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Abstract
Turbulence has a strong influence on plankton contact rate, which is a crucial parameter for plankton ecology. In the field of
particle-turbulence interactions, it is now well known that fully developed turbulence does not always homogenise particle
distributions, but instead creates, in some well-defined conditions, preferential concentrations of heavy particles. Many studies
have considered the influence of this type of preferential concentration on particle contact rate. We consider here the possible
application of these results to copepods, assuming that some results obtained for heavy particles are still valid for light particles.
Using parameter values representative of copepod species in coastal waters and open ocean, we numerically estimate the possible
enhancement of copepod contact rates due to the preferential concentration by turbulence. The assessment is done by using data
from a laboratory experiment: we find from the trajectory analysis of small neutrally buoyant particles, that the preferential
concentration effect increases the contact rate up to 140%. We argue that this effect may be more pronounced for higher Reynolds
numbers, and may have important ecological applications.
© 2007 Published by Elsevier B.V.
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1. Introduction
Turbulence is now widely recognized to influence
dispersal, feeding and reproduction of copepods. Two of
the major aspects of copepod dynamics involve contact
rates between particles in turbulent flows: predator–prey
encounter rates, and mating encounter rates. In copepod
ecology, a large body of literature has considered
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encounter rate enhancement through remote detection
ability and behavioural activity. This includes chemoreception and mechanoreception (Buskey,1984; Weissburg
et al., 1998), prey movement detection (Visser, 2001;
Jiang et al., 2002), feeding currents (Marrasé et al., 1990)
and swimming behaviour (Gerritsen and Strikler, 1977;
Rothschild and Osborn, 1988; Evans, 1989; Hill et al.,
1992; Visser and MacKenzie, 1998). The effect of the
behaviour is, however, only effective within a limited
distance between organisms. The encounter rate can thus
be modelled as a combination of two independent, though
complementary, physically-and biologically-driven processes. First, turbulence brings two particles (either a

264

F.G. Schmitt, L. Seuront / Journal of Marine Systems 70 (2008) 263–272

predator and its prey, or two mates) below a threshold
detection distance. Then, when the detection distance is
reached, behavioural processes are triggered, leading to
attempts to capture the encountered particles (i.e. a prey or
a mate). While we only consider the effect of turbulence
on copepod encounter rates, without considering the
subsequent behavioural processes, the behavioural contribution would further enhance the encounter rates (see
e.g. Kiørboe and Saiz, 1995; Seuront et al., 2001). In the
plankton ecology literature, turbulence is implicitly
assumed to homogenise particle distributions at small
scales. In contrast, in the community of turbulence
physics, turbulence is widely acknowledged to increase
inhomogeneity at small scales, which is referred to as the
intermittency effect (Frisch, 1995).
Concerning particles, three types of effect are expected, depending on the inertia of these particles (their
Stokes number, considered in the next section). Zero
inertia particles behave as passive tracers, purely passively advected by the flow, whereas heavy particles
(infinite inertia) have their own trajectories and are not
influenced by turbulence. In contrast, intermediate inertia
particles are only influenced by some portions of turbulent
motions as they cannot be influenced by the largest vortical motions due to their finite inertia (Wang et al., 2000).
As a consequence, particles denser than then fluid cannot
stay in high vorticity regions, and have larger concentrations in low vorticity and high strain rate regions. The
result is known as the phenomenon of preferential concentration of heavy particles due to turbulence (Maxey,
1987; Squires and Eaton, 1991; Wang and Maxey, 1993;
Fessler et al., 1994). This “inertia difference” effect can
also be interpreted as being due to the difference in inertia
of a particle and the fluid it displaces, for particles having
a density larger than the density of the fluid (density
ratio N1). However, particles may tend to migrate towards
the center of vortices because a small difference in acceleration can be amplified when the particle approach a
hyperbolic point in the fluid flow (Babiano et al., 2000).
This occurs at all density ratios, but is most evident when
the density ratio is close to 1. This has only been shown in
models, and in the following we will not consider this
case and focus on density ratio larger than 1, although in
copepod applications this ratio is close to 1.
The effects of preferential concentration have mainly
been studied on the coagulation of colloidal particles, with
aerosols, sprays and cloud physics applications in mind
(Brunk et al., 1998; Vaillancourt and Yau, 2000; Wang
et al., 2000; Zhou et al., 2001; Falkovich et al., 2002). Its
application to copepod ecology has been, to our knowledge, only considered in one paper (Squires and
Yamazaki, 1995), using Direct Numerical Simulation

(DNS) of flow equations (see also a discussion by
Jimenez (Jimenez, 1997)). This paper showed that
preferential concentration of particles presenting material
characteristics close to those encountered in marine
environments can occur, with peak particle densities
ranging from 10 to 60 times the mean value. This early
work was published before the precise effect of
preferential concentration on particle contact rates was
extensively studied in a series of papers by several teams
of researchers (Sundaram and Collins, 1997; Zhou et al.,
1998; Wang et al., 1998; Reade and Collins, 2000; Collins
and Keswani, 2004). We discuss here the application of
these results to copepods, and show their potential
importance for the estimation of copepod encounter
rates. In Section 2, we review the most salient results of
the particle-turbulence literature concerning preferential
concentration and encounter rates. In Section 3 these
results are considered in the framework of copepod
ecology. In particular, Stokes numbers, characterizing the
inertia of particles relative to local turbulence properties,
are estimated for characteristic flow and copepod
properties, and the relevance of the previous inertial
particle framework to copepods is discussed. We also
investigate the possible effects on radial distribution
function and enhancement of copepod encounter rates.
An experimental database of polystyrene particle dispersion by turbulence is analyzed as an example of
preferential concentration of buoyancy free particles.
Finally, we discuss the potential importance of this
phenomenon for the estimation of encounter rates in
aquatic ecology.
2. Preferential concentration in turbulence and
contact rate
2.1. Contact rate in homogeneous prey fields
The encounter rate and its relevant estimation in
various experimental conditions is a critical issue in
plankton ecology. Models of encounter rates have been
originally proposed for motile predators and preys in
non-turbulent conditions. For a predator moving at a
constant velocity V in a homogeneous field of nonmotile prey (concentration n) without turbulence, the
encounter rate is written as:
Z ¼ npR2 V

ð1Þ

where Z is the number of encounters per unit volume per
unit time, R is the encounter, or perceptive, radius of
the predator. This expression becomes more complex
when the prey has a non-zero velocity. Considering a
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homogeneous field of prey moving in random directions
at a velocity U, and a predator moving at a constant
velocity V (we consider here the case V ≥ U) Eq. (1)
becomes (Gerritsen and Strikler, 1977):


pR2 U 2 þ 3V 2
Z¼n
ð2Þ
3
V
To take turbulence into account, Eq. (2) has been
modified by Rothschild and Osborn (1988), with further
contributions from Evans (1989) and Visser and
MacKenzie (1998) (see a review in Lewis and Pedley
(2000)). For zero velocity predator and prey (U = V = 0)
in a homogeneous turbulence medium, the formulae
given by Rothschild and Osborn (1988) involves only
turbulent velocity and recovers the standard expression
of particle encounter rates in turbulence (Saffman and
Turner, 1956; Delichatsios and Probstein, 1975; Hill
et al., 1992; Wang et al., 2000):
Z ¼ npR2 bwr ð RÞN

ð3Þ

where b.N means ensemble average, wr(R) = |W(x + R) −
W(x)| is the radial turbulent velocity between two particles separated by a distance R, and bwr(R)N is the
mean amplitude of the relative radial velocity (the subscript “r” is for radial). This expression is analogous to
Eq. (1), with the predator constant velocity replaced by
the turbulent term bwr(R)N.
2.2. Modification of the contact rate in the case of
preferential concentration of particles
In fully developed turbulence, it has been recognized
since Maxey (1987) that inertial particles are inhomogeneously distributed; see also Squires and Eaton (1991),
Wang and Maxey (1993), and Fessler et al. (1994). Due to
their inertia, spherical particles of diameter σ are ejected
from highly vortical regions, and the resulting local
particle concentration is higher than the average, leading
to a correction term for the encounter rate expression. This
leads to the following expression (Sundaram and Collins,
1997; Wang et al., 1998; Reade and Collins, 2000; Collins
and Keswani, 2004):
Z ¼ npr2 gðrÞbwr ðrÞN

ð4Þ

where the encounter (i.e. contact) between particles
occurs at a distance r = σ. The term bwr(σ)N expresses
the radial relative velocity between particles, estimated at
contact and is the dynamical aspect of the encounter rate.
In Eq. (4), the important new term is the correction factor
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g(σ) related to preferential concentration. The function g
(r) is the radial distribution function, also called the pair
correlation function. It measures the level of particle pair
accumulation with interparticle distance r, and thus
directly represents the accumulation effect. This is a
standard function in statistical mechanics (Pathria, 1972),
widely used in various fields (Bernal et al., 1962; Bishop
and Bruin, 1984; Lock and Chiu, 1994) to characterize the
distribution of particles. An introduction to the concept
and its implementation can be found in Younge et al.
(2004). It may be written as the probability of finding a
particle in a given volume dV at distance r, normalized by
the probability of finding a particle in dV if the particles
were uniformly distributed. Hence it is also a local
measure of how uniform the particle distribution is, it is
close to 1 for homogeneous distributions and is larger for
inhomogeneous distributions.
This function depends on the Reynolds number and on
the Stokes number St. The Stokes number is the nondimensional ratio of an inertial characteristic time scale τp
(also called the aerodynamic response time, see Fessler
et al. (1994)), to a turbulent characteristic time (the
Kolmogorov time scale) τη. This gives (Reade and
Collins, 2000):
 2
sp
r
St ¼ ¼ Cp
ð5Þ
g
sg
with the constant:
Cp ¼

b
18

ð6Þ

where β = ρp/ρ is the ratio of the particle density to the
fluid density, and
g¼

 3 1=4
v


ð7Þ

is the Kolmogorov length scale. The latter can also be
written using the Reynolds number and the integral
length scale L as η = LRe− 3/4 . The Stokes number
characterizes the inertia of particles and is one of the
fundamental parameters characterizing particle-turbulence interactions: for St ≪ 1, particles follow passively
the flow, whereas for St ≫ 1, large inertia particles
are not influenced by turbulence and follow their own
trajectories.
Let us consider the St dependence, rewriting the
function g as g(r, St). The function G(St) = g(σ, St) has
been studied numerically through DNS; r = σ corresponds to a contact at particle diameter distance
(Sundaram and Collins, 1997; Wang et al., 1998, 2000;
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r/η = 2 (see Reade and Collins (2000)). Rewriting
Eq. (8) for a distance r N σ and for r = σ leads to:
 r c1
ð9Þ
hðrÞ ¼ hðrÞ
r
This provides a correction factor for the radial
distribution function when the encounter distance is
larger than the particle diameter. This will be particularly useful for the copepod encounter rate, as their
perceptive distance increases their effective size.

3. Application to copepods

Fig. 1. Representation of the radial distribution function at contact G
(St) versus the Stokes numbers, and for various microscale Reynolds
numbers Rλ. Data from DNS simulation kindly provided by Wang et al.
(2000).

Reade and Collins, 2000). We reproduce in Fig. 1 one of
the typical curves (adapted from Wang et al. (2000)),
showing G(St) as a function of the Stokes number St for
three different values of the microscale Reynolds number
Rλ. In this example, G(St) is maximal for St values close
to 1. As previous studies found this function maximal for
St close to 0.4 (Sundaram and Collins, 1997) or 0.8
(Reade and Collins, 2000), it is justified to consider here
that G(St) is maximal for values ranging from 0.4 to 1.
Furthermore, the maximal value obtained for G(St) can
be as high as 12 to 200, depending on the simulation
considered using various microscale Reynolds numbers
and particle diameters. The encounter rate enhancement
factor due to preferential concentration thus ranges
between 1 to 2 orders of magnitude.
The function g(r, St) has also been studied numerically for fixed St values (Reade and Collins, 2000;
Collins and Keswani, 2004), in this case we keep below
the notation g(r). It has been shown that the residual
radial distribution function h(r) = g(r) − 1 has a powerlaw r dependence, of the form (Reade and Collins,
2000; Collins and Keswani, 2004):
 c1
r
h ð r Þ ¼ c0
ð8Þ
g
with c0 = 1.75 ± 0.1 and c1 = 0.65 ± 0.1 for values of St
between 0.7 and 1 (Collins and Keswani, 2004). This
power-law fit has been shown to be very close to data for
r/η values between 5 × 10 − 3 and 1 (Collins and
Keswani, 2004), but it is still approximately valid for

3.1. Copepod Stokes number and applicability of DNS
results
For the previous framework to be applicable to
copepods, we consider a hypothetical non-motile
copepod population uniform in size. Let us consider
the Stokes number for copepods. First, the constant Cp
(Eq. (5)) is estimated as:
Cp ¼ 5:7F0:1  102

ð10Þ

considering a copepod density ρp bounded between
1.02 to 1.08 × 103 kg/m3 (McCave, 1984), the sea water
density of ρ = 1.027 × 103 kg/m3, and the subsequent
ratio β = ρp/ρ close to 1. Considering Eq. (5) and writing
the optimal Stokes number as St = 0.7 ± 0.3, the optimal
copepod diameter, relative to the Kolmogorov turbulent
scale η is:
r
¼ 3:5F1
g

ð11Þ

As a consequence, to have a Stokes number bounded
between 0.4 and 1, as a copepod needs to be larger than
the Kolmogorov scale. The studies discussed in the
previous section referred to inertial particles having a
much larger density ratio than copepods (i.e. β ≈ 800 for
rain droplets, and β ≈ 800 to 1500 for aerosol particles),
so that the particle diameter could be much smaller than
the Kolmogorov scale.
Since we consider here particles having a size larger
than the Kolmogorov scale, there is another alternative
for the choice of a relevant Stokes number associated to
such particles. We can consider that larger particles
distort the turbulence at scales below the particles’
diameter: they are not sensitive to velocity fluctuations at
scales below σ, and hence a new Stokes number shall be
considered. The previous Stokes number may be called
“Kolmogorov Stokes number” (Loth, 2000), being a
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ratio of particle relaxation time to the Kolmogorov time
scale. A new Stokes number may be considered as
relevant if one considers the time scale associated to
eddies of spatial scale σ. It may be written:
Str ¼

sp
sr

ð12Þ

where τσ = τη(σ/η)2/3 is due to dimensional arguments
in the inertial range, for scales σ N η. This gives (using
Eq. (5)):
 2=3
 4=3
r
r
Str ¼ Stg
¼ Cp
ð13Þ
g
g
In this case the previous expression for the optimal
copepod diameter associated to the optimal Stokes
number of St = 0.7 ± 0.3 is modified, and becomes:
r
¼ 6:4F2
g

ð14Þ

which is still a distance larger than the Kolmogorov
scale, and is about twice the previous optimal diameter.
Another important difference with the framework
presented in Section 2 is the existence of an encounter
radius, R, for zooplankters (R N σ); they can grab an
incoming mate or particle before the latter is in contact
which corresponds to an increase of their effective size.
This property has several implications on the framework
presented above. First, Eq. (4) has to be modified, replacing the particle diameter σ by the encounter radius R,
except for the Stokes number which is purely driven by
the absolute size of the copepod. The resulting copepod
contact rate with preferential concentration is then the
following, using Eq. (4):
Z ¼ npR2 g ð RÞbwr ð RÞN
where g(R) is given by Eq. (9):
 c1
R
gð RÞ ¼ 1 þ ð g ðrÞ  1Þ
r

ð15Þ

ð16Þ

Considering a typical value for copepods of R/σ = 2
(Lenz and Yen (1993) find R/σ ≈ 1, but other studies
experimentally find values close to 3 (Bagoien and
Kiorboe, 2005; Doall et al., 1998)) and c1 = 0.65, the
radial distribution function at contact g(σ, St) = G(St)
is multiplied by a factor of about 0.6, so that g(R) still
reaches high values. This shows that the effect of preferential concentration may be important for copepods:
copepods with the adequate size will have a much
higher contact rate than others with a different size. The
optimal size is given by Eq. (14) and depends on the
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Kolmogorov scale. The contact rate is given by Eq. (15),
with a correction factor relative to the classical expression (Eq. (3)), provided in Eq. (16).
We note here that the numerical studies discussed
above are based on direct numerical simulations of the
Navier Stokes equations, together with the use of
Maxey–Riley–Gatignol equation for particle dynamics
(Maxey and Riley, 1983; Gatignol, 1983), and are only
valid for particles diameters much smaller than the
Kolmogorov scale (see (Michaelides, 2003) for a
review). This means that these numerical results cannot
be applied to simulate the dynamics of copepods larger
than the Kolmogorov scale. This is also an implicit
weakness in the approach of Squires and Yamazaki
(1995). The equation for such large particles in turbulent
flow are still unknown, even for spherical particles. For
numerical studies of the dynamics of large particles
(typically of the size of the smallest eddies) one needs to
explicitly take into account the shape of the particles
(Pan and Banerjee, 1997). Nevertheless, this does not
invalidate the equations for contact rates, which are still
valid (Eqs. (4) and (15)) since they have been obtained
analytically using very general assumptions involving an
appropriate statistical average of the collision operator
over all possible particle locations and velocities
(Sundaram and Collins, 1997). The numerical values
of G(St) and g(r) have been obtained numerically, and
need to be confirmed by experiments with particles
having a density and size close to the ones of copepods.
An experimental study conducted in this specific
framework is presented in the next section.
3.2. Application to experimental dispersion data
We consider here the experimental data presented in
Mann et al. (1999) and Ott and Mann (2000). A water
tank of inner dimension 320 × 320 × 450 mm3, with two
oscillating grids at the top and the bottom, was used to
generate a flow with no mean velocity and approximately homogeneous and isotropic turbulence at the central
region. The flow was seeded with polystyrene particles
with diameters in the range 500–600 μm. A heat
treatment was applied to the particles in order to adjust
their density to the water density. The resulting density
was also very close to that of copepods. Video images
were taken by four synchronized CCD cameras. A light
source was provided through a Xenon discharge tube
synchronised with the cameras, with flashes at a rate of
25 flashes per second. Raw images were treated using an
image analysis software, in order to provide particle
positions in time; recorded positions were restricted to a
spatial region of 140 × 140 × 120 mm3. About 700 to
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Fig. 2. A 2D projection of particle positions at a given time, as obtained
from the experimental study of Ott and Mann (2000).

1000 particles were used for each experiment. Among
the available databases, we have considered here the one
corresponding to the largest Reynolds number. The
Taylor microscale Reynolds number is Rλ = 104, the
dissipation ε = 2.79 10− 4 m2 s− 3, the kinematic viscosity
of the water is ν = 0.89 10− 6 m2 /s. Using Eq. (7) giving
the Kolmogorov length scale η and the analogous
expression for the Kolmogorov time scale τη = (ν/ε)1/2,
one obtains η = 0.22 mm and τη = 0.056 s. Using Eq. (5)
and Cp given by Eq. (10), one obtains a Stokes number
for these particles in this flow of St = 0.4. On the other
hand, if one considers the Stokes number at scale σ (Eq.
(13)), one obtains St = 0.2, which is slightly outside the
possible range of the preferential concentration effect.
While Ott and Mann (2000) and Mann et al. (2005)
have considered dispersion properties using these particles, we focus here on the preferential concentration
effect. Since the particle and flow characteristics are close
to those corresponding to the copepod framework: the
value of β is close to 1, and the Stokes number is close to
the range (0.4, 1) corresponding to the preferential
concentration effect, according to the numerical results
reported above. The Stokes number values St = 0.2 − 0.4
are at the lower end of the range of values corresponding
to preferential concentrations. Additional experiments are
needed to reach a Stokes number close to 1. This database
nevertheless shows a slight preferential concentration
effect. A 2D projection of a 3D snapshot (Fig. 2) shows a
slight accumulation of particles. This visual impression is
quantitatively confirmed by the radial distribution
function g(r), estimated from 3D positions of particles,

and as an ensemble average over all the particles and for
all the successive discrete times available. There are 1438
times, corresponding to a record duration of about 57 s,
and there is an average number of 774 particles for each
time. The number of particles taken into account in the
estimation of g(r) is hence 1438 × 774. There is a mean
particle density over the whole data set of 0.13 particles
per cm3. The radial distribution function is estimated as
described in Younge et al. (2004): bins were chosen going
from the minimal interparticle distance (dmin/η = 2.7) to a
maximum distance of dmax/η = 347 with a size exponentially increasing. 37 bins have been taken, with a width
going from 1.14η to 17η. The number of particle couples
in each bin is variable, with a minimum value of 8 104.
The result is shown in Fig. 3. The function peaks to a value
of about 2.4 for small distance while the optimal value
corresponds to a distance of twice the diameter of
particles, taken here as σ = 0.55 μm. This maximum
value of g(r) is compatible with the numerical results,
taking into account the fact that the Stokes number here is
not the optimal one and that the distances considered are
larger than the ones considered for numerical simulations.
This shows directly that preferential concentration is
possible for light and large particles, having properties
(density, size) compatible with copepods. We may
mention here a discussion by Jimenez (1997) where he
showed, using a simplified equation of motion for a
particle, that when particle density and fluid density are
close to each other, preferential concentration cannot
occur. However, this result may not be valid when the
full particle equation is taken into account, as indicated
by the experimental results presented here. Since the
radial distribution function is a multiplicative factor in

Fig. 3. The function g(r) estimated for the experimental data of Mann
et al. (1999). It is computed using available 3D positions of particles.
An effect of preferential concentration is visible at small distances; the
larger value corresponds to twice the diameter of particles.
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the encounter rate, the value close to 2.4 that was found
here corresponds to an increase of 140% of the encounter rate, relative to the standard expression. This
corrective effect is thus already very important even if
the Stokes number is not optimal. It can then realistically
be expected that the corrective factor reaches much
higher values for Stokes numbers closer to 1, and for
larger Reynolds numbers.
The optimal Stokes number for the preferential
concentration effect, for particles slightly larger than
the Kolmogorov scale, and of density close to the
density of the fluid, is not known experimentally nor
numerically, since most numerical and experimental
papers on this topic have focused on heavy and smaller
particles. We have seen here that the preferential
concentration effect exists for larger particles but more
thorough analysis is needed to determine the optimal
Stokes number. In future work, we plan to estimate the
effect of the Reynolds number on g(r) for the same type
of flow where increasing the Reynolds number
decreases the Kolmogorov scale, and hence increases
the Stokes number, for the same particles.
We also mention here the possible influence of
sedimentation on particle concentration. Indeed, using
DNS data, Wang and Maxey (Wang and Maxey, 1993)
have found an increase of the mean settling velocity of
particles when their density is larger than the density of
the fluid, due to a preferential sweeping effect. One may
also find more recent studies on turbulence increasing
the average settling velocity using numerical (Bosse
et al., 2006) as well as experimental data (Aliseda et al.,
2002; Ruiz et al., 2004). In their experimental study of
the average settling velocity of phytoplankton cells, Ruiz
et al. (2004) have obtained a very small average settling
velocity. Thus, this phenomenon is not expected to have
an influence over small time scales, as considered in the
experiment outlined in the present paper. Furthermore,
Mann et al. (1999) have estimated the mean centre
volume velocity for their data base and found a good
isotropy with no significant vertical mean velocity.
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preferential concentration and numerical estimation of
the function G(St). The quite high correction factor given
by Eq. (16) can have ecological applications that we
discuss here, using available published results on the
complex couplings observed between turbulence and
plankton abundance.
Consider the optimal turbulent dissipation rate εopt
corresponding to a particle of diameter σ. The related
Stokes number writes as Stopt = 0.7 ± 0.3. Using Eqs. (5),
(7) and (13), we obtain:
opt ¼

A
r4

ð17Þ

with A =ν3 (Stopt/Cp)2 for the choice of the Kolmogorov
Stokes number, Eq. (5), and A =ν3 (Stopt/Cp)3 for the choice
of the σ-Stokes number, Eq. (13). In both cases, A is a
constant depending on the temperature through the
viscosity. Eq. (17) provides the optimal turbulent dissipation rate for the accumulation of a particle of diameter σ.
Since G(St) peaks when St is close to its optimal value, Eq.
(17) also provides the turbulence intensity acting as a
“resonance” for a given particle size. This is represented in
Fig. 4, with σ in mm, εopt in cm2 /s3 and the constant A
estimated for two extreme situations: a lower estimate
associated to St = 0.4 and high temperature waters (ν = 1.05
10− 6 m2/s at 20 °C), and a larger estimate associated to
St= 1 and low temperature waters (ν =1.8 ·10− 6 m2 /s at
0 °C). The corresponding range of values for the constant A

4. Discussion
In their reviews, Granata and Dickey (1991) and Hill
et al. (1992) already noticed that adult copepods may
possess inertia, and hence may not be true passive
tracers. Squires and Yamazaki (1995) have also
considered the question of preferential concentration in
the framework of copepod studies. However, these
papers have been published before several DNS papers
could study this issue more thoroughly using for example precise results of contact rates associated with

Fig. 4. Estimation of the optimal turbulent dissipation rate
corresponding to different values of the particle diameter σ: the dotted
lines represent the high and low hypothesis for the constant A in Eq.
(17), associated to different Stokes number definitions. Typical values
of  in the coastal zone, shelf and open ocean are displayed.
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are: Aη ∈ [0.6, 18] and Aσ ∈ [4, 300] respectively for the
Kolmogorov Stokes number and the σ-scale Stokes
number. There is one order of magnitude difference in
the constants A, and hence one order of magnitude
difference for the optimal dissipation rate associated with
the two different choices of Stokes numbers. Fig. 4 also
shows typical marine environments with their related
ranges of dissipation rates taken from (Granata and Dickey,
1991; Kiørboe and Saiz, 1995) and (Druet, 2003): coastal
zone, corresponding to ε ranging from 10− 3 to 100 cm2/s3,
oceanic shelf with ε ranging from 10− 3 to 10− 2 cm2/s3, and
the open ocean with ε being as small as 10− 6 cm2/s3. It is
interesting to notice from this graph that there is a hierarchy
of particle sizes for the different seas. In the coastal zone,
only small particles may display preferential concentration,
with sizes ranging from 0.8 to 4 mm: on the oceanic shelf
particles range from 2 to 10 mm, and in the open ocean
smaller dissipation rates correspond to particle diameters
ranging from 1 to 4 cm.
These theoretical results may be interpreted in terms of
their consequences for plankton ecology. We first notice
that buoyancy free particles with diameters smaller than
0.5 mm do not seem to be concerned with the preferential
concentration effect, since the required turbulence
dissipation rate would be too high to be realistic of any
marine environment. Only locally, and in very specific
situations (e.g. breaking waves) the turbulence intensity
may reach values high enough to create a preferential
concentration effect on such small particles. The same
applies to phytoplankton cells. Cells of size such as 50 μm
may be accumulated only for extreme levels of turbulence
such as those induced by strong winds. In addition, this
effect might be even more enhanced when plankton
blooms are triggered by elevated turbulence intensities
(Reigada et al., 2003). However, a local enhancement of
copepod concentration may cause a local enhancement of
prey capture rate, and in turn increase the small-scale
patchiness of the prey. In future work, one may thus also
consider the possible influence of copepod behaviour, and
the interplay between behavior and turbulence, as initiated
in previous works Rothschild and Osborn (1988); Lewis
and Pedley (2000).
The preferential concentration effect may also affect
planktonic copepods and larval fishes. Indeed, this
accumulation effect may be ecologically extremely
relevant for copepods as a way to enhance their contact
rates with potential sexual partners. However, copepods
may have developed behavioral traits to avoid such
turbulence intensities since it increases their predation
risk, while predators like fish larvae may, in turn, be
attracted by the same turbulence intensity as it strongly
increases the concentration of their prey. This hypoth-

esis is consistent with the “optimal environmental
window” that results in a dome-shaped relation of larval
fish ingestion with turbulence intensity (Cury and Roy,
1989; MacKenzie, 2000). This also provides an
alternative explanation to the turbulence avoidance
strategy proposed by Franks (2001) to explain the
enhancements in prey ingestion by larval fish within
wind-driven mixed-layers.
5. Conclusion
We have reviewed here the main results obtained in
the field of particle-turbulence studies, and their influence on contact rates. These studies have been conducted for inertial particles, mainly in aerosol physics,
and correspond to a high density and small particle size
relative to the Kolmogorov scale. These studies have
shown that the phenomenon of preferential concentration is the largest for Stokes numbers close to 1. They
have also provided an important multiplicative correction factor to the encounter rate kernel, which is the radial
distribution function at contact g(σ). We have considered
here the possible application of this effect to copepods.
The main difference with aerosols comes from the fact
that copepods have a density ratio close to 1, whereas for
aerosols it is of the order of 103. In order to obtain a
similar Stokes number, the particle size must be much
larger for copepods than for aerosols. We then assumed
here that the numerical results obtained for a density ratio
β ≫ 1 are still valid for lighter particles with a density
ratio β ≈ 1. This assumption needs experimental validation. Using an experimental data base on particle
dispersion with buoyancy free particles of size similar
to copepods, we have subsequently shown that copepods
may also display the effect of preferential concentration
when they have a size which is slightly larger than the
Kolmogorov scale. Considering that the optimal accumulation effect is obtained for a narrow range of values
of the Stokes number (St = 0.7 ± 0.3), a one-to-one correspondence between optimal particle size and turbulent
dissipation rate can be drawn. This shows that for a given
flow configuration, associated to a mean turbulent dissipation rate ε, there is an optimal plankton size for
which there will be a noticeable preferential concentration effect. The shape of the function G(St) shows that
this optimal size may be selected as a resonance effect:
it is much larger than 1 only for a short window of
St values. For other St values, it is close to 1 and there is
no accumulation and no increase of the contact rate.
Using typical ranges of values of the mean dissipation
rate in different marine environments, we have shown
that this relation is effective to select large particles (1 to
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4 cm) in the deep seas, and smaller particles (0.8–4 mm)
in surface and coastal waters. This might provide an
alternative explanation to earlier works suggesting that
copepod optimal size was driven by the balance between
inertial and viscous forces (Yen, 2000). We have also used
this relation to interpret some published results on the
different behavior of larval fishes in variable turbulent
environments. Finally since the mean abundance of prey
may be too low to maintain a population of predators, our
results potentially have some implications on zooplankton
tophodynamics as predators would critically benefit from
dense aggregations of prey. While some behavioral
mechanisms have been suggested to explain the formation
of patches (Genin et al., 2005), our results show that high
intensity turbulence can also create accumulation patches
that will be very useful for predators.
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