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Abstract
Turbulent mixing, in particular on a small scale, aﬀects the growth of microalgae by changing
diﬀusive sublayers and regulating nutrient ﬂuxes of cells. We tested the nutrient ﬂux hypothesis by
evaluating the cellular stoichiometry and phosphorus storage of microalgae under diﬀerent turbulent mixing
conditions. Aphanizomenon flos-aquae were cultivated in diﬀerent stirring batch reactors with turbulent
dissipation rates ranging from 0.001 51 m2/s3 to 0.050 58 m2/s3, the latter being the highest range observed
in natural aquatic systems. Samples were taken in the exponential growth phase and compared with samples
taken when the reactor was completely stagnant. Results indicate that, within a certain range, turbulent
mixing stimulates the growth of A. flos-aquae. An inhibitory eﬀect on growth rate was observed at the higher
range. Photosynthesis activity, in terms of maximum eﬀective quantum yield of PSII (the ratio of Fv/Fm) and
cellular chlorophyll a, did not change signiﬁcantly in response to turbulence. However, Chl a/C mass ratio
and C/N molar ratio, showed a unimodal response under a gradient of turbulent mixing, similar to growth
rate. Moreover, we found that increases in turbulent mixing might stimulate respiration rates, which might
lead to the use of polyphosphate for the synthesis of cellular constituents. More research is required to test
and verify the hypothesis that turbulent mixing changes the diﬀusive sublayer, regulating the nutrient ﬂux
of cells.
Keyword: Aphanizomenon flos-aquae; cellular stoichiometry; photosynthesis; polyphosphate; turbulent
dissipation rate

1 INTRODUCTION
Microalgae are planktonic photoautotrophs and
major producers in aquatic systems. They can inhabit
aggressively mixed, fastly dissipating turbulent ﬁelds,
and are smaller, by one or more orders of magnitude,
than the smallest eddy sizes (Reynolds, 2006).
Changes in turbulent mixing play a critical role in the
development of microalgal communities.
Turbulent mixing has various eﬀects on microalgae,
acting at scales from 1 to 1 000 m or more. Mixing
changes the position and distribution of microalgae in
the water column, minimizes sinking of individuals
(Thomas et al., 1995), brings nutrient-rich water into

contact with plankton cells, regulates light
accessibility and photosynthesis intensities (Ebert et
al., 2001; Huisman et al., 2002), and aﬀects the
encounter possibility between microalgae and
predators (Rothschild and Osborn, 1988). The indirect
eﬀects of small-scale turbulence on planktonic
habitats have been widely reported. However, the
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direct eﬀects of small-scale turbulence on the
physiology of microalgae has only been understood
in the past two decades (Thomas and Gibson, 1990;
Thomas et al., 1995; Gallardo Rodríguez et al., 2009;
Hondzo and Wüest, 2009). An early review by
Thomas and Gibson (1990) summarized the direct
physiological eﬀects of small-scale turbulence on
microalgae. When assessed in terms of dissipation
rate, viscous stress, or shear stress, small-scale
turbulence mainly impacts cellular nutrient uptake
through changes in the sublayer thickness (Estrada
and Berdalet, 1997; Hondzo and Lyn, 1999; Warnaars
and Hondzo, 2006), and results in direct damage to
microalgal cells (Michels et al., 2010).
Microalgae have various functional traits, based on
physiological adaptation strategies and compositional
homeostasis (Litchman and Klausmeier, 2008;
Montechiaro and Giordano, 2010). Under certain
environmental stressors, e.g., variations or limitations
of light or nutrients, microalgae adapt to their habitat
through metabolic adjustment, while keeping cellular
carbon, nitrogen, and phosphorus within an acceptable
range (Sterner and Elser, 2002; Klausmeier et al.,
2008). For example, increases in light intensity and
elevated environmental CO2 might potentially
regulate the rate and activities of photosynthesis,
which would result in changes in the cellular C/N and
C/P ratios (Dickman et al., 2006; Ayata et al., 2014).
Under phosphorus limitation, most microalgae
species have the capability for luxury uptake of
phosphorus, storing surplus phosphorus as
polyphosphate (PolyP) in the cellular phosphorus
pool to relieve the stress of extracellular phosphorus
deﬁciency (Eixler et al., 2006). Recent research has
indicated that increases in temperature and exposure
to lower light might have positive eﬀects on
microalgae, enhancing their luxury P uptake (Powell
et al., 2008, 2009). However, the eﬀect of turbulent
mixing ﬁelds on the plasticity of microalgae
adaptation, in terms of their phosphorus storage, has
not been well reported.
Aphanizomenon flos-aquae, a bloom-forming
harmful species of cyanobacteria is frequently
detected in lakes and reservoirs (Padisák et al., 1999).
To control A. flos-aquae blooms and prevent the
potential of releasing cyan-toxins, increase in
turbulence mixing of the water column was normally
used as a feasible approach to break thermal
stratiﬁcation and to dilute algal biomass and nutrient
concentrations. However, evidence showed regulating
ﬂushing rates might not prevent A. flos-aquae
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development, although total algal biomass (or
biovolume) would decrease by ﬂushing as reported
by Padisák et al. (1999). In addition, such phenomenon
on other species of cyanobacteria has also been
reported in recent years (Elliott, 2010). The lack of
information on the eco-physiological response of A.
flos-aquae to small scale turbulence seemed to be a
major barrier on evaluating the eﬀectiveness to
control A. flos-aquae blooms by ﬂushing. In the
present study, we investigated the eﬀect of smallscale turbulence on phosphorus storage and
stoichiometry of A. flos-aquae. Batch experiments
were carried out to investigate changes in cellular
PolyP and total cellular C, N, and P of A. flos-aquae
under diﬀerent turbulence mixing. Adaptation
strategies of A. flos-aquae and their mechanisms
under small-scale turbulence are then discussed.

2 MATERIAL AND METHOD
2.1 Cultivation and experimental conditions
A. flos-aquae (FACHB-1209), initially isolated
from Lake Dianchi in Yunnan Province in China, was
obtained from the Freshwater Algae Culture
Collection at the Institute of Hydrobiology, Chinese
Academy of Science. It was grown and enriched in
BG-11 medium with a phosphate concentration of
2 mg/L at room temperature (22±1°C), and at an
irradiance (photosynthetically available radiation,
PAR) of 25 μmol/(m2·s), supplied by cool-white
ﬂuorescent light from a horizontal direction with a
dark-light ratio of 12 h:12 h. The PAR was measured
by a Li-190SA sensor (LI-COR, Lincoln, NE, USA).
Although a ﬁlamentous microorganism frequently
detected in natural water bodies, A. flos-aquae
(FACHB-1209) was unicellular in the present study
due to isolation and long-term laboratory culturing.
Morphological change of A. flos-aquae in responding
to turbulence is not discussed in the present study.
After enrichment, A. flos-aquae were then incubated
in P free BG-11 medium for a period of 10 days before
the growing experiment.
A 1-L beaker was used as the reactor in the
experiment. A self-designed impeller was located at
the center of the beaker. Geometric dimensions are
shown in Fig.1. The liquid height was 113 mm.
Continuous stirring was performed at the start of the
growing experiment at rotation speeds of 100, 200,
300, and 400 r/min. An additional treatment without a
stirrer and in a still condition (stagnant water) was
used as the control.
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Fig.1 Geometric dimensions of the reactor (unit: mm)
Table 1 Turbulent dissipation rate estimated by the CFD
hydrodynamic model
100

200

300

400

Turbulent dissipation rate (m /s ) 0.001 51 0.006 63 0.022 59 0.050 58
2

experiment. The initial cell abundance in the reactor
was 7.90×105 cells/mL. The experiment was carried
out with BG-11 medium within a period of 7 days
after inoculation. The initial concentration level of
soluble reactive phosphorus (SRP) in the medium
was set to 2 mg/L. At the end of this 7-day experiment,
the SRP was greater than 0.4 mg/L in all treatments,
which supported the inference that algae was not
limited by P during the experiment. We compared
cellular stoichiometry and PolyP in response to
diﬀerent levels of turbulent mixing when A. flosaquae was in the exponential growth phase (the 3rd
day). As algal cells could settle down and accumulate
at the bottom of the reactor in the control treatment, a
sudden but mild manual shake was provided prior to
taking samples. The test was run in triplicate for two
weeks under the conditions described above, and
sampled every 2 days for the determination of varying
parameters, described as below.
2.2 Biological and chemical analysis

110

Rotation speed (r/min)
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3

Kolmogorov length microscale (m) 1.86E-04 1.26E-04 9.21E-05 7.44E-05

A two-phase ﬂow Computational Fluid Dynamics
(CFD) model was used to simulate hydrodynamics in
the reactor under diﬀerent rotation speed. The whole
reactor was considered as the computational domain
and was discretized using unstructured grids, where
ﬁner grids were performed in the impeller and shaft
regions (maximum size=1 mm). About 1 000 000
total computational grids (maximum size=2 mm)
were created using the tetra mesh option of ANSYS
ICEM CFD (ANSYS Inc.) in order to get the grid
independent solution for the ﬂow. The model was
validated by a commercial 2D particle image
velocimetry (PIV) system (ILA, German). Detail
information on CFD modeling and its validation is
reported in supplementary material. Table 1 shows
the integrated results of turbulence mixing rate and
Kolmogorov length microscale in diﬀerent levels of
rotation speed.
The growing experiment in the reactors was
inoculated with pre-treated A. flos-aquae. A
haemocytometer was used to count cells. Sampling
was undertaken in the middle of the day during the

Cells in the reactor were counted every day under a
microscope (Olympus CX 43, Japan) using
appropriate magniﬁcation and a hemocytometer.
Growth rate was measured in the exponential growth
phase, according to Guillard (1973): μ=ln (x2/x1)/(t2–
t1), where x2 and x1 are the cell densities at sampling
day of t2 and t1, respectively. In vivo chlorophyll
ﬂuorescence was measured by PHYTO-PAM (Walz®,
Eﬀeltrich, Germany). The maximum eﬀective
quantum yield of PSII was evaluated by Fv/Fm=(Fm–
F0)/Fm (Maxwell and Johnson, 2000), where Fv is the
diﬀerence between Fm and F0, which are the maximum
and minimum ﬂuorescence of the dark adapted stage
of PSII.
To determine cellular C, N, and P, samples were
passed through dried ﬁlters (GF/F, pre-combusted at
450°C, 4 h, Waterman, London, UK). Each ﬁlter was
split for analysis of C, N, and total cellular phosphorus
(TCP). Cellular C and N were measured with a
CNHOS-elemental analyzer (Elementar® vario EL
cube, Hanau, Germany). Samples for TCP were
diluted with distilled water, and the TCP was
determined according to Parkinson and Allen (1975)
and further developed by O’Halloran and CadeMenun (2008). Cellular PolyP was determined
according to the method developed by Eixler et al.
(2005). Samples for the measurement of chlorophyll
a were extracted from samples by 95% (v/v) ethanol
for 24 h, and determined by spectrophotometer
(Wintermans and De Mots, 1965).
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Fig.2 Changes in growth rate (a), cell abundance (b), ratio of Fv/Fm (c), cellular chlorophyll a (d), and under diﬀerent
turbulent dissipation rates during the exponential growth phase

2.3 Data analysis
Data were logged into SPSS (IBM, Armonk, NY,
USA) or Origin (OriginLab, Northampton, MA,
USA) software for statistical analysis, e.g., analysis
of variance (ANOVA). Data in this study are presented
as means±standard deviation.

3 RESULT
3.1 Growth rate and photosynthetic activity
There was a signiﬁcant eﬀect of turbulent mixing
on growth rates of A. flos-aquae during the exponential
growth phase (ANOVA, P0.05). Minimum growth
rates were recorded in the control (non-turbulent)
treatment, when compared with all other turbulent
mixing treatments. A signiﬁcant increase in algal
growth rate was evident in response to increased
turbulent mixing, up to a certain level. At a turbulent
dissipation rate of 0.001 51 m2/s3, the growth rate of
A. flos-aquae was approximately 2.8 times greater

than the control. However, continuous increase in
turbulent mixing did not signiﬁcantly aﬀect the
growth rate of A. flos-aquae when the turbulent
dissipation rate was at the range from 0.001 51 m2/s3
to 0.006 63 m2/s3 (ANOVA, P>0.05). At a turbulent
mixing rate of 0.022 59 m2/s3, there was a slight
decrease in growth rates, which was followed by a
signiﬁcant decrease when the turbulent dissipation
rate was increased to 0.050 58 m2/s3 (ANOVA,
P0.05) (Fig.2a).
Similar to growth rates, there were signiﬁcant
variations in cell abundance under diﬀerent turbulent
dissipation rates. The maximum cell abundance in the
reactors was (2.35±0.20)×106 cells/mL at a turbulent
dissipation rate of 0.022 59 m2/s3. However, biomass
parameters, i.e., growth rate and cell abundance, did
not diﬀer signiﬁcantly between the turbulent
dissipation rates of 0.006 63 m2/s3 and 0.022 59 m2/s3
(ANOVA, P>0.05) (Fig.2b). Increasing the turbulent
dissipation rate from 0.022 59 m2/s3 to 0.050 58 m2/s3,
led to an apparent change in the biomass parameters
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Fig.3 Cellular C (a), N (b), P (c), and PolyP (d) in Aphanizomenon flos-aquae under diﬀerent turbulent dissipation rates

during the exponential growth phase of A. flos-aquae.
The ratio of Fv/Fm did not change signiﬁcantly
among diﬀerent levels of turbulent mixing (ANOVA,
P>0.05) (Fig.2c), except for the relatively low value
of Fv/Fm recorded in the control treatment (ANOVA,
P0.05). Cellular chlorophyll a was relatively high at
higher turbulent dissipation rates, probably owing to
the reduction in cell abundance at the highest turbulent
dissipation rates (Fig.2d). Furthermore, the time
series data of Fv/Fm during the whole experiment did
not change signiﬁcantly among diﬀerent levels of
turbulent mixing intensity (not shown in the present
study). This partially supports the inference that
turbulent mixing might not aﬀect the maximum
eﬀective quantum yield of PSII.
3.2 Cellular stoichiometry and PolyP
Changes in cellular C, N, and P in response to
diﬀerent turbulent dissipation rates in the exponential
growth phase are shown in Fig.3. There were
signiﬁcant diﬀerences in cellular C, N, and P among
diﬀerent levels of turbulent mixing (ANOVA,
P0.05). There was no signiﬁcant diﬀerence in

cellular C between the control treatment and the
turbulent dissipation rate of 0.001 51 m2/s3 (t-test,
P>0.05). In contrast, there was a 33.8% increase in N
and 48.8% decrease in P between the control and
aforementioned turbulent dissipation rate.
Surprisingly, we found that cellular C (-30.6%) and
N (-34.5%) were signiﬁcantly lower at a turbulent
dissipation rate of 0.022 59 m2/s3 compared with
0.006 63 m2/s3 or higher. As the turbulent dissipation
rate increased to 0.050 58 m2/s3, there were signiﬁcant
increases in the cellular C (+55.7%) and N (+61.4%).
Changes in molar ratios of C/N, N/P, and C/P, and
the mass ratio of Chl a/C and PolyP/P are shown in
Table 2. Results from our experiment showed
plasticity of A. flos-aquae in response to small-scale
turbulence. There was an increase in both the N/P and
C/P ratios as turbulent mixing increased, compared
with the control treatment. However, the C/N ratio
was higher in the control treatment than at low levels
of turbulent mixing. Variations in the N/P and C/P
ratios were much larger (Fig.3) than the C/N ratio, in
response to diﬀerent levels of turbulent mixing.
Reductions in cellular C and N resulted in decreases
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Table 2 Cellular stoichiometry of Aphanizomenon flosaquae under diﬀerent turbulent dissipation rates
Mole ratio

Turbulent dissipation
rate (m2/s3)

C/N

Mass ratio

N/P

C/P

Chl a/C

PolyP/P

0

5.7

8.2

46.7

0.015

20.6%

0.001 51

4.3

21.5

91.7

0.017

37.3%

0.006 63

5.5

14.6

80.7

0.020

32.3%

0.022 59

5.9

9.1

53.6

0.027

28.0%

0.050 58

5.7

11.0

62.2

0.021

14.1%

in N/P and C/P ratios at a turbulent dissipation rate of
0.022 59 m2/s3, compared with the control. Variations
in the Chl a/C ratio were similar to the C/N ratio.
Maximum C/N and Chl a/C ratios were recorded at
the turbulent dissipation rate of 0.022 59 m2/s3.
Furthermore, a continuous decrease in PolyP with an
increase in turbulent dissipation rate was also
recorded.

4 DISCUSSION
Over the past two decades, the eﬀects of smallscale turbulence on the physiology of microalgae
have been conﬁrmed, although diﬀerent species of
microalgae may exhibit diﬀerent physiological
response. Turbulence mixing keep microalgae
suspended in the upper layer of the water column,
which beneﬁts their light requirements (Reynolds,
2006). For example, diatoms require turbulence to
remain at the surface of the water column, which can
then trigger blooms (Reynolds, 2006). However,
higher intensities of turbulent mixing, e.g., shear
stress between 1 pa and 1.3 pa (Michels et al., 2010),
cause adverse eﬀects on the viability of microalgal
cells (Hondzo and Lyn, 1999).
In our study, turbulent mixing on the Kolmogorov
length microscale was at the higher range of turbulence
in natural aquatic ecosystems, where the normal range
of the Kolmogorov length microscale is approximately
0.6–3.0 mm (Reynolds, 2006). At this range of
turbulent mixing, the changes in maximum eﬀective
quantum yield of PSII (measured by the ratio of
Fv/Fm) and cellular chlorophyll a in the exponential
phase support the hypothesis that the photosynthetic
activity of A. flos-aquae signiﬁcantly increases when
compared with stagnant conditions. But in the
gradient of turbulence mixing, change in maximum
eﬀective quantum yield of PSII and cellular
chlorophyll a diﬀered with growth rate of A. flosaquae. Similar results were also discussed by Thomas
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et al. (1995), whose research indicated that at
saturating irradiances, photosynthesis was less
sensitive than growth to changes in turbulence mixing.
The photosynthetic apparatus of microalgae showed
little or no disruption in response to turbulence
(Thomas et al., 1995).
As the maximum eﬀective quantum yield of PSII
and formation of chlorophyll a in cells are primarily
driven by light intensity, which, according to the light
nutrient hypothesis, accesses every single cell in the
system in a nutrient-rich environment (Sterner and
Elser, 2002; Dickman et al., 2006), our study results
(see Section 3.1) further provides evidence that there
were no signiﬁcant diﬀerences in light accessibility
among diﬀerent treatments in the experiment. The
potential indirect eﬀects of light regime under the
gradient of turbulent mixing, e.g. self-shading eﬀect
due to increase in population in the reactors, could be
ignored with caution. Nevertheless, stronger evidence
is required for further study.
As a product of photosynthesis, cellular C decreased
at a turbulent dissipation rate of 0.022 59 m2/s3 and
signiﬁcantly increased at higher turbulent dissipation
rates. This led to a unimodal response of Chl a/C,
indicating that the capability of C synthesis was lowest
at the turbulent dissipation rate of 0.022 59 m2/s3.
Photosynthetic eﬃciency in terms of Chl a/C ratio
(Thomas et al., 1995; Halsey et al., 2014) might be
recovered at higher intensities of turbulent mixing.
Research by Thomas et al. (1995) showed both
photosynthetic eﬃciency and respiration rates
increased with turbulence, which partially supports
our results. However, recent research by Leupold et al.
(2013) showed that increase in the shear stress under a
certain range had a stimulating eﬀect on photosynthesis
activity within microalgae cells. To some extent, we
may inference that the diﬀerent results might be
partially due to the range of turbulent mixing intensities
served to diﬀerent species of microalgae in diﬀerent
studies. Further evidence is required.
Nutrient uptake is lowest in stagnant condition in a
green alga, but increases with turbulent mixing
(Warnaars and Hondzo, 2006). In our study, under
turbulent mixing, cellular N and C of A. flos-aquae
showed approximately the same responses except for
N at 0.001 51 m2/s3 which increased whereas C did
not. Unlike cellular C and N, P uptake and assimilation
in cells did not show a unimodal response. Formation
and storage of PolyP is commonly regarded as a
nutritional strategy of microalgae when encountering
environmental stress (Eixler et al., 2006). It is
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interesting that cellular P increased with an increase
in turbulent mixing relative to 0.001 51 m2/s3, but
concentrations of PolyP and the relative abundance of
cellular P showed a continuously decreasing trend.
However, due to the batch culture, the phosphorus
concentration in the medium decreased rapidly in the
turbulence treatment, and it seems that A. flos-aquae
was under P-limitation conditions in the mid and late
stages of the experiment. In comparison, the P
concentration in the control treatment (stagant water)
was suﬃcient even at the end of the test (data were
not shown). We inferred that extracellular Pideﬁciency may result in a rapid decline of cellular P
storage, which was consistent with the result of
Tripathi et al. (2013). Therefore, the cellular P of A.
flos-aquae with turbulence treatment may lower than
the control. On the other hand, as the respiration rates
of microalgae might increase with turbulence
(Thomas et al., 1995), the low cellular P under
turbulence treatment at least partially involved
decreased metabolic costs of phosphorus, so a
possible explanation for this was that PolyP was used
by the cells for synthesis of cellular constituents at a
rate that exceeded replenishment (Powell et al., 2008).
As the respiration rate was hypothesized to be
increased with the increase of turbulence mixing
(Thomas et al., 1995), we further inferred that reallocation of cellular P could be the response to the
increased respiration rates (Halsey and Jones, 2015).
Previous studies (Karp-Boss et al., 1996; Warnaars
and Hondzo, 2006; Hondzo and Wüest, 2009) support
the hypothesis that turbulent mixing regulates the
thickness of the cellular surface diﬀusive sublayer,
aﬀecting cellular nutrient ﬂuxes and ﬁnally the
physiology of microalgae. From this point of view, it
could be further inferred that the direct physical
impacts of small-scale turbulent mixing might be
unbiased in the acquisition of nutrients, e.g., C, N,
and P, as their diﬀusive coeﬃcients through the
diﬀusive sublayer are uniformly driven by physical
forces (e.g., shear stress, from small-scale turbulence).
If the hypothesis is well tested and verﬁed, the cellular
stoichiometry of C, N, and P might not vary in
response to small-scale turbulent mixing. Although
the limit of our current study cannot provide further
evidence to ﬁght the above hypothesis, the
asynchronous nature of cell stoichiometry and the
relative stability of photosynthetic activity under
turbulent mixing provide us with a diﬀerent scenario
of the physiological adapation of microalgae under
turbulent conditions.
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5 CONCLUSION
Within a certain range, turbulent mixing stimulates
the growth of Aphanizomenon flos-aquae, with an
inhibitory eﬀect evident at higher mixing intensities.
The photosynthetic activity of A. flos-aquae was not
aﬀected by turbulent mixing, whereas both the growth
rate and the eﬃciency of photosynthesis showed a
unimodal response to increased turbulence. Increases
in turbulent mixing might stimulate respiration rates,
which might lead to the use of PolyP for the synthesis
of cellular constituents. More research is required to
test and verify the hypothesis that turbulent mixing
changes the diﬀusive sublayer, regulating the nutrient
ﬂux of cells.
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