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a  b  s  t  r  a  c  t

Phytoplankton  communities  are  influenced  by light  availability.  Therefore,  one  factor  promoting  phyto-
plankton  species  persistence  is  their  ability  to stay  within  the euphotic  zone.  This ability  is  determined  by
the  interplay  between  species  mass,  buoyancy  and  dispersion,  which  are  driven  by  physical  factors.  In this
study, we  investigate  how  these  physical  factors  and  light-use  efficiency,  all correlated  with  cell size,  influ-
ence  species  persistence.  Our model  shows,  first,  that species  can persist  only  within  a size-dependent
range  of  turbulence  strength.  The  minimal  level  of  turbulence  required  for  persistence  increases  dras-
eywords:
urbulence
ight limitation
ritical depth
hytoplankton bloom

tically  with  cell  size,  while  all species  reach  similar  maximal  levels  of  turbulence.  Second,  the maximal
water  column  depth  allowing  persistence  is  also size-dependent:  large  cells  show  a  maximal  depth  at both
low and  high  turbulence  strength,  while  small  cells  show  this  pattern  only  at  high  turbulence  strength.
This  study  emphasizes  the  importance  of  the physical  medium  in  ecosystems  and  its interplay  with  cell
size for  phytoplankton  dynamics  and  bloom  condition.
. Introduction

Light is an essential resource for primary producers. Light dis-
ribution over the planet controls primary production over large
racts of the planet’s oceans and lakes. Especially, light is a limiting
esource during spring blooms. Since these blooms are responsi-
le for a disproportionate fraction of the annual aquatic primary
roduction (Parsons et al., 1984), and of the carbon pump (Watson
t al., 1991; Sanders et al., 2014), their study is of primary impor-
ance. However, despite decades of studies, the conditions and
actors affecting the onset, magnitude and species composition of
pring blooms are still debated (Townsend et al., 1994; Behrenfeld
nd Boss, 2014; Daniels et al., 2015). Indeed, the phytoplankton
equires light for growth, but light availability in the sea and in
akes decreases with depth. To persist, phytoplankton populations
ust stay in the upper region of the water column, known as the
uphotic zone, where light availability is sufficiently high to sustain
ositive population growth rates.
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Early work identified turbulent mixing of the water column
(or turbulence) as a key factor contributing to the persistence of
phytoplankton populations (Riley et al., 1949) and described the
interplay of turbulence and light-dependent growth in sinking-
prone phytoplankton species (Shigesada and Okubo, 1981; O’Brien
et al., 2003). Indeed, the density of many phytoplankton species is
higher than that of the surrounding medium, which means they
are prone to sinking under the effects of gravity (Smayda, 1970;
Reynolds, 2006). Hence, phytoplankton species need to passively
or actively counteract the effects of gravity. Several phytoplank-
ton species can actively decrease their body density and increase
their buoyancy, e.g., through gas vacuoles or lipids (Waite, 1992;
Waite et al., 1992), which especially allows large phytoplankton
species to persist in the water column (Villareal, 1992). Margalef
(1978) studied how sinking velocity, turbulence, grazing, nutrients
and light availability can constrain phytoplankton adaptations, and
Sverdrup (1953) argued that systems deeper than a critical depth
cannot sustain algal blooms. More recently, Huisman et al. (2002)
proposed a model that includes turbulence, sinking velocity and
light-dependent growth of the phytoplankton. They demonstrated
that only intermediate turbulence allows sinking phytoplankton

species to persist. If turbulence is too low, individuals sink too
fast, whereas if turbulence is too strong, individuals do not spend
enough time in the euphotic zone. In both cases, the population
cannot persist.

dx.doi.org/10.1016/j.ecolmodel.2015.12.003
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Therefore, it seems clear now that hydrodynamical forces may
lay a major role in the size structure of phytoplankton (Rodríguez
t al., 2001). Hence, the ability of a phytoplankton species to grow
nder light limitation depends on the complex interplay between

ts growth rate, mortality rate, photosynthetic capacities, sinking
roperties and turbulent diffusivity. However, these properties are
uite disparate and often hard to measure, particularly in situ. Some
tudies investigated the interplay between sinking velocity and
ersistence (Huisman and Sommeijer, 2002a), but growth and sink-

ng velocity were totally decoupled, while they should be related
o each other, as indicated by recent works showing that most of
hese properties are underlined by a master trait: size (Edwards
t al., 2015). Yet, it should be possible to derive estimates for most
f these properties based on the cell size of organisms and on the
hysical properties of the medium in which they live. The laws
f physics dictate that cell size in interaction with turbulence and
ravity will be key factors for phytoplankton persistence. For exam-
le, a large, heavy phytoplankton individual will be more prone to
inking than a small, light one because of differences in the interplay
etween gravity, medium density, body density and drag. Effects of
ifferential sedimentation due to size differences have been inves-
igated for particles in marine waters (Li et al., 2004), but not for
iving cells.

In this study, we investigate the importance of body size on
hytoplankton species persistence, determined by (a) the interplay
etween a species’ physical and biological properties, and (b) the
roperties of the medium in which this species lives. Our work is
he first to include size as the master trait in a vertically structured,
ynamical model of phytoplankton growth under light limitation.
oreover, whenever possible, we derive the size-dependence of

raits from primary physical laws, and not empirical allometries,
n order to increase the generality of our approach and make it
daptable to different physical conditions. We  will use the generic
erm “body” throughout, acknowledging the fact that the functional
nit of phytoplankton in water can be a single cell or a multi-
ude of cells forming a colony. Our first objective is to extend and
eneralize previous findings on phytoplankton persistence and ver-
ical distribution to a wider range of body sizes, and thereby, to
ain a more differentiated understanding of the physical conditions
llowing phytoplankton species persistence. The second objective
s to investigate the role of physical factors on species persistence
y coupling species-specific properties (i.e., growth and motion) to
hysical factors of high relevance.

Many phytoplankton species show specific adaptations (e.g., gas
acuoles, mucilage) that allow them to control buoyancy (Reynolds,
006). To avoid unnecessary complexity and keep our model
ractable we decided not to consider buoyancy-related adaptations
n the present study. First, buoyancy control might not be the only
unction of traits that decrease density (Reynolds, 2006). Second,
pecies can modify their buoyancy through time, and the relation-
hip between these adaptations and body size is complex (Moore
nd Villareal, 1996a,b). Third, buoyancy-related adaptations have
osts (Walsby, 1994) that are not negligible. In the absence of
eliable empirical data on these relationships we felt that the inclu-
ion of buoyancy-related structures would not provide any reliable
nsight into which species would benefit from these adaptations.
s it stands, our model considers species slightly denser than water
nd, thus, predicts the spatial structure of phytoplankton commu-
ities with non-actively buoyant species; as such, the model can be
sed to identify species that would benefit most from increasing
heir buoyancy.

More importantly, our model focuses on light limitation and

gnores nutrient limitation. Nutrients are known to influence
hytoplankton growth (Marañón et al., 2013; Wirtz, 2013), and
ompetition (Ryabov and Blasius, 2011, 2014; Kerimoglu et al.,
012). However, light is an important factor and a special resource.
odelling 323 (2016) 41–50

Indeed, light is essential for photosynthesis, and its distribution
through the water column is inverted compared to nutrients.
During blooms light but not nutrients is most often the limiting
resource. Moreover, some lakes seem to be permanently light-
limited rather than nutrient-limited (Karlsson et al., 2009). Last,
our model assumes complete mixing of the water column. Thus,
it is best suited to represent a phytoplankton species in a lake or
coastal area with no thermocline, and at a time when a bloom is
likely to occur.

As key physical factors of the medium, we consider light absorp-
tion, density, viscosity and turbulence, which are classical factors
usually used to define the physical properties of a medium (Lampert
and Sommer, 1997). Key properties of phytoplankton species living
in the water column are photosynthetic rate (which, via light avail-
ability, controls their population growth rate); body density (whose
relationship to medium density determines their buoyancy); and
cross-sectional area (which interacts with the medium’s viscosity
to create the drag forces that phytoplankton face when moving).
Finally, body size is included as an explicit master trait affecting
all the rates of organisms, i.e., photosynthesis, metabolic loss, nat-
ural mortality and sinking rates. This study gives new insight into
the conditions allowing phytoplankton blooms at a specific cell size
and turbulent regime. This work is a contribution towards a better
prediction of phytoplankton growth in light-limited environments.

2. Model description

2.1. General description

The model describes a phytoplankton population, in a mixed
water column of depth Zmax. Three different processes occur. (i)
The first process represents biological mechanisms (such as photo-
synthesis, metabolism or death). These mechanisms are included
in a reaction term. (ii) Second, due to the interplay between the
species’ weight and its buoyancy, individuals are submitted to
an oriented motion either toward the bottom, if they are denser
than the medium, or toward the top, if they are naturally buoy-
ant. This motion can be represented by an advection term. (iii)
Last, turbulence adds a new component to individual motion. How-
ever, turbulence is by definition unpredictable and unoriented. This
is why turbulence is represented by a diffusion term. Therefore,
the model is written as a reaction–advection–diffusion model (see
Table 1 for a list of parameters)

∂ω

∂t
= R(z, t)ω − v

∂ω

∂z
+ D

∂2
ω

∂z2
(1)

where ω is the population abundance at depth z, R is the overall
growth rate per capita (the reaction), v is the sinking velocity (the
advection), and D is the diffusion due to turbulence. Each term is
calculated according to the biological and physical properties of the
species, and their interplay with physical factors of the medium.

2.2. The reaction term

The reaction term represents the growth rate per capita,  and it
depends on four different mechanisms. The first one is photosyn-
thesis (P), which varies according to light availability (Iz) at each
depth. It describes the amount of energy gained by photosynthe-
sis. However, photosynthesis has a cost, due to pigments synthesis,
which is represented by the second term (Pc). The third term repre-

sents loss through basic metabolism (m). The last term represents
loss though natural death of the organisms (ld).

R(z, t) = P(Iz) − Pc − m − ld (2)
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Table  1
Parameters used in the model.

Symbol Meaning Value Units References

Variables:
ω Population abundance ind m−3

I Light intensity mol photons m−2 s−1

Physical parameters:
g Acceleration due to gravity 9.81 m s−2

�m Medium density 1000 kg m−3

� Dynamic viscosity 0.00131 N s m−2

Re Reynolds number dimensionless
Cd Drag coefficient dimensionless
Zmax Water column depth m
I0 Incident light intensity 3.5 × 10−4 mol photons m−2 s−1

Kbg Background absorption 0.2 m−1 Kirk (1994)
v Advection (sinking velocity) m s−1

D Diffusion (turbulent diffusion) m2 s−1

Biological parameters:
R Reaction (per capita net growth rate) s−1

P(Iz) Gross photosynthetic rate at depth z mg C s−1

Pc Photosynthetic cost mg C s−1

Pmax Maximal gross photosynthetic rate mol C s−1

kmax Maximal gross photosynthetic rate at reference size (Chlorella cell) 7.75 × 10−18 mol C s−1 Reynolds (1990)
V0p Volume at reference size for photosynthetic rate (Chlorella cell) 3.35 × 10−17 m3 Reynolds (1990)
a Absorption cross-section m2

a* Absorption surface per unit of chlorophyll a m2 mg chla−1

a∗
s in vitro absorption coefficient 0.04 m2 mg chla−1 Finkel et al. (2004)

Q� and � Packaging effect dimensionless
c  Chlorophyll a content mg chla m−3

C0 Carbon content at reference size 2.6 × 10−13 g C Menden-Deuer and Lessard (2000)
V0c Volume at reference size for carbon content 1 �m3 Menden-Deuer and Lessard (2000)
� Quantum yield of photosynthesis 0.1 mol C mol photon−1 Kirk (1994)
� Cost of photosynthetic apparatus 7 × 10−4 mol photon mg chla−1 Raven (1984)
� Average lifetime of photosynthetic apparatus 24 h Riper et al. (1979)
m Metabolic loss J s−1

ld Death rate ind s−1

l0d Death rate at reference size 1.58 × 10−6 s−1 McCoy and Gillooly (2008)
V0d Volume at reference size for death rate 1.08 × 103 �m3 McCoy and Gillooly (2008)
E Energy content J ind−1

Rdw Dry ash-free mass over wet mass ratio 0.16 dimensionless
Edw Energy over dry mass ratio 23,000 kJ kg−1

Mb Body mass (wet) kg
−3

T
o

P

w
p
q
f

s

P

w
(
a
C
c
I

c

P

Vb Body volume 

Sb Body section surface 

Lb Body length 

he first term, the photosynthesis rate (P), is a saturating function
f the rate of photons captured by an organism (Finkel et al., 2004)

(Iz) = Pmax tanh
(

a�Iz
Pmax

)
(3)

here Iz is the irradiance at depth z and time t, Pmax is the maximal
hotosynthetic rate, a is the absorption cross-section, and � is the
uantum yield of photosynthesis. It appears that P(Iz) is a saturating
unction of Iz.

Both maximal photosynthetic rate (Pmax) and absorption cross-
ection (a) are functions of body size (Finkel and Irwin, 2000)

max = kmax

(
Vb

V0p

)0.75

(4)

here kmax is the maximal photosynthetic rate at reference size
7.75 × 10−18 mol  C s−1), Vb is body volume, and V0p is the volume
t reference size (3.35 × 10−17 m3). kmax and V0 are estimated for a
hlorella cell (Reynolds, 1990). The absorption cross-section (a) is
alculated following Finkel et al. (2004) (see Appendix A for details).
t increases with body size.
The second term of the reaction equation is the photosynthetic
ost term (Pc)

c = cVb��

�
(5)
m
m2

m

where � is the cost of photosynthetic apparatus, � is the average
lifetime of this apparatus over which the cost of this apparatus is
amortized, Vb is cell volume, and c is chlorophyll a content per cell
(see Appendix A for details).

Units for the photosynthetic rate (P) and photosynthetic cost
(Pc) are mol  C s−1. In order to transform these molar rates into per
capita rates, both values are multiplied by the molar weight of car-
bon (12 g mol  C−1). Then, they are divided by the amount of carbon
needed to produce one individual (Cb) (Menden-Deuer and Lessard,
2000).

Cb = C0

(
Vb

V0C

)0.88
(6)

where C0 is carbon content at reference size (set at 2.6 × 10−13 g C),
and V0C is volume at reference size (set at 10−18 m3). Hence, the net
per capita growth due to photosynthesis decreases when body size
increases.

The third term is the metabolic rate (m), which increases with

body size (Peters, 1986)

m = 0.01 M0.75
b (7)
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here Mb is body mass (in kg) and m is the metabolic loss (in
 s−1). This energetic rate is then divided by the amount of energy
ontained within one individual (E).

 = MbRdwEdw (8)

here Mb is the body mass (wet mass), Rdw is the ratio between the
ry ash-free mass and the wet mass, and Edw is the ratio of energy
o dry mass. Overall, per capita metabolic rate increases with body
ize.

The last term is per capita loss by natural death (ld). This natural
eath rate, excluding external source of death (e.g., predation), is
ssumed to be the inverse of life span, which scales with body size
McCoy and Gillooly, 2008)

d = l0d ×
(

MbRdw

V0d

)−0.22
(9)

here l0d is death rate at reference size (set at 1.58 × 10−6 s−1), and
0d is reference size (set at 1.08 × 10−15 m3). The overall per capita
rowth rate calculated is in accordance with empirical observations
Finkel et al., 2010).

An overview of the four parameters considered (i.e., photosyn-
hetic gain, photosynthetic cost, metabolic cost, death loss) leads
o the following conclusion: for a given size, the costs (PC, m,  and
d) are constant, and the reaction term varies with light availability
Iz) at each depth. Light availability follows a Beer–Lambert’s law
Huisman et al., 2004), and therefore, depends on light absorption
y populations above the considered depth z and the background
bsorption (i.e., water turbidity)

z = I0 exp

{
−

∫ z

0

aω(�, t)d� − Kgbz

}
(10)

here I0 is the initial irradiance received on the top of the system
in mol  photon s−1), a is absorption cross-section (defined above),

 is an integration variable, and Kbg is the background absorption
y water and other components than phytoplankton (in m−1).

.3. The advection term

The advection term represents the average sinking velocity
f a single organism. It evaluates the relative importance of an
rganism’s weight and buoyancy. Therefore, it is oriented either
ownwards, if the species is denser than the medium, or upwards,

f the species is naturally buoyant. Due to their small size, phy-
oplankton species are usually assumed to be located below the
olmogorov scale, so that sinking velocity can be calculated using
tokes’ law (Davey and Walsby, 1985; Fogg, 1991). However, some
hytoplankton species are large enough to face conditions above
he Kolmogorov scale (Lazier and Mann, 1989), where Stokes’ law is
ot valid anymore (Almedeij, 2008). Therefore, we use a more gen-
ral method that can be used either below or above the Kolmogorov
cale. A sinking force (F) is calculated, including as its terms three
orces that act constantly on organisms. The first term represents
eight (i.e., the effect of gravity on the body) and is oriented down-
ards. The second term represents buoyancy (i.e., Archimedes’

orce) and is oriented upwards. Considering that motion does not
ccur in a vacuum, the viscosity of the medium also plays a role.
ence, the last term represents drag (i.e., the effect of medium vis-
osity) and is always opposed to motion. This model considers only
ne component of drag, which is surface drag

 = gMb − Vb�mg − 1
Sbv2�mCd (11)
2

here g is acceleration due to gravity, �m is medium density, v
s speed, Sb is the body section surface, and Cd is the drag coeffi-
ient. Then, this equation allows the calculation of an equilibrium
odelling 323 (2016) 41–50

speed, which is the sinking velocity (see Appendix B for details).
Sinking velocity increases with body size, which is in accordance
with empirical observations (Kiørboe, 2008). If Reynolds number
becomes very low (i.e., Re � 1), the last term of Eq. (B.2) dominates
(see Appendix B), which leads to similar results as with Stokes’
drag coefficient. However, while Stokes’ law is valid only for very
low Reynolds numbers, our approach is more general and allows
prediction of sinking velocity for bigger cells or colonies that can
face conditions beyond Stokes’ law conditions.

2.4. The diffusion term

Turbulence is neither predictive nor oriented. This is why tur-
bulence effects are represented as a diffusion process. The current
of fluid produces a force on cells, leading to motion. This motion
can be easily included into a diffusion parameter. In order to avoid
confusion with other definitions of diffusion (e.g., molecular dif-
fusion), we  will use the term “turbulent diffusion” throughout.
However, calculating the effect of current speed on the diffusion
parameter value according to organism body size remains challeng-
ing. Moreover, turbulence is a complex phenomenon that occurs at
different scales. Thus, the relationship between turbulence and dif-
fusion related to body size remains difficult to describe precisely.
Many studies have investigated the effects of turbulence on preda-
tion rate (Lewis and Pedley, 2000, 2001), nutrient uptake (Metcalfe
et al., 2004; Hondzo and Wüest, 2008), or phytoplankton patchiness
(Seuront, 2005). Although the effects of turbulence on plankton
settling rate have been studied (Ruiz et al., 2004), it is challeng-
ing to disentangle the relative effects of turbulence and gravity in
these studies. So far, we  are not aware of any study, either empirical
or theoretical, that calculates the turbulent diffusion of planktonic
cells according to the attributes of turbulent currents, and the
relationship between this turbulent diffusion and cell body size.
Previous studies considering turbulence set the turbulent diffusion
parameter at a constant ad hoc value (Huisman et al., 1999b, 2002;
Yoshiyama et al., 2009; Mellard et al., 2011), implicitly assum-
ing that turbulence has similar effects on phytoplankton cells of
different body sizes. For a lack of a better alternative, we use a sim-
ilar approach. However, studies have emphasized the importance
of considering the relationship between turbulence and body size
(Zhang et al., 2014).

2.5. Implementation

The system represents the mixed layer of a water column. It is
assumed that no individual can enter or leave the system at the top
(0) and bottom boundary layers (Zmax), which is a zero flux bound-
ary condition. This case happens in lakes and shallow coastal waters
during spring or fall, and this condition was used in several studies
(Huisman et al., 1999b, 2002; Huisman and Sommeijer, 2002b).

vω − D
∂ω

∂z
|z=0 = vω − D

∂ω

∂z
|z=Zmax = 0 (12)

The model is solved numerically by using a finite volume method
by Crank–Nicolson’s scheme, which is known to be a very stable
scheme for reaction–advection–diffusion equations in one dimen-
sion (Najafi and Hajinezhad, 2008). Finite volume methods and the
Crank–Nicolson scheme are commonly used in physics. Moreover,
in order to check the validity of applying our method to an integro-
reaction–advection–diffusion model, we also did some tests using

a scheme combining the method of lines, a third order upwind
scheme and the trapezoid rule, as described in detail in Huisman
and Sommeijer (2002b). Both methods give similar results. How-
ever, the method we use is computationally lighter.
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Fig. 1. Total abundance according to turbulent diffusion rate (Zmax = 60 m).  Small
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Fig. 2. Depth profiles at steady state for three turbulent diffusion values. The left
column represents a small species (1 �m3) at respectively 10−10 (A), 10−6 (B)
and  10−3 m2 s−1 (C). The right column represents a large species (650 �m3) at
respectively 10−10 (D), 10−8 (E) and 10−5 m2 s−1 (F). The small species maintains
a  population close to the surface at low turbulence. When turbulence increases, the
population diffuses over the whole column. The large species maintains a population
below the surface at low turbulence. When turbulence increases, the population has
its  maximum upwards. If turbulence increases more, the population spreads over
pecies are able to persist at very low turbulence strength, while bigger species need
tronger turbulence for persistence. All populations disappear when turbulence is
oo  strong. However, differences between species at high turbulence are quite small.

Numerical model’s simulations were performed with Matlab
8.0.0.783) and Java (1.6.0 65); figures were made using the R soft-
are (R Core Team, 2013).

. Results

In this study, species body density is set at 1080 kg m−3, which
s the mean density value for biological organisms (Denny, 1993).
ndividuals are slightly denser than their surrounding medium, and
herefore they are prone to sinking. Light availability decreases with
epth, and growth is maximal close to the surface. Below a given
epth (compensation depth), the remaining light does not allow
hotosynthetic gains to compensate for the costs, which leads to a
egative growth rate. In our model, when body size increases, the
aximal per capita growth rate decreases, and the sinking velocity

ncreases. Furthermore, following Huisman et al. (2002), incident
ight intensity is set at 3.5 × 10−4 mol  photons m−2 s−1, which is
ssumed to be a saturating condition at the surface.

.1. Relationship between persistence and turbulence

According to several studies (Denman and Gargett, 1983;
acIntyre, 1993; Huisman et al., 2002), phytoplankton turbulent

iffusion in lakes or oceans, varies from 10−7 m2 s−1 to 10−1 m2 s−1.
n this study, turbulent diffusion varies from 10−8 m2 s−1 to

 m2 s−1, which allows the model to include the usual conditions in
atural ecosystems as well as potential extreme cases. By looking at
he interplay between light availability, sinking velocity and body
ize, for a wide range of turbulent diffusion values, several impor-
ant results appear (Fig. 1). First, at low levels of turbulence (i.e.,
mall turbulent diffusion values), small species can persist, while
arger species cannot. As body size increases, the minimal turbu-
ence strength required for persistence increases. Second, when
urbulence strength increases, part of the population is present
t shallower depth, and the maximal depth reached by the pop-

lation increases with turbulence strength (Fig. 2). Individuals
re present deeper when turbulence increases. When the system
eaches a critical depth at high turbulence, the population is mostly
ocated in the dark zone. Therefore, it cannot persist. Above an
the  water column.

upper threshold, the population is unable to persist. Therefore, a
given species can persist only within an optimal range of turbu-
lence.

Third, the breadth of the optimal range of turbulence allowing
persistence becomes narrower with increasing body size (Fig. 1).
Small species are able to persist from very low to very high diffusion
rates. When body size increases, a lower limit of turbulent diffusion
first appears, and this limit increases with body size. However, if
strong differences exist among species at low turbulence, all species
seem to reach similar upper turbulence thresholds. Last, by looking
at the depth profile of the population, the model leads to a fourth
interesting result. When the population persists at low levels of tur-
bulence, individuals are located very close to the surface (Fig. 2A).

However, with increasing body size, this pattern is altered, and the
depth of maximal abundance is located deeper (Figs. 2D and 3).
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Fig. 4. Water column depth (Zmax) and turbulent diffusion interplay on algal bloom.
For a small species (1 �m3), turbulence does not allow persistence beyond an
upper threshold if the medium is too deep (A). On the other hand, a large species
(1000 �m3) cannot maintain a population if turbulence is either too low or too
llows cell growth below the surface, but above the species-specific compensation
epth.

.2. Relationship between depth and persistence

The critical depth concept (Sverdrup, 1953) can be applied – if
he water column is deep enough that the dark zone is non neg-
igible. Under a realistic range of turbulent strength, patterns for
mall and large species are different (Fig. 4). As the population is
ocated at the surface at low turbulence strengths, a small species
s not affected by ecosystem depth. On the other hand, when tur-
ulence strength increases to a very high level, the population is
ble to persist only in a relatively shallow system. Beyond a critical
epth, the population cannot persist above an upper threshold of
urbulence for the same reason as suggested by Sverdrup (1953).
ecause high turbulence strength increases population spread, cells
re transported into the dark zone too fast. For large species, simi-
arly to small species, a critical depth is observed at high turbulence
trength. However, a critical depth is also observed at low tur-
ulence strength. Moreover, the critical depth at low turbulence
trength is shallower than the critical depth at high turbulence
trength and is close to the compensation depth. Cells that are too
ig to be resuspended by mixing, stay outside the euphotic zone.

. Discussion

.1. Size-mediated relationship between persistence and
urbulence

A number of previous studies investigated the relationship
etween sinking velocity, turbulence, and phytoplankton persis-
ence (Huisman et al., 2002; Huisman and Sommeijer, 2002a,b).
owever, in these studies cell growth and sinking velocity were

reated as totally independent parameters, while our model con-
iders one master trait (body size) that links all these parameters
ogether. Thus, our model leads to two important new results. First,

mall species are able to persist at low turbulence, while larger
pecies are unable to do so, which is in accordance with empirical
bservations (Fogg, 1991). Second, all species are unable to persist
eyond an upper turbulent diffusion threshold. All species seem
strong, and if the medium is too deep (B). The critical depth for the largest species
is  shallower at low turbulence strength.

to reach similar upper thresholds. However, this upper thresh-
old seems to be maximal for intermediate size species. Whether
these small differences are important for community structure at
high turbulences is an open question. This finding can be under-
stood by considering species’ growth rate, their sinking velocity,
and their compensation depth. Small species have (i) a high per
capita population growth rate, (ii) a relatively low sinking veloc-
ity, but (iii) a relatively shallow compensation depth (i.e., depth at
which production from photosynthesis is equivalent to the costs).
When turbulent diffusion is very low, individuals can stay in the
euphotic zone during a long period of time, which allows them
to multiply before sinking. In other words, reproduction overcom-
pensates for the sinking loss, even if individuals are not naturally
buoyant. This result is consistent with other studies demonstrat-
ing that small cells are able to remain at the surface of the water
column due to medium viscosity (Pedrós-Alió et al., 1989). The min-
imal level of turbulent diffusion allowing a small species to persist
is very low: we found 10−11 m2 s−1 for a 1 �m3 cell using the clas-
sical formula given by Riley et al. (1949), which is far below the
lowest diffusion rate measured in aquatic ecosystems (Daly and
Smith, 1993). Hence, one can assume that small cells can persist in
even the calmest water.
At the other end of the size spectrum, large species face
inverted conditions (i.e., a relatively low per capita population
growth rate and a relatively high sinking velocity). Therefore, in
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he absence of turbulence, individuals sink out of the euphotic
one too fast to allow growth to compensate for the sinking loss.
hese populations need turbulence to maintain individuals within
he euphotic zone. Indeed, turbulence increases species motion in
nd out of the euphotic zone and their spread over the water col-
mn, and the strength of this process increases with turbulence
trength. As a result, large cells are able to spend more time in
he light zone at intermediate turbulence than at very low turbu-
ence, which allows persistence of the population. Because growth
ecreases with body size, while sinking velocity increases with
ody size, a higher turbulent diffusion rate (i.e., a higher turbu-

ence) is necessary to keep large cells within the euphotic zone.
his is why the minimal strength of turbulence increases with body
ize.

However, if turbulence is too strong, individuals are mixed
nto the dark zone too fast and do not spend enough time in the
uphotic zone to allow the persistence of the population. This
rocess operates on all species and explains the presence of an
pper threshold of turbulence above which species cannot persist.
igh turbulence increases individual turnover between euphotic
nd dark zones. Since large species have a low growth rate, these
pecies need to spend more time in the light. However, since
arge species have a deeper compensation depth (i.e., a deeper
uphotic zone), they show an upper threshold at higher turbu-
ence than smaller species. But, sinking velocity increases with size
aster than compensation depth does. Therefore, for larger species,
his upper threshold occurs between small and intermediate size
pecies’ thresholds. Nonetheless, it should be noticed that differ-
nces between species are quite small and might not have a strong
mpact in real ecosystems. Indeed, some field studies have shown
hat smaller phytoplankton species tend to dominate when turbu-
ence is strong (Ward and Waniek, 2007), while other studies show
hat highly mixed systems tend to be dominated by large species
Kiørboe, 1993).

Another interesting result comes from the study of the depth
rofile given by the model. The model predicts that, at low tur-
ulence, small species should have their maximal abundance at
he surface, while species with large body size, provided they are
ble to survive, should reach their maximum abundance below the
urface. Indeed, population growth is maximal at the surface, and
his is where the majority of cells of the population accumulates,
rovided that reproducing cells get to stay sufficiently long in this
one. The accumulation of these cells close to the surface shades
he light. Thus, growth becomes impossible below the surface. The
epth of median population abundance (the depth where half of
he population is located above and the other half below) is close
o the surface (Fig. 3). The realized compensation depth is located
lose to the surface and above the species-specific compensation
epth (i.e., the compensation depth in the absence of shade). How-
ver, when body size increases, sinking velocity becomes more and
ore important in the overall dynamic. This means that individuals

re unable to stay close to the surface. Since fewer cells are located
t the surface, light can reach deeper water. Thus growth is possible
elow the surface, and the depth of median population abundance

s located below the surface (Fig. 3). For even larger cells, sinking
elocity is too strong. The cells sink below their species-specific
ompensation depth and disappear. This pattern of maximum den-
ity below the surface observed for intermediate-size species is
sually interpreted as a consequence of either nutrient limitation
Klausmeier and Litchman, 2001), photoinhibition (Worrest et al.,
978), or zooplankton grazing (Cullen et al., 1992). Here, this pat-
ern results only from the interplay between growth, shade, and

inking velocity (Huisman et al., 2002). Our model shows that this
attern can be explained by the interplay between gravity, body
ensity, medium density, and light, without involving any other
iological mechanism.
odelling 323 (2016) 41–50 47

According to the model, phytoplankton cells larger than
10,000 �m3 cannot survive because they sink too fast at all turbu-
lence levels. In real ecosystems, large phytoplankton cells usually
increase their buoyancy by modifying their body density (Waite,
1992), so that even very large diatom species (e.g., Ethmodiscus
species) can persist when turbulence is weak (Villareal, 1992).

The abundances that our model predicts for small species
(around 108 cells mL−1) can be quite high. Although population
growth is usually limited by several factors, the present study
focuses on light limitation during bloom conditions, and nutrients
are assumed to be non-limiting. However, once a phytoplankton
bloom is beyond its peak, cells will have consumed the available
nutrients, which in turn should become limiting, and population
growth will sharply decrease (Boyd et al., 2004; Elser et al., 2007).
As a consequence, real populations do not usually experience levels
of abundance predicted by the model. Nonetheless, several empiri-
cal studies reported similar or even higher abundances (Agustí et al.,
1987; Miyazono et al., 1992).

4.2. Size-mediated relationship between depth and persistence

The model predicts that a critical depth is observed only at high
turbulence for small species, while it is observed at both low and
high turbulence for large species. Considering first, small species at
low turbulence, their population is close to the surface. Below the
surface, light availability is very low and does not allow growth. Any
loss by sinking can easily be compensated by new growth. This phe-
nomenon is independent of water column depth. Therefore, there
is almost no critical depth for small species at low turbulence. How-
ever, at high turbulence, the population diffuses through the whole
column. Hence, the population cannot persist for depths above
Sverdrup’s critical depth. This is why a critical depth is observed
only at high turbulence for small species.

Considering now large-bodied species, at low turbulence, indi-
viduals sink too fast compared to their growth rate (see above). In
a shallow system, light availability is still high at the bottom, and,
even if individuals sink fast, the population can thrive on the bot-
tom. In this case, the maximal abundance is located at the bottom
of the system, and even large species are able to persist in absence
of turbulence. On the other hand, in a deep system, individuals sink
into the dark zone before multiplying, and the population disap-
pears. This is why  a critical depth close to the compensation depth
is observed at low turbulence. Considering now high turbulence, a
Sverdrup’s critical depth is observed for large as well as for smaller
species. One can notice that the critical depth at high turbulence
moves to deeper layers when body size increases, which is a con-
sequence of the deeper light compensation depth of large-bodied
species. Larger phytoplankton species are therefore expected to
be able to grow in deeper systems than smaller species at high
turbulence.

4.3. Importance of body size on phytoplankton community
structure

A major insight from this study is that effects of turbulence vary
depending on both turbulence strength and species body size. The
interplay between sinking velocity, body size and turbulent diffu-
sion is the corner stone of population persistence. In the present
study, size is considered as a master trait for growth and sink-
ing velocity, which provides a more realistic interplay between
these two  features of phytoplankton cells. The model assumes that
species are denser than the surrounding medium, and therefore are

prone to sinking. Hence, it appears that large-bodied species should
not be able to thrive in calm water. Indeed, several species have spe-
cific adaptations that increase their buoyancy (e.g., gas vacuoles),
which allows some larger species (such as Microcystis,  Anabaena,
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phanizomenon, Trichodesmium or buoyant diatoms) to be abun-
ant in relatively calm waters, while our results show that they
hould not persist in such conditions. According to our model, on
he one hand, large species would benefit more than small species
rom an increase of buoyancy, because it would increase their opti-

al  range of turbulence, especially toward low turbulence values.
n the other hand, in deep and highly turbulent systems, all species
ould benefit from evolving traits that decrease turbulent diffusion

ecause it would allow them to escape Sverdrup’s critical depth
onstraint.

Our model assumes zero-flux boundary conditions at the top
nd the bottom, an assumption that was used in several other
tudies (Huisman et al., 2002, 2004; Ryabov and Blasius, 2014).
owever, other studies have used different boundary conditions or

ncompletely mixed systems (Huisman et al., 1999b; Mellard et al.,
011). Our model represents relatively shallow systems during
pring mixing conditions and is best suited to study phytoplankton
pring blooms that occur under such conditions. Boundary con-
itions under which cells are allowed to leave the system at the
ottom of a thermocline are less realistic for this type of situation,
nd the combination of having a thermocline in a deep system with
igh turbulence may  lead to the disappearance of all species from
he system (Huisman and Sommeijer, 2002a).

Similarly it is known that shear stress from water mixing is
nother factor that potentially affects phytoplankton cells and can
ause cell destruction, cell collision or agglomeration (Hondzo and
yn, 1999). Because it is very difficult to quantify this shear stress
nd to define a clear relationship between this effect and cell size,
e followed other studies (Shigesada and Okubo, 1981; Huisman

t al., 2002; O’Brien et al., 2003) and did not consider the effect of
hear stress in our study.

All simulations were done using incident light intensity at
.5 × 10−4 mol  photons m−2 s−1, which is assumed to be a saturat-

ng condition at the surface. Robustness of the results has been
ested using higher and lower light intensity. On the one hand, for
igher irradiance, all species show a deeper compensation depth.
herefore, phytoplankton species are able to thrive deeper, which
isplaces the upper threshold of turbulence towards stronger tur-
ulence values, while the lower threshold of turbulence occurs at

ower turbulence. Furthermore, critical depth occurs deeper at high
urbulence for all species. On the other hand, for lower irradiance,
ll species show a shallower compensation depth, which leads to
n upper threshold of turbulence occurring at lower turbulence
alues, a lower threshold of turbulence occurring at higher turbu-
ence, and a shallower critical depth. Overall, any change in incident
ight intensity creates quantitative but not qualitative changes in
he results.

The present study provides new insight on phytoplankton
loom conditions. However, after the bloom period, other limiting
actors (such as nutrients) will play an important role. Usually,
utrients are more abundant at the bottom of the system, while

ight is more available at the surface. Therefore, species require-
ent and uptake for nutrients and light create a trade-off that

an lead to coexistence for some range of conditions (Huisman
nd Weissing, 1995; Diehl, 2002; Yoshiyama et al., 2009). The
opulation should be located close to the surface if light is more

imiting, and deeper if nutrients are more limiting (Klausmeier
nd Litchman, 2001). Moreover, turbulence can also play a role by
ixing cells as well as nutrients, therefore having an influence on

pecies total biomass (Dutkiewicz et al., 2009; Jäger et al., 2010). A
ew studies considered interplay between light, nutrient and mix-
ng, and their results are consistent with real observations (Valenti

t al., 2012, 2015; Denaro et al., 2013).

Nutrients might also play another role because in our model, the
er capita population growth rate is supposed to be a decreasing
unction of body size, in accordance with a number of empirical
odelling 323 (2016) 41–50

studies (Fenchel, 1974) and the metabolic theory of ecology (Brown
et al., 2004). However, this pattern can be altered by nutrient avail-
ability. Small species might be limited by nutrient uptake, as it
is assumed to be an increasing function of body size, while large
species might be limited by nutrient conversion into biomass, as
it is assumed to be a decreasing function of body size. Therefore,
the optimum for this trade-off should occur at intermediate size,
leading to a unimodal relationship between growth and body size
(Marañón et al., 2013; Wirtz, 2013). This should have an effect on
competition as species with an intermediate body size would be
more productive than smaller species but deeper below the surface.

Nutrient limitation would also affect competition among phy-
toplankton species after the bloom period. Our model considers
only one resource (light). According to the resource-ratio theory
(Grover, 1997) as well as to niche theory (Chase and Leibold, 2003),
competition between two species for only one resource should lead
to the exclusion of the weaker competitor. Spatial segregation can
sometimes allow species coexistence. In our model, a spatial segre-
gation might transiently occur since a large-bodied species is able
to thrive below the surface, and a smaller one thrives at the sur-
face. However, as light comes from the surface, it means that the
largest species tries to thrive in its competitor’s shade, which is not
sustainable (Huisman et al., 1999b), unless nutrient limitation is
included and traded off against light limitation.

Although a large number of studies considered the effect of
nutrient limitation on phytoplankton competition (e.g., Ryabov and
Blasius, 2011, 2014; Kerimoglu et al., 2012), considering size as a
master trait for light requirement, nutrient requirement, and sink-
ing velocity over a wide range of body size remains challenging
because species may  have different trade-offs according to the
nutrients considered (Litchman et al., 2007). Nonetheless, we think
that inclusion of nutrient limitation should be the next step to
undertake.

Last, it should be noticed that the relationship between size and
turbulence is not totally understood. Previous studies (Huisman
et al., 1999a, 2002; Klausmeier and Litchman, 2001; Mellard et al.,
2011) considered (often implicitly) that the turbulent diffusion rate
is the same for all species. Nonetheless, this assumption remains
to be fully explored. Indeed, this might be a gross oversimpli-
fication given that the size and mass of phytoplankton species
may  differ by several orders of magnitude (e.g., a small cyanobac-
terium such as Synechoccocus has a volume of 18 �m3, whereas
a dinoflagellate such as Ceratium hirundinella has a volume of
44,000 �m3). Mainstream theory (Kemp and Mitsch, 1979; Landahl
and Mollo-Christensen, 1992; Ross and Sharples, 2008; Delhez
and Deleersnijder, 2010) argues that because of their small size,
phytoplankton cells live below the Kolmogorov scale. Therefore,
cells are embedded within eddies and move with them, all at the
same rate. However, studies on particle motion tend to demon-
strate that particles diffuse more below Kolmogorov scale as their
size decreases (Friedlander, 2000). Experiments demonstrated that
planktonic cells show different response to shear according to
their size (Stocker and Stocker, 2006). Last, some physical studies
revealed the existence of sub-Kolmogorov scale velocity fluctua-
tions (Zeff et al., 2003; Schumacher, 2007). Hence, investigation of
the relationship between size and turbulence should be an impor-
tant step toward our understanding of phytoplankton community
structure.

5. Conclusion

Our study provides new insights into the conditions allowing

algal blooms. It highlights that big and small phytoplankton species
experience very different physical constraints in light-limited envi-
ronments, potentially resulting in very different contributions to
primary production depending on habitat depth and turbulence
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trength. In the future, the model may  be extended to include nutri-
nt limitation, which could allow the study of competition between
hytoplankton and size-based food web dynamics.
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ppendix A. Absorption cross-section

The absorption cross-section a is calculated as the following
Finkel et al., 2004):

 = a∗cVb (A.1)

here a* is the absorption surface per unit of chlorophyll a, and c is
he chlorophyll a content per cell. This quantity is size-dependent
Finkel, 2001; Baird and Suthers, 2007).

 = 0.03 V0.69
b (A.2)

he absorption per unit of chlorophyll a includes the packaging
ffect, which also depends on body size (Morel and Bricaud, 1981)

∗ = 3
2

a∗
s

Q�

�
(A.3)

here a∗
s is the in vitro (unpackaged) absorption coefficient of

hlorophyll a. Q� and � are dimensionless numbers accounting for
he packaging effect

� = 1 + 2e−�

�
+ 2e� − 1

�2
(A.4)

 = a∗
s cd (A.5)

here d is body diameter.

ppendix B. Sinking velocity

Sinking velocity is determined by three forces: weight,
rchimedes’ force, and drag.

 = gMb − Vb�mg − 1
2

Sbv2�mCd (B.1)

here g is the acceleration of gravity, �m is the medium density, v is
peed, Sb is the body section surface, and Cd is the drag coefficient.
he drag coefficient (Cd) is calculated according to an empirical rule
Turton and Levenspiel, 1986).

d =
[

0.352 +
(

0.124 + 24
Re

)0.5
]2

(B.2)

here Re is the Reynolds number, which is calculated as the fol-
owing:

e = �mvLb

	
(B.3)

here Lb is body length, and 	 is the medium dynamic viscosity.
ence, considering Newton’s second law, force divided by mass
epresents acceleration, which is the first derivative of speed by
ime.

dv

dt
= g − Vb�mg

Mb
− 1

2
Sbv2�mCd

Mb
(B.4)
odelling 323 (2016) 41–50 49

The sinking velocity is assumed to be an equilibrium speed, when
all the three forces compensate each other (i.e., acceleration is null).
Due to the recursive relationship between speed and drag, the
sinking velocity at steady state is calculated by numerical approx-
imation using the bisection method.
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