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Cyanobacterial blooms in freshwater systems are a global threat to human and aquatic ecosystem health,
exhibiting particularly harmful effects when toxin-producing taxa are present. While climatic change and
nutrient over-enrichment control the global expansion of total cyanobacterial blooms, it remains unknown to
what extent this expansion reflected cyanobacterial assemblage due to the scarcity of long-term monitoring data.
Here we use high-throughput sequencing of sedimentary DNA to track ~100 years of changes in cyanobacterial

community in hyper-eutrophic Lake Taihu, China’s third largest freshwater lake and the key water source for
~30 million people. A steady increase in the abundance of Microcystis (as potential toxin producers) during the
past thirty years was correlated with increasing temperatures and declining wind speeds, but not with temporal
trends in lakewater nutrient concentrations, highlighting recent climate effects on potentially increasing toxin-
producing taxa. The socio-environmental repercussions of these findings are worrisome as continued anthro-
pogenic climate change may counteract nutrient amelioration efforts in this critical freshwater resource.

1. Introduction

The worldwide expansion of freshwater cyanobacterial blooms has
severely threatened water quality, food-webs, habitat stability and
human health (Huisman et al., 2018; O'neil et al., 2012; Paerl and
Barnard, 2020; Paerl and Huisman, 2009; Paerl and Otten, 2013; Paerl
and Paul, 2012; Taranu et al., 2015). The effects of these blooms are
particularly adverse when toxigenic taxa are present (Komarek et al.,
2014; Merel et al., 2013). Over recent decades, the magnitude, areal
extent, and phenology of cyanobacterial blooms and their potential
drivers have been widely documented through monitoring, satellite
remote sensing and modeling (Ho et al., 2019; Shi et al., 2017, 2019).
These studies generally agree that human-induced nutrient (phosphorus
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and nitrogen) inputs and climatic change were the main contributors to
the worldwide expansion of cyanobacterial blooms (Paerl and Huisman,
2008; Paerl and Otten, 2013; Paerl et al., 2015; Posch et al., 2012;
Rigosi et al., 2014; Wagner and Adrian, 2009; Xu et al., 2021). However,
the lack of reliable long-term monitoring data that include pre-impact
conditions limits our understanding of whether potentially toxic cya-
nobacteria are following this same trend and, if so, which environmental
triggers lead to their blooms.

To compensate for the lack of temporally appropriate direct moni-
toring data, palaeolimnologists can reconstruct the influence of long-
term environmental stressors on aquatic ecosystems using various
physical, chemical, and biological proxies preserved in lake sediment
records (Liu et al., 2017; Smol, 2010). The composition and structure of
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cyanobacteria in sediment records are rarely determined using tradi-
tional microscopic techniques, as these taxa are typically not well pre-
served as microfossils. Pigment analyses have been used to reconstruct
historical changes in the abundance of several divisions of phyto-
plankton (e.g., cyanobacteria, diatoms, chlorophytes and cryptophytes),
while different taxa of cyanobacteria are difficult to be distinguished by
this method (McGowan et al., 2005; Pal et al., 2015). On the other hand,
newly developed sedimentary ancient DNA (sedaDNA) techniques offer
a novel window into the long-term dynamics of cyanobacterial succes-
sion and its linkages to environmental forcings (Cao et al., 2020;
Domaizon et al., 2013; Li et al., 2019; Monchamp et al., 2016, 2018; Tse
et al., 2018; Yan et al., 2019, 2020; Zhang et al., 2021a, 2021b).
Paleoclimate records have documented that past warm periods in
China were typically accompanied by a sharper land/ocean thermal
contrast resulting in the development of strong Asian summer monsoons
with greater wind intensity (Liu et al., 2013, 2017). Unlike major
warming periods in the past, recent climatic changes are further
complicated by interactions with multiple anthropogenic forcings,
including greenhouse gasses, anthropogenic aerosols, and land-use
changes. For example, increases in anthropogenic aerosols over the
past few decades have weakened the Asian summer monsoon wind in-
tensity (Menon et al., 2002), resulting in unparalleled changes to
important freshwater ecosystems (Liu et al., 2017). However, it remains
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unknown to how these anthropogenic changes affect the cyanobacterial
community.

Lake Taihu (meaning “large lake” in Mandarin) is China’s third
largest freshwater lake with an area of 2338 km?, located in the coun-
try’s most economically developed region (Fig. 1). Immense cyano-
bacterial blooms on this large lake have threatened this vital water
supply to approximately 30 million people (Qin et al., 2010; Shi et al.,
2017). For example, in May 2007, massive toxic blooms of Microcystis
led to a highly publicized drinking crisis in the city of Wuxi, leaving ~2
million inhabitants without drinking water for more than one week
(Guo, 2007; Qin et al., 2010). These large-scale threats have resulted in
the investment of more than 200 billion RMB (> US$30 billion) to fund
thousands of projects aimed at clean-up efforts in Lake Taihu (Cai,
2008). During this period, the Chinese government also closed more
than 6000 chemical industries linked to Lake Taihu water pollution.
Within the next ten years, the Chinese government plans to invest in
many additional projects to further control cyanobacterial blooms and
related environmental problems in Lake Taihu.

Although important for tracking the effects of environmental pollu-
tion, direct water quality monitoring data for Lake Taihu only extend
back approximately three decades, post-dating the onset of intense
industrialization in the catchment and accelerated climatic change.
Moreover, the current monitoring programs can over or underestimate
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Fig. 1. Location and setting. (A) Location of Lake Taihu, with the red star identifying the coring site for core TH19B. (B) The age model with uncertainty for core
TH19B using 2!°Pb chronology with the inserted figure showing the decay of 2°Pb with depth. (C) Image of a bloom event in Lake Taihu on July 2, 2021.
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the relative contributions of some cyanobacterial taxa because the
extracted cyanobacteria from water samples tend to exclude smaller
cells (<2 pm) that may not be captured on the filters used in water
sample monitoring (Kolmonen et al., 2004; Ye et al., 2011). Paleo-
limnological approaches and high-throughput sequencing of sedaDNA
are therefore needed to provide important pre-impact environmental
conditions, determine the long-term trajectories of potentially
toxin-producing cyanobacteria and help disentangle the effects of po-
tential stressors.

Here, we examined the paleo-record from Lake Taihu to track cya-
nobacteria responses to environmental changes within the context of the
past ~100 years. Specifically, we reconstructed changes in the cyano-
bacterial community structure using high-throughput sequencing of
sedimentary ancient DNA archived in a highly-resolved sediment record
(TH19B) with chronology established using 2!°Pb gamma spectroscopy
(Fig. 1). We aimed to (i) reconstruct the temporal changes of cyano-
bacterial community, (ii) identify the timing and tipping point of cya-
nobacterial community shifts and analyze the community characteristics
of the corresponding stages, and (iii) assess the relationships of cyano-
bacterial taxa, especially the potential toxin producers, with climate and
eutrophic stressors.

2. Materials and methods
2.1. Sediment archives

In October 2019, a 81.5-cm long gravity core (TH19B) was taken at a
water depth of 2.5 m from Meiliang Bay (31.48°N, 120.17° E) (Fig. 1), a
highly nutrient-enriched embayment (Chen et al., 2003) that supports
some of Lake Taihu’s densest cyanobacterial blooms (Shi et al., 2017,
2019). Meiliang Bay is located in the northwestern part of this lake and
is connected to two main rivers (the Liangxi and the Lujiang), which
discharge effluents from the nearby cities of Wuxi and Changzhou. The
nutrient-rich wastewater inputs to the lake mainly originate from these
sources in the northern and northwestern parts of the watershed,
resulting in the most severe cyanobacterial blooms of the lake. The
TH19B core was sliced into 0.5 cm contiguous segments for the length of
the core. A sediment aliquot was carefully subsampled in a sterilized
room and then frozen at —80 °C until DNA extraction was undertaken.
The remaining sediments were freeze-dried for 2'1°Pb dating and phys-
icochemical analyses.

The uppermost 45 cm of freeze-dried sediment were analysed for
210p activities using a High-Purity Germanium (HPGe) radiation
detection system (GWL-120-15, AMETEK, USA). The ages and sedi-
mentation rates of core TH119B were calculated using the constant rate
of supply (CRS) model (Appleby, 2001). It is well recognized that sedi-
ment TN and TP concentrations are often unreliable as proxies of past
nutrient concentrations and commonly do not reflect historical changes
in lake trophic conditions (Ginn et al., 2012). Thus, we only used lake-
water quality monitoring data for TN and TP, rather than from sediment
geochemistry, to track long-term trends more reliably in nutrient con-
ditions, and for conducting statistical analysis with the DNA data.
Lakewater measurements of TN (mg/L) and TP (mg/L) that were
collected from the northern part of Lake Taihu between 1987 and 2018
were synthesized from two studies (Dai et al., 2016; Wu et al., 2019)
(Fig. 2). We used the composite nutrient curve for the northern part of
the lake because the data for a specific point were not provided by the
original literature (Dai et al., 2016). The selected monitoring sites were
mainly located in Meiliang Bay.

2.2. Meteorological data

Meteorological data collected from 1956 to 2019, including wind
speed (m/s), rainfall (mm) and temperature ( °C), from the nearby (3 km
from Lake Taihu) Dongshan meteorological station (31°4'N, 120°26'E)
were used for examining potential climatic drivers of cyanobacterial

Water Research 229 (2023) 119435

0.20 : . . : : : .
[
S, 0.151
S
& 0.101
0.051
L5
L4 Q
(@]
L3 £
LD E
. : . 1
1980 1990 2000 2010 2020
Year

Fig. 2. Monitored lake water nutrient trends in northern Lake Taihu for
1987 to 2018 (Dai et al., 2016; Wu et al., 2019). (A) lakewater total nitrogen
(TN). (B) lakewater total phosphorus (TP).

population changes. These data were downloaded from the China
Meteorological Data Sharing Service System (https://data.cma.cn/).
Additionally, mean annual temperature data for the Northern Hemi-
sphere (Morice et al., 2021) from 1933 to 2019 were included for cli-
matic drivers’ analysis.

2.3. DNA extraction, amplification, and high-throughput sequence
analysis

For each interval in the upper 29 cm of core TH19B, lake sediment
DNA was extracted from 0.25 g wet sediment, using a Power Soil DNA
Isolation kit (Qiagen, Germany). The extracted material was subse-
quently amplified using indexed algae-specific primer pair p23SrV-f1/
p23SrV_rl (Sherwood and Presting, 2007). This primer set could pro-
vide better coverage of cyanobacterial community diversity than the 16S
rDNA primer set (Marcelino and Verbruggen, 2016). The domain V of
the 23S rRNA gene own universality which could cover most photo-
synthetic microbial groups (Presting, 2006; Sherwood and Presting,
2007). This primer set has also been widely used in previous studies
related to cyanobacterial community (e.g., Hou et al., 2014; Marcelino
and Verbruggen, 2016; Presting, 2006; Sherwood and Presting, 2007;
Steven et al., 2012; Yan et al., 2019; Zhang et al., 2021). One negative
control was added in each batch (15 samples) to prevent contamination
during the DNA extraction and during the polymerase chain reaction
(PCR) amplification. The PCR thermal profile was as follows: 95 °C, 2
min; 17 cycles with 0.5 °C step-down cycles from 66 to 58 °C for 30 s,
and then annealing at 58 °C for 30 s, extension at 72 °C for 30 s; 18 cycles
(94 °C, 30 's; 58 °C, 30 s; 72 °C, 30 s), and final extension at 72 °C for 5
min (Sherwood et al., 2008). Purified DNA was pooled to be sequenced
on the Ilumina HiSeq platform (Illumina Inc., USA) at the Magigene
Company.

The raw sequencing data obtained were analyzed by a combination
of USEARCH10 and R software, providing effective sequences for clus-
tering of amplicon sequence variants (ASVs) based on UNOISE3 algo-
rithm (Edgar, 2016) and an abundant frequency threshold of 10. The
taxonomic identification of representative ASVs was done manually
using the Basic Local Alignment Search Tool (BLAST) with a similarity
threshold of higher than 0.9 to compare with the cultured species in the
NCBI database (https://blast.ncbi.nlm.nih.gov/Blast.cgi). ASVs that
were assigned to phytoplankton were kept for subsequent analysis.

2.4. Statistical analysis

Nonmetric multi-dimensional scaling (NMDS) analysis was based on
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the Bray-Curtis dissimilarity matrix, using the vegan package for R.
“Change-point Analyzer” (Taylor, 2000) was used to identify periods of
significant change in cyanobacterial community shifts. The significance
(p<0.05) of the change points was tested by a combination of cumula-
tive sum charts and bootstrapping techniques (1000 repetitions).
Co-occurrence networks have proved to be an effective approach for
revealing the structure and function of phytoplankton communities
(Cao et al.,, 2020; Escalas et al.,, 2019; Tse et al., 2018). The
co-occurrence network analysis was carried out for the stages defined by
the change points with the Gephi v 0.9.2 (Bastian et al., 2009). The
nodes in the network plot represent the cyanobacterial taxa. A Spear-
man’s correlation matrix was calculated and significant correlations (|r|
> 0.6 and p < 0.05) were considered to be valid for the co-occurrence
network and were shown as the edges between nodes in the network
plot. The Fruchterman-Reingold placement algorithm was used for
module detection and network visualization (Bastian et al., 2009).

3. Results and discussion
3.1. Chronology and temporal changes in cyanobacteria community

Age-depth model for the sediment core TH19B based on the CRS
model indicated the upper 29 cm ranged from the ~1933 to 2019 with
an average sedimentation rate of ~2.97 cm/y (Fig. 1). Calculated ages
beyond 29 cm would have large age uncertainties (more than 34 years)
and were considered to be meaningless. The '¥’Cs activities of core
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TH19B did not display a peak and the concentrations most samples were
<5 Bq kg™1. Thus, we considered the '*”Cs dates unreliable. Using high-
throughput sequencing of sedaDNA, a total of 257 operational taxo-
nomic units (ASVs) associated with cyanobacteria were recovered from
the dated sediment core, and then grouped into 29 genera (Fig. 3). We
identified a clear pattern whereby the abundance of a potentially toxic
cyanobacteria taxa, Microcystis, progressively increased since the 1990s,
with a corresponding significant decrease of the previously dominant
Synechococcus (Fig. 3). Specifically, the proportion of Microcystis aver-
aged approximately 7% of the total population until 1991, then from
1992 - 2009, increased rapidly to a mean relative abundance of
approximately 19%. Following 2009, the proportion of toxin-producing
cyanobacteria fluctuated, but overall remained high with a mean rela-
tive abundance of approximately 69%.

Shifts in the entire cyanobacterial community were assessed using
axis 1 scores of a nonmetric multi-dimensional scaling (NMDS) analysis,
which helped to identify points of change over time. Significant change
points (with a 95% confidence level) were detected in ~1991
(1989-1995) and ~2009 (2009-2010), dividing the community-level
changes into three stages of cyanobacterial composition (Fig. 4). The
NMDS plot, based on the dissimilarities of cyanobacterial ASVs, clearly
indicated strong differences among the three stages (Fig. 4). Stage I (ca.
1933-1991) is dominated by Synechococcus (49-84% with a median
value of 69%), followed by Dolichospermum (formerly Anabaena)
(1-21% with a median value of 3.9%), Nostoc (0.4-13% with a median
value of 2.5%), Cyanobium (4-11% with a median value of 7%), and
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Fig. 3. Meiliang Bay cyanobacteria community changes over the past century based on ancient DNA recovered from sedimentary archives. The relative
abundances of the most common cyanobacteria recovered in a dated sedimentary record using high-throughput sequencing of sedaDNA. Ages of the sediment record
were estimated using 2!°Pb gamma spectrometry. Dark dashed lines correspond to significant compositional shifts (~1991 and ~2009) identified by change-

point analysis.
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Fig. 4. Non-metric multi-dimensional scaling (NMDS) plot showing differences in cyanobacterial ASVs.

Phormidium (0.6-14% with a median value of 2.8%). Stage II (ca.
1992-2009) is a transition stage where the relative abundance of Syn-
echococcus gradually decreases (16-69% with a median value of 42%),
with concurrent increases in Phormidium (2.6-22% with a median value
of 9.1%), Nostoc (0.5-25% with a median value of 6.2%), Dolicho-
spermum (2.4-30% with a median value of 9.0%) and the first notable
occurrence of Microcystis (6.5-55% with a median value of 6.6%). Stage
III (ca. 2010-2019) is marked by a sharp increase to dominance of
Microcystis (37-87% with a median value of 70%), and concurrent de-
creases in Synechococcus (4-32% with a median value of 10.9%), Nostoc
(0.2-11.7% with a median value of 2.1%) and Dolichospermum
(0.4-12.2% with a median value of 2.8%).

Co-occurrence network analysis was also used to reveal the differ-
ences between the three stages defined by the two change points in Tahu
(Table 1 and Fig. 5). The number of nodes of the resulting network was
highest (29) during 1933-1991, which is consistent with the higher
cyanobacterial diversity than the other stages. Meanwhile, the average
path length (2.25) during 1992-2009 was higher than those of the other
two stages (1.66 and 1), implying more interactions between different
species. Although with fewer nodes (24), the period during 2010-2019
displayed the highest network density (0.20), the highest number of
edges (54) and the highest average node degree (4.50), suggesting that

Table 1
Characteristics of co-occurrence networks.
1933-1991 1992-2009 2010-2019
Network characteristics
Number of nodes 29 25 24
Number of edges 10 23 54
Negative links (%) 9 13 26
Density 0.03 0.08 0.20
Node characteristics
Average degree 0.69 1.84 4.50

Edge characteristics
Average path length 1 2.25 1.66

this stage was more complex than the others. For the three stages,
significantly difference also existed in the keystone taxa (Fig. 5),
demonstrating remarkable changes in cyanobacterial structure and
functioning. Furthermore, the networks of the three stages differed in
terms of proportion of negative links and the stage during 2010-2019
exhibited a higher value (26%) than the other two stages (13% and 9%).

3.2. Reconstructing long-term cyanobacterial community changes using
high-throughput sequencing of sedaDNA

High-throughput sequencing of sedaDNA offered a taxonomically-
sensitive way to assess long-term changes in cyanobacterial commu-
nities, allowing us to extend the time span of cyanobacterial community
changes from about thirty years (based on identification of taxa in
lakewater monitoring samples using traditional microscopy methods) to
about one century. Although post-depositional DNA preservation may
possibly result in some biases in sedaDNA studies, no obvious decreases
in operational taxonomic units (ASVs) of specific genera with increasing
sediment age were detected, suggesting that there was no apparent
preferential DNA degradation. Our sedaDNA results identified several
cyanobacterial genera (e.g., Microcystis and Dolichospermum), which
were also found in previous microscopic assessments of water quality
monitoring data from Lake Taihu, as well as some microalgae (e.g.,
Synechococcus) that may not have been detected microscopically, likely
due to their small size (Chen et al., 2003; Deng et al., 2019). This
apparent discrepancy may be related to a bias against microalgae using
the traditional light microscopic analysis (Monchamp et al., 2016). In
addition, some biases may be generated with microscopic monitoring,
because the plankton identification can differ greatly from one investi-
gator to another. Overall, our results highlight the important role of
high-throughput sequencing of sedaDNA to obtain long-term and
high-resolution information on cyanobacterial community structure and
function.
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Fig. 5. Co-occurrence network analysis comparing the three stages of
Meiliang Bay cyanobacterial communities recovered by sediment ana-
lyses. Each edge represents a significant correlation (Spearman’s correlation
coefficients r > 0.6, p < 0.05), with red edges standing for a negative rela-
tionship and gray edges for a positive relationship. Different colors of the nodes
are representative of different modularity classes. The node and font size are
proportional to the node degree which are calculated to characterize the to-
pology of resulting networks.

3.3. Climate change as the driver of the increasing trend in potentially
toxic cyanobacteria

Rapid economic development in Asia over recent decades has led to a
pronounced increase in anthropogenic aerosol emissions (e.g., black
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carbon), reducing incoming solar radiation through increased cloud
albedo, thereby attenuating the sea-land thermal contrast and the in-
tensity of monsoonal winds (Menon et al., 2002). Lake Taihu, located in
the most economically developed region of China, is experiencing both
significant increases in regional air temperatures and reduced wind
speeds. Meteorological observations recorded at the Dongshan climate
station near Lake Taihu since 1970 show that the mean annual wind
speed has weakened by about 1.55 m/s with a linear decreasing rate of
0.29 m/s per decade (R2 = 0.67, p < 0.001), while the mean annual air
temperature has increased by about 2.17 °C with a linear increasing rate
of 0.40 °C per decade (R2 = 0.89, p < 0.001).

Although many cyanobacterial species have the potential to produce
toxins (Huisman et al., 2018), the toxic cyanobacterial blooms were
mainly dominated by Microcystis spp. in Lake Taihu (Otten and Paerl,
2011; Qin et al., 2010). In our study, the Microcystis we recovered from
sediment can be highly potential toxin producers. Significant positive
correlations were identified between the increase in abundance of
Microcystis and increases in the mean annual air temperature of the
Dongshan meteorological station near Lake Taihu (r = 0.65, p < 0.001;
1956-2019) (Fig. 6A). This upward warming trend over recent decades
(Fig. 7F) coincided with the increase in the proportion of Microcystis and
a corresponding decrease in picocyanobacteria including Synechococcus
(Fig. 7B) and Cyanobium (Fig. 3). The increasing proportion of Micro-
cystis (Fig. 7B) and declines in mean annual wind speed (Fig. 7E) were
negatively correlated (r = —0.89, p < 0.001; 1956-2019) (Fig. 6C). In
contrast, no significant correlation was found between the abundance of
Microcystis and mean annual precipitation (Fig. 6B), nor with lakewater
total nitrogen (TN) and total phosphorus (TP) concentrations (Fig. 6D).
These trends likely indicate that N and P are in excess of algal demands
throughout much of the year (Xu et al., 2021). Our results show that,
given the current high nutrient hypertrophic state of Lake Taihu, climate
change (warming and weakened wind speed) is now the key driver of the
observed increasing abundance of Microcystis.

Elevated temperatures may favor Microcystis in several ways.
Increasing regional air temperatures, accompanied by low wind speeds,
can encourage stable stratification of the water column and weaken
vertical mixing, promoting ideal conditions for the growth of highly
buoyant, surface bloom-forming Microcystis (Huisman et al., 2004;
Johnk et al., 2008; Walsby, 1994). Although the growth rates of many
cyanobacteria increase with higher temperatures, Microcystis is espe-
cially sensitive to temperature increases when compared to other cya-
nobacterial genera (Rigosi et al., 2014), such as Synechococcus. In
addition, dense surface blooms are capable of strong light absorption
that can increase the temperature of bloom areas by approximately
1.5-3 °C compared to the surrounding surface waters (Kahru et al.,
1993). This positive feedback mechanism may further facilitate the
dominance of Microcystis. These surface blooms can then shade
non-buoyant phytoplankton species, thus suppressing their photosyn-
thetic growth (Johnk et al., 2008). The Synechococcus, as fast-growing
“r-strategy’’ picocyanobacteria, are sensitive to nutrient pulses and
have been found to be more abundant in nutrient-rich conditions
(Scanlan and West, 2002; Zhang et al., 2021). The growth of Synecho-
coccus exhibited larger sensitivity to nutrients than Microcystis (Rigosi
etal., 2014). Interestingly, when the nutrients increased fast since 1980s
in northern Lake Taihu, the abundance of Synechococcus decreased,
accompanied by an increase in Microcystis. This phenomenon suggests
that, even if the nutrient conditions are suitable for the growth of Syn-
echococcus, the lack of buoyancy advantage in the competition with
Microcystis may lead to the decrease of the abundance of
picocyanobacteria.

Although lakewater TN and TP concentrations in the northern Lake
Taihu were not correlated significantly with the abundance of Micro-
cystis during 1987-2018 (Fig. 6D), their pronounced increase in the
1990s was accompanied by accelerated eutrophication. This suggests
that, in the early stages of Microcystis expansion, the impact of nutrient
enrichment on cyanobacterial biomass and composition (Chen et al.,
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Fig. 6. Relationships between the abundance of Microcystis in Meiliang Bay sediment record and environmental variables. (A) Significant and positive
correlations were observed between the abundance of Microcystis and the mean annual temperature at Lake Taihu between ~1933 and ~2019. (B) The abundance of
Microcystis was not significantly correlated with annual rainfall observed at Lake Taihu between ~1956 and 2019. (C) Significant correlations were observed between
the abundance of Microcystis and the wind speed recorded at Lake Taihu from ~1956 to ~2019. (D) Monitored lakewater total nitrogen (TN) and total phosphorus
(TP) in northern Lake Taihu (Dai et al., 2016; Wu et al., 2019) from ~1987 to ~2018 were not significantly correlated with the Microcystis abundances.

2003) are important. However, over the last thirty years, climatic fac-
tors, rather than nutrient conditions, are playing an increasingly
important role in modulating changes in the cyanobacterial community
in northern Lake Taihu. For example, after 1996, despite the imple-
mentation of a series of pollution management strategies that effectively
reduced lakewater TN and TP concentrations (Fig. 7D), Microcystis
abundance continued to increase. During this period of nutrient re-
ductions, the striking shift in cyanobacterial community composition
was also reflected by an equally pronounced rise in chlorophyll a con-
centrations (Qin et al., 2019) and an earlier start to the bloom period by
up to 29.9 days since 2003 (Fig. 7C) (Shi et al., 2019). These phyto-
plankton community trends, including the clear disconnect between
declining nutrients and increasing algal biomass, agree with a response
to regional warming and weakening wind speeds.

3.4. The underestimation of climate change effects on potentially toxic
cyanobacteria

Our results revealed that the increase of potentially toxic Microcystis,
which we link mainly to recent climate change, may weaken the stability
of cyanobacterial communities, and thus negatively impact the aquatic
ecosystem. Based on co-occurrence network analysis (Table 1 and Fig. 5)

Stage III of Lake Taihu cyanobacteria composition (ca. 2010 — 2019) was
characterized by the highest negative link values of the record, indi-
cating weak community stability and an increase in mutual exclusion
between cyanobacterial taxa (Cao et al., 2020; Escalas et al., 2019;
Lawes et al., 2017). The majority of these negative links were correlated
to increases in Microcystis, suggesting that the potentially toxic cyano-
bacteria are the main contributors to the community structure changes.

While previous studies have confirmed that climate change can lead
to cyanobacterial bloom expansion, our study demonstrates that
warming and declining wind speeds can also increase the proportion of
potentially toxin-producing taxa. In Lake Taihu, the relative contribu-
tion of potentially toxic cyanobacteria to blooms after ca. 2009 was
approximately four times higher than before ca. 1991. This suggests that
recent climate changes have been significantly underestimated as
drivers of the accelerated rate of potentially toxic cyanobacteria bloom
formation. Whilst 30 years of water quality monitoring would be
considered an exceptionally long data set by any international standard
(Smol, 2019), these data could not effectively distinguish the proportion
of potentially toxin-producing cyanobacterial taxa. Furthermore, the
initiation of the monitoring program post-dates the onset of accelerated
warming and industrialization and was therefore not of sufficient length
to identify the relative roles of eutrophication and climate-related



J. Zhang et al.

Water Research 229 (2023) 119435

Year Fig. 7. Comparison of long-term trends in Meiliang Bay potentially
1940 1960 1980 2000 2020 toxlc‘c‘yanobacterla with Feglont?l c.hmat.e and lalfe wat(?r nutrient
L N 1 N 1 A 1 A conditions. (A) Non-metric multi-dimensional scaling axis 1 scores
0.44 (NMDS1) represents the main direction of cyanobacterial community
’ change. (B) The percent relative abundance of Microcystis (potential
(7’ 0.01 toxin producers; orange shading) and Synechococcus (light blue line)
(] . derived from ancient DNA in the Meiliang Bay sediment record. (C)
= 0.4 Changes in chlorophyll a concentration from lake water quality moni-
Z -0.41 toring data (Qin et al., 2019) and bloom start dates (11) in Lake Taihu.
0.8 ;\? (D) Changes in lakewater total nitrogen (TN) and total phosphorus (TP)
g V.09 N ~ concentrations from northern Lake Taihu (Dai et al., 2016; Wu et al.,
8 751 75 2 2019). (E) Trends in mean annual wind speed recorded at the Dong-
8 = 501 L50 (g‘ shang climate station near Lake Taihu. (F) Changes in mean annual
_8 § 8 temperature for the Northern Hemisphere (dark green line) (Morice
8 251 25 6 et al., 2021) and Dongshang station (orange), and Dongshang annual
< ] = rainfall (light gray line). Vertical gray lines represent significant cya-
cz‘ 0 = 75 nobacterial compositional shifts identified by change-point analysis
= 2 100 40" (~1991 and ~2009).
£ 23
S T 125 308 5,
ge! o2
m 20 5 =
20151 105
o))
£.0.10; 5
o )
L3 £
44 prd
D 1
QD —~
=30
wn £ 3.
T = oY
E < O
= 1 2
2. O >
Q @©
0.5 g— g
o C
0 = ©
— 17 2
£ E5
L1165 ©
—13001 16 S
© £
= 10001 150
= ~
0]
o 700 T v T Y T v T v
1940 1960 1980 2000 2020
Year

variables. SedaDNA affords the unique advantage of providing the
requisite temporal context (ca. 100 years) to distinguish between the
relative contributions of nutrients and climate change to cyanobacterial
bloom history. As climate warming continues, and wind speeds decline
further, the intensity and frequency of toxic algal blooms in Lake Taihu
and elsewhere will likely increase, despite effective nutrient abatement
programs. These findings further highlight that anthropogenic climate
change is the new “threat multiplier” (Smol, 2010), making it even more
critical for lake managers to continue implementing effective nutrient
control strategies, particularly in lakes that continue to be affected by
cultural eutrophication

4. Conclusion

We firstly reconstructed changes in cyanobacterial community based
on sedaDNA data over the last century at Lake Taihu, the third largest
freshwater lake in China. Abrupt change of cyanobacterial communities
occurred around two change points around 1991 and 2009. After each
point, cyanobacterial communities were progressively getting more
complex and unstable evidenced by correlation-based network analysis.

This cyanobacterial community shift may be linked to the progressively
increasing of potentially toxic cyanobacteria taxa (Microcystis spp.)
abundance since 1980s. Correlation analysis reveals that temperature
and wind speed may be the main drivers of cyanobacterial community
changes. The general trend of warming and weakening winds in recent
decades in Lake Taihu facilitated the growth of potentially toxic cya-
nobacterial taxa, which could have counteracted the efforts of pollution
control measures. Climate change contributed to the acceleration of
potentially toxic cyanobacteria dominance in Lake Taihu during recent
global warming. Toxic cyanobacteria blooms in eutrophic lakes may be
more severe in the context of future warming, seriously threating
aquatic ecosystems and drinking water safety.
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