria.

5. Conclusions

Our study provides clear evidence that hydrology connectivity is an
important factor in regulating algal community composition in Yangtze
floodplain lakes. Comparison of chlorophyll and carotenoid pigments in
Dongting Lake and one of its satellite lakes (Donghu Lake) showed that
algal production and the relative abundance of cyanobacteria to sili-
ceous algae, increased after the 1910s in Donghu Lake when it was
hydrologically separated from Dongting Lake and the Yangtze main
channel. Our results indicate that hydrological isolation from the main
channel accelerates algal and cyanobacteria blooms in Yangtze flood-
plain lakes, under a scenario of rapid urbanization and industrialization.
With the ongoing construction and planning of new dams, as well as land
reclamation, more floodplain lakes will lose their natural hydrological
connectivity with the main channel, especially in developing regions.
For example, there are more than 70 satellite lakes which have lost their
hydrological connectivity with the Yangtze main channel due to natural
siltation and the construction of the TGD in the Dongting Lake wetland
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(Wang et al., 2024). This will likely escalate the continuous HABs in
floodplain lakes. For the purpose of combating harmful algal blooms in
these floodplain lakes, it is vital to regain the free hydrological
connection with the main channel.
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