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Abstract; Colony size and morphology influence the vertical migration capacity of Microcystis and therewith the occurrence of sur-
face accumulations or blooms. To explore the influence of wind-induced turbulence on the colony size and morphology of Microcystis
in field conditions, a high-frequency field investigation was conducted in an enclosure in Meiliang Bay, Lake Taihu, China, from
26 August to 7 September 2012. A Pearson’s correlation analysis indicated that the in situ growth rate of Microcystis was negatively
related to surface cell density and positively related to wind speed. Strong wind speed stimulated Microcystis growth by enhancing
light transmission due to the homodispersion of Microcystis in the water column. The Microcystis colony size was negatively correlated
with wind speed, suggesting that wind-induced turbulence could break up colonies in shallow lakes. The results indicated that Mi-
crocystis colonies could be broken up by a turbulence intensity of 2.33x107° m?/s® | which corresponds to an average wind speed of
5.00 m/s in a reservoir with 30-m depth. Different Microcystis morphotypes were present and negative relationships were detected
between the proportion of Microcystis ichthyoblabe and the proportion of Microcystis wesenbergii and between the proportion of Micro-
cystis aeruginosa and the proportion of Microcystis wesenbergii out of all Microcystis throughout the water column, but more evidence
is need to support the hypothesis that the morphology of Microcystis colonies changes over time. Altogether, the results suggest that
declining wind speed, driven by climate change, will promote surface blooms of Microcystis due to the formation of larger colonies.

Keywords: Microcystis; water blooms; turbulence; colony size; morphology; Lake Taihu

The cyanobacterium Microcystis may form dense blooms throughout water systems around the world, which re-

. . . [1-3]
presents severe ecological and environmental issues' .

The vertical migration capacity of Microcystis is an
important trait underlying surface accumulations'*’. This migration ability depends on the density of the cyanobac-
teria-interplay between gas vesicles and carbohydrate ballast-, as well as the colony size and morphology, which are

affected by turbulence'®” .

Therefore, insight is needed in the influence of turbulence on colony size and
morphology of Microcystis to understand the effect of turbulence on cyanobacterial blooms and surface accumulations.

The effect of turbulence on the colony size of Microcystis has mainly been studied in the laboratory. Some schol-
ars'™! found that small-scale turbulence could increase the colony size of Microcystis in laboratory experiments.
However, this was mainly because small-scale turbulence promoted the mixing of carbon dioxide and nutrients in the
culture equipment, as well as the colonies, which brought them continuously in higher light that, consequently, im-
proved Microcystis growth. Li et al.'” reported that artificial high turbulence could change the colony size and mor-
phology of some Microcystis species. Nevertheless, their work indicated that the natural wind-induced turbulence
could not disaggregate Microcystis colonies, whereas O’Brien et al.'""’ got the opposite result.

Only one study has explored the effect of wind-waves on the colony size of Microcystis in field conditions'’.
These authors found that the mean size of Microcystis colonies in the water column increased from 32.8 to 69.4 pm
within 48 h during the passage of Typhoon Soulik, when the average wind speed was 6.63 m/s'">. This result does
not rule out the possibility that wind-waves changed the microenvironment so that the growth of Microcystis was pro-
moted, thereby increasing the colony size. Therefore, it is necessary to conduct high-frequency systematic
monitoring in the field to study the relationship between wind-waves or turbulence and the colony size of Microcystis.

The different Microcystis colonies have been interpreted as being different species'"”’. There are obvious season-

al successions of M. ichthyoblabe, M. wesenbergii, and M. aeruginosa in most eutrophic lakes"*"®

]

*. Recently, Xiao
et al.'"”’ proposed a conceptual model of the morphological transition of a Microcystis colony, pointing out
phenotypic plasticity rather than species replacement to explain various Microcystis morphotypes. Subsequently, Li et
al.'”’ confirmed in an indoor experiment that turbulence could change the colony morphology of Microcystis. All of
these results suggest that Microcystis with different morphologies belong to the same species and that morphology is
constantly changing. However, it is important to conduct field research to obtain evidence for the transition of colony

morphology. According to the morphology change model proposed by Xiao et al.'"’

, turbulence could potentially
drive M. ichthyoblabe to M. wesenbergii-like colonies and to M. aeruginosa-like colonies. Hence, reduced biomass in
M. ichthyoblabe would be accompanied by increased biomass of M. wesenbergii, and likewise, reduced biomass in

M. wesenbergii would be accompanied by increased biomass of M. aeruginosa. Thus, the proportion of M. ichthyo-
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blabe should be negatively related to the proportion of M. wesenbergii and the proportion of M. wesenbergii biomass
should be negatively related to the proportion of M. aeruginosa. To verify the above hypothesis, it is necessary to
conduct high-frequency measurements of the biomass of different morphologies of Microcystis in lakes.

To this end, it is necessary to analyze colony size and morphological changes in Microcystis under different
wind-induced turbulence conditions through high-frequency measurements in situ. Hence, the aims of this study
were: (1) to clarify the influence of wind-induced turbulence on colony size of Microcystis in the field; (2) to in-
tensively investigate morphology and morphological changes in Microcystis colonies; (3) to provide a systematic
data set that can be used in subsequent numerical simulations of Microcystis bloom formation. Therefore, an enclo-
sure was set up in Lake Taihu and the biomass, colony size and morphology of Microcystis at different depths in the
enclosure were sampled at 2-h intervals to clarify the effect of turbulence on these parameters and the occurrence of

Microcystis blooms.

1 Materials and Methods

1.1 Site description

Our investigation was conducted in a 4.00 m X 4.00 m enclosure, which was established approximately 150 m
away from the eastern shoreline of Meiliang Bay, Lake Taihu (31°25'N, 120°13'E; Fig.1). The enclosure was
made of a flexible geotextile underwater with floating rubber tubing above the surface of the water column, and was
open to the atmosphere and to the bottom sediment. The mean water depth in the enclosure during the investigation
was approximately 2.00 m and there was no exchange of phytoplankton between the inside and outside of the enclo-

sure.

(b) August 26" 16: 00 (d) August 30" 10: 00_|

31°24N 31°27'N 31°30'N 31°33'N
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Fig.1 Location of enclosure in Meiliang Bay, Lake Taihu, and appearance and disappearance

of bloom event in enclosure during study period

1.2 Field sampling

Sampling was performed every 2 h from 14:00 on August 26 to 12:00 on September 7 in 2012. At each sam-
pling, water samples (50 mL) were collected at varying depths through a slender plastic pipe ( diameter 0.004 m)
linked to a syringe. Water samples were taken from the surface (0 m) and at 0.10 m, 0.25 m, 0.40 m, 0.80 m,
1.20 m, 1.60 m, and 2.00 m depth. Formalin (2% (v/v)) was immediately added to the samples before measure-
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ments of Microcystis cell density, colony size, and morphology. Meanwhile, equal volumes of water samples were
collected at the surface and middle layers of the water column, mixed, and then added into a 500-mL plastic bottle
for subsequent nutrient concentration analysis.
1.3 Measurements of environmental factors

Air temperature, light intensity, and wind speed were measured in the field using an electronic thermometer
(Mettler SG7, Toledo, OH, USA), a digital lux meter (ZDS-10, Shanghai Xuelian Instruments, China), and a
wind recorder (TPJ-30, Zhejiang TOP Instrument Co., Ltd., China) , respectively. The wind-driven current in the
enclosure was measured using a ship-mounted Acoustic Doppler Current Profiler (ADCP ; FlowQuest 2000, San Di-
ego, USA) with its beams downward. The ADCP configuration was set to 0.13 m in bin cells (standard deviation of
0.001 m/s). The 3-dimensional current velocities and directions at different water layers were monitored synchro-
nously every second. However, due to the unreceived reflection of 0.27 m near the ADCP"""*" | the 3-dimensional
currents in the 0—0.27 m blind zone were unable to be measured in this study.

The root mean square ( RMS) velocity (m/s) was used to define the characteristic speed of the turbulence in

each water layer, and was calculated as follows:

RMS = er.ws, + ,Uffws\ + Mfms, (1)

2
X (X))
Mrus, = R

(2)

where iz is the fluctuation of the current for Cartesian vector x ( which is similarly calculated for the y and z vec-
tors) and n is the number of samples per measurement. The RMS velocities are expressed as averages in different
water layers. The turbulent dissipation rate ( &in m°/s’) in each water layer, which describes the turbulence inten-
sity, was calculated from the RMS velocity (m/s) "™ as follows:

RMS’®
h

where A is a dimensional constant of order 1’ and h is the water depth (m) describing the size of the largest vorti-

e=A (3)

ces.

The turbidity and pH of water samples were measured using a turbidity instrument ( WGZ-1, Shanghai Shanke
Instrument Factory, Shanghai, China) and a compact pH meter ( pH Testr30, Eutech Instruments, Thermo Fisher
Scientific, Shanghai, China), respectively. Total nitrogen ( TN) and total phosphorus ( TP) were measured by
spectrophotometry after digestion with alkaline potassium persulfate’’. Another portion of water samples was filtered
through a 0.45-pm pore size membrane and then used to determine total dissolved nitrogen (TDN) , total dissolved
phosphorus (TDP) , nitrate (NO3-N), and ammonium ( NH,-N). The analytical methods for TDN and TDP were
similar to those for TN and TP, and NO;-N and NH;-N were determined according to the standard methods de-
scribed by Jin and Tu™’.
1.4 Analysis of cell density, colony size and morphospecies of Microcystis

To estimate the cell density in each Microcystis sample, a 10-mL centrifuge tube containing 5 mL sample was
shaken in a water bath oscillator (100°C, 180 r/min) for approximately 5 min to disperse the colonies completely
into single cells™ . Next, cells were counted at least three times in a blood cell counting chamber under an optical
microscope ( Olympus CX31; Olympus Corp., Japan) at X400 magnification. The average value of three results was
used as the cell density until the difference between three calculated results was less than 10%.

Each Microcystis sample was shaken well and then photos were taken using a digital camera ( Olympus C-
5050) coupled to an optical microscope ( Olympus CX31). The photomicrographs were analyzed using UTHSCSA

[24]

ImageTool v3.00 software ™. The Microcystis colonies were classified into five morphologies: M. ichthyoblabe, M.

aeruginosa, spherical M. wesenbergii, irregular M. wesenbergii, and others, according to the taxonomic methods of
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Yu et al.”" and Li et al."”’. Each individual colony was assumed to be spherical to calculate the biovolume, be-
cause it is difficult to accurately measure and calculate the diameter of Microcystis colonies, especially those with ir-
regular morphologies. The diameter (D) of Microcystis colonies was calculated as follows"™ ;

D=JL-W (4)
where, L is the longest axis and W is the shortest axis (aligned perpendicular to the longest axis) of Microcystis col-
onies. More than 200 colonies per sample were measured to determine the biovolume percentage of various mor-
phospecies for each size group of each morphospecies. The median colony diameter ( Dy, ) value was used to
estimate the average colony size in all measured samples, which indicated that 50% of the colonies were smaller
than this size 2",

1.5 Data analysis

In the current study, the time interval was 24 hours ( from noon-12;00 hours- on the first day until noon the
next day) and was defined as a complete day. Thus, the sampling period was divided into August 26", August
27"... September 6".

The following formula was used to calculate the average cell density of Microcystis (C,,.) in the water column

> Co-h
ave = T
where, C, is the cell density of Microcystis at the depth i, and h, is the height of the water column at depth i (h, =
0.010 m; h,=0.165 m; h;=0.150 m; h, =0.275 m; hy=h,=h;=0.400 m; hy=0.200 m), and h is the water
depth (2.00 m).

There was a certain deviation in each measurement of cell density of Microcystis. If only two C,,. were used to

C (5)

calculate the in situ growth rate, there will be a large systematic error. Hence, a least square linear regression of the
natural logarithm of €, vs. time was performed for each complete day, and the slopes of the regression lines repre-
sented the in situ growth rates of Microcystis ">’

The average colony size of Microcystis(Ds, ) in the water column was calculated as follows:

i Dso‘ ° Ci ° h’i

Do, == (6)

where, Dy, is the average colony size of Microcystis at depth i.
The proportion of each morphospecies ( M. ichthyoblabe, M. aeruginosa, spherical M. wesenbergii, irregular M.

wesenbergii and others) out of all the Microcystis throughout water column ( P, ) was calculated as follows:

n
Z P, - Ci - h
_ i
morphospecies C L

ave

morphospecies

P (7

where, P, is the proportion of each morphospecies out of all Microcystis at depth i.

Correlation analyses between the in situ growth rate of Microcystis and environmental factors were performed u-
sing SPSS 19.0 software (IBM, Armonk, NY, USA). The relationships among the proportions of each morphospe-
cies out of all Microcystis throughout the water column were analyzed via the interval maxima regression (IMR)
method™’ . The proportions of two morphospecies were defined as the independent variable and the dependent varia-
ble, respectively. First, the independent variables along with the dependent variables were arranged in ascending
order. Each independent variable was divided into equal increments, resulting in 18-32 intervals. Next, the maxi-
mum dependent variables of every interval were obtained and then fitted linearly with each independent variable.
Then, to test the correlation between the fitted data and the original data, a bivariate Pearson’s correlation analysis

was conducted using SPSS 19.0 software. The relationships between average colony size throughout the water column
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and wind speed and turbulence dissipation rate were determined by the IMR method. For all analyses, a P value of
<0.05 was considered to indicate statistical significance.

The minimum-scale of turbulence is determined by the Kolmogorov scale (Ly: pm) :

Lo = Vu/y (8)
vy = Jelv (9)
where, v is kinematic viscosity (0.901x10° m*/s at 25°C ), y is shear rate (s™'), & is turbulent dissipation rate
(m%/s*) , which is calculated as follows"" .
5.82 x 107 %’
- h

where, w is wind speed (m/s), and h is water depth (A=2.00 m in this study).

&

(10)

2 Resulis

2.1 Meteorological factors and nutrient concentrations

The air temperature showed a distinct diurnal trend of increasing in the morning and decreasing in the afternoon
(Fig.2a). The range of maximum daily air temperature was 24.9-39.1°C , and the average air temperature during
the whole study period was 26.9°C. Light intensity showed a similar diurnal trend as air temperature, and the maxi-
mum daily light intensity ranged from 178 to 1023 pmol - photons/ (m?*-s) .

The average wind speed was 4.87 m/s from 12:00 on August 27" to 12:00 on August 28", with a peak wind
speed of 6.55 m/s( Fig.2b). Wind speed above 3.00 m/s could also be observed on September 1* and 4". The
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mean turbulence dissipation rate (&) ranged from 2x107° to 19107 m’/s* and showed the same trend as the wind
speed.

The concentrations of TN, NH;-N, and TP decreased during the survey period (Fig.3). There were no obvious
trends in the changes in TDN and pH, which ranged from 0.51 to 0.86 mg/L and from 7.0 to 8.6, respectively. Tur-
bidity increased significantly on August 27" and 28" | accompanied by an increase in NO;-N and TDP. The average
concentrations of NO;-N and TDP declined on August 29" and remained at about 1.015 mg/L and 0.008 mg/L for
the following period, respectively (Fig.3).
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Fig.3 Temporal variations in nutrient factors during study period

2.2 Cell density, colony size and morphology of Microcystis

Microcystis was the dominant species, accounting for >99% of all phytoplankton during the study. The surface
cell density of Microcystis fluctuated widely during the study period ( Fig.4a). Microcystis mainly accumulated in the
water surface with a high cell density above 1x10” cells/mL on August 26" and 30" and September 3". When wind
speed was higher than 3.00 m/s on August 28" and September 1* and 4" | the surface cell density decreased to <2x
10° cells/mL. The average cell density in the whole water column varied from 3x10* to 18x10* cells/mL during the
study (Fig.4a).

The median colony diameter (Ds,) of Microcystis at the water surface decreased dramatically under strong wind
on August 27" (Fig.4b). After August 28", the Dy, of Microcystis at the surface first increased and then declined.
The average Dy, of Microcystis through the whole water column was slightly lower than that at the water surface with
range of 66.2—768.0 pm. The trend in the variation in Dy, in the whole water column also decreased under strong
wind on August 27" ( Fig.4b). When wind got down, the D, in the whole water column increased and then de-
clined.

The proportion of each morphospecies out of all Microcystis at the water surface and in the water column varied
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Fig.4 Diel changes in cell density (a) and colony size (b) of Microcystis during study period

over time (Fig.5). Spherical M. wesenbergii and irregular M. wesenbergii were initially dominant in the surface lay-
er, but the proportions of M. aeruginosa and M. ichthyoblabe increased over time. The trends in the variations of the
proportions of Microcystis morphospecies throughout water column can be summarized as follows: the dominant spe-
cies was M. ichthyoblabe in the early stage of the study, followed by an increase in the proportions of irregular M.
wesenbergii and M. aeruginosa, and finally, dominance of M. ichthyoblabe. The proportion of spherical M. wesenber-
gii in the water column gradually decreased during the study.

2.3 Relationships between Microcystis growth and environmental factors

The in situ growth rates of Microcystis obtained by linear fitting are shown in Fig.6. Except for the growth rate
fitting results on August 31", September 1", and September 3" | the other linear fitting results were significant. The
in situ growth rate of Microcystis ranged from —1.074 to 1.134 day™".

Tab.1 summarizes the results of Pearson’s correlation analyses between in situ growth rates of Microcystis and
environmental factors based on the daily mean data collected during the field survey. The in situ growth rate of Mi-
crocystis was significantly positively correlated with wind speed (P<0.01) and pH (P<0.05) and significantly neg-
atively correlated with the surface cell density of Microcystis (P<0.05). Wind speed was significantly negatively
correlated with TDP (P<0.05). Turbidity was significantly positively correlated with NO;-N (P<0.01), NH,-N
(P<0.05), and TP (P<0.01).
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Tab.1 Pearson’s correlation coefficients of Microcystis in situ growth rates vs.

environmental factors and Microcystis cell density during study period

AT L W €. C. TN DN NO3N NHyN TP  TDP  pH T M
AT 1
L 040 1
W 012 -013 1
C., 029 015 -044 1
C,e 030 -0.01 -026  0.71* 1
™ 056 051 -034 072* 055 1

TDN 0.49 0.14 025 0.27 0.09 0.28 1
NO3-N 0.18 -0.13 -0.06 -0.18 0.39 0.16 -0.46 1
NH;-N 0.36 0.02  -0.13 0.75™ 0.79™ 0.58* 0.09 0.30 1

TP 034 -0.02  0.15 0.55 0.75* 061* 0.12 047 0.86™ 1
TDP -022 -023 -0.59* 032 027 0.14 -049 030 037 0.11 1
pH 026 023 0.16  0.07 022 -0.11 039 -0.21 0.01 0.02 -0.64" 1
035 -028 026  0.03 0.53 0.17  -0.03 079 0.58* 0.71™ -0.03 -0.05 1
i 005 -0.18  0.78™ -0.65" -0.20 -0.63 025 -005 -024 -0.10 -0.56  0.64" 0.29 1

AT, air temperature; L, light intensity; W, wind speed; C_,., surface cell density of Microcystis; C,,. , average cell density of Mi-
crocystis through water column; T, turbidity. * Significant at 0.05 level (two-tailed).** Significant at 0.01 level (two-tailed).
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Fig.6 Temporal variations of in situ growth rates of Microcystis during study period

2.4 Changes in colonial morphology of Microcystis

Fig.7 shows the correlations among the proportions of each morphospecies throughout the water column. The

proportion of M. ichthyoblabe out of all Microcystis throughout the water column was negatively ( P< 0.001) correla-

ted with that of M. wesenbergii. The proportion of M. aeruginosa was negatively (P< 0.001) correlated with that of

spherical M. wesenbergii, irregular M. wesenbergii, and the sum of those two morphospecies. There were significant

negative correlations between the average Dy, and wind speed and mean & in the water column ( Fig.8).

3 Discussion

The short-term dynamics of Microcystis biomass in an enclosure ecosystem in a shallow lake was investigated in

this study, with the in situ growth rate of Microcystis analyzed by curve-fitting method. The horizontal migration of

Microcystis was avoided because of the enclosure ecosystem. The Microcystis biomass was not affected by fish or zoo-

plankton because fish were excluded from the enclosure and the Microcystis colonies in the enclosure ecosystem were

too large (D> 200 um (Fig.4b) ) to be predated on by zooplankton™’. Nevertheless, the cell density of Micro-
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cystis in the 1-cm surface water layer was hundreds of times higher than the average cell density in the rest of the

water column. Therefore, an accurate assessment of the thickness of Microcystis aggregation on the water surface is

an important factor affecting the analytical results, but is almost impossible to achieve. In the current study, surface

thicknesses of 0.5 cm, 0.4 cm, 0.3 cm and 0.2 ¢cm were used in calculations. We found that there was no significant

difference in the average cell density of Microcystis in the whole water column calculated with the surface thickness

of 1 em (¢ test, P>0.05, Attached Tab. [ ). Therefore, the in situ growth rate calculated with the surface thick-

ness of 1 cm was deemed reliable.
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The majority of the calculated in situ growth rates in the current study were within the range of 0.069 and 0.642

31 The in situ growth rate of

day™'(Fig.6) , similar to the results measured by the FDC method in other studies'
Microcystis determined by Cao et al."! using specially designed chambers in Lake Taihu was far lower than that de-
termined in our study. This is because they conducted their experiment in spring, when the temperature was much
lower than that in the current study ( conducted in August). The in situ growth rate of Microcystis measured by the
FDC method by Wu and Kong'**! was between 0.2 and 0.3 day™" in August. However, if the FDC was substituted in-
to formula 1 proposed by Tsujimura'™’ | the calculated in situ growth rate could reach 0.6 day™', a value similar to
those obtained in this study. Similarly, Wilson et al.”"’ reported that the growth rate of individual Microcystis colo-
nies ranged from 0.2 to 0.4 day'. Li et al.”* found that the maximum in situ growth rate of Microcystis in Lake
Taihu measured by the RNA/TOC method was 0.6 day™'. Although Stolte and Garcés™’ noted that most cyanobac-
teria have an in situ growth rate of >0.5 day ™', and many show growth rates of >1.0 day " in the laboratory, the in
situ growth rate of Microcystis in a shallow lake would be <0.6 day™ most of the time. However, some of the in situ
growth rates calculated in the present study were between —0.3 and —0.5 day™'( Fig.6) , indicating that there was a
considerable decline in the Microcystis even in midsummer. Further studies on the mechanism of Microcystis decline
are expected to provide a new ideas for the control of Microcystis blooms.

Our results show that the in situ growth rate of Microcystis was positively related to wind speed, indicating that
increasing turbulence promoted Microcystis growth in the field (Tab.1). Tt is generally believed that wind-induced
turbulence causes the release of nutrient from sediment, thereby stimulating Microcystis growth™*!. Turbidity was
significantly positively correlated with NO;-N, NH;-N, and TP (Tab.1). However, the TDP concentration in the
current study was negatively correlated with wind speed, suggesting that the release of phosphorus from sediment
was limited in the enclosure ecosystem. In addition, we detected no significant relationship between TDP and tur-
bidity (Tab.1). Tang et al." found that sediment resuspension significantly contributed to the release of particulate
phosphorus, but had less of an effect on dissolved phosphorus. This phenomenon was consistent with the nutrient
status of phosphorus limitation in Lake Taihu!**".

In this current study, the dissolved phosphorus in the water column may have been absorbed by the rapidly
growing Microcystis, whose growth was promoted by increasing turbulence. Xie et al.™*’ reported a similar result
where the TDP concentration in a shallow lake ( Lake Donghu, China) decreased due to Microcystis growth. The

[47-48

large number of Microcystis accumulated on the water surface will be under a state of nutrient stress " and pho-

. .. [49-50 . . . .. . .
toinhibition ! | which are not conducive to its growth. Sufficient turbulence can cause Microcystis to become even-

51-52]

ly distributed in the water column, rather than aggregated at the surface . The homodispersion of Microcystis col-

onies in the water column is conducive to light transmission and nutrient uptake, both of which stimulate Microcystis

31 The existence of this pathway was verified by the negative relationship between the in situ growth rate

growth!
and the surface cell density of Microcystis detected in the current study ( Tab.1). The nitrogen concentration was rel-
atively high in our study, and was not significantly related to the growth rate of Microcystis.

This study showed a significant negative relationship between Microcystis colony size and wind speed during the
12 days of continuous monitoring, indicating that wind-induced turbulence in shallow lakes could break up Micro-
cystis colonies. A similar negative correlation has been demonstrated in the indoor oscillating grids test carried out

*! also found the length of Dolichospermum. flos-aquae fil-

with Microcystis colonies by O’Brien et al.'"". Zhang et al."
aments decreased noticeably with the increasing turbulence energy dissipation rates in chemostats with self-designed
mixing propellers. The turbulence dissipation rate in the current study ranged from 2x107 to 19107 m’/s”, indi-
cating that turbulence at the above intensities could break up Microcystis colonies under natural conditions. Accord-
ing to the relationship between turbulence intensity and wind speed as well as water depth given by MacKenzie and

]

Leggett™" | a turbulence intensity of 2.33x10™° m’/s’ is equivalent to that produced by an average wind speed of

5.00 m/s in a 30-m depth reservoir. Li et al.'”’ showed that the minimum turbulence intensity required to break a
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Microcystis colony was 0.020 m’/s’ in a laboratory experiment using submerged impellers. The minimum turbulence
intensity in the field would be much lower than that in a laboratory because the laboratory experimental time (30
min) was too short to observe disaggregation of Microcystis at lower turbulence intensities. Therefore, the disag-
gregation of Microcystis colonies by wind-induced turbulence will occur continuously under natural conditions.

The process of colony formation by cell-adhesion is faster than that by cell-division”** . Although the extracellu-
lar polysaccharides on the surface of Microcystis colonies and cells are negatively charged™™® | Chen and
Liirling™’ showed that Ca® , an important divalent electrolyte cation in the water, will counteract the electrostatic
repulsion to promote the formation of large Microcystis colonies by cell adhesion. Moreover, Qin et al'® observed
that the colony size of Microcystis increased from 32.8 to 69.4 pm under the action of wind-waves, suggesting that
strong turbulence could increase the chance of collisions between Microcystis colonies and cells. However, our field
results did not show that strong turbulence promoted the adhesion of Microcystis cells or colonies to form larger colo-
nies (Fig.8). This may be affected by the minimum-scale of turbulence. As shown in Fig.9, the maximum of Dy,
was limited by the L, under different wind speeds. The opposite results between Qin et al.'* and our study was be-

cause the colony size of Microcystis was smaller than L, during their monitoring period. During August 28" to 29"

th th

and September 4" to 5" when the wind speed was less than 1.00 m/s, Microcystis colonies aggregated at the water

surface (Fig.4a), resulting in significantly increased D5, (Fig.4b). Other studies also found that individual colony

14921 Therefore, low tur-

size in the surface scums can be up to 2000 wm, but the Dy, is usually less than 800 pwm
bulence would promote Microcystis adhesion to form large colonies, but the colony sizes does not exceed the mini-

mum-scale of turbulence.

800

Wind speed/(m/s)
P9 B A T R BT YR A AR BEEF I8 R RUBE Z M 150 2R

Fig.9 Relationships between average colony size of Microcystis throughout water column and Kolmogorov scale ( Ly )

No significant correlation was detected between the proportions of spherical M. wesenbergii and irregular M.
wesenbergii (Fig.7c) , although Li et al."”’ have shown that spherical M. wesenbergii can change into irregular M.
wesenbergii under the effect of turbulence. The lack of correlation may be caused by M. ichthyoblabe colonies contin-
uously changing into spherical M. wesenbergii colonies, thus interfering with the relationship between spherical M.
wesenbergii and irregular M. wesenbergii. However, both the proportions of spherical M. wesenbergii and irregular M.
wesenbergii were negatively correlated with that of M. aeruginosa (Fig.7d, e) , indicating that whether M. wesenber-
gii was deformed or not, their colonies were continuously dissolved and turned into M. aeruginosa. The relationships
found in the current study between the various Microcystis colony morphotypes ( Fig.7) support the morphology
change model proposed by Xiao et al.'"*’ that the morphology of Microcystis colonies changes over time. Other re-

60-62

searchers ' | however, have shown that there are some differences in cell size, mucilage sheath, toxin produc-

tion, and gene sequences in different morphotypes of Microcystis colonies. In the future studies, it is necessary to

measure the above characterization in the dynamic change of Microcystis morphotypes for verifying the hypothesis.

[63-65]

Recent studies have forecasted that global climate change will reduce average wind speeds on land , resul-
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ting in lower turbulence intensity in lakes. The results of this study imply that the colony size of Microcystis in lakes
will increase with lower wind speeds, and the probability of surface accumulation will increase. Another prediction
from global climate change is an increase in extreme weather events, such as tropical typhoons with high rainfall and

winds, which may not only transport nutrients into lakes, but will also stir up sediments'®**

. In our study, no rela-
tion between water column nutrient concentrations and wind speed was found, but at higher winds, such as during
typhoons, dissolved inorganic nutrients at the sediment-water interface increased with wind"®’ . Consequently, cya-
nobacterial biomass increased in the next month after tropical cyclones passed™® . Hence, the availability of nutri-
ents and a more favorable volume-to-surface ratio of smaller colonies due to colony breakage under high winds will
promote biomass build-up, while during subsequent stable weather conditions likely larger sized Microcystis colonies
will accumulate at the water surface.

The aggregation of Microcystis at the water surface is not conducive to light penetration. Thus, other phyto-

11391 Janatian et al.'”’ indicated that a decrease in wind speed will shift phy-

plankton may receive even less light
toplankton groups from r-selected coccal and colonial green algae and cyanobacteria to K-selected shade-adapted
thin filamentous cyanobacteria in the large and shallow Lake Vortsjéirv. Therefore, decreasing wind speed will likely
reduce phytoplankton biodiversity in eutrophic lakes, and buoyant cyanobacteria such as Microcystis will become

more dominant.
4 Conclusions

Strong turbulence in field conditions promoted Microcystis growth due to homodispersion of Microcystis colonies
and release of nutrient from sediment. Microcystis colonies can be disaggregated by strong wind-induced turbulence
in the field. The negative relationships between M. ichihyoblabe and M. wesenbergii and between M. wesenbergii and
M. aeruginosa in the proportion of morphospecies out of all Microcystis were found in this study, but more evidence
is need to support the hypothesis that the morphology of Microcystis colonies changes over time. On the basis of our
results, we conclude that a climatically modulated decline in wind speed will promote the surface accumulation of

Microcystis due to larger colony formation.
5 Appendix
The Attached Table [ is seen in the electronic version ( DOI; 10.18307/2021.0205).
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Supporting Information

The differences in average cell density of Microcystis in water column calculated by the surface thickness of 1.0
cm, 0.5 cm, 0.4 cm, 0.3 cm and 0.2 ¢cm were analyzed by one-way ANOVA using a Tukey post hoc test. The statis-
tical analysiswere performed using SPSS 19.0.

Attached Tab. [ The differences in average cell density of Microcystis in water column calculated

by the surface thickness of 1 cm, 0.5 cm, 0.4 cm, 0.3 cm and 0.2 cm

(I) Variable 1 (J) Variable 2 Mean difference (I1-J) Standard deviation Significance

Tukey HSD 1.0 cm 0.5 cm 0.54027 0.32881 0.470
0.4 cm 0.64833 0.32881 0.281

0.3 em 0.75638 0.32881 0.146

0.2 cm 0.86443 0.32881 0.066

0.5 cm 1.0 cm -0.54027 0.32881 0.470
0.4 cm 0.10805 0.32881 0.997

0.3 ecm 0.21611 0.32881 0.965

0.2 cm 0.32416 0.32881 0.862

0.4 cm 1.0 cm -0.64833 0.32881 0.281
0.5 em -0.10805 0.32881 0.997

0.3 ¢cm 0.10805 0.32881 0.997

0.2 cm 0.21611 0.32881 0.965

0.3 cm 1.0 cm -0.75638 0.32881 0.146
0.5 em -0.21611 0.32881 0.965

0.4 cm -0.10805 0.32881 0.997

0.2 cm 0.10805 0.32881 0.997

0.2 cm 1.0 cm -0.86443 0.32881 0.066
0.5 em -0.032416 0.32881 0.862

0.4 cm -0.21611 0.32881 0.965

0.3 cm -0.10805 0.32881 0.997

# Correlation is significant at the 0.05 level, ##* Correlation is significant at the 0.01 level.





