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Abstract. The intriguing impact of physical mixing processes on species interactions
has always fascinated ecologists. Here, we exploit recent advances in plankton models to
develop competition theory that predicts how changes in turbulent mixing affect competition
for light between buoyant and sinking phytoplankton species. We compared the model
predictions with a lake experiment, in which the turbulence structure of the entire lake was
manipulated using artificial mixing. Vertical eddy diffusivities were calculated from the
measured temperature microstructure in the lake. Changes in turbulent mixing of the lake
caused a dramatic shift in phytoplankton species composition, consistent with the predic-
tions of the competition model. The buoyant and potentially toxic cyanobacterium Micro-
cystis dominated at low turbulent diffusivity, whereas sinking diatoms and green algae
dominated at high turbulent diffusivity. These findings warn that changes in the turbulence
structure of natural waters, for instance driven by climate change, may induce major shifts
in the species composition of phytoplankton communities.

Key words: competition model; harmful algal blooms; Microcystis; Péclet number; photosyn-
thesis; regime shift; resource competition; temperature microstructure; turbulence.

INTRODUCTION

Mixing processes affect species interactions (Huf-
faker 1958, Levin 1974, Hassell et al. 1994, Kerr et al.
2002, Hulot and Huisman 2004). This is particularly
true for planktonic species, whose spatial distributions
are to a large extent governed by physical mixing pro-
cesses (Riley et al. 1949, Hutchinson 1967, Spigel and
Imberger 1987, Reynolds 1997, Abraham et al. 2000,
Diehl et al. 2002). In marine ecosystems, changes in
turbulent mixing are often accompanied by shifts from
dominance by dinoflagellates at weak turbulent mixing
to dominance by diatoms at intense turbulent mixing
(Jones and Gowen 1990, Lauria et al. 1999, Irigoien
et al. 2000). In lakes, intensified mixing has led to
species replacements from buoyant cyanobacteria to-
ward green algae and diatoms (Reynolds et al. 1983,
Bailey-Watts et al. 1987, Harris and Baxter 1996, Vis-
ser et al. 1996a). In rivers, similar transitions from
dominance by buoyant cyanobacteria to dominance by
diatoms occur in relation to changes in mixing regime
(Bormans and Condie 1998, Sherman et al. 1998). In
all these examples, the interplay between turbulent
mixing and access to light appears to be a key factor
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determining the changes in phytoplankton community
structure.

Despite these well-documented studies, a coherent
theory to predict the impact of turbulent mixing on
competition for light between phytoplankton species is
still in its infancy. Existing theory predicts that the
population dynamics of competition for light in well-
mixed waters depend on the ‘‘critical light intensities’’
of the phytoplankton species. During intense mixing,
the species with lowest critical light intensity should
competitively exclude all other species (Huisman and
Weissing 1994, Weissing and Huisman 1994). Com-
petition experiments in light-limited chemostats con-
firm this prediction (Huisman 1999, Huisman et al.
1999a). During weak mixing, however, species with
low critical light intensities may lose their competitive
advantage, if other species are able to gain better ver-
tical positions in the light gradient (Huisman et al.
1999c, Klausmeier and Litchman 2001, Elliott et al.
2002). Under pure light limitation and poor mixing,
game theory predicts that the evolutionarily stable
strategy for the position of a single species is at the
surface (Klausmeier and Litchman 2001). Buoyant
phytoplankton species, for instance, may float upwards
during weak mixing, forming dense surface blooms
(Ibelings 1996, Kononen et al. 1996, Walsby et al.
1997, Villareal et al. 1999). As a result, these buoyant
species enhance their own access to light while shading
other phytoplankton species. Weak mixing thus gen-
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erates asymmetric interactions that may shift the com-
petitive balance in phytoplankton communities.

Here, we develop a competition model to predict how
turbulent mixing affects competition for light between
buoyant and sinking phytoplankton species. We com-
pare the model predictions with a field study, in which
the turbulence structure of a hypertrophic lake was ma-
nipulated by means of artificial mixing. Controlled
mixing of the lake allowed us to rigorously assess
whether the observed changes in turbulent mixing and
phytoplankton species composition matched theoreti-
cal predictions, thus providing a direct quantitative link
between physical mixing processes and phytoplankton
community structure.

COMPETITION MODEL

Our competition model is an extension of earlier
competition models developed by Huisman and co-
workers (Huisman and Weissing 1994, Huisman et al.
1999a, c). It extends these previous competition mod-
els by incorporation of the vertical velocity of buoyant
and sinking phytoplankton species.

We consider a vertical water column with several
phytoplankton species. We assume that the water is
highly eutrophic, such that all nutrients are in ample
supply and the growth rates of the phytoplankton spe-
cies are governed by light availability. Losses of phy-
toplankton may result from cell lysis, grazing, or virus
attacks. Vertical transport of phytoplankton species is
driven by sinking or buoyancy of the phytoplankton
cells, and by turbulent mixing of the cells through the
water column. More precisely, let z denote the depth
within the water column, where z runs from 0 at the
top to a maximum depth, zm, at the bottom. Let I(z, t)
denote the light intensity at depth z and time t, and let
vi(z, t) denote the population density (cells per unit
volume) of phytoplankton species i. Accordingly, com-
petition for light between a number of phytoplankton
species, n, can be described by a series of n reaction–
advection–diffusion equations:

2]v ]v ] vi i i5 p (I )v 2 L v 1 v 1 D (1)i i i i i 2]t ]z ]z

where i 5 1, . . . , n.

Here, pi(I) is the specific growth rate of species i as a
function of light intensity, Li is the specific loss rate
of species i, vi is the vertical velocity of species i (with
vi , 0 for sinking species and vi . 0 for buoyant spe-
cies), and D is known as the turbulent diffusion co-
efficient or vertical eddy diffusivity. We assume that
the light dependence of phytoplankton growth is de-
scribed by a Monod function, pi(I) 5 pmax,i I/(Hi 1 I),
where pmax,i is the maximal specific production rate of
species i, and Hi is the half-saturation constant of light-
limited growth. Other pi(I) functions of similar shape
might also be used (Jassby and Platt 1976), and lead

to similar results (Weissing and Huisman 1994, Beh-
renfeld and Falkowski 1997).

Light intensity decreases with depth because photons
are absorbed by water, dissolved organic matter, phy-
toplankton species, and many other light-absorbing
substances in the water column. More precisely, the
light gradient can be described by Lambert-Beer’s law
applied to nonuniform population density distributions
(Huisman et al. 1999c):

z n

I(z, t) 5 I exp 2 k v (s, t) ds 2 K z (2)Oin E j j bg5 6[ ]j510

where Iin is the incident light intensity at the top of the
water column, kj is the specific light attenuation co-
efficient of phytoplankton species j, Kbg is the total
background turbidity caused by all nonphytoplankton
components in the water column, and s is an integration
variable. We note, from Eq. 2, that the light gradient
is dynamic. Changes in the population density distri-
butions of the phytoplankton species cause concomi-
tant changes in the light gradient. Thus, the species
interact with each other via modification of the light
gradient, that is, via shading.

To complete the model, we assume zero-flux bound-
ary conditions at the top and the bottom of the water
column:

]viv v (z, t) 1 D (z, t) 5 0 (3)i i ]z

at z50 and z5z .m

Numerical simulation of Eqs. 1–3 was based on tech-
niques from computational fluid dynamics tailored to
light-limited phytoplankton. Formally, our competition
model is an n-dimensional system of integro-partial
differential equations (integro-PDEs). The integral in
Eq. 2 introduces a nonlocal term in the competition
model. Moreover, the various species are coupled
through this nonlocal term. As a result, numerical sim-
ulation of this system of integro-PDEs is computation-
ally quite demanding. We based our simulations on a
finite volume method, with spatial discretization of the
differential operators and integral term (Ferziger and
Perić 1999). The resulting system of stiff ordinary dif-
ferential equations was integrated over time using an
implicit integration method (Brown et al. 1989). Our
simulation techniques are explained in full detail in
Huisman and Sommeijer (2002).

EXPERIMENTAL LAKE

The lake

We applied the competition model to Lake Nieuwe
Meer, a recreational lake in the city of Amsterdam, The
Netherlands (see Plate 1). Lake Nieuwe Meer is a hy-
pertrophic lake, with a surface area of 1.3 km2, a mean
depth of 18 m, and a maximum depth of 30 m. To the
despair of water management authorities, dense surface
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PLATE. 1. (Left) A stone is thrown in a dense surface bloom of the buoyant cyanobacterium Microcystic in Lake Nieuwe
Meer. (Right) Increased mixing of the lake led to a major change in species composition; sinking phytoplankton species
became dominant, like the diatom Asterionella (the large ‘‘star’’ in the middle) and the green alga Pediastrum (the ‘‘rising
sun’’ at the bottom left). Photo credit: Petra M. Visser and Josje Snoek.

FIG. 1. Map of Lake Nieuwe Meer. The lines numbered
from 1 to 7 indicate the seven air tubes used for artificial
mixing of the lake; the dashed parts correspond with the
perforated parts of the air tubes, providing the aeration. The
three sampling stations (buoy 2, buoy 4, buoy 6) are also
indicated.

blooms of the cyanobacterium Microcystis aeruginosa
dominated the lake during the summer months for many
years. Microcystis is a widespread cyanobacterium that
can form nearly monospecific blooms in a variety of
eutrophic freshwaters (Zohary and Robarts 1990, Ibel-
ings 1996, Visser et al. 1996a). Microcystis contains
gas vesicles, which give the cells buoyancy (Walsby
1994). Die-off of dense surface blooms of Microcystis
in summer and autumn spread a disgusting smell and
caused anoxia. Moreover, many Microcystis strains
produce a family of toxins, called microcystins. These
microcystins are hepatotoxins that can damage the liver
of fish, birds, and mammals, including humans. As a
result, Microcystis blooms provide a serious threat for
water quality, fisheries, and human health (Chorus and
Bartram 1999, Codd et al. 1999).

Since Lake Nieuwe Meer has an open connection to
the water storage basin of the adjoining polder area and
a connection to the canals of Amsterdam, substantial

reduction of nutrient loading was not feasible. In 1993,
Water Board Rijnland, the water authority responsible
for Lake Nieuwe Meer, started artificial mixing of the
lake by means of air bubbling, using a system of seven
perforated air tubes installed just above the lake sed-
iment (Fig. 1). Artificial mixing led to major changes
in phytoplankton species composition (Visser et al.
1996a). Microcystis was replaced by a mixture of di-
atoms (mainly Cyclotella and Stephanodiscus) and
large green algae (mainly Scenedesmus species).

To test the competition theory, we estimated model
parameters for the dominant phytoplankton species of
Lake Nieuwe Meer. Furthermore, we exploited recent
advances in measurement techniques of turbulent mix-
ing to estimate the vertical turbulent diffusivities in
Lake Nieuwe Meer, both with and without artificial
mixing. This allowed us to assess whether the outcome
of competition predicted by the parameterized com-
petition model matched the observed changes in spe-
cies composition in the lake.

Phytoplankton parameters

Model parameters for the dominant phytoplankton
species of Lake Nieuwe Meer were estimated based on
data provided by earlier phytoplankton studies in this
lake (Visser 1995, Visser et al. 1996a, b). Since the
growth kinetics and sinking velocities of the dominant
diatoms and green algae were quite similar, they were
lumped into a single category ‘‘diatoms and greens’’
(Table 1). The maximal specific growth rates of the
diatoms and greens are much higher than the maximal
specific growth rate of Microcystis. However, Micro-
cystis is a buoyant species, whereas the diatoms and
greens are sinking species.

Turbulence structure

Artificial mixing of Lake Nieuwe Meer was switched
off on 19 July 2002, and switched on again on 7 August
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TABLE 1. Parameter values for Microcystis and the diatoms and green algae of Lake Nieuwe Meer (based on Visser 1995,
Visser et al. 1996a, b).

Symbol Meaning

Parameter values

Diatoms and
greens Microcystis Units

Species parameters
vi

pmax,i

Hi

Li

ki

vertical velocity
maximal specific growth rate
half-saturation constant

of light-limited growth
specific loss rate
specific light attenuation coefficient

25
0.050

40

0.006
0.700

150
0.008

40

0.004
0.034

cm/h
h21

mmol photons·m22·s21

h21

cm2/106 cells

Environmental parameters
Iin incident light intensity 350 mmol photons·m22·s21

Kbg background turbidity 0.6 m21

zm water-column depth 18 m

2002, to measure the turbulence structure of the lake
under both mixing regimes. We monitored changes in
the temperature profile using a permanently moored
vertical array of temperature loggers, slightly north of
buoy 6 (Fig. 1). The temperature loggers recorded the
temperature every 10 minutes.

Vertical turbulent diffusivities can be calculated
from detailed profiles of the temperature microstructure
(Imberger and Ivey 1991, Kocsis et al. 1999, MacIntyre
1999, Sharples et al. 2001). This requires that the tem-
perature structure is resolved at very small scales, on the
order of 1 mm, accomplished by the use of a Self-Con-
tained Autonomous Microstructure Profiler (SCAMP).7

Using a SCAMP, we measured the vertical microstruc-
ture of light, temperature, and chlorophyll fluorescence
at three sampling stations (buoy 2, buoy 4, buoy 6; Fig.
1). At each sampling station, we collected 10 consec-
utive SCAMP profiles within ;40 minutes to capture
the intermittent nature of turbulent mixing. Turbulent
diffusivities were calculated from the temperature mi-
crostructure according to Sharples et al. (2001).

When artificial mixing was switched off, the lake
stratified within 10 days, with a thermocline at ;5 m
depth (Fig. 2A). The phytoplankton population con-
centrated in the upper 2.5 m of the water column (Fig.
2B). Turbulent diffusivity ranged from D 5 0.02–0.7
cm2/s below the thermocline to D 5 0.1–4 cm2/s above
the thermocline. Turbulent diffusivities were log-tran-
formed to improve the homoscedasticity of the data.
Averaged over all depths and sampling stations, tur-
bulent diffusivity equaled D 5 0.17 cm2/s (average(log
D) 5 20.78, 1 SD(log D) 5 0.53, N 5 105).

After the onset of artificial mixing, the temperature
stratification disappeared within a few days (Fig. 2A),
and the phytoplankton population was uniformly mixed
over depth (Fig. 2C). Turbulent diffusivity ranged from
D 5 0.3 cm2/s to D 5 100 cm2/s. Averaged over all
depths and sampling stations, turbulent diffusivity

7 ^http://www.pme.com/scamp.htm&

equaled D 5 5.1 cm2/s (average(log D) 5 0.71, 1 SD(log
D) 5 0.73, N 5 110).

The difference in turbulent diffusivity between the
two treatments, artificial mixing off vs. artificial mixing
on, was highly significant (t test: t213 5 17.2; P ,
0.0001).

GROWTH IN MONOCULTURE

We first investigate how turbulent mixing would af-
fect the species separately, in monoculture. We ran nu-
merous simulations with the single-species version of
our competition model, for a wide range of water-col-
umn depths and turbulent diffusivities. We will say that
there is bloom development if a phytoplankton popu-
lation can increase in abundance when rare.

Fig. 3A shows the model predictions thus obtained
for a monoculture of the buoyant cyanobacterium Mi-
crocystis. If water-column depth exceeds a critical
depth (sensu Sverdrup 1953) and turbulent mixing ex-
ceeds a critical turbulence (sensu Huisman et al.
1999b), the Microcystis population would be mixed to
great depths and the light conditions thus experienced
are so dark that losses exceed production. Hence, Mi-
crocystis cannot develop blooms if water-column depth
exceeds a critical depth and turbulent mixing exceeds
a critical turbulence. Comparison with the turbulent
diffusivities measured in Lake Nieuwe Meer shows that
monocultures of Microcystis can develop blooms when
artificial mixing is off. Conversely, when artificial mix-
ing is on, monocultures of Microcystis would be on the
edge of the parameter region that permits bloom de-
velopment (Fig. 3A).

Fig. 3B assumes that the sinking diatoms and green
algae grow alone, in the absence of Microcystis. The
model predicts that, similar to buoyant phytoplankton,
sinking phytoplankton species cannot develop a bloom
if water-column depth exceeds a critical depth and tur-
bulent mixing exceeds a maximal turbulence. In ad-
dition, if turbulent mixing is too weak, sinking phy-
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FIG. 2. Changes in the physical structure of Lake Nieuwe Meer during the 2002 experiment. (A) Time series of temperatures
(198–228C) measured by the moored temperature loggers at buoy 6. (B) Physical structure without artificial mixing, measured
at buoy 6 on 5 August 2002. (C) Physical structure with artificial mixing, measured at buoy 6 on 16 August 2002. In (B)
and (C), light intensity is measured in mmol photons·m22·s21 (PAR range of 400–700 nm); chlorophyll fluorescence is used
as a relative measure of phytoplankton biomass. Closed circles in the right-hand panels of parts (B) and (C) indicate turbulent
diffusivity (with 95% confidence limits; N 5 10).

toplankton cannot be entrained in the upper part of the
water column and will vanish into the deep (Riley et
al. 1949, Shigesada and Okubo 1981). Thus, theory
predicts that sinking phytoplankton species can devel-
op blooms in deep waters only if turbulent mixing takes
an intermediate value, between a minimal and a max-

imal turbulence (Huisman et al. 2002). Comparison
with the turbulent diffusivities measured in Lake Nieu-
we Meer shows that, in the absence of Microcystis,
conditions are suitable for bloom development of the
diatoms and green algae both when artificial mixing is
on and when artificial mixing is off (Fig. 3B).
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FIG. 3. Model prediction of the conditions that allow
bloom development for (A) a monoculture of the buoyant
cyanobacterium Microcystis and (B) a monoculture of the
sinking diatoms and green algae, plotted as a function of
water-column depth and turbulent diffusion coefficient. The
position of Lake Nieuwe Meer is indicated in the graphs, both
without artificial mixing (open circles) and with artificial mix-
ing (solid circles). Error bars indicate 61 SD. The graphs are
each based on a grid of 41 3 41 5 1681 simulations. For
model parameters, see Table 1.

COMPETITION

Two simulation examples

Species that would develop blooms in monoculture
may be prevented from doing so in the presence of
competing species. This section presents two simula-
tion examples of the species in competition. At the
onset of the simulations, the species are uniformly dis-
tributed over depth, with a low initial population den-
sity.

Fig. 4A assumes that artificial mixing is switched
off, and hence vertical turbulent diffusivity is low. Mi-
crocystis cells float upwards, and develop a surface
bloom from the first days onwards. In contrast, the
diatoms and green algae remain distributed over the

entire water column. Initially, both Microcystis and the
diatoms and green algae increase. The surface bloom
of Microcystis expands to population densities that ex-
ceed 5 3 106 cells/mL (note the changing scales of the
different panels in Fig. 4A). As a result of this dense
surface bloom, nearly all light is absorbed in the upper
meter of the water column. The diatoms and green algae
are shaded by the surface bloom, and they start to de-
cline. Microcystis wins (Fig. 4A).

Fig. 4B assumes that artificial mixing is switched on.
The vertical turbulent diffusivity is sufficiently high to
prevent a surface bloom of Microcystis. Instead, Mi-
crocystis is mixed over the upper 10 m of the water
column, and thus exposed to the dark conditions in the
deeper parts of the water column. Initially, both Mi-
crocystis and the diatoms and green algae increase. As
a result, more light is absorbed, and the light gradient
steepens. Microcystis is a less efficient species at low
light than the diatoms and green algae, however, and
hence Microcystis starts to decline after ;10 days. The
diatoms and green algae win (Fig. 4B).

The overall picture

We ran numerous simulations with the competition
model, for a wide range of water-column depths and
turbulent diffusivities. For each simulation, we docu-
mented the final outcome of competition. The results
thus obtained are plotted in Fig. 5. If the species are
mixed over great depths, none of the species survives
(upper right corner of Fig. 5; compare with Fig. 3).
The model predicts that diatoms and green algae will
win the competition when Lake Nieuwe Meer is in-
tensely mixed. Conversely, Microcystis will float up-
wards and outcompete the other species during weak
mixing. The boundary between Microcystis dominance
and dominance by diatoms and greens in Lake Nieuwe
Meer, with an average water-column depth of 18 m, is
predicted at a turbulent diffusivity of D ø 3.4 cm2/s.
When artificial mixing is off, turbulent diffusivity is
clearly in the range where Microcystis dominates.
When artificial mixing is on, turbulent diffusivity is
just sufficient to shift the system toward dominance by
diatoms and green algae (Fig. 5).

Two features of Fig. 5 attract immediate attention.
First, coexistence is confined to a narrow band only.
This is a robust result that we also found in the model
simulations when using other parameter values reflect-
ing different species combinations. Apparently, com-
petition for light does not create many opportunities
for species coexistence. Second, the pattern in Fig. 5
is surprisingly simple. For shallow waters, ,30 m deep,
the boundary between the two regions of competitive
dominance is described by a diagonal line with a slope
of 1 when plotted on a log-log scale. Again, this is a
robust result that we also found when using other spe-
cies combinations.
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FIG. 4. Model simulation of competition for light between the buoyant cyanobacterium Microcystis and the sinking
diatoms and green algae, assuming (A) weak mixing (D 5 0.17 cm2/s), and (B) intense mixing (D 5 5.1 cm2/s). Bold solid
lines indicate the population density distributions of Microcystis; bold dashed lines indicate the population density distributions
of the diatoms and green algae; thin dashed lines indicate the light gradient. For parameter values, see Table 1.

FIG. 5. Model prediction of the outcome of competition
for light between Microcystis and the diatoms and green algae,
plotted as a function of water-column depth and turbulent
diffusion coefficient. In the narrow hatched area, Microcystis
and the diatoms and greens coexist. The position of Lake
Nieuwe Meer is indicated in the graphs, both without artificial
mixing (open circle) and with artificial mixing (solid circle).
Error bars indicate standard deviation. The graph is based on
a grid of 41 3 41 5 1681 simulations. For model parameters,
see Table 1.

Dimensional analysis

The diagonal boundary line in Fig. 5, for waters
,30 m deep, can be explained by the time scale of
turbulent mixing vs. the time scale of the vertical ve-
locity of the species. The time scale of turbulent mixing

indicates the time required for a phytoplankter to travel
through the water column by means of turbulent mix-
ing, and is given by tmix 5 /D. The time scale of the2zm

vertical velocity of a species indicates the time required
for a phytoplankter to travel through the water column
by means of its sinking rate or buoyancy, and is given
by tvv 5 zm/v. The dimensionless Péclet number, Pe,
gives the ratio of these two time scales (e.g., Condie
1999):

t z vmix mPe 5 5 . (4)
t Dvv

We note that the Péclet number is species specific, be-
cause the vertical velocity is different for different spe-
cies. We focus here on the Péclet number from the
perspective of Microcystis, as our simulations indicate
that the buoyant Microcystis wins the competition when
it is able to overtop the sinking species. The diagonal
boundary line between dominance of Microcystis and
dominance of the diatoms and greens, in Fig. 5, is
described by the simple equation Pe 5 7. That is, the
boundary line depends on the ratio of the time scales
of turbulent mixing and vertical flotation. If the rate of
vertical flotation dominates over the rate of turbulent
mixing (i.e., Pe . 10), Microcystis will form a surface
bloom, and hence outcompetes the diatoms and greens.
Conversely, if turbulent mixing dominates over vertical
flotation (i.e., Pe , 1), Microcystis cannot form a sur-
face bloom, and the diatoms and green algae win.

In waters deeper than 30 m, the boundary line that
separates the two domains of dominance bends off and
takes a constant value, irrespective of water-column
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FIG. 6. Seasonal patterns in phytoplankton species com-
position in Lake Nieuwe Meer. (A) Example of a year without
artificial mixing (1990). (B) Example of a year with artificial
mixing (1993). Species abundances are expressed in bio-
volumes per unit surface area of the lake. Dark hatched area
(finely spaced cross-hatching) 5 cyanobacteria (mostly Mi-
crocystis); boxes (wider cross-hatching) 5 diatoms; diagonal
lines 5 green algae; vertical lines 5 small flagellates.

depth. In these deep waters, there is sufficient time for
a phytoplankter to produce daughter cells before the
phytoplankter is transported throughout the entire
depth of the water column by mixing or flotation. As
a result, a third time scale, the time scale of phyto-
plankton growth, plays a role as well. From simple
model considerations, analogous to the classic KISS
model of Skellam (1951) and Kierstead and Slobodkin
(1953), it can be shown that the asymptotic expansion
rate of a growing population of a neutrally buoyant
species (i.e., vi 5 0) with a net specific growth rate m
is given by the square root of 4mD. If the vertical
flotation velocity of a buoyant species exceeds this ver-
tical expansion rate, the entire population becomes con-
centrated in the upper part of the water column, and
hence the outcome of competition will be independent
of water-column depth. (That is, imagine an ocean sev-
eral kilometers deep; competition for light in the upper
100 m is independent of the depth of the ocean.) We
therefore define a second dimensionless number that
compares the vertical expansion rate of a growing pop-
ulation with the vertical flotation velocity. We have
called this dimensionless number the Riley number, Ry,
in honor of the early work of Gordon Riley on plankton
dynamics and turbulent mixing (Riley 1942, Riley et
al. 1949):

2v
Ry 5 . (5)

4[ p(I ) 2 L]Din

The horizontal boundary line in Fig. 5, between dom-
inance of Microcystis and dominance of the diatoms
and greens in waters deeper than 30 m, is described by
the simple equation Ry 5 9. That is, if, in deep waters,
the vertical flotation rate of Microcystis dominates over
the vertical expansion rate of the Microcystis popula-
tion (Ry . 10), Microcystis will form a surface bloom
irrespective of water-column depth, and will outcom-
pete the diatoms and greens. Conversely, if, in deep
waters, the vertical expansion rate dominates over the
vertical flotation rate (Ry , 1), Microcystis cannot
form a surface bloom, and the diatoms and green algae
will win.

This dimensional analysis illustrates how the time
scales of turbulent mixing, vertical flotation or sinking,
and population growth determine the impact of tur-
bulent mixing on competition between buoyant and
sinking phytoplankton species. We emphasize, though,
that a dimensional analysis provides, at best, only a
rough approximation of the full competition model.

DISCUSSION

Although many theoretical studies predict that
changes in mixing processes affect species interactions
(e.g., Levin 1974, Powell and Richerson 1985, Hassell
et al. 1994, Durrett and Levin 1997, Huisman et al.
1999c, Bracco et al. 2000, Hulot and Huisman 2004),
only a limited number of empirical studies have tested
these model predictions (Huffakker 1958, Eppley et al.

1978, Chao and Levin 1981, Reynolds et al. 1983, Kerr
et al. 2002). The theory and field experiment reported
in this paper show that changes in turbulent mixing
may shift competition for light between phytoplankton
species. When artificial mixing of Lake Nieuwe Meer
was switched off, field measurements showed that the
vertical turbulent diffusivity was low (Fig. 2B). In this
case, the parameterized competition model predicts that
the buoyant cyanobacterium Microcystis will become
dominant because its vertical flotation velocity exceeds
the rate of turbulent mixing (Fig. 5). When artificial
mixing was switched on, the field measurements
showed that turbulent diffusivity was much higher (Fig.
2C). Consequently, the parameterized competition
model predicts that diatoms and green algae should
become dominant, because turbulent mixing exceeds
the vertical flotation velocity of Microcystis. These
model predictions are consistent with the observations
on phytoplankton species composition in Lake Nieuwe
Meer. Dense surface blooms of Microcystis dominated
the lake almost every summer during the 1980s and
early 1990s, when the lake was not artifically mixed
(Fig. 6A shows an example). From 1993 onwards, the
lake was artificially mixed, and ever since then diatoms
and green algae have dominated the lake throughout
the summer period (Fig. 6B).
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The theory developed in this paper is consistent not
only with the observations in Lake Nieuwe Meer, but
also with numerous other field observations on shifts
in the competitive balance between buoyant and sink-
ing phytoplankton species in freshwater ecosystems
(Reynolds et al. 1983, Harris and Baxter 1996, Sherman
et al. 1998) and marine ecosystems (Walsby et al. 1997,
Lauria et al. 1999). Moreover, the patterns are also
consistent with the physiological adaptations of the
species involved. Generally speaking, diatoms and
green algae seem better adapted to fluctuating light
conditions experienced in well-mixed waters than
buoyant cyanobacteria (Ibelings et al. 1994, Flameling
and Kromkamp 1997, Litchman 2000). Although these
qualitative patterns have been known for a long time,
a major advance of the competition theory advocated
in this paper is that quantitative prediction of the impact
of turbulent mixing on phytoplankton species com-
position comes into reach.

Interestingly, the model predicts that the phytoplank-
ton species would all have grown well in Lake Nieuwe
Meer, irrespective of the mixing regime, if they had
grown in monoculture isolation (Fig. 3). It is because
of competitive interactions, mediated by shading, that
the diatoms and greens are predicted to competitively
displace Microcystis in well-mixed waters, whereas
buoyant Microcystis competitively displaces the others
during weak mixing. Hence, the theory and lake ex-
periment reveal that changes in species composition
observed in response to changes in turbulent mixing
are not so much related to the physiological limits of
these species, but are largely driven by shifts in the
competitive balance between the plankton species.

In contrast with most theoretical studies on mixing
processes, which generally predict high species diver-
sity at low mixing intensity (e.g., Levin 1974, Powell
and Richerson 1985, Hassell et al. 1994, Kerr et al.
2002), our competition model predicts little opportu-
nity for species coexistence (Huisman et al. 1999c).
This matches the observations in Lake Nieuwe Meer,
where a nearly monospecific bloom of Microcystis
dominates the phytoplankton during summers without
artificial mixing (Fig. 6A). The lack of species coex-
istence during weak mixing can be attributed to the
asymmetric nature of competition for light. That is,
once a buoyant species forms a dense surface bloom,
there is little opportunity for sinking or neutrally buoy-
ant species to escape from shading. As a result, weak
vertical mixing will have a tendency to reduce phy-
toplankton species diversity in eutrophic waters.

Whereas the present theory has focused on compe-
tition for light as the sole mechanism of species inter-
action, changes in turbulent mixing may also shift the
competitive balance between phytoplankton species by
other mechanisms. In particular, reduced turbulent mix-
ing may suppress upward transport of nutrients towards
the euphotic zone, which can have a major impact on
phytoplankton productivity and species composition in

nutrient-limited waters (Mann and Lazier 1996, Lon-
ghurst 1998, Wetzel 2001). In Lake Nieuwe Meer and
other highly eutrophic lakes, nutrient limitation is not
likely to play a major role because these hypertrophic
systems are saturated with nutrients. However, clear
examples are found in coastal upwelling regions, like
those along the Pacific coasts of North and South Amer-
ica, where turbulent mixing of nutrients over the ther-
mocline is greatly reduced during El Niño years, with
major effects that cascade from the phytoplankton level
throughout the entire food web (Chavez et al. 1999,
Stenseth et al. 2002). It would be of considerable in-
terest, as a next step, to extend the light-based com-
petition theory developed here by incorporating effects
of turbulent mixing on competition for nutrients as
well.

In conclusion, the theory and lake experiment dem-
onstrate that changes in turbulent mixing may shift the
competitive balance between buoyant and sinking phy-
toplankton species in a predictable manner. These find-
ings may find useful application in water management,
improving prediction of the mixing intensity required
to prevent surface blooms of harmful cyanobacteria.
Moreover, our results may also contribute to a better
understanding of phytoplankton communities in fresh-
water and marine ecosystems exposed to natural mixing
regimes. Turbulent mixing of natural waters is largely
determined by climatic factors like heat exchange and
wind action. Accordingly, sinking phytoplankton spe-
cies, which play an important role in several biogeo-
chemical cycles, tend to become dominant during
stormy periods with increased mixing. Conversely,
buoyant phytoplankton species, including harmful cy-
anobacteria like Microcystis, tend to be favored during
periods with warm weather and weak wind mixing.
Climate change will affect the frequency of storms as
well as the heat budget of aquatic ecosystems. Our
competition model and lake experiment thus warn that
changes in turbulent mixing, driven by climate change,
are likely to shift the species composition of the phy-
toplankton, with possible implications for biogeochem-
ical cycles and the incidence of harmful algal blooms.
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