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Abstract

Physical filtration technique has been widely used throughout the world as a control for
cyanobacteria. However, few studies have addressed the time and strength of the filtration making
it a challenge to provide effective support for the filtration of cyanobacteria. Therefore, it is urgent
to study the control feedback effect of cyanobacteria after physical filtration with different control
intensities. In this study, through laboratory simulation experiments, the growth feedback rule of
Microcystis aeruginosa, a dominant species of cyanobacteria in Lake Tai Basin, was systematically
studied following different intensity physical filtration at various growth stages. Based on the results,
the optimal control period and control intensity of cyanobacteria were proposed. The results showed
that the growth of Microcystis aeruginosa conforms to the Logistic growth model. Physical filtration in
the early and late stages of the Logistic start period was effective in inhibiting Microcystis aeruginosa,
while filtration and inhibition in the early and middle stages of Logistic accelerated period were not
effective. The growth of Microcystis aeruginosa was affected by different control intensity at different
stages and can be effectively inhibited by 20-40% controlled intensity filtration in the early and late
stages of the Logistic start period. If cost and environmental benefits are considered, we recommend
the implementation of physical filtration at a minimum of 20% control intensity at the beginning of the
Logistic start period.
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Introduction

With the rapid development of the economy and
the expansion of human activity, a large amount of
nitrogen, phosphorus, and other elements are discharged
into the water, resulting in the eutrophication of lakes
and other bodies of water, leading to the proliferation
of cyanobacteria [1-2]. The proliferation and abnormal
growth of cyanobacteria form blooms and cause algal
populations to accumulate, rot, and release algal toxins
onto lakeshores and into estuaries [3-4]. This can reduce
the efficiency of water resource utilization, seriously
damage the ecological balance and water landscape
of lakes, and cause significant economic losses [5-8].
Therefore, effective control of the explosive growth of
algae has become an important issue and requires an
effective solution to control lake eutrophication and
restore aquatic ecosystems.

The current control methods of cyanobacteria bloom
primarily include chemical, biological, and physical
methods [9-10]. Among them, the chemical methods will
cause serious harm to the lake ecosystem, the biological
methods is slow to take effect [11-14], the investment
is large, and the physical method is pollution-free
and effective [15-18], so physical method is the most
widely used method. The main physical methods can
include: Cyanobacteria salvage, sand filling, nutrient
salt passivation, bottom aeration, dilution and erosion,
bottom sediment covering, flocculation and settlement
[19], etc. As for the control of cyanobacteria bloom,
it is necessary to choose different control methods or
combinations of different control methods according to
different scenarios. For example, sand filling, nutrient
salt passage, bottom aviation, diffusion and erosion,
bottom division covering are suitable for the long-term
control of cyanobacteria bloom. Cyanobacteria salvage,
flocculation and settlement are suitable for emergency
control of cyanobacteria bloom. Compared with
other control methods, cyanobacteria salvage has the
advantages of a quick effect and no secondary pollution
[20-21], and can reduce the nitrogen and phosphorus
load in the water body within a certain range, and is
gradually becoming a significant means to control
cyanobacteria bloom.

Cyanobacteria salvage is widely used in an
emergency to control cyanobacteria accumulation
pollution, and more and more researchers began to pay
attention to the dynamics of cyanobacteria control. Zhou
[11] showed that cyanobacterial salvage has a certain
reduction effect on nitrogen and phosphorus nutrients
in the water column and cyanobacterial salvage has a
significant effect on controlling cyanobacterial density
based on indoor and outdoor grid tests. Chen [20]
investigated the effectiveness of cyanobacterial salvage
in reducing cyanobacterial density and controlling
cyanobacterial outbreaks based on indoor and outdoor
grid tests, respectively, and the effectiveness of
cyanobacterial salvage in controlling nutrient levels
in the water column. Although cyanobacteria salvage

methods have received more attention in recent years,
there are few studies on the growth feedback effect of
cyanobacteria after physical filtration at various growth
stages.

Microcystis aeruginosa is the dominant species
of summer bloom cyanobacteria in Lake Tai, the
third largest freshwater lake in China, and dominates
the competition among different species of bloom
cyanobacteria. In order to better grasp the growth law
of cyanobacteria after salvage, find the best control
intensity and control period of the cyanobacteria
salvage project, so as to improve the efficiency of
cyanobacteria salvage in Lake Tai. Therefore, the
growth feedback of Microcystis aeruginosa at different
growth stages and various filtration intensities were
studied. Moreover, the best growth period and filtration
intensity for Microcystis aeruginosa were selected. This
study provides a scientific basis for the selection of
the best salvage time for cyanobacteria and theoretical
support for the exploration of the control method of
cyanobacteria populations.

Experimental
Experimental Material

Single-celled Microcystis aeruginosa (PCC 7806)
was purchased from the Institute of Hydrobiology,
Chinese Academy of Sciences. The BG11 medium was
used for inoculation in a sterile environment and the
algal solution was cultured in an incubator (LRH-150).
The culture conditions were as follows: the temperature
was 25+1°C, light intensity was 30 pmol m2-s!, and the
light-dark cycle was 12:12 hours (L:D). The glassware
for the experiment was washed with clean water,
soaked in 0.lmol/L diluted hydrochloric acid, washed
with sterile water, dried, and autoclaved (0.15MPa and
120°C) for later use.

Experimental Conditions

A pre-experimental group or control and four
treatment groups were set up, denoted as the control
group and treatment groups A, B, C, and D, respectively.
Three parallel groups were set for each group. Treatment
groups A, B, C, and D were determined based on the
Logistic growth period of Microcystis aeruginosa used
in the experiment. Three control intensities were set for
each treatment: 20% filter (T20), 40% filter (T40) and
60% filter (T60).

The mother liquor of M. aeruginosa was inoculated
into 400ml of algal fluid in a 500 ml Erlenmeyer flask
on a super-clean workbench. The initial absorbance of
inoculated algal fluid was 0.18, determined at 680nm
using an ultraviolet spectrophotometer (UV-1800).
The culture was sealed with sealing film and grown
in an incubator. The Erlenmeyer flask oscillated twice
a day at a fixed time, and the first day of inoculation
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Fig. 1. Experimental flow.

was recorded as the culture day 0. Treatment group
A was filtered with a 0.45um acetate fiber membrane
on the second day after inoculation, and the filtrate
was transferred into the Microcystis aeruginosa stock
solution. The filtration day of treatment group A was
recorded as the first culture day.

The experimental flow chart is as follows (Fig. 1).

The growth of Microcystis aeruginosa was fitted by
the Logistic model using the following equation [22-24]:

y 1+(X+X0)p+ 1)

In order to investigate the k value and growth
patterns of Microcystis aeruginosa, the experiment
designed the growth pre-experiment of Microcystis
aeruginosa in the same batch. The results showed that
the growth absorbance limit of Microcystis aeruginosa
in the laboratory was about 2.0 and the growth was
consistent with Logistic growth. Based on the pre-
experimental results, the A2 value of the Logistic model
used in this experiment was set as fixed value 2. The

R=0.98591
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Fig. 2. Logistic fitting of growth of Microcystis aeruginosa in the
pre-experiment.

Logistic model (fitting performed with Orgin 2019) was
used to fit the model of the same batch of Microcystis
aeruginosa in the pre-experiment.

According to the fitting results, R = 0.98591,
y = 2.173117/1 + (x/34.6232) 3.91134, and the fitting
degree were high. The growth of Microcystis
aeruginosa in the pre-experiment was consistent with
Logistic growth. Based on the actual growth conditions
and Logistic growth model of the Microcystis
aeruginosa in the pre-experiment, four physical
filtrations were performed on the 1%, 10", 19", and 25"
day after inoculation. The first (A), second (B), third
(C), and fourth physical filtrations (D) are respectively
recorded below.

In this study, based on the K value and K/2 value in
the Logistic fitting of the pre-experimental group, the
period of the four physical filtering was defined. The
results are as follows:

On the first day of incubation, Microcystis
aeruginosa was in the early stages of the Logistic
start period. The concentration and the growth
rate Microcystis aeruginosa were low and the
culture medium was full of nutrition. For the actual
cyanobacteria salvage project, the concentration of
cyanobacteria during this period was low and the
salvage difficulty was small. Therefore, it was a suitable
time to implement the first physical filtering. On the 10"
day of the incubation period, Microcystis aeruginosa
was in the late stages of the Logistic start period. As
the growth rate of Microcystis aeruginosa accelerated,
the absorbance value reached 0.30. During this time,
the ability of M. aeruginosa to utilize nutrients was
enhanced, as it had fully adapted to the new living
environment after inoculation and thus the second
physical filtration was done. On the 19" day of the
incubation period, M. aeruginosa was in the early stage
of the logistic accelerated growth period. The growth
rate of M. aeruginosa was further accelerated and the
absorbance value reached approximately 0.4 On the
25" day of the incubation period, M. aeruginosa was in
the middle and later stages of the Logistic accelerated
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Fig. 3. The growth curve of Microcystis aeruginosa after physical
filtration.

growth period, at which time the absorbance value of
M. aeruginosa reached approximately 0.6.

Monitoring Index

The absorbance of Microcystis aeruginosa was
monitored daily during the experiment for 43 days,
with samples collected every morning. The absorbance
was determined at 680nm using an ultraviolet
spectrophotometer (UV-1800).

Data Processing

Data were processed using Excel 2010, and
related image plotting and Logistic model fitting were
performed with Orgin 2019.

Results and Discussion

Filtering in the Early Stages
of the Logistic Start Period

Following physical filtration, the absorbance of
Microcystis aeruginosa with different control intensities
decreased to various degrees, where 60%>40%>20%
(Fig. 3). The growth trend of the absorbance of
Microcystis aeruginosa after filtration was consistent
with that of the pre-experimental group. However, the
absorbance after filtration was lower than that of the
pre-experimental group. The absorbance of the filtration
group was close to that of the pre-experimental group
at 43 days.

The experiment showed that the limit absorbance
value of Microcystis aeruginosa could reach 2.0
following inoculation. Therefore, the limit growth A,
(K value) in the Logistic regression equation was set to
2.0. The Logistic model was then used to fit the growth
of Microcystis aeruginosa after physical filtration
(Fig. 4). The resulting R values of the pre-experimental
group, T20, T40, and T60 were 0.98591, 0.983309,
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Fig. 4. Logistic fitting model of physical filtration.
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0.97321, and 0.97383, respectively. The fitting degree
was relatively high, which could effectively simulate the
subsequent growth patterns of Microcystis aeruginosa.
The fitting curve showed that the incubation time of
the pre-experimental group and the T20, T40, and T60
groups to reach the proliferation rate point (K/2) was
32, 36, 40, and 42 days, respectively. After physical
filtration, Microcystis aeruginosa reached the saturation
density point (K) and the maximum proliferation rate
point (K/2) slower than the pre-experimental group
without physical filtration. Moreover, with increased
filtration intensity, the saturation density point (K) and
the maximum proliferation rate point (K/2) declined,
indicating that the physical filtration had a significant
inhibitory effect on the growth of Microcystis
aeruginosa.

Analysis of Physical Filtration

In laboratory conditions, the physical filtration of
Microcystis aeruginosa at low concentrations was
effective. Moreover, with increased control intensity,
the control was more effective. Although cyanobacteria
blooms in the natural environment will have variability
in the amount of available nutrients, temperature, and
light conditions [25-26], the filtration of cyanobacteria
bloom in the early stage of formation in the field can
effectively inhibit their growth. Finally, physical
filtration can delay the risk of cyanobacteria blooms.

Flitering in the Late Stages
of the Logistic Start Period

After 10 days of culture, Microcystis aeruginosa
was fully adapted to the growing environment. The
ability to absorb and utilize nutrients was enhanced, the
growth rate accelerated, and it began to proliferate more
rapidly. Here, the second physical filtration was carried
out in the time point of rapid proliferation (Fig. 5).

Following filtration, the absorbance of Microcystis
aeruginosa decreased in proportion to the filtration
intensity (Fig. 5). But as the growth of the culture
time, the growth curves of the algal fluids at the three
control intensities essentially overlapped. During the
incubation period from 10 to 20 days, the absorbance
of Microcystis aeruginosa under T20 was still higher
than that of T40 and T60. However, after 20 days, the
absorbance values of Microcystis aeruginosa under
three control intensities were similar, suggesting that as
the control intensity of filtration increases at this stage
as does the proliferation rate of Microcystis aeruginosa.

The R values of the pre-experimental group, T20,
T40, and T60 were 0.98591, 0.98457, 0.97715, and
0.96963, and had a high fitting degree to the Logistic
model (A2 = 2) (Fig. 6). Following physical filtration,
the absorbance of the T20, T40, and T60 groups
reached the maximum K/2 point at 40, 39, and 41 days,
respectively. The Microcystis aeruginosa with different
control intensity reached the maximum proliferation

L8 * Pre-expermental K 20% ® 40% = 60%
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Culture Day

Fig. 5. The growth curve of Microcystis aeruginosa after physical
filtration.

rate point at the same time point. This demonstrated that
M. aeruginosa proliferation was effectively inhibited
following the filtration on the 10th day. Additionally,
with the increase of control intensity, the proliferation
of Microcystis aeruginosa also increased due to several
factors.

Analysis of Physical Filtration

During this filtration, Microcystis aeruginosa was
in the stage of rapid proliferation. After the filtration,
Microcystis aeruginosa concentration and the intra-
species competition were reduced. After the decrease
of intra-species competition, the utilization efficiency of
the nutrients and oxygen in the remaining culture was
increased and the proliferation rate of the cyanobacteria
was improved. As a result, the proliferation rate of
Microcystis aeruginosa in group T60 was higher than
that of group T40 or T20. This observation conforms
to the Yoda et al. self-thinning -2/3 power law [27-
30], and the proliferation of Microcystis aeruginosa
was treated as a self-thinning in group T60. When
the population density reached a certain amount, the
environmental carrying capacity (K) was also reached.
The larger intra-species competition did not only affect
the population growth rate but also its survival. At this
stage, the population was self-thinning, with increased
survival of individuals that were larger and had higher
vitality. These surviving individuals had a strong
competitive ability and made full use of nutrients and
light in the surrounding environment to maintain their
rapid proliferation

In a practical cyanobacteria salvage project, the
cyanobacteria salvage at this stage has a certain effect.
However, during the period when the growth rate
of algae was beginning to accelerate and when the
control intensity was hight, the proliferation rate of
cyanobacteria was higher, even reaching the density of
algae under small control intensity. With the increase
of salvage intensity, the cost also increases but there
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Fig. 6. Logistic fitting model of the second physical filtration.

are no added benefits. It is therefore best to choose a
control intensity of about 20% at this stage.

Filtering in the Early Stage of the Logistic
Accelerated Growth Period

Based on the growth trend of the pre-experimental
group, the third physical filtration was performed on
the 19" day of the experiment, M. aeruginosa was in
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Fig. 7. The growth curve of Microcystis aeruginosa after physical
filtration.

Culture Day

the early stage of the logistic accelerated growth period.
At this time, the proliferation rate of Microcystis
aeruginosa was further accelerated and the absorbance
value was about 0.45. At this point, it had reached k/4
on the Logistic curve, which is an important stage
for cyanobacteria to gradually form a competitive
advantage.

After the third physical filtration, the absorbance
of the filtration group decreased significantly. The
absorbance of the filtration group was essentially
equal to that of T20, T40, and T60 at 28 days. The
filtration rate of Microcystis aeruginosa was as
follows: T60>T40>T20. After the 28th day of culture,
the absorbance of Microcystis aeruginosa under T60
control intensity was higher than that of T40 or T20.
The growth pattern of Microcystis aeruginosa after this
filtration was similar to that of the second filtration.

The R values of the pre-experimental group, T20,
T40, and T60 were 0.98591, 0.98145, 0.94001, and
0.97262, respectively, after fitting with the Logistic
model (A2 = 2) (Fig. 8). The fitting curves showed that
after the second physical filtration, the absorbance of
the T20, T40, and T60 groups reached the maximum
K/2 point at 39, 41, and 38 days, respectively. Different
from the previous two filtration groups, it took less
time for the absorbance of M. aeruginosa to reach K
value after filtration. Moreover, with increased control
intensity, Microcystis aeruginosa proliferation rate
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Fig. 8. Logistic fitting model of physical filtration.

also increased. The results demonstrated that physical
filtration could inhibit the proliferation of Microcystis
aeruginosa when it is growing rapidly, but the control
effect was poor.

Analysis of Physical Filtration

This stage of the rapid proliferation of Microcystis
aeruginosa is very critical and a good indication for
the rapid propagation of cyanobacteria blooms in the
natural aquatic environment. Cyanobacteria populations
develop their competitive advantage by levitating in the
water at this stage. At this time, cyanobacteria can also
make full use of nutrients and light and gradually reach
their maximum growth rate potential. This is also the
previous stage when cyanobacteria enter the floating
accumulation stage and thus rupture. At this stage, the
simulated filtration has guiding significance to explore
the control method of the cyanobacteria populations. For
practical engineering guidance, physical filtering at this
stage has a certain effect, but the effect is lower than the
previous two filtering steps as Microcystis aeruginosa
concentration is higher at this time. Although the
concentration of Microcystis aeruginosa was reduced
to a certain extent after filtration, it can still proliferate
at a faster rate after filtration. The results showed that
the growth rate of Microcystis aeruginosa with high
control intensity was higher than that with low control

intensity. Therefore, if physical filtration is carried out
at this stage, it is best to use low control intensity for
filtration at a lower cost.

Filtering in the Middle and Later Stages
of the Logistic Accelerated Growth Period

The absorbance of Microcystis aeruginosa reached
0.6 on the 25" day of the culture period, which was

= 60%
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Fig. 9. The growth curve of Microcystis aeruginosa after the
fourth physical filtration.
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Fig. 10. Logistic fitting model of the fourth physical filtration.

close to the maximum growth rate point of this species
(K/2). In order to better explore the filtration rule of
Microcystis aeruginosa near the fastest growth rate, the
fourth physical filtration was performed on the 25" day
of the culture period.

After the fourth physical filtration, the absorbance
of the filter group decreased to a certain extent, similar
to that on the 40" day (Fig. 9). Following filtration, the
growth pattern was retained and the proliferation rate
increased with higher control intensity.

The R wvalues of the pre-experimental group,
T20, T40, and T60 were 0.98591, 0.99023, 0.96801,
and 0.98861 after fitting with the Logistic model
(A2 = 2) (Fig. 10). Although the follow-up monitoring
time was short, there were only a few data points for
Microcystis aeruginosa growth after physical filtration
and the fitting degree was high. The growth trend of
Microcystis aeruginosa after filtration can be simulated
to some extent. After physical filtration, the absorbance
of T20, T40, and T60 groups reached the maximum K/2
point at 42, 43, and 43 days, respectively (Fig. 9). The
results showed that physical filtration could inhibit the
growth of Microcystis aeruginosa at this stage.

Analysis of Physical Filtration

However, due to the short monitoring time after
filtration and the high concentration of M. aeruginosa

and a large amount of reduction, the culture reached K/2
and K points very quickly. In terms of practical projects,
when the proliferation rate of cyanobacteria is fast and
the concentration is high, physical filtration can quickly
reduce the content of cyanobacteria in water, which
has a certain effect. However, when the concentration
of cyanobacteria is high, serious blooms have occurred
in the natural aquatic environment. Although the
filtration at this stage has certain inhibitory effects,
it is equivalent to expanding the living environment
of cyanobacteria after filtration. The concentration
of cyanobacteria could be restored to the original
concentration in a short time, and the harm caused by
cyanobacteria bloom could not be effectively reduced.
On the other hand, the simulation filtration experiment
showed that the growth rate of Microcystis aeruginosa
with high control intensity was higher than with low
control intensity after filtration at this stage. When
considering the cost, it is suggested to choose medium
control intensity to salvage in a practical project.

Conclusions

This study performed a simulation filtration
experiment where the dominant cyanobacteria (M.
aeruginosa) were physically filtered four times. The
growth feedback effect of M. aeruginosa after physical
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filtration was investigated. The research results are as
follows:

1. The growth of M. aeruginosa during culture and
after control was consistent with the Logistic growth
model.

2. After Filtering in the early stages of the Logistic
start period, M. aeruginosa growth was obviously
inhibited. It is not suitable for the growth of M.
aeruginosa in combination with the contents of nutrient
elements and environmental factors in natural water,
so the physical filtration effect is better in the early
stage of cyanobacteria bloom. After Filtering in the
later stages of the Logistic start period and in the early
stage of the logistic accelerated growth period, as the
filtration intensity increased so did the proliferation
rate of M. aeruginosa. However, the growth of
M. aeruginosa was inhibited during this period.
Following cyanobacteria blooms, low control intensity
can be selected to reduce the cost of salvage. After
Filtering in the middle and later stages of the Logistic
accelerated growth period, M. aeruginosa still reached
K/2 and K points very quickly. Physical filtration in case
of severe cyanobacteria bloom can reduce the bloom.
However, cyanobacteria populations can recover to the
original concentration in a short time, which cannot
effectively reduce the harm caused by cyanobacteria
bloom.

3. Based on the above results, in the actual
cyanobacteria salvage project, if the dominant species
is M. aeruginosa, it is suggested to select the control
strength of about 20% at the beginning of the logistic
growth. Physical salvage has good inhibitory effects on
the growth of cyanobacteria and can effectively control
the outbreak of cyanobacteria bloom after salvage.
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