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Abstract 
Microcystis aeruginosa is a single-celled cyanobacterium, forming large colonies on the surface of 
freshwater ecosystems during summer, and producing a toxin (microcystin) that in high concen-
tration can be harmful to humans and animals. These toxic effects can be governed by abiotic en-
vironmental conditions including water temperature, light, nutrient abundance, and fluid motion. 
We investigated the effect of small-scale turbulence on the growth and metabolism of Microcystis 
aeruginosa using field measurements and laboratory bioreactor investigations. The laboratory 
setup included two underwater speakers, generating a quasi-homogeneous turbulent flow with 
turbulent kinetic energy dissipation rates up to 10−6 m2/s3, comparable to field values in the lacu-
strine photic zone. The role of turbulence is quantified by comparing cell number, dissolved oxy-
gen production/uptake, and inorganic carbon uptake in stagnant condition and two sets of expe-
riments with turbulent conditions, quantified by the Taylor micro-scale Reynolds number at Reλ = 
15 and Reλ = 33. The results suggest that turbulence mediates the metabolism of Microcystis aeru-
ginosa measured by the net oxygen production, oxygen uptake, and inorganic carbon uptake. Fur-
thermore, small-scale turbulence marginally influenced Microcystis growth rate estimated from 
cell population concentration (−5% and 11% for Reλ = 33 and Reλ = 15, respectively, as compared 
to stagnant conditions). 
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1. Introduction 
Cyanobacteria blooms are a ubiquitous nuisance in freshwater ecosystems throughout the world [1]. The cyano-
bacteria frequently dominate eutrophic lakes in summer months under high nutrient, warm, calm water condi-
tions, where they can easily outcompete other aquatic microorganisms. Two unique adaptation strategies con-
tribute to the dominance of cyanobacteria in these systems. First is the ability of individual cells to bond together 
into colonies. Second is the capability to regulate their buoyancy and thus their location with respect to the sur-
face of the water column [2] [3]. Cyanobacteria blooms are of such interest not only because of the induced foul 
taste, odor and turbidity in lake water but also due to their contribution to hypoxia and subsequent fishery col-
lapse [4]. Certain cyanobacteria, such as the Microcystis aeruginosa, produce a deadly liver toxin called micro-
cystin. This compound has been regulated in drinking water by the World Health Organization (WHO), as it is a 
known carcinogen, gastrointestinal irritant and is responsible for animal deaths when present in high concentra-
tion [4] [5]. The production and utilization of microcystin by Microcystis has been widely studied, however evi-
dence has not been entirely cohesive. Studies do point to the use of microcystin in competition with other or-
ganisms for dominance within aquatic system, for example: 1) aiding in intracellular inorganic carbon (Ci) regu-
lation under low environmental Ci conditions to sustain photosynthetic processes [6]; 2) inhibiting the metabol-
ism of other microorganisms [7], and 3) maintaining colonies through promotion of polysaccharide production 
[8]. 

Microcystin production is only one of the competitive strategies that Microcystis can exhibit. Microcystis can 
persist in a broad range of environmental conditions where other microorganisms cannot, including cold tem-
peratures [9], low Ci conditions [10], and in the presence of common herbicides [11]. Additionally, unlike many 
aquatic microorganisms, Microcystis remains photo-chemically active as they overwinter in the water column 
[9]. The authors reported that Microcystis react to environmental stressors, such as cold and dark water condi-
tions, by reducing their metabolism. This behavior is known as a Type I stress response [12]. Microcystis 
have a photosynthetic metabolism and produces carbohydrates from Ci dissolved in the water and uses them 
for polysaccharide, RNA and nucleic acid production. Any excess Ci is released during the dark cycle during 
respiration. RNA and nucleic acids are primarily used in cell division, whereas polysaccharides are used in 
colony formation [13]. Thus, the availability of Ci is vital for the well-being of the Microcystis population. 
Microcystis can also adapt to varying levels of Ci within their environment through the utilization of a Carbon 
Concentrating Mechanism (CCM), which concentrates Ci on the primary CO2 fixing enzyme, RuBisCO 
[14]-[16]. This adaptation is essential for survival in periods of high productivity when Ci concentrations are low. 
Conversely, when the C:N ratio gets too high, and the Microcystis become nitrogen limited; they can sink excess 
Ci into extracellular polysaccharides (EPS) [17] [18]. For all these reasons, Ci concentration is a critical diagnos-
tic variable when studying Microcystis growth and metabolism under different abiotic factors or environmental 
stresses.  

Abiotic factors such as nutrient concentration, temperature, and photosynthetically active radiation (PAR) le-
vels may define the necessary conditions for bloom initiation; however, hydrodynamics is recognized as a key-
controlling factor in the impact and extent of bloom persistence [19]. Microcystis are in fact exposed to a variety 
of fluid flow conditions, within their habitat, especially near the lake surface where they cluster during harmful 
algal bloom (HAB), and experience turbulent mixing effects by wind and waves [20]. Although many studies, 
discussed above, demonstrate Microcystis’ ability to adapt to their dynamic environment, the influence of hy-
drodynamics has not been thoroughly investigated. It has been shown that different microscopic algae react in 
different ways to the variability of fluid flow conditions. For instance, Chengala et al. (2013) [21] demonstrated 
that fluid motion facilitates favorable nutrient uptake for a green alga, Dunaliella primolecta, through the mod-
ification of the boundary layer around the cell. Kenis and Hoyt (1971) [22] and Jenkinson and Sun (2014) [23] 
showed that marine microalgae, planktonic algae, and bacteria produce EPS to increase drag reduction by local-
ly modifying the viscosity of the ambient fluid.  

Management and prediction of HAB formation and microcystin production require a comprehensive under-
standing of bloom mechanics and the response of microorganisms to the corresponding range of environmental 
conditions that occur in nature. Our particular objective is to investigate the metabolic and growth responses of 
Microcystis aeruginosa to different fluid flow conditions, consistent with observations in lacustrine environ-
ments. This is accomplished by evaluating the effect of turbulence based on careful monitoring of several phys-
ical and chemical variables including PAR, pH, alkalinity, dissolved oxygen (DO), and temperature as shown in 
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Table 1, while varying the hydrodynamic forcing. Experiments were performed in a bioreactor actuated by two 
underwater speakers, designed to maintain a quasi-homogeneous isotropic turbulent flow with limited mean 
flow and mean shear, which can be well described by the Taylor micro-scale Reynolds number (Reλ). The fluid 
flow in the bioreactor was controlled to achieve comparable energy dissipation rates to those observed in the 
photic zone of Lake Minnetonka, Minneapolis, MN.  

2. Materials and Methods 
2.1. Speaker Reactor 
The experimental setup, in Figure 1, is a submersible speaker bioreactor made from a 21.5 cm × 21.5 cm × 52 
cm Plexiglas tank with two underwater speakers (AQ339 Aquasonic; Clark Synthesis, Littleton, CO, USA) po-
sitioned behind a mesh grid (1 cm2 mesh, 0.4 solidity) at each end. This experimental apparatus is also used in 
Chengala et al. (2013). The fluid motion in this setup is generated by the vibration of the speaker diaphragm, 
which pushes the fluid through the grid. The speakers were out of phase with each other by 180˚ (reverse polar-
ity), therefore, when the left speaker contracted, the right speaker expanded, allowing for the continuous genera-
tion of eddies into the test section. The speakers can generate different flow conditions by actuating sinusoidal 
signals of varying prescribed frequencies (Hz) and amplitudes (V). A programmable Labview (National Instru-
ments, Austin, TX, USA) function generator connected to an amplifier (Samson Servo 300, Samson Technolo-
gies, Hauppauge, New York, USA) generates the speaker signals. The bioreactor is completely enclosed and 
slightly pressurized. All instruments and adjustments are made in situ. A magnetic scraper (ProMag, Aqueon, 
Franklin, WI, USA) was employed before cell counts at the bottom of the tank to re-suspend settled cells and 
ensure proper cell concentration measurements. 

2.2. Initial Experimental Conditions 
Each experiment used a 14:10 hour light-dark cycle from simulated solar fluorescent lights (Phillips Plant and 
Aquarium 20 W, Phillips, Andover, MA, USA) positioned on each side of bioreactor parallel to the main aqua-
rium axis and perpendicular to the speaker orientation to ensure uniform vertical light exposure, and prevent 
light dependent algal distribution. The PAR was measured near the tank every 5 minutes during the experiment 
by a spherical quantum sensor (LI-193 LICOR, Lincoln, NE, USA) yielding an average 58.3 ± 4.4 (μmol/m2∙s) 
during the light cycle and 39.7 ± 1.4 (μmol/m2∙s) during the dark period. The fluid temperature was monitored 
every five minutes in conjuncture with the DO measurements by an optical oxygen and temperature sensor (Op-
tode 3835 Aanderaa Data Instruments AS, Bergen, Norway) yielding an average temperature of 23.03˚C ± 
1.86˚C. 

After an equilibration period, the pH was adjusted (day 4 - 11) to 5.8 - 6.2, as shown in Figure 2, by bubbling 
industrial grade CO2 gas (Matheson Gas, New Brighton, MN, USA) using a 23 in. air curtain diffuser (Elite Pet 
Supplies, Vineyard, NSW, Australia). The addition of CO2 to the system increases the growth rate as compared to 
the estimated growth rate of samples without CO2 adjustment (observed by Qiu and Gao, 2002 [24] and confirmed 
in our preliminary experiments). On days 3 - 11, the DO saturation was reduced to 20% - 30% daily immediate-
ly following the pH adjustment, also shown in Figure 2, by bubbling industrial grade N2 gas (Matheson Gas, 
New Brighton, MN, USA) through the same diffuser. Both environmental adjustments, pH and DO, had to be 
made because of the lack of gas exchange in the bioreactor, as it is a closed system. As discussed above, access 
 
Table 1. Comparison of average environmental conditions in the laboratory bioreactor and Lake Minnetonka, MN. The Lake 
Minnetonka data consist of time and depth-averaged values within the photic zone (0.5 - 1.5 m) at 10-10:30 am, see Appen-
dix. The laboratory bioreactor data report time averaged values obtained during the maximum daily growth period (11 am-1 
pm) for all lab experiments, for all days.                                                                      

 
Environmental parameters  

pH DOsat (%) Light (μmol/m2∙s)  

Lake Minnetonka 8.09 82.7 114.7 - 26.5  

Laboratory 
bioreactor 6.8 - 7.4 55.7 - 132.9 58.3  
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Figure 1. Schematic overview of the speaker reactor setup. (a) Speaker reactor schematic detailing 
the positions of the PIV planes, the sampling location representing the positions of the instruments (i, 
chlorophyll probe, ii, DO probe, iii, pH meter), the origin and the orientation of the (x,y) reference 
system, the position of the back light, and orientation of the speakers with respect to the grid. (b) Top 
view schematic showing the orientation of the PIV planes with respect to the instrument locations and 
the sampling hole (iv).                                                                       

 

 
Figure 2. An example of daily light, DO and pH adjustments, 
the dashed line symbolizes when the CO2 and N2 gasses were 
bubbled, and the gray box represents the light cycle. As can be 
seen after the bubbling of N2 and CO2, the DO and pH are re-
duced to daily initial conditions (~9 am).                        

 
to Ci is vital for the health of the population. The DO adjustment is made to prevent photo-oxidative death, in 
which too much oxygen and light can cause chlorophyll bleaching and premature population die off, especially 
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in low Ci conditions [25] [26]. 

2.3. Flow Measurement Setup 
The fluid motion within the bioreactor was quantified by non-intrusive two-dimensional (2D) Particle Image 
Velocimetry (PIV) in which small tracer particles are illuminated by a laser sheet and tracked through a series of 
high-speed images. The system comprised of a high speed camera (VC-4MC-M180E0 Viewworks, Anyang, 
Gyeonggi, Republic of Korea), fitted with Nikon AF 50mm lens (Nikon, Tokyo, Japan), with a resolution of 
2048 × 2048 pixels, able to capture 1000 images at 30 frames per second within a field of view of 7 cm × 7 cm. 
The tracer particles were 8 - 12 μm hollow glass spheres (1.05 g∙cm−3) and were illuminated by ND:YAG pulsed 
green laser (LPY 700 series Litron, Rugby England, UK). The laser and the camera were synchronized (TSI La-
serPulse, Shoreview, MN, USA) and controlled by Insight 4G software (TSI, MN) that processed the images to 
derive 2D velocity fields; u, and v, oriented according to Figure 1. The flow was measured in four planes without  
the presence of Microcystis, for two speaker settings (50 Hz frequency, at 0.2 V amplitude and 30 Hz at 0.2 V). 
Based on symmetry considerations, flow statistics averaged over the four planes are considered representative of 
the full aquarium. 

2.4. Fluid Flow Analysis 
The experimental apparatus was designed to mimic environmental flows at laboratory scale under controlled and 
monitored conditions. Spatio-temporally resolved velocity fields were measured by PIV, see Figure 3, to ade-
quately quantify turbulent characteristics in each experimental case, respectively identified by: the Reynolds 
number, Reλ = (urmsλ)/ν (where urms is the root mean square velocity, Taylor micro-scale (λ), and ν is the kine-
matic viscosity), the rate of energy dissipation (ε), and the Kolmogorov length scale (η). The Reynolds number 
based on the Taylor micro-scale is often used to describe homogeneous turbulence (e.g. [27]). 

The Taylor micro-scale, λ, is the intermediate length scale characterizing homogeneous and isotropic turbulence, 
in between the integral length scale (Lx,y) and the Kolmogorov length scale. Physically it defines the upper limit of 
the region where viscosity is still relevant to turbulent eddy formation. The Taylor micro-scale in this study was es-
timated in two ways: 1) using Equation (1), requiring an estimate of ε (hence the notation λε), 2) using the autocor-
relation of fluctuating velocity components, u(x) or v(y), as shown in Figure 4, simply referred to as λ.  

Here the autocorrelation function is defined for homogeneous isotropic turbulence as  
( ) ( ) ( ) ( )2r u x u x r u xρ ρρ = + , where u(x) is the velocity fluctuation, rρ is the spatial lag, and the  ex-

pression indicates spatial averaging along any x coordinate (e.g. [28]). 
230 rmsuελ ν ε=                                        (1) 

 

 
Figure 3. Sample instantaneous velocity vector field in 
the speaker reactor at Reλ = 33. x and y are based on the 
origin shown in Figure 1. The contours represent the 
magnitude of the (u,v) velocity vectors (m/s).                        
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where the rate of energy dissipation can be estimated using the two-dimensional (2D) spatial velocity derivatives 
[21] [29] [30] 

( )
2 22 23 3 3, 4

4 4 2
u v u v u v u vx y
x y y x x y y x

ε ν
      ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂    = + + + + +         ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂         

              (2) 

A relevant turbulent length scale for phytoplankton growth and nutrient uptake in quasi-homogeneous turbu-  

lence is the Kolmogorov scale, ( )1 43η ν ε=  [21]. It represents the scale of the smallest eddies in the flow,  

where turbulent kinetic energy is eventually dissipated into heat and defines the lower limit of the inertial range. 
Agreement between λε and λ, shown in Table 2, indicates consistency between the velocity autocorrelation 

and the estimation of ε(x,y), based on spatial velocity derivatives, supporting both the quality of the flow mea-
surements and the homogeneity of the flow. Although the Reynolds number is relatively small [27] there is 
strong agreement with the turbulence intensities observed in Lake Minnetonka in the presence of cyanobacteria 
near the surface of the water column (see Appendix). 

Evidence of Homogeneity and Isotropy 
As can be seen in Figure 5(a), the energy dissipation rate is relatively uniform in the vertical profile with the 
exception of Reλ = 33, near the wall. This supports our effort to generate quasi-homogeneous turbulence within 
the bioreactor. Additionally, evidence of homogeneity can be seen in Figure 5(b), as the autocorrelation curves 
obtained for different PIV planes are fairly consistent. Evidence of isotropic turbulence shown in Table 2 in-
clude: 1) the ratio of velocity fluctuations urms/vrms~1, 2) the autocorrelation curves are illustrated in Figure 4 
and the resulting estimates of the integral length scales are independent of the directions, u(x), v(y) along which  
statistics are computed: Lx/Ly = 1.01, 0.93 for the Reλ = 33, and 15 respectively. Note that the integral length 
scales, Lx, Ly, calculated from the integral of the corresponding normalized autocorrelation curves, represent the 
largest, statistically significant, eddy in the turbulent flow. 

 

 
Figure 4. Spatial autocorrelation function of the horizon-
tal and vertical velocity components along the vertical (y) 
and the transverse (x) directions of the bioreactor setup 
(Reλ = 33) showing how the fit parabola yields the estimate 
of the Taylor micro-scale, λ, represented by the black arrow.                        

 
Table 2. Flow characteristics in the speaker reactor and at the Lake Minnetonka measurement site. The values for urms, vrms 
and ε are spatially averaged over the PIV planes (30 Hz 1B, 2A planes, 50 Hz all planes), described in the fluid characteriza-
tion section. A detailed description of Lake Minnetonka data analysis is in Appendix.                                               

 
Fluid parameters       

Reλ Reλ,ε λ(m) λε(m) urms(m/s) urms/vrms ε(m2/s3) η(m) Lx/Ly 

Laboratory bioreactor 
30 Hz 0.2 V 15 12 0.0112 9.1 × 10−3 1.1 × 10−3 1.33 3.7 × 10−7 1.1 × 10−3 0.93 

Laboratory bioreactor 
50 Hz 0.2 V 33 26 9.1 × 10-3 7.4 × 10−3 3 × 10−3 1.04 4.1 × 10−6 6.2 × 10−4 1.01 

Lake Minnetonka - 32 - 9.1 × 10−3 3.2 × 10−3 0.86 3.4 × 10−6 6.9 × 10−4 - 
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Figure 5. Evidence of isotropy in the speaker reactora) Vertical Profile of 
energy dissipation rate, ε, (Reλ = 33 and 15). The vertical profile of the 
energy dissipation rate is estimated by averaging, along the x direction, the 
median of the time history ε(x,y,t), determined from Equation (2) (Reλ = 15, 
planes 1B, 2A, and Reλ = 33 all planes). (b) Normalized autocorrelation of 
u(x) estimated for all PIV planes at Reλ = 33.                                               

2.5. Microcystis Culture and Analysis 
The Microcystis aeruginosa strain B3-R-7 was obtained by the Department of Fisheries and Allied Aquacultures, 
Auburn University, Alabama. The cultures were maintained in tanks in the presence of 1:50 BG-11 media dilu-
tion (Sigma-3061, Sigma-Aldrich, St Louis, MO, USA) and Mili-Q water (Millipore, Billerica, MA, USA) and 
exposed to natural light. Samples taken from this culture were diluted in fresh growth media, allowed to grow 
for 4 - 8 days, to ensure they were within the exponential growth phase. The speaker reactor was then inoculated 
with an initial concentration of 100,000 cells/mL from this culture. Three depth-averaged samples (9 mL) were 
taken from the top of the tank by inserting a plastic tube into the bioreactor, then blocking the top of the tube and 
extracting a sample. Samples were taken once per day (day 1 - 11), each morning after the pH and oxygen satu-
ration were adjusted. The cell concentration was estimated using the average of triplicate cell counts using a 
hemocytometer. Statistical analysis of cell concentration data were analyzed using a two-way ANOVA with 
replication with factors (turbulence level and time) with an α = 0.05 using Microsoft Office Excel 2010 (Red-
mond, WA, USA).  

Growth rate for the full experimental cycle can be estimated using the Verhulst logistic equation for popula-
tion-limited growth, below [31] [32]: 
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d 1
d g
N Nk N
t K

 = − 
 

                                    (3) 

where N is the cell concentration, t is time, kg is the growth rate, and K is the carrying capacity.  
A second method for assessing Microcystis concentration and growth is based on chlorophyll measurements. 

The fluorometer (Cyclops 7, Turner Designs, Sunnyvale, CA, USA) was employed to measure the chlorophyll a 
(Chla) within the tank, after a calibration procedure. From the fluorometer output (V), cell concentration data 
during the dark cycle can be obtained by the calibration curve (data not shown).  

2.6. Dissolved Ci and DO Data 
DO production, Ci, and DO uptake are indicators of photosynthetic activity and can reveal critical information 
on Microcystis’ cellular metabolism [33]. The Ci can be calculated from Equation (4) by measuring the alkalini-
ty and the pH within the speaker reactor. The pH of the system was taken in situ every five minutes with a pH 
meter (pHASE, SensorX, Garden Grove, CA, USA) connected to a transmitter (TX100pH/mV 2 wire, SensorX, 
Garden Grove ,CA, USA), which is logged by a Labview program. The alkalinity was measured twice per day 
(on days 4 - 10), once in the morning after pH and oxygen adjustment and again in the evening (6 hours later). 
The alkalinity measurements using 100 mL depth averaged samples were titrated following the standard operat-
ing procedure (SOP) WQ/WC 202.1 (USDA/ARS-Stuttgart National Aquaculture Research Center, Almyra, AR, 
USA). The titrant used was a standardized 0.02N H2SO4, prepared according to the reagent preparation in the 
SOP, from carbon dioxide free water and H2SO4 (ACS grade, BDH H3070, VWR, Radnor PA, USA). The pH 
and alkalinity measurements allow for Ci calculation through the carbonate cycle for a closed system. 

[ ] [ ]
[ ] [ ] [ ] [ ]1 1 2

2
1 1 2

H 2
Alk H

HH H
a a a W

T
a a a

K K K KC
K K K

 + +
 = + − +
  ++ + + + 

                    (4) 

where [Alk] is the alkalinity, CT is the total Ci, [H+] = 10−pH, Ka1 = 10−6.35, Ka2 = 10−10.33, Kw = 10−14 at 25˚C and 
1 bar [34].  

The flux of Ci, iCJ , was calculated using the change in total Ci over the relevant daily growth period (~6 
hours into the light cycle), using Equation (5): 

iC cell
d
d

TC J SA N
t
= ∗ ∗                                    (5) 

where SAcell is the cell surface area. The SAcell was estimated based on measured cell equivalent radius [35].  
Although both alkalinity and pH are necessary for Ci calculations in a closed system, pH time series data can 

give a qualitative measure of the Ci uptake during the light cycle (photosynthesis) and Ci production in the dark 
cycle (respiration). The lower the pH, the more Ci is present in the system due to the transformation of dissolved 
CO2 gas to carbonic acid. Thus, when the Microcystis remove Ci from the water during photosynthesis, the pH 
increases as observed in Figure 6(a). The CO2 is not added until day 4 and the pH response is not as rapid as 
observed during the exponential growth period. This is due to the lower cell concentration in lag phase when the 
Microcystis population has not yet reached exponential growth. This trend is observed at both Reλ. As discussed 
above, CO2 adjustments were enforced when the pH was above 5.8 - 6.2, ensuring that at the beginning of every 
day Microcystis were exposed to the same environmental conditions, pH, DO, and temperature. 

DO was measured, in situ, at 5 minute increments using an optical oxygen and temperature sensor, as dis-
cussed above. The flux of oxygen, JDO, was computed using the slope of the oxygen time series, (d(DO))/dt 
((DO mol)/(L⋅min)), estimated in the following time period: 5 hours after initial condition adjustment for net 
photosynthetic oxygen production, up to 5 hours prior to the adjustment for respiratory oxygen uptake. 

( )
DO cell

d DO
d

J SA N
t

= ∗ ∗                                  (6) 

These fluxes represent the average net production of oxygen for each Microcystis cell during the day (JDOprod) 
and the corresponding average uptake of DO during the night (JDOupt). As shown in Figure 6(b), diurnal oxygen 
production (net photosynthesis) and uptake (respiration) occurred throughout the exponential growth phase, 
which is to be expected with photosynthetic organisms. During the daily growth interval, the oxygen concentration  
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Figure 6. Example DO and pH time series for the three experimental conditions investigated (stagnant Reλ = 33 and 15). The 
arrows indicate when the N2 and CO2 were bubbled to adjust the DO and pH in the bioreactor.                                               
 
reached super-saturation, thus requiring nitrogen bubbling to avoid damage to cell population. 

3. Results 
3.1. Microcystis Population Data 
The population growth of Microcystis is shown in Figure 7. The range of cell concentration observed in this 
experiment was from 1 × 105 cells/mL to 17 × 106 cells/mL and was well within the high-risk range for HAB 
established by the WHO [4]. From Equation (3), the average estimated kg were 0.62 (r2 = 0.97), 0.59 (r2 = 0.97), 
and 0.69 (r2 = 0.97) (1/day) for stagnant, Reλ = 33, and Reλ = 15 respectively. The estimates indicate that the 
highest turbulence level, Reλ = 33, yielded the lowest growth rate by 5% compared to the stagnant condition, 
while the Reλ = 15 condition increased kg by 11%. These results were corroborated by estimation of kg using first 
order growth kinetics for the exponential growth phase days 1 - 9 and the same trend between the stagnant and 
turbulent experiments is observed. 

From Figure 7, we can establish three growth phases within the 11-day experiments using the theoretical 
growth curve: lag phase (days 0 - 4), exponential phase (days 5 - 9) and the transition to the stationary phase 
(day 10 - 11). A two-way ANOVA was performed on the cell concentration times series considering turbulence 
regimes (factor A), and time (factor B). The cell counts for each day, (n = 9 cell counts/day) represent the three 
replicate experiments. ANOVA analysis yielded a P < 0.05 with α = 0.05 for the investigated cell concentration 
time series. The analysis indicates that with 95% confidence the difference in cell concentration among the 
stagnant and turbulent regimes (stagnant, Reλ = 33, and Reλ = 15) are statistically significant. However, the kg 
values estimated from these cell concentration time series showed only marginal differences in population 
growth rate among the experimental conditions, as stated above.  

A series of 24-hour cell concentration measurements were conducted to define the daily growth interval and 
the relevant time frame for the metabolic flux calculations. Figure 8 shows the daily evolution of cell growth for 
Microcystis during a 24-hour period at the beginning of the exponential growth phase under different Reλ. The 
Microcystis population experiences linear growth within the first 5 hours (9:00 am-2:00 pm) of the light cycle and  
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Figure 7. Population growth of Microcystis for stagnant, Reλ = 15 and Reλ = 33, sampled at the 
beginning of the light cycle. The mean cell concentrations are calculated from daily measure-
ments (3 samples/day) of triplicate experiments, (n = 9). The vertical bars represent standard 
deviation calculated from the nine data points per day. (a) Denotes the beginning of the exponen-
tial growth phase (b) denotes the start of the stationary phase. The dotted line represents the 
theoretical growth curve based on the verhulst equation, Equation (3), fitted on all experimental 
growth measurements.                                                                      

 

 
Figure 8. Cell concentration, N, measured at smaller time intervals within a 24 hour period at the 
start of the exponential growth phase (day 5) normalized by average cell concentration for the 
evening period of the constant cell population (4 pm-1 am). The gray region represents the light 
cycle, and the dashed line represents the O2 saturation and pH adjustment is made.                        

 
then ceases growth, thereafter. The daily growth interval within the 24-hour period appears to be independent of 
the tested Reλ. 

3.2. Oxygen Fluxes 
The net DO production during photosynthesis is shown in Figure 9. The net DO production, JDOprod, for the 
stagnant condition is consistently higher than that of turbulent cases (Reλ = 15, and 33). The results indicate a 
hindrance of photosynthesis due to environmental conditions induced by the fluid flow. The overall decline of 
net DO production in each case reflects the transition from the exponential growth phase to the stationary phase. 
However, all turbulent levels decline at similar slopes throughout the experiment. The DO uptake during respi-
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ration is shown in Figure 10. The stagnant condition shows consistently higher JDOupt and has a steeper slope 
during the exponential growth phase (days 5 - 8), as compared to the turbulent conditions. 

3.3. Inorganic Carbon Fluxes 
As seen in Figure 11, the stagnant and Reλ = 15 conditions appear to have a constant carbon uptake flux, where 
as, the Reλ = 33 manifests a decreasing trend. Both turbulent cases are lower in comparison to the stagnant con-
dition at the end of exponential growth and stationary growth phase (days 8 - 10). For days 8 - 10, the Ci uptake 
for the turbulent case (Reλ = 15 and Reλ = 33), on average, is 44.3%, 56.8% of the stagnant condition for Reλ = 
33, 15, respectively. Qiu and Gao, (2002) [24] have reported asimilar difference in photosynthesis for Microcys-
tis due to various Ci availability. 

4. Discussion 
Thomas and Gibson (1990) [36] suggested that cyanobacteria are relatively less sensitive to turbulence com-
pared to other micro-algal groups. Additionally, the effect of small-scale turbulence has been shown to be less of 
a controlling factor on population growth, as compared to its contribution to turbulent mixing, such as entrain-
ment of CO2 from the atmosphere and the change in lighting conditions due to physical displacement of the  
 

 
Figure 9. Oxygen production flux in the stagnant, Reλ = 15, and Reλ = 
33 conditions. The data points represent an average of the triplicate ex-
periments.                                                                      

 

 
Figure 10. Oxygen uptake flux in stagnant, Reλ = 15, and Reλ = 33 con-
ditions. The data points represent an average of triplicate experiments.                        



A. Wilkinson et al. 
 

 
362 

 
Figure 11. Comparison of dissolved inorganic carbon, Ci, uptake flux 
for stagnant, Reλ = 33, and Reλ = 15. The data points are obtained from 
Equations (4), (5) using averaged measurements of alkalinity and pH 
during one experiment for each Reλ.                                        

 
Microcystis within the water column [2] [19] [37]. Although the population growth appears to be only margi-
nally influenced by small-scale turbulent conditions, our study highlights an appreciable mediation of the pho-
tosynthetic metabolism by turbulence, independent of the influence of CO2 entrainment into the water, DO or 
nutrients abundance, and changes in PAR availability. The observed mediation of photosynthesis is a genuine 
stress response similar to Microcystis’ response to cold and dark conditions, low environmental Ci concentra-
tions, and other common environmental stressor experienced by Microcystis [10] [24] [38]. For example, Chen 
et al. (2015) [39] reported sodium chloride contamination inhibits photosynthesis in Microcystis aeruginosa by 
suppressing carbon assimilation. To facilitate the discussion of our findings in relation to different fluid flow 
conditions, we first highlight some relevant metabolic processes of Microcystis.  

Microcystis are photosynthetic cyanobacteria, thus, they derive their carbohydrates from Ci dissolved in the 
water, which they use to produce several biochemical compounds, including microcystin and EPS. Thus, the Ci-

that has been taken up through photosynthesis but is not released during respiration is accumulated and utilized 
by the cell. Under stagnant fluid conditions, Ci uptake is the same for days 5 - 7 and higher for days 8 - 10, 
compared to the turbulent conditions. However, the respiration is higher at days 5 - 8 (~exponential growth) and 
then the same for days 9 - 10 (~stationary phase) for the stagnant condition, again as compared to the turbulent 
conditions. This demonstrates a change from accumulation of Ci under turbulent condition in the exponential 
growth phase (where the cell is taking up the same Ci but respiring less compared to the stagnant condition) to 
the accumulation of Ci under stagnant condition (where the cell is taking up more Ci and respiring at the same 
rate compared to the turbulent) during the stationary phase. We hypothesize the difference in Ci accumulation 
during the exponential growth is due to EPS production, utilized to form a protective layer around the cell and 
reduce drag in the presence of the turbulence. Several studies have demonstrated that dilute polymer solutions 
produced by microalgae act as drag reducers and are inferred to be a physiological response to mediate mechan-
ical damage to the cell due to turbulence stress [22] [23] [40]. It is observed that there is a switch from Ci accu-
mulation in the turbulent case exhibited during exponential growth phase to the Ci accumulation observed in the 
stagnant condition during stationary growth phase. As stated in the previous section, Microcystis use EPS as a 
sink for Ci to combat nitrogen deficiencies that would be present in the stationary growth phase, due to depleted 
nutrients. The marked increase in Ci uptake is supported by the observation that EPS production during nitrogen 
stress is 3 - 4 times greater than that produced to reduce drag [40]. The observed transient effect of Ci accumula-
tion between the exponential growth phase and the stationary phase is further supported by the fact that, EPS 
structure and composition evolve throughout the growth cycle [41]. An additional explanation for the increased 
Ci uptake during the stationary phase could be that Ci is used for the production of microcystin. Presumably, the 
Microcystis produce additional microcystin as a self-defense mechanism during the nutrient limiting stationary 
phase [7]. 
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The reduction in net DO production in the turbulent flow could be related to the way Microcystis uniquely 
respond to stress. Wu et al. (2008) [9] demonstrated that Microcystis, under such conditions, responded by re-
ducing their metabolism, while maintaining their cell population, i.e. not growing exponentially. It could be that 
the Microcystis under turbulence-induced stress, not only can reduce their metabolism, as seen in Figure 9, but 
also grow exponentially. The incremental change in metabolic response to turbulence can be explained by the 
resilience of Microcystis, which have been shown to be more resistant to changes in their environment [19] [37]. 
The effect of additional turbulent stress in conjuncture with other environmental factors has not been investi-
gated thoroughly, and it is possible that additional turbulent stress interrupts physiological processes. 

5. Conclusion 
Small-scale turbulence, in controlled laboratory experiments, has been observed to affect metabolic photosyn-
thesis of Microcystis, by inducing a reduction in net oxygen production and uptake, and a moderation of the 
carbon uptake. These effects were observed at different growth phases of the Microcystis, even if the actual 
population growth rate estimated from the cell concentration was only slightly modulated by turbulence (−5% 
and 11% for Reλ = 33 and Reλ = 15, respectively, as compared to stagnant conditions). The reduced photosyn-
thesis can be explained by the conjecture that Microcystis reduce their metabolism under different stress condi-
tions. While the increased accumulation of Ci in the turbulent cases, during the exponential growth phase, pro-
vides evidence of Microcystis’ ability to produce EPS, decrease drag and prevent cellular damage. Subsequently, 
the increased Ci uptake in the stationary phase in the stagnant condition may be attributed to the production of 
EPS to compensate for low nitrogen availability. The decreased Ci uptake in the stationary phase in the turbulent 
flow could be attributed to metabolic stress manifested by decreased net oxygen production (Figure 9). 
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Appendix 
A.1. Lake Minnetonka Data 
Data were collected in August 2014 in Lake Minnetonka, MN from Halsted Bay, a site frequently reported to 
have HAB activity. The field measurements were performed using a SondTek MicroADV (acoustic-Doppler 
velocimetry) (SondTek, San Diego, CA, USA) to measure u, v, and w velocity time series at 50 Hz acquisition, 
and Hydrolab 4a Datasonde (Hach Company, Ames, IA, USA) to measure: temperature, pH, DO, specific con-
ductivity, depth and PAR at full depth.  

A.2. Velocity Analysis 
The ADV velocity data were taken within the photic zone at a 0.67 m depth, and were process by Win ADV 
software (US Department of Interior Bureau of Reclamation). As shown in Table 1, the averaged pH, DO and 
light (PAR) at 0.67 m depth are consistent with the initial conditions established in the laboratory speaker reac-
tor experiments.  

A.3. Energy Dissipation Rate Estimation 
The energy dissipation rate, ε, for the field data can be estimated by using the velocity time series from the ADV 
(see Figure A1) and the second order structure function (see Figure A2). First, velocity (u) data was aligned to  
 

 
Figure A1. ualigned (m/s) compared to ufiltered (m/s).                            

 

 
Figure A2. Normalized second order structure function of the ufiltered, 
the vertical black line represents the rcut = <u>/fcut.                         
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the mean flow direction, ualigned. Then the ualigned time series was filtered (ufiltered) to remove the effect of surface 
waves using a high pass filter with a cut off frequency (fcut) of 1Hz. 

We estimated the energy dissipation rate using the pre-multiplied second order structure function of ufiltered in 
the inertial range [42]:  

( ) ( ) ( ) 2 2 3 2 3
11 1 1 1 1 2D r u x r u x C rε= + − =                            (A1) 

( )
3 2

11

2

Dr r
C

ε
 

=  
 

                                   (A2) 

where C2 = 2.  
In Figure A2, the spatial lag, r, is obtained by converting the times series, reported in Figure A1, using the 

mean velocity, <u> = 0.0625 m/s. The energy dissipation rate, reported in Table 2, is estimated by the plateau of 
the pre-multiplied second order structure function for r/η < 20 (Figure A2). 
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