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In this study, the spatiotemporal variation of benthic algae and their harmful secondary
metabolites were studied from autumn to summer in Qingcaosha Reservoir. Benthic al-
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gae (picophytobenthos accounting for 55.42%) had a high biomass during overwintering,

Benthic algae

and the groups of overwintering benthic algae included pico-Cyanobacteria, pico-Cryptomonas,

Picophytobenthos

pico-Chlorophyta, pico-Diatoms, Cyanobacteria, Chlorophyta, Cryptomonas and Diatoms, which

Winter

were consistent with the planktonic algae species in warm seasons. In oligotrophic or

Harmful secondary metabolites

mesotrophic water bodies, micronutrients of iron and manganese were key nutrient factors influencing the biomass of benthic algae. Furthermore, picophytobenthos were important potential contributors of harmful secondary metabolites. The content of microcystins, anatoxin-a, geosmin and 2-methylisoborneol in sediment were 15.75 μg/kg·FW,
48.16 μg/kg·FW, 3.91 ng/kg·FW, and 11.76 ng/kg·FW during winter, which had potential to
be released into water bodies to impact water quality. These findings indicate that water
quality monitoring programs need to consider sediment in winter as a potential source of
toxins and preventative measures to prevent excessive proliferation of algae should be implemented in winter.
© 2022 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
Reservoir water resources are vital to agricultural production,
drinking water safety and economic development. In reservoir ecosystems, algae are common components including
benthic algae (in the sediment), planktonic algae (in the water column) and other algae (Catherine et al., 2013). Benthic
algae are widespread in freshwater environments and they
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could produce various harmful secondary metabolites, which
have potential adverse effects on water quality (Scott and Marcarelli, 2012; Enrique et al., 2017; Cai et al., 2017). Thus, knowledge of benthic algae in reservoir are important, that can provide guidelines into drinking water management.
Research on benthic algae is conducive to the improvement of water quality in oligotrophic or mesotrophic reservoir. Currently, many successes in the reduction of nutrient
loads and the corresponding decline of planktonic algae abundances (Jia et al., 2014; Horn et al., 2003). With the increase of
water clarity, there are adequate light intensity in sediment
surface, which is beneficial for photosynthesis of benthic
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algae (Scott and Marcarelli, 2012). Besides, they could utilize
the sufficient nutrient contents in sediment surface (Scott and
Marcarelli, 2012; Catherine et al., 2013). Therefore, benthic
algae have higher competitive advantage in oligotrophic or
mesotrophic water bodies. The smallest size group (0.2 to
2.0 μm) of benthic algae and planktonic algae are picophytobenthos and picophytoplankton, respectively. These picoorganisms also have highly competitive advantage under oligotrophic or mesotrophic circumstances, because they have
large specific surface area, high metabolic activity and high
energy conversion efficiency (Read et al., 2014). The above indicate that benthic algae and picophytobenthos could exist in
lower trophic level reservoirs, which may have potential influence on water quality. However, the management strategies
of benthic algae and picophytobenthos is still considered incomplete (Catherine et al., 2013). Little is known about benthic
algae and their impact on drinking water quality (Gaget et al.,
2017).
In order to understand the influence of benthic algae on
water quality, it is necessary to study the biomass, community structure and harmful secondary metabolites of benthic algae. However, there have been few studies on these.
Previous studies have shown that picophytoplankton contribute more and more to the total biomass of planktonic
algae from hypereutrophic to oligotrophic freshwater environments (Read et al., 2014; Zhao et al., 2019). However, little known about the abundance of picophytobenthos to total benthic algae in oligotrophic or mesotrophic water bodies. Due to the extremely small cell size, unobvious morphological features and culturing difficulties of picophytoplankton and picophytobenthos, traditional techniques are not suitable for them (Ning et al., 2021). Currently, flow cytometry
has been used for the qualification and quantitation of picophytoplankton according to their natural pigment fluorescent properties and cell size (Yang et al., 2019), while rarely
applied to picophytobenthos. Studies worldwide established
the production of known toxin and odorant by benthic algae (Enrique et al., 2017; Cai et al., 2017). Compared to planktonic algae, benthic algae contribute more to neurotoxin like
saxitoxins, anatoxin-a and homoanatoxin-a (Catherine et al.,
2013). Therefore, benthic algae present potential risk for water quality. Hitherto, most of harmful secondary metabolites are detected when the biomass of benthic algae is high
(Bauer et al., 2020). It is necessary to learn more about benthic algae responsible for releasing these metabolites at relatively low biomass levels. On the one hand, the biomass of
benthic algae in the oligotrophic or mesotrophic reservoir may
be low. On the other hand, these metabolites exist in the reservoir, which could easily impact the drinking water safety. In
addition, picophytoplankton, such as pico-Synechococcus and
pico-Chrysochromuina, have been confirmed that they have
ability to produce harmful secondary metabolites, involving
microcystins, cylindrospermopsin and geosmin and so on
(Ning et al., 2021; Yew-Hoong et al., 2021). In contrast, there is
almost no research on the picophytobenthos and their toxic
secondary metabolites. Therefore, it is an urgent need to gain
an insight into the risk picophytobenthos represent to water
quality.
It is also necessary to study the characteristics of benthic
algae during overwintering period to understand the influence
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of overwintering benthic algae on water quality. The overwintering benthic algae fall into two categories: the algae sinking
to the sediment surface and the algae growing on the sediment surface (Zhou et al., 2016; Catherine et al., 2013; Jia et al.,
2014). Overwintering benthic algae in the surface sediment
not only impact the water quality in winter, but also are the
major source of algae bloom in the following year (Chen et al.,
2016). Studies have suggested that overwintering benthic algae affect the resuspension and recovery of algae during warm
spring (Fallon and Brock, 2010; Chen et al., 2016). For example, Gomphosphaeria and Microcystis could sink to the sediment surface to overwinter in the form of vegetative colonies,
and then repopulate the water by passive or active processes
when environmental conditions are favorable (Wu et al., 2008;
Gaget et al., 2017). Thus, it is urgent to use some effective management strategy to control overwintering benthic algae. Numerous efforts involving the reduction of nutrients, chemical
algicides, physical measures and biological approaches have
been made to suppress populations of algae (Zhou et al, 2016).
Nevertheless, remediation measures are not always entirely
satisfactory, as most control strategies are implemented after
the excessive reproduction of algae, which may incur tremendous costs and lead to negative consequences such as algae
toxin release (Jia et al., 2014). Moreover, these control methods also neglect the annual life cycle of algae, including the
planktonic and benthic resting stages (Kong and Gao, 2005). In
the four-stage hypothesis of algae bloom formation proposed
by Kong and Gao, overwintering and recruitment were identified as the bottleneck stages for algal development. Consequently, when control practices are implemented during these
stages, the efficiency of cost and control could be greatly enhanced. However, research on these preventative strategies is
not enough.
For the purpose of providing new water quality management strategies, preventing seasonal excessive reproduction
of algal and improving drinking water safety, the spatial (sediment and water) and temporal (specially in overwintering
stage) variation of benthic algae and their harmful secondary
metabolites should be studied. In this study, the Qingcaosha
(QCS) Reservoir in Shanghai, China, is selected as the representative of water bodies. Through the methods of FCM, ELISA
and SPME-GC/MS, this paper aims to: (1) investigate the spatiotemporal variation of benthic algae and harmful secondary
metabolites during overwintering period; (2) reveal the main
environmental factors affecting overwintering benthic algae
biomass and community structure; (3) understand whether
picophytobenthos contribute to toxin and odorants; (4) explore the influence of overwintering benthic algae on water
quality and planktonic algae.

1.

Methods

1.1.

Field sites and sampling

The QCS Reservoir (31°27 N, 121°38 E) is a source of drinking
water for over 10 million people in Shanghai, China. From 2017
to 2020, the comprehensive nutrition state index in this reservoir ranged from 46 to 51, which was at lower trophic levels
(Zhu, 2021). However, seasonal and occasional algae problems
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remained in QCS Reservoir. The phytoplankton community
structure was of Cryptophyta-Bacillariophyta type in winter, of
Bacillariophyta-Chlorophyta type in spring, of BacillariophytaCyanophyta type in summer and of Cyanophyta-Bacillariophyta
type in autumn (Wu, 2017).
In order to have a more comprehensive understanding of
the overwintering benthic algae characteristics, the sampling
months covered twelve months (September, 2020 - August,
2021). Eight sampling sites were evenly distributed in QCS
Reservoir (Appendix A Fig. S1). A total of 96 sediment (surface
layer) samples and 96 water samples (0.5 - 1.0 m over the sediment) were collected during sampling period, showing spatial variation between water and sediment. After using a gravity core sampler and hydrophore to collected, these samples
should be sealed and shaded immediately and then kept under 4°C after transported to the laboratory.

1.2.

Measurement of sediment parameter

Sediment parameter analysis was carried out after sample
collection. pH and sediment moisture content (SM) were determined in laboratory according to the standard methods
(Appendix A Table S1). Total carbon (TC) and total nitrogen
(TN) were measured by elemental analyzer (Vario Macro Cube,
Germany). Total phosphorus (TP) was extracted by HCl and
then determined with the standard methods in Chinese (HJ
632-2011). The measurements of available iron (Fe) and available manganese (Mn) was conducted by extraction of DTPA
with an atomic adsorption spectrometer (ContrAA 700, Jena,
Germany). To auxiliary calibrated the flow cytometry monitoring, chlorophyll-α (Chl-α) was measured by spectrophotography (Cary 60, Agilent, Malaysia) after immersing in acetone for
24 hr.

1.3.

Flow cytometry analysis and microscopy

Flow cytometry was performed using a CytoFLEX flow cytometer (Beckman Coulter Co.Ltd & Cytoflex, USA), equipped with
blue (488 nm) and red (638 nm) solid state diode lasers. Forward scatter (FSC) and side scatter (SSC) were used to differentiate approximate cell size and cell granularity/complexity
of algal groups. Yellow/green fluorescence (PE-585/42 nm),
orange fluorescence (APC-660/20 nm) and red fluorescence
(PC5.5-690/50 nm) were used to represent fluorescence from
the accessory pigment phycoerythrin (PE), phycocyanin (PC)
and chlorophyll (CHL), respectively. All sediment samples
should be pretreated by the ultrasonic cell disrupter (JY92-IIN,
Ultrasonic Processor, Xinzhi Inc., China) firstly. Ultrasound is
a destructive technique, which can also cause microbial cell
cleavage when sediment is broken, so it is necessary to choose
moderate ultrasonic conditions. Within 24 hr after collection,
samples of 1 g wet mass were transferred to 15 mL sterilized
cryogenic vials containing 10 mL of a 2% paraformaldehyde
(PFA) solution. The benthic algae were detached from sediment by treatment for 1 min (3 × 20 sec with breaks of 20 sec in
between) with an ultrasonic probe with an actual output of 38
W at the flat tip (Buesing and Gessner, 2002). After centrifugation, the supernatant was filtered through a 40 μm nylon mesh
in order to avoid clogging of the installation and then stored
in an ultra-low temperature refrigerator at -80°C. For all water

samples, the 10 mL water samples were filtered by 40 μm nylon mesh and fixed with 0.1% glutaraldehyde fixation solution.
After 15 minutes of fixation, they were quickly frozen in liquid
nitrogen and stored in -80°C ultra-low temperature refrigerator. Before detected by flow cytometry, the sample should be
thawed, and then added 10 μL beads (Thermo Fisher Scientific
Inc., USA) as internal standard.
Microscopic analysis was carried out using a Nikon Eclipse
E 100 microscope. A small number of fresh sediments were
placed on a glass slide and examined under a 400 × microscope to record the morphology of benthic algae. Microscopic
observation could directly prove the existence of benthic algae
in sediment.

1.4.

Detection of toxin and odorant

The hepatotoxic MCs and neurogenic ANTX-a were determined by Enzyme Linked Immunosorbent Assay (ELISA) in
this paper. After the sediment samples were collected, 2 mL
compound extract (N-butanol: Methanol: Water =1:4:15) were
added to 1 g sediment samples (Ding et al., 2000). Then each
sediment sample was extracted three times by a freeze-thaw
process (-80°C and 37°C, 20 min, respectively), which was used
to determine the sum of dissolved toxin and intracellular
toxin in sediment. After centrifugation at 3500 rpm for 15 min,
the supernatant was extracted and diluted with pure water
until the methanol content was less than 2.5%. Then the concentration of toxin was determined according to the ELISA
kits. After the water samples were retrieved, a freeze-thaw
process (-80°C and 37°C, 20 min, respectively) was repeated
three times, which was used to determine the sum of dissolved cyanotoxin and intracellular cyanotoxin in water according to the ELISA kits.
The assays used were indirect competitive ELISAs:
QuantiPlateTM Kit for Microcystins (EnviroLogix, USA);
Anatoxin-a ELISA Microtiter Plate (Abraxis, USA). According to the kit instructions, the limit of quantifications were
0.05 and 0.1 μg/L, respectively. The intensity of blue after
reaction was inversely proportional to the concentration of
toxin in the samples. Using a microplate reader (Varioskan
Flash, USA) to quantify the blue color. As recommended by the
kit, three parallels were carried out during per experiment.
The concentration of toxin in the sample was determined by
interpolating the standard curve of toxin produced in each
run.
GEO and 2-MIB were determined by solid phase microextraction (SPME) coupled with gas chromatography mass
spectrometry (GC-MS) (TSQ Quantum XLS, USA). 1 g sediment
sample was placed into an amber glass bottle, 5 mL pure water was added, and the bottle was sealed immediately. And
for water sampling, it was just taking 5 mL of water sampling into an amber glass bottle. Sediment standard sample
was prepared with 1 g Silica Sand (120-180 μm) instead of 1 g
sediment and water standard sample was prepared with 5 mL
pure water. Then seven different concentrations of standard
2-methylisoborneol and geosmin (ANPEL, China) (0.25, 0.5, 1,
2, 6, 8, 10 ng/L) were added into, respectively. Before analysis,
adding 1 g NaCl and 10 μL of internal standard 2-isobutyl-3methoxypyrazine (0.5 μg/L) (O2Si, USA) to each sample bottle and standard bottle. For some water samples with a quite
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low concentration, single point standard method was used
(Wang et al., 2013). The limit of detections (LODs) and limit
of quantifications (LOQs) were defined through analyzing the
0.5 ng/L standard sample 7 times (Zhou, 2014). The LODs and
LOQs in water and sediment were shown in Appendix A Table S2 and the chromatogram of standards were shown in Appendix A Fig. S6.
SPME was performed using an automated device: samples
were heated and stirred at 60°C for 15 min, and then a fiber
plug was placed into the head space of the vial for 30 min in
order to absorb the volatile odor compounds. The fiber was
immediately transferred to the injection port of the gas chromatograph and desorbed in the splitless mode at 260°C for 5
min (Xin et al., 2018). During the GC-MS process, the temperature program was started with hold time for 2 min under 40°C
and then the temperature was raised at a temperature gradient of 30°C/min to 180°C; after reaching 180°C, the temperature was raised again at a temperature gradient of 10°C/min to
270°C and held for 3 min. Helium gas was used as the carrier
gas at a constant flow rate of 1.0 mL/min (Shen et al., 2020). The
GEO and 2-MIB concentration of sediment and water samples
were determined using an internal standard method.

1.5.

Statistical analysis

All data sets were normalized using means and standard deviations of the variables using Microsoft Excel 2010. The 1/2
LOQs were used for later statistical analysis if the data below the limit of qualification (MWR, 2013). Canoco 5.0 Software
was used to perform redundancy analyses (RDA) between environmental factors and benthic algae groups. Variation partitioning analysis (VPA) about the contribution of different
nutrients to the variations in community structure of benthic algae and picophytobenthos were performed on the Major Cloud platform (https://cloud.majorbio.com/). Spearman
correlation between benthic algae species and harmful secondary metabolites were conducted using SPSS 21.0. The formula of biomass, unit conversion, distribution was described
in details in Supporting Information Appendix A Text S1.

2.

Results

2.1.

Identification of algae species

In sediment and water, ten phenotypically distinct groups of
algae species were identified and gated based upon their fluorescence and size characteristics, which are pico-Cyanobacteria
(P2), Cyanobacteria (P3), PE-rich pico-Cyanobacteria (P4), CHL-rich
Cyanobacteria (P5), pico-Cryptomonas (P6), Cryptomonas (P7),
pico-Chlorophyta (P8), Chlorophyta (P9), Diatoms (P10) and picoDiatoms (P11) (Fig. 1, Appendix A Fig. S2).
P1 cells were characterised by beads, which particle size
were 2.0 μm and had yellow-green fluorescence (505/515). P2,
P3, P4 and P5 groups were identified as cyanobacteria according to high phycocyanin fluorescence (Fig. 1B, C) (Yang et al.,
2019). P2 (< 2 μm) and P3 (> 2 μm) cell types were characterized as pico-Cyanobacteria and Cyanobacteria based on different
particle size (Fig. 1A). P2 and P3 cells may be Synechococcuslike Cyanobacteria and Microcystis-like Cyanobacteria, respec-
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tively (Read et al., 2014). P4 PE-rich pico-Cyanobacteria were
characterized by higher levels of PE levels than P2 (Fig. 1C)
(Ning et al., 2021). P5 displayed higher CHL levels than P3
so they were classified as CHL-rich Cyanobacteria (Fig. 1B,
C). P6 and P7 groups were identified as cryptophyta based
upon the high levels of phycoerythrin fluorescence (Fig. 1C, D)
(Read et al., 2014). P7 had larger particle size (> 2 μm) than P6
(Fig. 1A). Thus, P7 cells were Cryptomonas and P6 cells were picoCryptomonas. P10 and P11 cells were characterized by bacillariophyta with high levels of fluorescence on both the chlorophyll and phycocyanin channels but low phycoerythrin fluorescence (Fig. 1B, C) (Read et al., 2014; Tamm et al., 2018).
These two groups of bacillariophyta were discriminated between each other mainly based upon differences in particle
size (Fig. 1A). Therefore, P10 were Diatoms and P11 were picoDiatoms. Two groups of chlorophyta were identified (P8 and P9),
exhibiting lower chlorophyll fluorescence than P10 and P11
(Fig. 1B, D) (Yang et al., 2019; Ning et al., 2021) and discriminated between each other based upon differences in particle
size (Fig. 1A). The particle size of P8 cells were less than 2.0 μm,
which were characterised by pico-Chlorophyta. P9 groups were
Chlorophyta.
Among these ten algae groups, P5 and P11 appeared only
in specific seasons, while others existed all year round (Appendix A Fig. S3). The results of flow cytometry firstly confirmed the presence of picophytobenthos. According to the
microscopic pictures of benthic algae (Appendix A Fig. S4),
various types of cyanobacteria (Chroococcus, Synechococcus, Microcystis, Phormidium, Lyngbya and Oscillatoria), chlorophyta
(Chlororella) and bacillariophyta (Melosira and Coscinodiscus)
were found in sediment.

2.2.

Spatiotemporal variation of algae

2.2.1.

Seasonal variation

During sampling period, the monthly mean biomass of benthic algae and picophytobenthos was 7.82 × 104 - 4.23 × 105
cells/g·FW and 1.92 × 104 - 2.74 × 105 cells/g·FW, respectively
(Fig. 2A, Appendix A Table S4). The percentage of picophytobenthos to benthic algae was 15.66% - 71.59% during sampling period. In winter, the proportion of picophytobenthos
to benthic algae was 45.09% - 66.20% (Fig. 2A). Generally, the
change trend of algae biomass was decreased firstly and then
increased from September 2020 to August 2021. Particularly,
the biomass of benthic algae and picophytobenthos had an increase in winter: the monthly mean biomass of them reached
the maximum in January (the coldest month of the year) simultaneously, which were 3.55 × 105 cells/g·FW and 1.76 × 105
cells/g·FW, respectively (Fig. 2A).
The structure of benthic algae communities responded
to spatial and temporal variability (Fig. 3A-D). In sediment,
pico-Cyanobacteria, PE-rich pico-Cyanobacteria, pico-Chlorophyta,
Cryptomonas and Chlorophyta were the dominant algae and
accounted for 89.02% of the total benthic algae in winter
(Fig. 3B). Particularly, the percentage of CHL-rich Cyanobacteria, pico-Chlorophyta and Cryptomonas was higher in winter than other seasons, which was 7.09%, 8.16% and 28.92%,
respectively (Fig. 3B). Nevertheless, the percentage of picoCyanobacteria (13.51%), Chlorophyta (22.03%) and Cyanobacteria
(5.75%) reached the minimum in winter. The percentage of
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Fig. 1 – Flow cytometry panels showing gating profiles for SSC (side scatter) against FSC (forward scatter) (A), APC
(phycocyanin) against PC5.5 (chlorophyll) (B), APC against PE (phycoerythrin) (C) and PC5.5 against PE (D) for the ten benthic
algae cells. Each group is: standard beads (P1), pico-Cyanobacteria (P2), Cyanobacteria (P3), PE-rich pico-Cyanobacteria (P4),
CHL-rich Cyanobacteria (P5), pico-Cryptomonas (P6), Cryptomonas (P7), pico-Chlorophyta (P8), Chlorophyta (P9), Diatoms (P10) and
pico-Diatoms (P11).

Diatoms was high in both winter (2.25%) and summer (3.40%).
Other three algae groups had highest percentage in summer,
which was 3.17% 0.04% and 3.97%, respectively. Particularly,
CHL-rich Cyanobacteria only appeared in certain seasons, such
as winter and summer.
From autumn to summer, the biomass of planktonic algae was decreased firstly from 8.02 × 107 cells/L to 2.66 × 107
cells/L, and then increased to 8.76 × 107 cells/L. The biomass
of picophytoplankton had similar trend with planktonic algae,
which dropped from 5.00 × 107 cells/L to 1.39 × 107 cells/L and
then raised to 6.97 × 107 cells/L. Both biomass of planktonic
algae and picophytoplankton was at the lowest in January.
The twelve-month mean biomass was 6.40 × 107 cells/L and
3.52 × 107 cells/L, respectively (Fig. 2B, Appendix A Table S5).
The percentage of picophytoplankton to planktonic algae was
33.74% - 72.75% during sampling period.
The diversity of planktonic algae was higher than benthic
algae, especially in winter and spring (Fig. 3E-H). In winter, the
percentage of CHL-rich Cyanobacteria, pico-Cryptomonas, Chlorophyta, Diatoms and pico-Diatoms was higher than other seasons, which was 0.28%, 9.19%, 23.97%, 17.78% and 3.98%, respectively (Fig. 3F). But the percentage of pico-Cyanobacteria
(8.49%) and Cyanobacteria (0.95%) was lowest in winter. Other
three planktonic algae, including PE-rich Cyanobacteria, Cryp-

tomonas and pico-Chlorophyta, had highest percentage in
spring.

2.2.2.

Spatial variation

Spatial variation here focused on the variation between water and sediment. The species of planktonic algae in the water matched those identified in the sediment, which also had
ten groups. The distribution of ten different algae groups in
sediment and water was changed seasonally (Fig. 4). For the
groups of pico-Chlorophyta and Chlorophyta, the sediment distribution percentage had slight fluctuations with season (Fig. 4),
indicating that they may mainly exist in the surface of sediment and their migration with seasons were not obvious.
For pico-Cyanobacteria, PE-rich pico-Cyanobacteria, Cyanobacteria, pico-Cryptomonas, Cryptomonas, pico-Diatoms and Diatoms
groups, their sediment distribution percentage increased in
winter and decreased in spring or summer. This phenomenon
suggested that they tend to exist in sediment during overwintering stage and then move into water during warm seasons. Especially, most of these benthic algae belong to picophytobenthos. The sediment distribution percentage of CHLrich Cyanobacteria was much higher than water distribution
percentage during the whole sampling period, indicating that
this algae group was inclined to exist in water even in win-
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ter. Additionally, the sediment distribution percentage of picoCyanobacteria, PE-rich pico-Cyanobacteria, pico-Cryptomonas and
Cyanobacteria groups increased obviously from October, and
Cryptomonas, Diatoms and pico-Diatoms from November (Fig. 4).
In addition, the decline of sediment distribution percentage
occurred in different months. These results suggested that the
transformation between water and sediment took place in different time for different algae.

2.3.
Spatiotemporal variation of harmful secondary
metabolites
2.3.1.

Fig. 2 – The biomass of benthic algae and picophytobenthos
(A), and the biomass of planktonic algae and
picophytoplankton (B) during twelve month. Median values
are represented by the line inside the box, 25th and 75th
percentile as the box, 5th to 95th percentile as whiskers,
mean values as round dots (●). Symbols outside the 5th to
95th percentile boundaries are 1% and 99% percentile (×).
FW means fresh weight.

Seasonal variation

In 96 sediment samples, MCs and ANTX-a were detected
with high frequency (91.67% and 98.96%). The monthly mean
concentration range of MCs was from 10.04 μg/kg·FW to
21.30 μg/kg·FW and annual mean content was 14.85 μg/kg·FW
(Fig. 5A, Appendix A Table S3). The content of MCs was high
(15.75 μg/kg·FW) in winter compared with autumn and spring,
and it reached the maximum in summer (17.81 μg/kg·FW).
For the ANTX-a, the monthly mean content was higher than
MCs, with the range from 29.21 to 66.02 μg/kg·FW (Fig. 5B).
The mean concentration of ANTX-a in sediment of QCS Reservoir was 49.23 μg/kg in twelve months and 48.16 μg/kg·FW
in winter. The detection rate of GEO and 2-MIB were 88.54%
and 94.79%, respectively. And the concentration of GEO were
much lower than 2-MIB (Fig. 5C, D). The annual average values
of GEO and 2-MIB contents in the sediment of QCS Reservoir
were 3.28 ng/kg·FW and 8.43 ng/kg·FW, respectively (Fig. 5C, D).
The content of the two odorant was high in winter and low in
other seasons, which were 3.88 ng/kg·FW and 11.73 ng/kg·FW,
respectively. Conclusively, the concentration MCs, GEO and

Fig. 3 – Community structure of benthic algae (A-D) and planktonic algae (E-H) in different months and sites. Algae that
cannot be classified by fluorescence properties are defined as Unclassified.
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Fig. 4 – The distribution of ten different algae groups in sediment and water from autumn to summer.

2-MIB was high in winter. Particularly, the biomass of benthic
algae and picophytobenthos was high in winter (Fig. 2A).
The fluctuate trend of four harmful secondary metabolites
in sediment and water was similar during the sampling period
(Fig. 5). In 96 water samples, the detection rate of MCs, ANTX-a,
GEO and 2-MIB was 29.17%, 69.79%, 88.54% and 96.88%, respectively. From September 2020 to August 2021, Most monthly
mean concentration of MCs were under the LOQs (Fig. 5A).
Particularly, the monthly average concentration were high in
December (0.075 μg/L) and April (0.174 μg/L). For ANTX-a, the
concentration was lower in winter than other seasons, which
concentration in many samples were under the LOQs (Fig. 5B).
GEO had highest average content of 0.801 ng/L in winter and
lowest average content of 0.510 ng/L in spring, which fluctuated during the whole sampling period (Fig. 5C). The monthly
mean concentration of 2-MIB was ranged from 0.703 ng/L to
1.115 ng/L, which had higher content in January (Fig. 5D).

Besides, the average annual content of GEO and 2-MIB was
0.588 ng/L and 0.718 ng/L, respectively. Conclusively, these four
harmful secondary metabolites had higher content in winter
than autumn and spring. However, the biomass of planktonic
algae and picophytoplankton was low in winter (Fig. 2B).

2.3.2.

Spatial variation

The partitioning coefficient of all four harmful secondary
metabolites was highly variable, indicating that the partition
behaviors of them in the aquatic environment were complex
(Table 1). Form autumn to winter, the mean value of KM , KG and
KB decreased, indicating that the adsorption capacity of sediment in autumn was higher than in winter. Therefore, MCs,
GEO and 2-MIB in sediment easily released to water during
overwintering. Besides, KA in winter was higher than in autumn so that ANTX-a was tend to stay in sediment during
winter. Form winter to spring, KM , KA and KB declined except
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Fig. 5 – The concentrations of MCs (A), ANTX-a (B), GEO (C) and 2-MIB (D) in water and sediment during twelve sampling
period. In each combination chart, the upper and lower sides show the concentration in water and sediment, respectively.
The LOQs of MCs, ANTX-a GEO and 2-MIB in water are 0.05 μg/L, 0.1 μg/L, 0.26 ng/L and 0.25 ng/L, respectively. The monthly
average values are calculated by the 1/2 LOQs instead of undetected values. Even if these calculated mean values are below
the limit of quantifications, they show up in this figure.

for KG . Thus, the sediment adsorption capacity of MCs, ANTXa and 2-MIB in winter was higher than in spring, which was
opposite of GEO. Form spring to summer, KM increased, while
KA, KB and KG decreased, suggesting that the sediment adsorption capacity of ANTX-a, 2-MIB and GEO declined .

2.4.

Relationships analysis

2.4.1.

Environment factors and benthic algae

The measurements of sediment physiochemical properties
were showed in Appendix A Fig. S5. RDA was performed
to perform the relationship between environmental factors
and the benthic algae communities (Fig. 6A). The angle between two angles < 90o represents a positive relationship,
and the smaller angle implies a stronger positive relationship. In contrast, the angle more than 90o indicates a negative relationship, and the greater angle also implies a stronger
negative relationship. Additionally, the arrow length reflects
the importance of the parameter. Therefore, the temperature
(T) arrow length was long, indicating that it played strong
influence on benthic algae. The arrow lengths of pH and
SM were shorter than T, so their had less impacts on the
variation of benthic algae community. pH was a key factor
for CHL-rich Cyanobacteria and SM was for pico-Cyanobacteria.
Fe and Mn had a positive correlation with Cyanobacteria,
PE-rich pico-Cyanobacteria, pico-Cryptomonas, Cryptomonas, pico-

Chlorophyta, Chlorophyta, Diatoms and pico-Diatoms. TC, TP and
TN had a positive correlation with pico-Cyanobacteria, picoChlorophyta and pico-Cryptomonas. In addition, the TC arrow
length was short, indicating that it played weaker influence on benthic algae than other nutrients. Furthermore,
the blue sample points were concentrated upon the Fe and
Mn arrows, suggesting that the variation of benthic algae
community in winter was mainly influenced by these two
factors.
In order to identify the key nutrient in the changes of benthic algae community in winter, the above five nutrients were
divided into two groups of trace metal elements (Fe and Mn)
and other nutrients (TC, TP and TN) for variation partitioning analysis. Two trace metal elements and three other nutrients contributed 18.36% and 16.53% to the variation in benthic algae community, respectively (Fig. 6B). This result suggested that iron and manganese played greater influence on
overwintering benthic algae. Furthermore, two trace metal
elements contributed 22.03% to the variation in picophytobenthos community, which was higher than benthic algae
(Fig. 6C). During sampling period, the average concentration
of Fe and Mn was high in winter, which was 118.64 mg/kg·DW
and 75.71 mg/kg·DW, respectively (Appendix A Fig. S4). The
fluctuate trend of these two trace metal elements was similar
to the total benthic algae biomass during the sampling period
(Fig. 2A).
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Table 1 – Partitioning coefficient of sediment - water (K) for each harmful secondary metabolites during sampling period.
Season

Month

Autumn Sep.
Oct.
Nov.
Winter

Dec.
Jan.
Feb.

Spring

Mar.
Apr.

May
Summer June
July
Aug.

KM

KA

KG

KB

Range (Mean value) Mean

Range (Mean value) Mean

Range (Mean value) Mean

Range (Mean value) Mean

185.77-939.54
454.69
(205.65)
152.12-866.00
(272.54)
181.12-493.03
(175.55)
60.90-810.35 (113.27) 403.30

76.09-302.13(199.37) 396.01

1.59-40.21 (17.17)

0.67 -13.88 (7.57)

49.13-294.84 (181.95)

1.14-22.97 (12.04)

11.27-26.75 (20.61)

455.42-1144.99
(806.70)
36.04-2457.83
713.54
(629.77)
174.73-835.41
(477.84)
304.01-2196.09
(1033.00)
417.17-2018.65
506.73
(940.66)
159.81-306.96
(237.47)
66.70-819.12 (342.07)
101.38-456.98
389.06
(436.42)
101.38-990.63
(332.04)
80.96-1167.69
(395.72)

0.58-3.04 (1.55)

2.38-45.46 (15.59)

158.99-755.83
(238.44)
226.10-544.54
(232.33)
43.78-706.40 (187.03) 365.54
53.85-1445.24
(173.88)
53.85-958.84 (62.66)
83.16-965.91 (136.23) 560.07
66.60-1309.17
(162.03)
66.60-1602.41
(127.85)

1.06-19.06 (5.98)

10.26

6.68

0.79 -50.96 (13.99)

2.36-7.31 (4.21)

3.92-36.87 (13.50)

1.26-27.89 (9.84)

3.44-15.57 (9.82)

3.98-8.76 (5.60)

11.46

1.07-52.53 (21.67)
2.15-10.48(7.10)
1.54-30.73 (11.32)

5.09-25.44 (11.31)

14.59

12.44

8.04

0.61 -28.51 (6.20)

6.13

1.22 -11.22 (6.61)
3.10-8.88 (6.40)

3.30-7.27 (4.75)

2.61-16.78 (7.72)

1.21-4.34 (2.32)

1.83-15.85 (7.40)

7.17

The partitioning coefficient for MCs, ANTX-a, GEO, 2-MIB is KM , KA , KG and KB , respectively. The values below the limit of qualification are
calculated by the 1/2 LOQs.

Fig. 6 – Redundancy analysis (RDA) between all the benthic algal species and environmental factors (A). Variation
partitioning analysis (VPA) about the contribution of two trace metal elements (Fe and Mn) and three other nutrients (TC,
TN, and TP) to the variations in community structure of benthic algae (B) and picophytobenthos (C) in winter.

2.4.2.

Benthic algae and their harmful secondary metabolites

Spearman’s rank correlations were performed between
harmful secondary metabolites and benthic algae species
(Table 2). MCs had positive correlation with pico-Cyanobacteria,
Cyanobacteria, CHL-rich Cyanobacteria, Cryptomonas, picoChlorophyta and pico-Diatoms. Except for Cyanobacteria and
Cryptomonas, all of them belonged to picophytobenthos.
ANTX-a had positive correlation with eight benthic algae
groups besides PE-rich pico-Cyanobacteria and Chlorophyta.
Especially, Cyanobacteria (P<0.01), Diatoms (P<0.05) and pico-

Diatoms (P<0.05) had strongest positive correlation with
ANTX-a. The GEO had positive correlation with all of ten benthic algae groups. Among of them, Cyanobacteria (P<0.05) and
PE-rich pico-Cyanobacteria (P<0.05) were significantly positively
associated with GEO. Pico-Cryptomonas were negatively associated with 2-MIB, while others were positively related with
it. Particularly, 2-MIB had strongly positively correlation with
PE-rich pico-Cyanobacteria (P<0.01), CHL-rich Cyanobacteria
(P<0.01) pico-Cyanobacteria (P<0.05) and Cyanobacteria (P<0.05).
Conclusively, the concentration of harmful secondary
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Table 2 – Spearman correlation between harmful secondary metabolites and benthic algae species (N=96).
Correlation
coefficient
Benthic
algae
species

∗

MCs
pico-Cyanobacteria
Cyanobacteria
PE-rich pico-Cyanobacteria
CHL-rich Cyanobacteria
pico-Cryptomonas
Cryptomonas
pico-Chlorophyta
Chlorophyta
Diatoms
pico-Diatoms

∗

0.287
0.292∗
-0.016
0.781
-0.159
0.076
0.031
-0.026
-0.104
0.006

ANTX-a

GEO

2-MIB

0.196
0. 424∗∗
-0.027
0.824
0.001
0.039
0.035
-0.031
0.305∗
0.260∗

0.024
0.291∗
0.402∗∗
0.678
0.065
0.008
0.109
0.161
0.155
0.015

0.285∗
0.265∗
0.412∗∗
0.415∗∗
-0.024
0.008
0.207
0.082
0.020
0.203

Significant correlation at the 0.05 level (2-tailed);
Significant correlation at the 0.01 level (2-tailed).

∗∗

metabolites was positively associated with the biomass
of most benthic algae. Picophytobenthos also had an important influence in the concentration of harmful secondary
metabolites.

3.

Discussion

3.1.
Iron and manganese are the main nutrients affecting
the overwintering benthic algae
There are many factors that affect the seasonal change of
benthic algae community structure. For temperature, studies have indicated that Cyanobacteria and pico-Cyanobacteria
show strong preferences to higher temperature so that they
tend to become dominant groups in warm seasons (Wu, 2017;
Catherine et al., 2013). However, Eukaryotic algae and picoEukaryotic algae exhibit growth optimal at lower temperature
seasons (Ning et al., 2021). Substrate type is a special factor
influencing benthic algae. Sediment moisture content is related to substrate types. Previous studies suggested that sediment moisture content and the stability of sand, silt and clay
increase successively (Koiter et al., 2017). Benthic algae, such
as Cyanobacteria, Chlorophyta and Cryptomonas, are predominantly found on stability substrates (Mateo-Cid and MendozaGonzalez, 1994). QCS Reservoir is an estuarine reservoir, which
has wet and dry periods (Zhu, 2021). During wet periods, new
sediments enter the reservoir, which will change the substrate
types and influence the benthic algae. In addition, temperature, pH and sediment moisture content had a strong correlation with picophytobenthos according to our study. This may
because picophytobenthos are easily influenced by environmental changes due to their tiny cell sizes and very different
physiological characteristics (Yang et al., 2019). Therefore, they
have an obvious variation with seasons.
With the decrease of nitrogen and phosphorus content in
water, the influence of some micronutrients (such as Fe and
Mn) on algae is highlighted. Generally, the contents of trace
metal elements Fe and Mn in water are often lower than the
detection limit of the instrument, so their effects are easily
neglected. Nevertheless, they are more easily detected in sediment. According to our study, trace metal elements Fe and Mn
in sediments had a greater impact on benthic algae and pico-

phytobenthos than carbon, nitrogen and phosphorus. The reason may be that: unlike nitrogen and phosphorus, trace metal
elements cannot be synthesized by algal cells themselves
hence they could only be absorbed from the external environment (Mark et al., 2016). Thus, benthic algae and picophytobenthos are greatly affected by iron and manganese. Fe and
Mn, as the essential micronutrients for algae growth, could
act as cofactors of biological biochemical enzymes and participate in algae biochemical reactions (Pernil and Schleiff, 2019).
Fe and Mn could increase the utilization rate of nitrogen and
phosphorus by algae, which promotes algae multiply in oligotrophic water (Huang, 2009). Picophytobenthos are easily influenced by environmental changes due to their tiny cell sizes
and very different physiological characteristics (Yang et al.,
2019). These environmental changes also include the two
trace metal elements of iron and manganese in our research.
In QCS Reservoir, picophytobenthos is the main component
of benthic algae. Therefore, the influence of iron and manganese on picophytobenthos could easily be expanded to affect the biomass and community structure of the benthic algae. During overwintering, algae were inclined to transfer to
sediment in our study, so the iron and manganese in sediment
have more chance to impact these algae. Besides, some algae
will be more vulnerable in the form of vegetative cells during
winter, which are easily affected by the changes of iron and
manganese (Fallon and Brock, 2010). Consequently, iron and
manganese greatly affect overwintering benthic algae. For water quality management at lower trophic levels, it is necessary
to pay attention to not only on nitrogen and phosphorus, but
also on iron and manganese.

3.2.
Picophytobenthos are potential contributors of
harmful secondary metabolites
According to our study, pico-Cyanobacteria and Cyanobacteria
were major contributors to MCs. Cyanobacteria, Diatoms, and
pico-Diatoms were potential contributors to ANTX-a. Cyanobacteria and PE-rich pico-Cyanobacteria were majorly potential contributors of GEO. Pico-Cyanobacteria, Cyanobacteria, PE-rich picoCyanobacteria and CHL-rich Cyanobacteria were mainly potential contributors of 2-MIB.

68

journal of environmental sciences 117 (2022) 58–70

Cyanobacteria are photosynthetic prokaryotes and they are
also quantitatively among the most important organisms
on Earth (Catherine et al., 2013). It is well known that they
could generate all these four harmful secondary metabolites
(Shen et al., 2020). According to our studies, Cyanobacteria in
sediment were mainly related to MCs, ANTX-a, GEO and 2MIB. Besides, a variety of Cyanobacteria including Chroococcus, Synechococcus, Microcystis, Phormidium, Lyngbya and Oscillatoria are found by microscopy in sediment. Microcystis are
considered to be the most widespread cyanobacteria, presenting a serious risk for human and animal health due to
their ability to produce MCs as well as other metabolites
(Zhou et al., 2016). Phormidium, Lyngbya and Oscillatoria are
important component of benthic cyanobacteria, which make
great contribution to the production of neurotoxin like ANTXa (Enrique et al., 2017). In this study, Cyanobacteria in sediment had more significant correlation with ANTX-a than
MCs, indicating that the different growth environment with
different temperature, light, oxygen and nutrient concentrations, may change the type of toxin produced by Cyanobacteria. Additionally, Phormidium, Lyngbya and Oscillatoria in sediment are found as important producers of 2-MIB and GEO
(Cai et al., 2017; Watson et al., 2008). On the basis of our studies, pico-Cyanobacteria also contributed to the production of
harmful secondary metabolites. Pico-Synechococcus are an important component of pico-Cyanobacteria (Zhang et al., 2020a).
Pico-Synechococcus are widely distributed in major water bodies in the world because they have a strong temperature
tolerance and capability of growth at a wide range of light
(Kheireddine et al., 2017). Previous studies suggested that picoSynechococcus could produce MCs, ANTX-a and cylindrospermopsin (CYN) (Yew-Hoong et al., 2021). In addition, they could
also cause odorous events and some strains could produce 2MIB and GEO (Zhang et al., 2020a).
Cryptomonas, Chlorophyta and Diatoms are belong to eukaryotic algae. On the basis of our studies, the correlation between
four harmful secondary metabolites and these eukaryotic
algae was lower than that of Cyanobacteria. Cryptomonas and
Chlorophyta are common components in reservoir ecosystems
(Wu, 2017). Hitherto, almost no studies have illustrated that
Cryptomonas and Chlorophyta could release these four harmful
secondary metabolites. Cryptomonas and Chlorophyta are one
of the high-quality baits for aquatic animals with high protein and unsaturated fatty acids. Diatoms could produce some
algae toxin, including saxitoxin (STXs), beta-N-methylaminoL-alanine (BMAA) and so on (Jiang et al., 2014). In addition,
previous studies suggested that Diatoms could produce GEO
(Ning et al., 2021). Diatoms and pico-Diatoms also contributed
to the ANTX-a production according to our studies.
Benthic algae and picophytobenthos collectively contribute to the production of harmful secondary metabolites in
QCS Reservoir. Knowledge about them is important to better
access the reservoir status.

3.3.
Overwintering benthic algae present a potential risk
to water quality
There are many factors that affect drinking water safety, such
as dissolved oxygen, total nitrogen, total phosphorus, iron,
manganese and so on. Apart for these general indicators, al-

gae and their secondary metabolites also have an important
impact on drinking water safety. In winter, some algae, such
as pico-Cyanobacteria, PE-rich pico-Cyanobacteria, Cyanobacteria,
pico-Cryptomonas, Cryptomonas, pico-Diatoms and Diatoms, have
a migration from water to sediment. Therefore, the biomass
of benthic algae in winter had a slight increase in our study.
Accordingly, the density of planktonic algae decreased. The
biomass of picophytobenthos and picophytoplankton also
changed similarly. These variation may lead water bodies to
become clear in winter. Nevertheless, we found that the concentration of some harmful secondary metabolites in water did not decrease with the declining biomass of planktonic algae and picophytoplankton. Apart from influencing
by other microorganisms (such as Actinomycetes) (Xin et al.,
2018; Ning et al., 2021), overwintering benthic algae and picophytobenthos also affect the concentration of harmful secondary metabolites. During overwintering, some algae will
die and release harmful secondary metabolites into the water (Falconer and Humpage, 2010). Moreover, multiple studies have examined that interspecific competition will promote
algae to generate harmful secondary metabolites to inhibit
the competitor (Zhang et al., 2020b). In winter, there are a
great number of algae gathered in sediment which may easily
cause the competition for growing sites, nutrients, light, oxygen, and other conditions. Therefore, due to the death of some
algae and the increasing biomass of benthic algae, the content
of harmful secondary metabolites in water are high in winter. In addition, this phenomenon may have relationship with
the special sediment circumstances. Some harmful secondary
metabolites, such as MCs and ANTX-a, will decompose if exposed to ultraviolet (Kaminski et al., 2013). Thus, they can exist
for a long time in sediment (low oxygen content and light intensity). Moreover, we find the harmful secondary metabolites
are inclined to release to water during overwintering. The official guideline for MCs in drinking water of China is 1 μg/L (GB
5749-2006). However, there is no official guideline for ANTXa, but 3 μg/L has been suggested (Merel et al., 2013). GEO and
2-MIB have very low odor threshold concentration, which are
reported as 8 ng/L and 10 ng/L (Watson et al., 2008). According
to our research, the content of MCs, ANTX-a, GEO and 2-MIB
in sediment were high during winter, which may have potential impact on human and animal health if releasing to water.
Therefore, the presence of harmful secondary metabolites in
winter should be routinely investigated.
Surface sediment is both a destination and a habitat for
overwintering algae (Zhou et al., 2016). Gomphosphaeria and
Microcystis could sink to the sediment surface to overwinter in the form of vegetative colonies, and then repopulate
the water by passive or active processes when environmental conditions are favorable (Gaget et al., 2017; Wu et al.,
2008). Therefore, sediment is an important “seed bank” for
the resuspension and recovery of algae during warm spring
(Poulíčková et al., 2008; Zhou et al., 2016). Previous studies suggested that the recruitment of benthic algae may be important
for planktonic algae population and may even be responsible for bloom formation in summer (Chen et al., 2016). In this
study, pico-Cyanobacteria, PE-rich pico-Cyanobacteria, Cyanobacteria, pico-Cryptomonas, Cryptomonas, pico-Diatoms and Diatoms
had migration with seasons and they tended to exist in sediment during winter and recruit in spring, while CHL-rich
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Cyanobacteria were tend to exist in water even in winter. In
our previous studies of planktonic algae in QCS Reservoir, it
has been found that the dominant species are Cyanobacteria, Cryptomonas, Chlorophyta and Diatoms, and the picophytoplankton mainly included pico-Cyanobacteria, pico-Chlorophyta
and pico-Diatoms. These groups of planktonic algae and picophytoplankton are basically consistent with the composition of benthic algae and picophytobenthos in sediment during winter. At present, QCS Reservoir still has the problem
of excessive proliferation of algae in some special conditions
so that the measures of controlling algae are needed. In this
study, some preventative measures are proposed. Firstly, it
is more economical to add algaecides or remove sediment
during winter. In winter, the algae distribution is more concentrated in surface sediment, so adding a few algaecides or
dredging some sediment just can get rid of many algae. In
addition, this method could remove the “seed bank” of algae, which will reduce the recruitment of algae in spring and
weaken the algae blooms in summer (Poulíčková et al., 2008;
Jia et al., 2014). It worth to note that the removing sediment
should be treated harmlessly.

4.

Conclusion

This study systematically investigated the spatiotemporal
variation of benthic algae and their harmful secondary
metabolites. Benthic algae exhibited seasonal dynamics,
which biomass had a slight increase in winter (2.24 × 105
cells/g·FW). Among the benthic species, picophytobenthos accounted for 55.42% during overwinter, which was higher than
autumn and spring. In oligotrophic or mesotrophic water bodies, micronutrients of iron and manganese were key nutrient
factors influencing the biomass of benthic algae. Our study
also highlights that picophytobenthos were potential contributors of harmful secondary metabolites. The content of microcystins, anatoxin-a, geosmin and 2-methylisoborneol in
sediment were 15.75 μg/kg·FW, 48.16 μg/kg·FW, 3.91 ng/kg·FW,
and 11.76 ng/kg·FW during winter, which had potential to be
released into water bodies to impact water quality. Therefore,
it is necessary to strengthen monitoring programs of overwintering benthic algae and analyze harmful secondary metabolites in water regularly. In addition, the groups of overwintering benthic algae include pico-Cyanobacteria, pico-Cryptomonas,
pico-Chlorophyta, pico-Diatoms, Cyanobacteria, Chlorophyta, Cryptomonas and Diatoms, which are consistent with the planktonic
algae species in warm season. Conclusively, controlling overwintering benthic algae not only ensure drinking water safety
but also prevent the planktonic algae excessive proliferation
in the next year.

Acknowledgments
The authors are grateful for the financial support from the National Natural Science Foundation of China (No. 41977387).

69

Appendix A Supplementary data
Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.jes.2022.01.021.

references

Bauer, F., Fastner, J., Bartha-Dima, B., Breuer, W., Falkenau, A.,
Mayer, C., et al., 2020. Mass occurrence of anatoxin-a- and
dihydroanatoxin-a-producing Tychonema sp. in mesotrophic
reservoir Mandichosee (River Lech, Germany) as a cause of
neurotoxicosis in dogs. Toxins 12 (11), 726.
Buesing, N., Gessner, M., 2002. Comparison of detachment
procedures for direct counts of bacteria associated with
sediment particles, plant litter and epiphytic biofilms. Aquat.
Microb. Ecol. 27 (1), 29–36.
Cai, F., Yu, G., Zhang, K., Chen, Y., Li, Q., Yang, Y., et al., 2017.
Geosmin production and polyphasic characterization of
Oscillatoria limosa Agardh ex Gomont isolated from the open
canal of a large drinking water system in Tianjin City, China.
Harmful Algae 69, 28–37.
Catherine, Q., Susanna, W., Isidora, E., Mark, H., Aurélie, V.,
Jean-François, H., 2013. A review of current knowledge on toxic
benthic freshwater cyanobacteria–Ecology, toxin production
and risk management. Water Res. 47 (15), 5464–5479.
Chen, C., Yang, Z., Kong, F., Zhang, M., Yu, Y., Shi, X., 2016. Growth,
physiochemical and antioxidant responses of overwintering
benthic cyanobacteria to hydrogen peroxide. Environ. Pollut.
219, 649–655.
Ding, W.X., Shen, H.M., Ong, C.N., 2000. Microcystic cyanobacteria
extract Induces cytoskeletal disruption and intracellular
glutathione alteration in hepatocytes. Environ. Health. Persp.
108 (7), 605–609.
Enrique, C.U., Antonia, A., Marina, A., 2017. Are we
underestimating benthic cyanotoxins? Extensive sampling
results from Spain. Toxins 9 (12), 385.
Falconer, I.R., Humpage, A.R., 2010. Cyanobacterial (blue-green
algal) toxins in water supplies: cylindrospermopsins. Environ.
Toxicol. 21 (4), 299–304.
Fallon, R.D., Brock, T.D., 2010. Overwintering of microcystis in lake
mendota. Freshwater Biol. 11 (3), 217–226.
Gaget, V., Humpage, A.R., Huang, Q., Monis, P., Brookes, J.D., 2017.
Benthic cyanobacteria: a source of cylindrospermopsin and
microcystin in Australian drinking water reservoirs. Water
Res. 124, 454–464.
Horn, H., Straškrábová, V., Kennedy, R.H., Lind, O.T., Tundisi, J.G.,
2003. The relative importance of climate and nutrients in
controlling phytoplankton growth in Saidenbach Reservoir.
Hydrobiologia 504 (1), 159–166.
Huang, Z., 2009. Impact of trace elements iron and manganese on
algae growth. J. Beijing Normal Univ, (Nat. Sci.) 45 (5/6),
607–611.
Jia, Y., Yang, Z., Su, W., Dan, J., Kong, F., 2014. Controlling of
cyanobacteria bloom during bottleneck stages of algal cycling
in shallow Lake Taihu (China). J. Freshwater Ecol. 19 (1),
129–140.
Jiang, L.Y., Eriksson, J., Lage, S., Jonasson, S., Shams, S., Mehine, M.,
et al., 2014. Diatoms: a novel source for the neurotoxin BMAA
in aquatic environments. PLoS One 9 (8), e84578.
Kaminski, A., Bober, B., Lechowski, Z., Bialczyk, J., 2013.
Determination of anatoxin-a stability under certain abiotic
factors. Harmful Algae 28, 83–87.
Kheireddine, M., Ouhssain, M., Claustre, H., Uitz, J., Gentili, B.,
Jones, B.H., 2017. Assessing pigment-based phytoplankton
community distributions in the Red Sea. Front. Mar. Sci. 4.

70

journal of environmental sciences 117 (2022) 58–70

Kong, F.X., Gao, G., 2005. Hypothesis on cyanobacteria
bloom-forming mechanism in large shallow eutrophic lakes.
Acta Ecologica Sinica 25 (3), 589–595.
Koiter, A.J., Owens, P.N., Petticrew, E.L., Lobb, D.A., 2017. The role of
soil surface properties on the particle size and carbon
selectivity of interrill erosion in agricultural landscapes.
Catena 153, 194–206.
Mark, H., Wood, S.A., Young, R.G., Ryan, K.G., 2016. The role of
nitrogen and phosphorus in regulating Phormidium sp.
(cyanobacteria) growth and anatoxin production. Fems
Microbiol. Ecol. 92 (3), 21.
Mateo-Cid, L.E., Mendoza-Gonzalez, A.C., 1994. Floristic study of
the benthic algae of Bahia Asuncion, Baja California Sur,
Mexico. Cienc. Mar. 20 (1), 41–64.
Merel, S., Walker, D., Chicana, R., Snyder, S., Baures, E., Thomas, O.,
2013. State of knowledge and concerns on cyanobacterial
blooms and cyanotoxins. Environ. Int. 59, 303–327.
MWR, 2013. Regulation for water environment monitoring, SL
219-98.
Ning, M., Li, H., Xu, Z., Chen, L., He, Y., 2021. Picophytoplankton
identification by flow cytometry and high-throughput
sequencing in a clean reservoir. Ecotox. Environ. Safe. 216,
112216.
Pernil, R., Schleiff, E., 2019. Metalloproteins in the biology of
heterocysts. Life 9 (2), 32.
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