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INTRODUCTION

Since phytoplankton and primary production were
first studied, there has been an ongoing interest in the
interactions of water motion and the microorganisms
living in the aquatic milieu. Large-scale turbulence
can affect a range of biological processes, mostly rela-
ted to the bulk distribution of cells in water. This occurs
through bringing nutrient-rich water into contact with

plankton cells in the euphotic zone, creating and dis-
turbing high density patches of organisms, and trans-
porting plankton and detritus away from their sites of
growth or production (see Thomas et al. 1997 for an
overview of effects). 

The possible role of turbulence as a factor inhibiting
the accumulation of phytoplankton cells had an imme-
diate application in the study of dinoflagellate blooms.
Some of the dinoflagellates that form blooms also pro-
duce toxic substances that can be accumulated in
shellfish and ultimately poison humans and other ver-
tebrates. Thus, it was important to study, first, whether
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turbulence could actually prevent the growth and/or
accumulation of these massive concentrations of cells
and, second, the minimum levels of turbulence re-
quired to prevent this growth and the mechanisms
through which this happens.

Over the last 15 yr, interest has widened to take into
account direct effects of water motion, including small-
scale turbulence, on individual planktonic organisms.
The biological parameters studied are mainly of a phy-
siological nature, be it in terms of growth, nutrient
uptake or feeding rates on particles. These studies
have resulted in a reductionist and mechanistic ap-
proach to understanding the relationships of water
motion with plankton population dynamics and trophic
interactions. Much of this renewed interest stems from
the paper of Rothschild & Osborn (1988), who observed
that fish larvae were growing successfully on concen-
trations of prey that were too low to result in the neces-
sary encounter probabilities. It was argued that small-
scale turbulence could add to the relative velocity
between predators and prey, thus increasing encoun-
ter probabilities and, consequently, ingestion rates.
Since then, the interest in small-scale turbulence has
been extended to the effects on other planktonic
organisms and processes.

Obtaining solid knowledge on these lines of research
has been and continues to be slow because of the diffi-
culties in tackling the problems at hand. Hard evi-
dence of cause-effect relationships that involve water
motion as a test factor is not easy to find. The reasons
include a lack of firm knowledge of small-scale turbu-
lence, one of the last frontiers in physics (Nelkin 1992),
the question of comparing the intensity and quality of
turbulence generated in the laboratory to oceanic tur-
bulence (Osborn 1996), the difficulties in designing
laboratory experiments under fixed, homogeneous
conditions when the variable of interest is inherently
random and chaotic, and others that are of a more
technical nature or involve particular characteristics of
the organisms being studied (Peters & Redondo 1997).

Nevertheless, sufficient research has been per-
formed and data obtained in order to begin examining
and reviewing these studies. A number of review
papers on the interaction of small-scale turbulence and
planktonic organisms have already been published.
Most of these reviews have focused mainly on a certain
group of organisms and/or are largely theoretical. The
effects of fluid motion on nutrient fluxes towards and
away from cells has been reviewed by Jumars et al.
(1993) and Karp-Boss et al. (1996). The effects of turbu-
lence on phytoplankton have been reviewed by
Kiørboe (1993), Thomas et al. (1997), and Estrada &
Berdalet (1998), while the effects on zooplankton have
been reviewed by Davis et al. (1991) and Dower et al.
(1997). Additionally, a few reviews have focused on the

methods of generating and measuring turbulence in
laboratory or mesocosm settings (Peters & Redondo
1997, Sanford 1997, Petersen et al. 1999).

Reviews of experimental data have focused mainly
on synthesizing the results and conclusions from a
series of papers. There is now a critical amount of
experimental data on the effects of small-scale turbu-
lence on plankton to apply some quantitative approa-
ches. In the present review, we compile this informa-
tion across taxa and experimental setups to find
general trends that can give us insight beyond that
gained from individual cases. It is worth mentioning
that we leave out studies of particle and colloid coagu-
lation. Although turbulence has not often been ad-
dressed as a variable in these studies, some sort of
hydrodynamic regime to generate the coagulation pro-
cess is used in many of them. This has been an active
field of research (see Jackson 1990, Hansen & Kiørboe
1997 or Kiørboe 1997 for some recent contributions)
that deserves a separate review.

Turbulence

The role of turbulence in the ocean and particularly
how it relates to organisms has been addressed before
(see Marrasé et al. 1997 for an extensive treatment on
the subject).

In this section we will give a quick and very simple
overview of some concepts in turbulence and oceano-
graphy as related to planktonic organisms which are
necessary to understand the biological experiments
that have been performed and to put these into per-
spective. However, the physics of turbulence is not
described in detail, nor is each particular manifestation
of turbulence in the ocean addressed. For further read-
ing on these subjects see Nelkin (1994) and references
therein.

Turbulent flow is an inherent property of fluid motion
at high Reynolds numbers, such as those observed in
the ocean. Planktonic organisms swim, take up nutri-
ents and/or eat, grow, and reproduce in a turbulent
environment, at least for part of their lifetime. Turbu-
lent flow presents random fluctuations in velocity.
Fully developed 3-dimensional turbulence is isotropic,
meaning that the fluctuations do not have a preferred
spatial orientation. At small scales, these fluctuations
are damped out by the viscosity of the fluid. The tran-
sition between the domain where inertial forces domi-
nate and that where viscous forces dominate is called
the Kolmogorov microscale, which has length LK (Ten-
nekes & Lumley 1972),

(1)
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where ν is the kinematic viscosity and ε is the turbulent
kinetic energy dissipation rate. The leading coefficient
c is usually set to unity, but empirically calculated val-
ues of order 1, or 2π as a mathematical convenience,
have also been used.

Geophysicists often refer to turbulence in the atmos-
phere and the upper mixed layer of the ocean as 2-
dimensional or quasi 2-dimensional, because of the
disparity between the largest scales of horizontal and
vertical motion. In this view, universality is not guaran-
teed at all scales and the Kolmogorov energy cascade
is not applicable (Frisch 1996). However, since we are
mainly concerned with the smaller energy input scales
and the small-scale turbulence derived from them, de-
viations from isotropy should be minor.

Sometimes the use of the term turbulence when
referring to the effects on organisms smaller than LK is
of concern, since only laminar flow is present at those
scales. It is true that the particle Reynolds number of
most planktonic organisms is very small and hence
these organisms will not experience the inertial fluctu-
ations in velocity. However, one has to realize that at
LK, inertial and viscous forces equally dominate fluid
motion. LK is not a sharp cutoff below which no inertial
motion exists. In fact, organisms considerably smaller
than LK may very well sense and/or be affected by
some residual inertial motion (Hill et al. 1992). In any
case a laminar shear field, scaled to ε

1⁄2 and derived
from the smallest fluctuations or eddies, exists below
LK. The time scale TK for the smallest eddies was also
defined by

(2)

and, since eddies are continuously being dissipated
while others are formed, the laminar shear field at a
specific point in space should also be changing in
direction with the same time scale.

It is relatively easy to use theoretical equations to
determine whether particles are fully or partially ex-
posed to inertial motions, or are in a changing lami-
nar shear field. We can then derive theoretical pre-
dictions on the effects of water motion upon those
particles, in terms of distribution, encounter probabil-
ity or nutrient flux towards or away from them. How-
ever, biological organisms are complex systems with
complex morphologies and response behaviors, and
theoretical predictions often fail to match observed
data. In general, for organisms of the size of LK or
smaller, technical and methodological constraints still
hinder the examination of whether an observed ef-
fect has been due to inertial motion or to the remain-
ing laminar shear field. If we are to derive meaning-
ful experimental results, it is crucial to correctly scale
energetic conditions to those observed in the ocean.

That is, it is necessary to know whether a certain
level of turbulence can increase or decrease a speci-
fic biological rate. Nevertheless, when attributing the
effects of turbulence to specific hydrodynamic re-
gimes becomes possible, we will be able to under-
stand possible synergistic effects, generate very pow-
erful testable hypotheses, and build mechanistic
predictive models of planktonic community responses
to hydrodynamics.

Hereafter when we refer to turbulence, it will be
sensu lato. That is, as a variable affecting biological
processes, it will include the more strict definition of
turbulence as well as any other type of hydrodynamic
motion, such as the laminar shear, derived from it. Our
reasons for this decision include the fact that turbu-
lence in the ocean is the driving force that will produce
the shear fields, and that ε is a convenient parameter
to scale the energetic conditions in the ocean to those
which organisms perceive in the laboratory.

Biological parameters affected by turbulence

Phagotrophic planktonic organisms have to find
their prey or other food particles in a 3-dimensional
space. Gerritsen & Strickler (1977) developed a model
for the encounter probability of prey and predator
based on previous studies for naval operations (Koop-
man 1956). The rate at which an idealized and simpli-
fied predator would encounter prey depended on prey
concentration and on the mean swimming speed of
predator and prey. When encounter rates are trans-
lated into feeding rates, important energetic and be-
havioral consequences are derived. Rothschild & Os-
born (1988) argued that oceanic small-scale turbulence
has size and velocity scales similar to those of plank-
tonic organisms (mainly zooplankton). Because of the
random direction of the velocities in small-scale turbu-
lence, this motion could increase the uncorrelated
velocity between predator and prey, and in turn in-
crease the encounter probability.

Two laboratory studies have since shown increased
encounter rates between zooplankton and their prey
particles owing to small-scale turbulence (Costello et
al. 1990, Marrasé et al. 1990). Encounter rates were
visualized with video technology. However, higher
encounter rates usually did not result in higher capture
rates, and the authors argued that turbulence could
have disrupted the feeding currents created by the
copepods. Other studies have attributed changes in
parameters related to feeding under turbulence to
increased encounter rates. These parameters include
higher feeding rates, changes in swimming behavior
that could result in higher feeding, and field correla-
tion data between wind strength and feeding rates
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(Sundby & Fossum 1990, Saiz & Alcaraz 1992b, Saiz
et al. 1992, Hwang et al. 1994, Mackenzie & Kiørboe
1995). Mathematical simulations also seem to show the
need for increased encounter rates owing to turbu-
lence in order to satisfy population growth rates
(MacKenzie & Leggett 1991, Werner et al. 1996). After
Rothschild & Osborn (1988), further theoretical studies
by these authors also conclude that encounter rate
should be increased by small-scale turbulence (Osborn
et al. 1991, Yamazaki et al. 1991).

It has been argued that organisms smaller than LK

should not be affected by eddy motion as the scales of
fluctuation are larger than the size of the organisms.
Monger & Landry (1990), in their model for direct-
interception feeding of marine microflagellates, argued
that neither turbulence nor Brownian motion have a
significant effect upon encounter rate. They resorted to
surface and hydrodynamic forces in their interception
model. Lazier & Mann (1989) studied the effect of tur-
bulence upon diffusion of substances to and from small
organisms (<100 µm). Using previous data by Purcell
(1978), they concluded that these organisms must be
living permanently in linear shear fields. However,
these local regions of linear velocity shear change ran-
domly in direction and intensity, the latter increasing
with kinetic energy dissipation rate. For planktonic
protozoa that do not create feeding currents, Shimeta
& Jumars (1991) and Shimeta (1993) hypothesized that
laminar shear fields could significantly increase en-
counter rates with prey particles. Shimeta et al. (1995)
experimentally investigated the effect of a laminar
shear field on the ingestion rate of different protozoa,
including ciliates, flagellates and heliozoa. Their re-
sults seemed to depend on the feeding and swimming
behavior of the different protozoa, and show the
strongest effects of turbulence on feeding for non-
motile protozoa. However, while positive results imply
that higher ingestion rates are caused by a higher en-
counter probability, lower ingestion rates or no effect
does not necessarily mean lower or unaffected encoun-
ter probability, since the physiology and behavior of
the organisms can strongly interact with the physics of
the process, causing particles that are encountered to
be rejected.

If we are to resolve the encounter rate problem at the
micrometer scale, we need to be able to track the
movement of particles in 3 dimensions under a range
of hydrodynamic conditions and to visualize actual
feeding processes. However, this is not possible with
the video technology currently available; therefore the
presence or absence of laminar shear fields and eddy
motion at these scales remains theoretical, and so en-
counter rates will have to continue being assumed theo-
retically or inferred from processes tainted with biolog-
ical variability.

MATERIAL AND METHODS

Data collection. From the literature we obtained
experimental papers that included turbulence or some
other parameter related to water motion as an ex-
perimental factor affecting planktonic organisms. To
find these papers, we searched the ‘Current Contents’
database for the keywords ‘turbulence’, ‘shear’ and
‘hydrodynamic‘ and their derivatives. Additionally, we
explicitly searched many journals that have published
papers on experiments with turbulence and plankton,
including Limnology and Oceanography, Marine Ecol-
ogy Progress Series, Journal of Plankton Research,
Deep-Sea Research, and ca 50 more. Finally, we also
looked into the reference lists of review papers. Specif-
ically, we compiled data on the biological variable
tested under both turbulence and a still water refer-
ence or control,  the level of turbulence, size and swim-
ming velocity of the organisms tested, and the temper-
ature at which the experiment was conducted. Not all
parameters were available all the time in the source
papers. In some cases we could fill in gaps with litera-
ture information such as on the sizes of organisms, or
apply equations such as for swimming velocities of
phytoplankton based on their sizes (Sommer 1988).

Conversion to ε . The papers had to have a quantifi-
cation of the turbulence intensity assessed, or have
enough information to make an approximate calcula-
tion based on theoretical assumptions. We chose to
standardize the quantification of turbulence based on
the turbulent kinetic energy dissipation rate (ε with
units of cm2 s–3).

When shear (γ; s–1) levels were the only quantifiable
parameter in the source paper, we calculated ε based
on the expression γ = c(ε/ν)1⁄2. The constant c was set to
unity unless the authors explicitly referred to a differ-
ent value in the paper. In most of these cases the
authors used Couette cylinders to assess the effect of
laminar shear on the organisms. However, the laminar
shear that the organisms are hypothesized to experi-
ence derives from the breakdown of the smallest
eddies. In that sense, we calculated the ε that would
be needed to produce the reported level of shear.

In some papers, especially in the early literature,
researchers used flasks on shaker tables, and turbu-
lence was rarely quantified. When information on the
geometry and dimensions of flasks, and their incuba-
tion volume, as well as on the frequency of oscillation
and the diameter of the orbit was provided in the
source, we estimated energy dissipation rate as follows:

(3)

where (O) means ‘of the order’, u is a characteristic
velocity calculated as d · ƒ (d being the distance trav-

  
ε = ⋅( )O
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eled in one oscillation and ƒ the frequency of oscilla-
tion in Hz), and L is a characteristic lengthscale. We
derived L from a volume to surface ratio (V/S ) where S
is the surface in contact with the fluid and can be
derived from the reported flask geometry.

In other cases turbulence was generated with oscil-
lating grids. Again, when no quantification of turbu-
lence was given in the source paper but we had infor-
mation on the grid and container dimensions and on
the oscillation frequency and stroke length, we esti-
mated ε assuming that all the kinetic energy produced
by the grid goes into turbulent motion. There is a good
agreement between these theoretically calculated val-
ues and those measured experimentally (Peters & Gross
1994, Saiz 1994). From the grid dimensions we calcu-
lated the solid area of the grid (GSA), and from the
oscillation frequency and stroke we obtained u(t), the
vertical velocity of the grid. Then we applied the fol-
lowing expression (Peters & Gross 1994):

(4)

where T is the period of oscillation, Cd is the drag coef-
ficient for the grid, and V is the volume of the fluid in
the container. We used a constant Cd of 0.7. This value
was chosen arbitrarily based on our experience with
free falling grids in the laboratory (data not shown).
Strictly, Cd depends on the grid Reynolds number (Re),
which is continuously changing in an oscillation cycle
from 0 to Remax, and Remax depends on the oscillation
frequency and stroke. There are empirical relation-
ships of Cd versus Re for particular shaped and sized
grids in the literature, but their application is not straight-
forward to other grids and tends to be restricted to cer-
tain domains of Re, say for Re << 1 or for Re > 1000.
When we compared calculations of ε based on constant
or changing grid Cd, the values were within 1 order of
magnitude. Thus, we preferred to use the constant Cd

rather than an equation that might be in error.
In all our calculations we used a ν of 0.01 cm2 s–1, a

value typical of 35 psu water at 22°C. Salinity informa-
tion was rarely given in the source papers and the
range of temperatures extended from 7 to 28°C with an
average of 17 ± 4°C. Assuming seawater of 35 psu, an
average ν of 0.0112 cm2 s–1 would be obtained (Jumars
et al. 1993), which is relatively close to the 0.01 cm2 s–1

used. In any case, the error introduced should be small
compared to errors made by other assumptions, and
even by direct measurements.

Conversion to a normalized parameter. The para-
meters that were tracked ranged from cell numbers or
chlorophyll concentrations to ingestion rates. To com-
pare the effects of turbulence on these parameters
across experiments, organisms, and other varying con-

ditions we normalized the measured rates with the fol-
lowing formula, provided a still water control was
available:

(5)

where ratex is the normalized rate and ratetur and
ratecontrol are the rates under turbulence and still water
control conditions, respectively. When ratex is positive,
turbulence had an effect increasing that rate above
that of the control condition, and when ratex is nega-
tive, turbulence decreased the rate to levels below that
of the control. At ratex = 0 there is no effect of turbu-
lence on the measured rate. There is one case in which
ratex cannot be calculated, namely when ratecontrol = 0,
Eq. (5) is not defined. Fortunately, this happens rarely.

In order to extract generalities from the information
of the parameters measured, we divided them into 3
categories. In the first category we fitted all those para-
meters which had a relation to ingestion rate of parti-
cles, and in the second one, those parameters related
to organism growth. Finally, the third category covered
parameters related to energy expenditure, such as res-
piration measurements.

RESULTS AND DISCUSSION

We found 38 sources that contained experimental
results of planktonic organisms subjected to turbu-
lence. Out of these, 26 (totaling 452 data points) con-
tained enough information to calculate rate parame-
ters, both under turbulence and still water control
conditions (Table 1). One data point had to be elimi-
nated because ratecontrol = 0 (see ‘Materials and meth-
ods’). Organisms ranged from bacteria to fish larvae,
covering 4 orders of magnitude in size.

The data of ratex were not normally distributed for
any of the 3 categories (Kolmogorov-Smirnov test). For
a summary of descriptive statistics see Table 2. Of
course values of ratex around 0 could be real effects of
turbulence (positive or negative) or could just be ex-
perimental variance. Since the nature of the data pre-
vented the calculation of confidence intervals, we
chose a value of |ratex| = 0.5 as the cutoff to consider an
effect of turbulence. That is, there should be at least a
50% increase or decrease of the rate under turbulence
with respect to the still water control to be considered
as an effect owing to turbulence, and not attribute the
difference to error. We checked this assumption by
randomly picking a subset of data for which the origi-
nal sources had performed some statistical analysis or
we could calculate a statistic with the given informa-
tion, and compared the results with ratex. In 83% of the
cases our cutoff matched the statistical analysis, and
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when not, it was cases such as a ratex of 0.57 being not
significant or a ratex of –0.48 being significant, i.e., val-
ues very close to the cutoff of ±0.5.

Turbulence intensities

The turbulence intensities in the dataset ranged from
7.4 × 10–4 to 1.5 × 104 cm2 s–3 with a geometric mean of
0.98. Values reported for the ocean range from 2.8 ×
10–7 to 47 cm2 s–3 (Osborn 1980, MacKenzie & Leggett
1993, Simpson et al. 1996, Terray et al. 1996). Thus,
while many of the laboratory-generated turbulence
levels are realistic of oceanic conditions, or at least can
be found in the ocean at certain locations or under cer-
tain circumstances, the distribution of turbulence in-
tensities that have been reported in laboratory studies
is, on average, higher than average values of turbu-
lence reported for oceanic conditions (Fig. 1A). This is
of concern when extrapolating laboratory results to the
natural environment.

However, there are reasons to believe that this large
difference is artifactual. First, it is not easy to simulate
low turbulent energy dissipation rates in the labora-
tory. Energy input scales are much smaller than under
natural conditions, thus narrowing the inertial sub-
range, while still a significant amount of energy has to
be introduced in order to create turbulent flow at all.
As a consequence, the equations applied to calculate
turbulence may sometimes violate the assumption of
having a fully developed inertial subrange and per-
haps give incorrect values (Osborn 1996). Second, field
measurements have mostly been carried out under rel-
atively calm conditions, a purely logistical constraint,
biasing average oceanic turbulence levels to the lower
end (Peters & Redondo 1997). Third, most oceanic
measurements have been performed in deep waters
and below the upper tens of meters because of con-
straints with measuring probes. As more data are being
gathered, especially from the upper meters of the sur-
face mixed layer with newer microstructure profilers
(Anis & Moum 1995, Moum et al. 1995) and from tidally
mixed seas (Simpson et al. 1996), it appears that turbu-
lence levels can be several orders of magnitude higher
than previously reported. It is worth noting that the
bulk of the planktonic activity in the ocean takes place
in the upper meters of the ocean and in coastal sys-
tems, precisely where turbulence measurements seem
to have been underestimated.

In summary, we really do not know how biased tur-
bulence levels used in biological experiments may be
with respect to oceanic conditions or to the environ-
ments where most of the planktonic activity occurs.
From the above considerations, it may turn out that the
intensities are very similar and we may speculate on
a closer match between the experiments and natural
conditions (Fig. 1B). Additionally, the Kolmogorov
microscales derived from the turbulence intensities
(Fig. 2) do not show such large differences between
turbulence in the ocean and in the laboratory, because
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Fig. 1. Comparison of turbulence levels used in studies with
plankton (bars) with turbulence levels compiled from the ocean
(MacKenzie & Leggett 1993) (lines). Redrawn after Peters &
Redondo (1997). (A) Lines generated from all turbulence data
(continuous line) and from non-wind generated turbulence
(broken line) in MacKenzie & Leggett (1993). (B) Speculative
convergence of the 2 datasets (see ‘Turbulence intensities’)

Table 2. Summary of descriptive statistics for the different ratex

Growth Ingestion Energy expenditure

N 139- 268- 44
Min. –2.92 –1.00 –0.40
Max. 4.26 6.03 1.24
Mean –0.21 0.32 0.26
Variance 0.76 0.88 0.10
Skewness 0.90 2.84 1.16
Kurtosis 8.01 11.40 1.39
Median –0.11 0.10 0.15
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their calculation includes fractional powers. For in-
stance, a 100-fold difference in ε turns out to be only a
3.3-fold difference in LK.

Perhaps a more difficult aspect to address will be to
reconcile the inherently large spatial and temporal
variability of shear, and consequently turbulence, in
the ocean (Gargett 1997) with the need to test the
effects of defined and constant levels of turbulence
upon organisms and rate processes to establish firm
cause-effect relationships.

Growth rates

Turbulence on average shows a negative effect on
growth rate (higher growth rates under still water con-
ditions) (Fig. 3A). However, the data are highly influ-
enced by the results from dinoflagellate studies. The
results from the dinoflagellates all belong to the 20 to
200 µm size class, and as a group they show the
strongest and most unequivocal response to turbu-
lence (ratex = –0.91 – 0.31log(ε); R = 0.55), with a bulk
121% decrease in the normalized growth rate. When
the dinoflagellate data are taken out, this trend is
reversed (Fig. 3B) and the cloud of growth rates is now
slightly positive under turbulence, although since the
difference is small we cannot distinguish it from 0. The
largest positive effects are seen for organisms larger
than 200 µm, mainly calanoid copepods.

Dinoflagellates could be physiologically impeded
under turbulence. Berdalet (1992), found that Gymno-
dinium nelsonii stopped dividing under turbulence,
while at the same time increased in size. The author
argued that turbulence could alter some cytological
aspect of the cells. Since in many unicellular organisms
the basal bodies of flagella are identical to the centri-
oles necessary for nuclear division (Margulis et al.

1990), there could be a relation between an impedi-
ment in swimming and an altered division process in a
turbulent field.

Most of the data for dinoflagellate growth under tur-
bulence assessed the effect of turbulence-derived shear
(using Couette cylinders) on one dinoflagellate spe-
cies. Hence, the chances that the response to turbu-
lence is particular to that species under that laboratory
setup are high. Obviously, more data are needed with
a range of species, both dinoflagellates and other phy-
toplankton, to know whether such responses can be
generalized to all dinoflagellates or even to all phyto-
plankton, or just to certain taxa or organisms that have
certain characteristics, e.g., the ability to swim.

Couette cylinders are designed with constrained
dimensions to generate a constant shear stress when
operated under a specific set of parameters. As is also
the case with other setups, subjecting the organisms to
constant conditions for long periods of time with
respect to their inherent time scales may introduce
other sources of variability. Certainly, these long con-
stant hydrodynamic regimes are not characteristic of
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field conditions. For instance, organisms could adapt
their physiology to the hydrodynamic condition en-
countered. Perhaps dinoflagellates encyst or enter
some other type of resting stage. But, on the other
hand, the flow in a Couette cylinder can easily become
unstable (Tritton 1988) and just introducing a pipette to
take a sample may produce instabilities that propagate
in time. So, after all, some of these organisms occasion-
ally may have been subjected to other hydrodynamic
conditions. Gibson & Thomas (1995) found that 5 to
15 min d–1 of shear above a certain threshold would be
sufficient to introduce a negative effect on growth.
Thus, it would seem that there really is a direct effect
on growth. As more data are gradually becoming
available (Hondzo et al. 1998), this slower growth
under turbulence seems to be more generalized at
least at high intensities, and we may soon be in a posi-
tion to generalize this outcome.

Ingestion rates

For phagotrophic organisms, ingestion rates and/or
encounter rates (Fig. 4) seem to be favored at all but
the highest levels of turbulence. Although negative
effects (lower ingestion rates) of turbulence are repor-
ted at all ε levels studied and for the whole range of
organism sizes, positive effects dominate the dataset
especially below levels of 10 cm2 s–3. Although all size
classes present positive averages, only the 20 to 200 µm
class shows a marked effect under turbulence (110%
higher ingestion rates). All the organisms in this size
class are protozoa and the results come from a single
study (Shimeta et al. 1995). Several protozoa from dif-
ferent groups were tested but, again, more data will be
needed before generalizations can be made. The
<20 µm size class shows only minor positive effects at

intermediate levels of turbulence, and high turbulence
levels do not increase ingestion. In the >200 µm size
class there is a clear tendency for positive effects to
decrease with increasing turbulence.

Several studies have shown that the theoretically
predicted (Rothschild & Osborn 1988) and experimen-
tally observed (Marrasé et al. 1990) increases in en-
counter probability between copepods and their prey
owing to turbulence do not always result in higher in-
gestion rates (Saiz 1994, Saiz & Kiørboe 1995, Capar-
roy et al. 1998). MacKenzie & Kiørboe (1995) reached
the same conclusion for larval fish. These studies and
others of a more theoretical nature (MacKenzie et al.
1994, Jenkinson 1995, Kiørboe & MacKenzie 1995,
Kiørboe & Saiz 1995) found that the influence of turbu-
lence on ingestion rates depends not only on the in-
crease in encounter rates but also on many biological-
related aspects like predator swimming and searching
mode and behaviour, prey type and effects on the reac-
tive distance. A dome-shaped relationship of ingestion
versus turbulence was found in some cases. Briefly,
low turbulence levels have insignificant effects on
ingestion rates, intermediate levels show increases in
ingestion and high levels again have insignificant or
even negative effects on ingestion since they would
interfere with prey capture by eroding the feeding cur-
rents or reducing reactive distances.

Protozoa also show a variety of searching and behav-
ioral patterns and many use some type of feeding cur-
rent to capture prey particles. Thus, ingestion for some
protozoa might also show the dome-shaped response
to turbulence through processes similar to those de-
scribed for copepods and fish larvae, although inertial
forces should be damped out at their size scale and the
physical forcing would probably be shear.

Energy expenditure rates

As mentioned in the ‘Material and methods’ section,
a few observations were related to metabolic activity,
such as respiration, excretion, etc., and were standard-
ized to energy expenditure. The few data points in this
dataset, especially for organisms smaller than 200 µm,
make it difficult to discern differences. If anything,
organisms tend to increase their energy expenditure
under turbulence (Fig. 5). Alcaraz et al. (1994) sug-
gested that the response of calanoid copepods to tur-
bulence is analogous to the response to an increase in
temperature. This implies an increased activity and a
decrease in energetic efficiency. The common thread
would be that in both cases there would be an increase
in entropy, related to temperature at the molecular
level in one case and to velocity fluctuations at the
scale of the organism in the other.
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Balancing the budget

Growth is related to ingestion of particles or uptake
of dissolved substances through a conversion effi-
ciency, and the relationship can be stated as:

GR ∝ IR · CE (6)

where GR and IR are the specific rates of growth and
ingestion or uptake respectively and CE is a conver-
sion efficiency. The energy expenditure rates calcu-
lated in the present study can be considered a surro-
gate for the inverse of CE. The values for the different
terms are not constant but may change depending on
different internal and environmental conditions. For
instance, IR can change depending on food concentra-
tion under non-saturating conditions. All 3 terms have
been shown to vary, at least sometimes, when organ-
isms are subjected to turbulent conditions.

Referring this relationship to the >200 µm size frac-
tion data it seems that IR has a tendency to increase,
while CE has a tendency to decrease, and GR does not
seem to vary. These data come from experiments with
relatively high levels of turbulence, while for lower
levels of turbulence CE may act differently. In any
case, testable null hypotheses can be generated from
these considerations. For instance, turbulence should
not alter the growth rate of copepods because de-
creases in CE (through higher respiration or excre-
tion caused by stress or otherwise) should balance
increases in prey particle encounter probabilities. It
would be most valuable if measurements of all terms
were made in the same experiments and with the same
organisms, overcoming technical and logistical diffi-
culties. Actually, if the right parameters are chosen,
only 2 of the 3 terms need to be measured while the
third can be calculated from the equation. For exam-

ple, if ingestion and growth rates can be calculated
from common units such as µg C l–1 (consumed and
produced), then the terms are directly comparable and
the CE directly obtained.

For the dinoflagellate data, other hypotheses could
be derived. The present dataset, with all the limitations
expressed above, shows a trend of a decrease in
growth rate of these organisms under turbulent condi-
tions. As mentioned above dinoflagellates could have
peculiar physiological impediments to growth under
turbulence. Will this decrease in growth rate also result
in a decrease in nutrient uptake rate, or perhaps a
decrease in growth efficiency, or both?

Overall, there are similarities between the effects of
increased turbulence and temperature on planktonic
organisms. Organisms tend to have an optimum tem-
perature for growth and for ingestion, which may not
match exactly (e.g. Choi & Peters 1992). Above these
temperatures growth efficiencies tend to decrease,
probably because respiration rates increase further
than uptake or ingestion rates. Analogously, turbu-
lence seems to increase uptake and ingestion rates (if
food conditions are not saturating) through increased
diffusion and encounter rates. Above a certain level,
turbulence actually interferes with particle capturing
processes and/or swimming behavior such as escape
reactions of copepods (Marrasé et al. 1990, Saiz &
Alcaraz 1992b, Hwang et al. 1994), probably resulting
in lower growth efficiencies. Whether similar interfer-
ences could also occur in the case of nutrient uptake by
non-motile osmotrophs is unknown. Finally, the dino-
flagellates could present an altogether different re-
sponse to turbulence or have much lower turbulence
intensity threshold/optimum levels.
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Size considerations

The experiments from the present dataset were per-
fomed predominantly with organisms smaller than LK.
Even when there are clear differences between the
rate under turbulence and the rate under still water
conditions, that is |ratex| > 0.5, most of the organism
sizes are below LK (Fig. 6). If a factor of 2π is applied to
the calculation of LK (as is sometimes done in the liter-
ature) then all but 4 of the data points fall below LK.
This means that many organisms can somehow sense,
be affected by and/or respond to turbulence in a pre-
dominantly viscous environment, below the theoretical
Kolmogorov microscale. A decade ago this statement
would have raised strong controversy, at least from the
theoretical point of view. Nowadays, it is accepted that
the laminar shear field found at sub-eddy scales is the
main hydrodynamic feature for explaining some of the
experimental results (Shimeta et al. 1995, Karp-Boss et
al. 1996).

There does not seem to be a pattern of preferential
sizes being affected by turbulence. Both positive
(ratex > 0.5) and negative (ratex < –0.5) effects of tur-
bulence occur over most of the spectrum of organism
sizes and correspond to an array of different taxa
(Fig. 6). However, negative effects are dominated by
dinoflagellates (53% of the cases), showing once more
the strong growth rate response to turbulence for this
group of organisms.

Organism size is not the only relevant lengthscale for
turbulence to affect plankton. Phagotrophic organ-
isms, such as copepods and fish larvae, have been
shown to sense prey particles some distance away
through optical, chemical or hydromechanical signals
(Price 1988). In such cases, the sensing distance or a
reaction distance to a sensed stimulus is important to
determine how turbulence may alter encounter rates
with prey. Different equations apply when such dis-
tance is above or below LK (Rothschild & Osborn 1988,
Kiørboe & Saiz 1995).

The relative average distance between individual
particles, or mean free path (mfp), should also be
important. A suspension of particles with a mfp greater
than the LK can see their encounter probability in-
creased through the inertial motions of eddies even if
the particles themselves are much smaller (Fig. 7). The
mfp for a population of cells will depend on its concen-
tration (Fig. 8). The mfp for bacteria, with a typical con-
centration in seawater between 105 and 106 cells ml–1,
will never be larger than the smallest eddies for a rea-
sonable range of turbulence intensities. Small flagel-
lated protozoa with characteristic oceanic concentra-
tions of 102 to 103 cells ml–1 show larger mfps but would
not intersect eddy sizes unless high turbulence condi-
tions are met. For larger protozoa and algae, which

show even lower concentrations, the mfp tends to be
larger than LK, showing a potential for inertial-motion
increased encounter for these organisms that could be
important for mating, aggregation and other proces-
ses. For particles with concentrations lower than 1 ml–1
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(typical of larger plankton) this dis-
cussion is not so relevant since their
body sizes are already close to or
above LK and the encounter between
those particles is already subjected to
inertial motion.

When interacting particles are of
different natures and sizes the picture
becomes more complicated. Consider
a predatory copepod with a reaction
distance d smaller than LK and a prey
with a concentration so that the mfp >
LK. Using the terminology of Kiørboe
& Saiz (1995), the encounter rate ker-
nel due to turbulence should use a
sub-Kolmogorov approach (their Eq.
2). However, since prey mfp > LK it
would seem that an inertial approach
could still be applied (Eq. 3 of Kiørboe
& Saiz 1995). The result is a higher
theoretical encounter between prey
and predator that better matches experimental data
(Saiz & Kiørboe 1995). This means that both the reactive
distance and the mfp between prey particles should be
considered in determining the hydrodynamic range
that is influencing encounter. When either d or prey
mfps are larger than LK, an inertial approach could be
applied. mfps also become ecologically relevant for
competing phytoplankton since they are one of the pa-
rameters for determining whether cells are directly com-
peting (within and/or between species) for resources or
are unaffected by their neighbors (Siegel 1998).

Another size-related consideration refers to the cal-
culation of microscales. The Kolmogorov microscales
apply to the momentum of a parcel of water. Scalars
within this water mass will have diffusion characteris-
tics that make them ‘slower’ to respond to the velocity/
momentum field. This produces fluctuations of these
scalars down to scales that are smaller than the Kol-
mogorov microscales. The Batchelor scale LB (Tenne-
kes & Lumley 1972) is defined for scalars analogous to
the Kolmogorov microscale,

(7)

where D is the molecular diffusion of the scalar and
has units of L2T –1. These are the same units as those of
kinematic viscosity, and one can think of viscosity as
the molecular diffusion of momentum. In general D is
smaller than ν, and consequently LB < LK, meaning
that the fluctuations of the scalars persist to smaller
scales than the fluctuations in velocity (Table 3). This
consideration is important for all osmotrophic organ-
isms that may not sense momentum fluctuations but
may be of the right size to take advantage of the fluc-

tuations in a nutrient field. Consider a 100 µm non-
motile phytoplankter in an oligotrophic environment
where nutrient uptake is diffusion-limited, that is,
nutrient concentration is by definition 0 at the cell sur-
face. Under a turbulence intensity of 10–3 cm2 s–3, LK is
1800 µm, much larger than the size of the organism,
but LB is 78 µm, i.e., the fluctuations of the nutrient
field in which the phytoplankter is living are of a scale
similar to the cell itself. Since any fluctuation should
produce concentrations larger than 0, the phytoplank-
ter should be able to increase its uptake of nutrients.

Extensive theoretical and experimental research is
still to be carried out before we can obtain a complete
mathematical formulation or even a complete concep-
tual frame about the relevant size scales when consid-
ering the ecological particle interactions (predation
and competition) and turbulence.

Size is not all that matters

Organism physiology and much of ecology is gov-
erned by time-based rates. Hence, characteristic times
of different abiotic and biotic processes should result in
variables that may be important at certain scales for
the life of organisms, while they may are unimportant
at other scales.

Besides space, the Kolmogorov microscales are also
defined for time and velocity (Fig. 2). These scales are
representative of the turnover time and the velocity of
the smallest eddies present at a certain energetic level.
As with space, we can relate these microscales to
scales characteristic of the plankton. For swimming
organisms it seems obvious that their swimming speed

  
L

D
B = 





2 1 4ν
ε
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Table 3. Diffusivities of different scalars in aqueous solution and the correspond-
ing Batchelor lengthscale (LB). To calculate LB a ν of 0.01 cm2 s–1 and an ε of 10–3

cm2 s–3 were used. For comparison, the Kolmogorov lengthscale (LK) 
would be 0.18 cm. BSA: bovine serum albumin

Molecular Diffus- Temper- LB Source
weight ivity ature (cm)

Heat – 1.5 × 10–3 – 6.89 × 10–2 Mann & Lazier (1991)
Ammonium 18 19.57 × 10–6 25 7.87 × 10–3 Lide (1994)
Acetate 60 10.89 × 10–6 25 5.87 × 10–3 Lide (1994)
Nitrate 62 19.02 × 10–6 25 7.76 × 10–3 Lide (1994)
Glycine 75 10.64 × 10–6 25 7.11 × 10–3 Lide (1994)
Phosphate 95 6.12 × 10–6 25 4.40 × 10–3 Lide (1994)
Leucine 131 8.74 × 10–6 20 5.26 × 10–3 Confer & Logan (1991)
Glucose 180 6.00 × 10–6 20 4.36 × 10–3 Confer & Logan (1991)
Citrate 192 6.23 × 10–6 25 4.44 × 10–3 Lide (1994)
BSA 65000 0.68 × 10–6 – 1.47 × 10–3 Confer & Logan (1991)
Dextran 70800 0.37 × 10–6 – 1.08 × 10–3 Confer & Logan (1991)
20 nm particle – 0.22 × 10–6 25 5.90 × 10–4 Boltzmann equation
0.5 µm particle – 8.73 × 10–9 25 1.65 × 10–4 Boltzmann equation
1 µm particle – 4.37 × 10–9 25 1.16 × 10–4 Boltzmann equation
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should determine their velocity scale. However, one
can derive other velocities such as a sedimentation rate
or a rising velocity through buoyancy mechanisms. Let
us consider a spherical microflagellate of 5 × 10–4 cm in
size swimming at 2 × 10–2 cm s–1. Under turbulence of
10–3 cm2 s–3, the Kolmogorov microscales for space and
velocity are 1.78 × 10–1 cm and 5.62 × 10–2 cm s–1

respectively. Thus, the microflagellate is much smaller
than LK and we would expect that the organisms would
‘see’ a non-fluctuating environment at any given
moment. In contrast, the swimming speed of the
microflagellate is of the same order of magnitude as
the Kolmogorov microscale for velocity. This means
that the organisms are not simply advected but that
there must be an interaction between their swimming
velocity vector and that of the smallest eddies, which
should affect their behavior.

Organisms also have some characteristic time scales,
including growth rate and generation time. Addition-
ally, organisms that ingest particles will have a charac-
teristic time between ingestion events, or successful

particle retention events, or particle detection events.
For osmotrophic organisms, similar approaches can give
average times between the uptake of 2 molecules. Of
course, in both cases, uptake or ingestion events can
occur simultaneously for more than 1 molecule or par-
ticle, which requires more complicated calculations.
Table 4 shows a summary of characteristic scales for
different planktonic organisms.

For phagotrophs, considering the maximum (genera-
tion time) or minimum organism time scale (e.g., time
between particle captures) does not make much differ-
ence since the organisms will always experience fluctu-
ations during their characteristic time scale (Fig. 9) but
for the lowest energetic conditions (below 10–6 cm2 s–3).
In the case of osmotrophs, the span between the short-
est and longest time scales is much wider. Effects of tur-
bulence should then be scaled to the relevant overall
time scale for the organism (somewhere in between the
2 extreme time scales), which will determine whether
the cells will or will not experience fluctuations in the
nutrient field within that relevant time scale (Fig. 9).
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Fig. 9. Characteristic time scales for different planktonic organisms. Shaded areas are delimited by the maximum and the mini-
mum time scales. Broken line shows the Kolmogorov microscale for time
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CONCLUSIONS

Turbulence levels used in experiments with plank-
ton seem to be, in general, higher than levels mea-
sured in the ocean. Efforts are being made to reduce
the intensity of turbulence in biological experiments, to
more accurately measure and estimate turbulence in
these experiments and to obtain oceanic turbulence
measurements under stormy conditions and near the
surface of the ocean, which will bring field and labora-
tory data closer together.

Biological rates related to ingestion of particles or
uptake of dissolved substances are, on average, favored
by turbulence but there is considerable variability
related to taxa and organism sizes. Growth rates show
a different response to turbulence depending on the
taxa; while in general there is no trend, dinoflagellates
show a strong negative effect of turbulence.

The calculation of LK from oceanic turbulence mea-
surements shows that most planktonic organisms are
unlikely to experience eddy-like motion. Neverthe-
less, the experimental data obtained so far show that
even organisms with lengthscales 1000 times smaller
than the Kolmogorov microscale can be affected by
turbulence (probably by the remaining laminar shear
field). Additionally, organism size is not the only rele-
vant lengthscale to determine whether a certain tur-
bulence level can affect an organism or not. LB, reac-
tive distances and the mfp between particles are
additional length scales to be considered in certain
situations. Scales with other dimensions such as time
and velocity may also be important when compared to
characteristic values for organisms, especially for
time-dependent processes and when considering pop-
ulation dynamics.

We still need many more experimental results and
integrating theoretical formulations to discern which
scales are relevant for turbulence to affect planktonic
organisms, and in what situations they are relevant.
We hope that this review has given a glimpse of trends
that are starting to appear as well as a baseline to con-
struct a testable hypothesis. Finally, communities and
systems may show characteristic behaviors and re-
sponses to turbulence that can not be derived from the
sum of effects on the different taxa composing the
community (Estrada et al. 1987, Peters et al. 1998, or
Petersen et al. 1998). If our ultimate objective is to
understand the effects of turbulence at the community
or system level, there is a great need for experiments at
these levels.
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