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Laurent Seuront, Hidekatsu Yamazaki, and Sami Souissi (2004) Hydrodynamic disturbance and zooplank-
ton swimming behavior. Zoological Studies 43(2): 376-387. Using a novel experimental setup that generates a
realistic range of turbulence intensities, we investigated (i) the ability of zooplankton organisms to swim against
a gradient of turbulence, and (ii) the qualitative and quantitative nature of their swimming behavior after short-
term exposure to different intensities of turbulence. We used the cladoceran, Daphnia pulicaria, and the
calanoid copepod, Temora longicornis, as model animals. First, both species increased their escape reactions
with increasing turbulence intensity. However, this effect was significantly lower in T. longicornis. Second,
swimming speed generated to reach the light source exceeded the turbulent velocities by up to 4-fold in D. puli-
caria and 14-fold in T. longicornis. The swimming patterns of T. longicornis indicated a strong adaptation of this
species to highly turbulent environments. Fractal analysis showed that the complexity of the swimming paths of
D. pulicaria increased with the intensity of turbulence, and that this species exhibited a hysteretic cycle of 3 to 5
min for recovery from the prior swimming behavior. The implications on our findings on zooplankton trophody-

namics, including predation vulnerability, encounter rates, and sensorial arguments, are discussed.
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Micro-scale turbulence is widely recognized
as a major driving force in plankton dynamics
(e.g., Marrasé et al. 1997). In particular, turbulent
processes have salient effects on processes such
as metabolic rates, predator-prey encounter rates,
grazing rates, egg production, swimming behavior,
and population dynamics (Saiz and Alcaraz 1992a
b, Saiz et al. 1992, Kigrboe and Saiz 1995,
Kigrboe 1997). More-recent results suggest that
the swimming abilities of zooplankton allow them
to overcome turbulent fluctuations (Yamazaki and
Squires 1996, Schmitt and Seuront 2001 2002),
making them independent of local turbulent fluctu-
ations. On the other hand, there is an increasing
amount of literature demonstrating that zooplank-
ton swimming behavior is highly structured
(Coughlin et al. 1992, Bundy et al. 1993, Brewer
1996, Jonsson and Johansson 1997, Dowling et

al. 2000, Schmitt and Seuront 2001 2002, Seuront
et al. 2004a b), far from the standard random-walk
hypothesis that basically states that the amplitude
and the direction of successive displacements fol-
low a Gaussian distribution.

A related question is whether or not turbu-
lence intermittency affects zooplankton swimming
behavior. It is now widely recognized that turbu-
lence (measured as the kinetic energy dissipation
rate, &, m?/s3), while typically referred to in terms
of average values in the literature (Peters and
Marrasé 2000), highly varies in both intensity and
duration. More specifically, the distribution of tur-
bulence both spatially and temporally must be
thought of as a few patches of high turbulence
intensity within a wide range of low-intensity patch-
es (Seuront 2001, Seuront et al. 2001). This
intrinsic property of turbulence has nevertheless
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seldom been taken into account in zooplankton
behavioral studies. While the escape behaviors of
copepods to various hydrodynamic disturbances
have been widely described (e.g., Singarajah
1969, Fields and Yen 1997, Suchman 2000,
Buskey et al. 2002), to our knowledge, only a few
studies (Costello et al. 1990, Marrasé et al. 1990,
Hwang et al. 1994) have investigated the effect of
turbulence intermittency on zooplankton behavior,
mainly in terms of the time course of foraging and
escape behavior frequencies. None of those stud-
ies focused on the consequences of turbulence
intermittency on zooplankton swimming behavior.
This topic still remains widely unexplored.

The objectives of this work were to investigate
these different effects of turbulence on zooplank-
ton swimming behavior in 2 different but comple-
mentary empirical ways. First, we estimated the
ability of zooplankton organisms to swim against a
gradient of turbulence and towards a light source.
Second, we qualitatively and quantitatively quanti-
fied the swimming behaviors after short-term expo-
sures to different intensities of turbulence. Specific
procedures were developed to simulate intermit-
tent bursts of turbulence encountered by zooplank-
ton organisms in the field. These experiments
were conducted with the freshwater cladoceran,
Daphnia pulicaria, and the marine calanoid cope-
pod, Temora longicornis.

MATERIALS AND METHODS
Generating and measuring turbulence

The experimental device used for observing
zooplankton behaviors, the “Zoo-Turbularium” | is
a Plexiglas aquarium 100 cm long, 18 cm wide,
and 28 cm high (Fig. 1) containing 45 L of filtered
fresh water. Turbulence was generated by a hori-
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Fig. 1. Schematic illustration of the turbulence-generating
apparatus,“Zoo-Turbularium”.

zontally sinusoidal oscillating grid, with a stroke of
10 cm centered 5.5 cm from the end wall of the
tank, and driven by an electric motor. The free
space between the grid and the side walls of the
tank was 0.4 (£ 0.1) mm, and the ratio of the open
to the total area of the grid was 0.48 (holes were
16 cm?, i.e., 4 x 4 cm, and bars were 0.9 cm thick).
In order to limit reflections on the opposite end wall
of the tank and to dampen the formation of waves,
we placed a 10-cm-thick wave attenuator made of
dense meshing of 2-mm-thick tubes of plastic on
this end wall.

The turbulence intensities reported for the
ocean range from &= 2.8 x 10" to 4.7 x 104
m2/s3 (Peters and Redondo 1997, Peters and
Marrasé 2000). We were interested here (i) in the
ability of zooplankton to swim against a gradient of
turbulence, and (ii) in the effects of turbulence
intermittency (i.e., strong bursts in the intensity of
the kinetic energy dissipation rate, €). Therefore,
the oscillation frequency of the grid was adjusted
so that it would generate turbulent dissipation rates
ranging from medium to high intensities of turbu-
lence encountered in the ocean, i.e., €& (107 to
104 m?/s3).

Dissipation rates in the tank were calculated
from direct measurements of micro-scale velocities
recorded with a 3-D acoustic Doppler velocimeter
(ADV, Nortek). Velocity measurements were made
at 4 different vertical positions (5, 10, 15, and 20
cm from the surface) and at 7 horizontal positions
located every 10 cm, starting at 15 cm from the
center of the stroke. For each horizontal position,
3 measurements were made: at the center of the
tank and at a 4-cm distance from each wall. All
measurements were made at a sampling interval
of 0.04 s (25 Hz) for at least 90 s. Velocity mea-
surements showed that mean velocities differed
from 0 (p <0.05, n = 112). These measurements
indicated that there was residual circulation in the
tank. The horizontal velocity was directed towards
the grid in the lower part of the tank, while it was in
the opposite direction in its upper part.

Estimates of dissipation rates, &, were
implicitly based on the hypothesis of isotropic, sta-
tionary turbulence (Taylor 1935, Tennekes 1975).
In order to ensure the reliability of our dissipation
rate estimates, we used time series of velocity
deviations obtained by subtracting the mean veloc-
ity from instantaneous velocities. The resulting 3D
velocity components, v,, v,, and v,, were then
used to estimate the root-mean-square turbulent
velocity w from:
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W= (Z+ 2+ 121 (1)

The energy dissipation rate, &, was calculat-
ed following Taylor (1935):

3
e=D"F; (2)

where D is a universal constant (D=1 following
Stiansen and Sundby 2001), and / is the integral
length scale of turbulence, i.e., a characteristic
length scale representing larger turbulent vortexes.
In order to account for the increase in / with dis-
tance from the grid, we used the empirical relation-
ship (Thompson and Turner 1975):

I=kxz 3)

where z is the distance from the center of the grid
oscillation to the location of the measurement, and
k is a proportionality constant (k = 0.1). Using 10,
20, and 30 strokes/min (referred to as turbulence
levels 1, 2, and 3, hereafter), we obtained dissipa-
tion rates ranging from 3.8 x 10-¢ to 4.8 x 10”7
m2/s3, 8.7 x 108 to 8.5 x 105 m?/s3 , and 1.8 x 10”7
to 1.1 x 10 m2?/s3 , respectively. The clear linear
decrease in ¢ as a function of the distance from
the grid is shown in a semilog plot (Fig. 2), which
reveals an exponential decrease in turbulence
behind the grid. At a given distance from the grid,
there were no significant differences from 1 depth
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Fig. 2. Horizontal distribution of turbulent energy dissipation
rates derived from acoustically measured 3-D micro-scale
velocity fluctuations for 3 stroke frequencies of 10 (open
rhombs), 20 (black squares), and 30 (open triangles)
strokes/min as a function of the distance (cm) from the center
of the grid oscillation. Letters refer to the 7 test areas investi-
gated in this work (see text for further details).

to another, regardless of the grid frequency consid-
ered (Friedman test, p > 0.05). The turbulence
levels defined here are characteristic of turbulent
dissipation rates experienced by Daphnia pulicaria
in surface waters of lakes and by Temora longicor-
nis in its typical coastal water habitats (e.g.,
Seuront et al. 2002 2004a b).

Live material collection and acclimation

Daphnia pulicaria. All experiments were per-
formed using a clone of D. pulicaria kept in an out-
side mesocosm culture by Prof. K. Sakai at the
Tokyo Univ. of Fisheries, Japan. Individuals were
collected from the mesocosm using a 2-L beaker,
gently filtered through a 200-um mesh sieve, and
stored in a 25-L aquarium filled with mesocosm
water at densities of around 50 individuals/L under
ambient light conditions. Prior to the experiments,
non-egg-bearing adult females (carapace length,
1.9 £ 0.1 mm, X £ SD mm; n = 240) were sorted by
pipette under a dissecting microscope, and accli-
mated for 12 h at 21°C in 5-L plastic buckets filled
with 0.45-um-filtered mesocosm water. All experi-
ments were conducted at the Department of
Ocean Sciences, Tokyo Univ. of Fisheries, in June
2000 in the “Zoo-Turbularium” filled with 45 L of
0.45-pm-filtered mesocosm water at 21°C.

Temora longicornis. Individuals of the copepod
Temora longicornis were collected with a WP2 net
(200-um mesh) from the surface of tidally mixed
inshore waters of the Eastern English Channel.
Specimens were diluted in buckets with surface
water and transported to the laboratory. The accli-
mation of copepods consisted of storage in 20-L
beakers filled with natural seawater. Prior to the
experiments, adult females (carapace length, 1.0 +
0.1 mm, X £ SD mm; n = 240) were sorted by
pipette under a dissecting microscope, and accli-
mated for 12 h at 20 °C in 0.45-um-filtered seawa-
ter. All experiments were conducted at the Station
Marine de Wimereux (France) in August 2001 in
the “Zoo-Turbularium” filled with 45 L of 0.45-ym-
filtered seawater at 20°C.

Experimental procedures and behavioral
observations

Turbulence and zooplankton swimming ability.
Because of the above-mentioned observed resid-
ual circulation within the “Zoo-Turbularium” , we
needed to keep zooplankton individuals within the
upper part of the tank, and to make them swim
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against this residual circulation. By considering
the phototactic behavior of zooplankton organisms
(e.g., Van Gool and Ringelberg 2002), we were
able to achieve this by covering the upper and
lower parts of the tank with opaque sheets of dark
paper, and illuminating the upper part of the tank
with a diffuse cold light placed sideways 0.25 m
behind the grid; this resulted in illumination of
about 12 yE/m?/s in the vessel, which was approx-
imately equal to full daylight. Note that this surface
residual circulation corresponded to a gradient in
the horizontal velocity generated by grid oscilla-
tions that ranged from 0.01 to 0.71 cm/s, 0.10 to
1.40 cm/s, and 0.15 to 1.70 cm/s for turbulence
levels 1, 2, and 3, respectively.

To investigate the precise response of ani-
mals within these gradients, we divided the “Zoo-
Turbularium” into 7 test sections 10 cm wide, cen-
tered on the 7 axial ADV measurement points, and
numbered them from A to G, from the furthest to
the closest measurement points with respect to the
grid (Fig. 3). A single animal was then left in the
tank, at 75 cm from the center of the stroke (i.e.,
the furthest end of the test area identified as “A” in
Fig. 3). Using a computer-interfaced event
recorder, we measured (i) the number of escape
reactions (i.e., the number of swimming bouts not
oriented towards the grid) and (ii) the time spent in
each test area. This experimental procedure was
conducted on both D. pulicaria and T. longicornis.
Ten individuals were used for the non-turbulent ref-
erence treatments, for each turbulence level (3 tur-
bulence levels), and each test area (7 test areas).
The entire experiment thus consisted of 24 treat-

opaque black paper

Fig. 3. Schematic illustration of the experimental setup
designed to investigate the ability of Daphnia pulicaria and
Temora longicornis to swim against a gradient of turbulence.
Arrows refer to the center of each test area, related to the let-
ters A to G. Numbers below the letters indicate the distance
(cm) from the center of the grid oscillation. A single animal was
left in the tank at 75 cm from the center of the stroke, and using
a computer-interfaced event recorder, we measured (i) the
number of escape reactions and (ii) the time spent in each test
area.

ments and involved 240 individuals of D. pulicaria
and 240 individuals of T. longicornis.

Turbulence intermittency and zooplankton swim-
ming behavior. The objective of this experiment
was to record the swimming behaviors of zoo-
plankton individuals after a short exposure (1 min)
to different intensities of turbulence. Test were
conducted at all 21 levels of dissipation rates as
shown in fig. 2. The major challenge was then to
keep the animals within areas of similar dissipation
rates for 1 min. We covered the entire “Zoo-
Turbularium” with opaque sheets of black paper
except for a test area 10 cm wide (corresponding
to a volume of 4.75 L), and centered on the axial
ADV measurement points; this area was covered
with white paper on the bottom and sides. The
test area was illuminated with a diffuse cold light
placed 0.5 m above the test unit. This resulted in
illumination of 12 yE/m2/s in the vessel, approxi-
mately equal to full daylight (Fig. 4). For this
experiment, the different test areas (A to G) must
be thought of as turbulent patches which zooplank-

h

R opaque black paper
recording vessel 8.5 cm
SONY

digital camera

Fig. 4. Schematic illustration of the experimental setup to
investigate the effect of turbulence intermittency on Daphnia
pulicaria swimming behavior. A single animal was kept in an
illuminated test area for 1 min, picked up in a recording vessel,
and video-recorded for 5 min.
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ton organisms might encounter while swimming.

A single animal was selected out by pipette
and left in the test area for 1 min. All animals test-
ed remained within the test areas. The animal was
subsequently picked up, and left in a 217-ml (8.5 x
8.5 x 3 cm) Plexiglas recording vessel. Each indi-
vidual was recorded swimming for 5 min using a
digital camera (Sony Handycam, Japan) at a rate
of 30 frames/s. In order to investigate the time
course of the behavioral response to turbulence,
videos were divided into 5 segments of 1 min
each, after which valid segments were identified
for analysis. Valid segments consisted of path-
ways in which the animals were freely swimming at
least 2 body lengths away from any of the cham-
ber’s walls or the surface. Each level of turbulence
was tested with 10 different individuals, and com-
pared to the results obtained from 10 reference
individuals that were not exposed to turbulence.
These experiments were only conducted with the
cladoceran, Daphnia pulicaria.

Quantifying zooplankton swimming behavior

Because traditional metrics used to character-
ize animal movements have been proven to be
scale-dependent, we used fractal analysis which is
based on the premise that the fractal dimension
can serve as a scale-independent descriptor of the
path an organism takes as it swims around
(Seuront et al. 2004a). The philosophy behind
fractals is as follows: if an organism moves along a
completely linear path, then the actual distance
traveled, L, equals the displacement between the
start and the finish, §. The relationship between
these 2 variables is linear. In other words, if we
assume a power law relating L to ¢, i.e., LD =0,
then the exponent, D, is equal to 1. According to
this power law, if the path deviates from linearity,
i.e., it becomes curvilinear, the exponent will then
be greater than 1. In the extreme example of
curviness, i.e., for the case of Brownian motion in
2 dimensions, D = 2 (Mandelbrot 1983). It
appears that D provides a measure of the path’s
“sinuosity”, “tortuosity”, or “complexity”, with
extreme cases delineated by linear and Brownian
movement, respectively, and real-life cases
expected to fall between these extremes.

More specifically, we estimated fractal dimen-
sions using the box-counting method. Formally,
the method finds the “A cover” of the object, i.e.,
the number of pixels of length A required to cover
the object (Voss 1988). A more-practical alterna-
tive is to superimpose a regular grid of pixels of

length A on the object and count the number of
“occupied” pixels (Fig. 5). This procedure is
repeated using different values for A. The volume
occupied by a path is then estimated with a series
of counting boxes spanning a range of volumes
down to some small fraction of the entire volume
(Fig. 5). The number of occupied boxes increases
with decreasing box size, leading to the following
power-law relationship (Loehle 1990):

N(\) = kx AP; (4)

where A is the box size, N(\) is the number of
boxes occupied by the path, k is a constant, and D
is the fractal dimension. D is estimated from the
slope of the linear trend of the log-log plot of N(\)
versus A (Fig. 5).

Log N(\)

Fig. 5. Schematic illustration of the fractal characterization of a
swimming path. The path was covered by a square of
decreasing size, A, and the occupied squares were counted
(A). The number of occupied squares, N(\), was then plotted
against the length scale, X, in a log-log plot. The slope of the
linear trend of N(A) vs. log A provides the fractal dimension of
the swimming path (B).
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Statistical analyses

Because of the weak number of observations
(n = 10) for both factors, the grid stroke frequency
(a = 3) and the distance from the grid (b = 7), we
based our analyses on non-parametric statistics.
The effects of experimental factors (turbulence
intensity and distance from the grid) on escape
events, swimming speed, and fractal dimensions
were thus investigated using the Scheirer-Ray-
Hare extension of the Kruskal-Wallis test (Scheirer
et al. 1976, Sokal and Rohlf 1995), referred to as
the SRH test hereafter. Appropriate multiple com-
parison procedures were subsequently used to
test for differences between the non-turbulent con-
trol and the 3 turbulent conditions, and the
Jonckheere test for ordered alternatives was used
to test for the presence of a gradient in observa-
tions conducted at different distances from the grid
(Siegel and Castellan 1988).

RESULTS

Turbulence and zooplankton swimming ability
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The escape responses of Daphnia pulicaria
and Temora longicornis showed very distinct pat-
terns (Fig. 6). For D. pulicaria (Fig. 6A), the num-
ber of escapes also significantly differed between
the turbulence treatments and test areas (SRH
test, p < 0.05). Multiple comparison procedures
finally showed that the number of escapes was
always significantly higher in turbulent than in non-
turbulent conditions p < 0.05, and increased signif-
icantly when the distance from the center of the
stroke decreased (Jonckheere test, p < 0.05).
More specifically, the percentage of Daphnia indi-
viduals that exhibited escape responses increased
significantly when the distance from the center of
the grid stroke decreased, while the turbulence
intensity increased at a given distance from the
grid (Fig. 6B). In contrast, the number of escapes
observed for T. longicornis exhibited no significant
differences related to the distance from the center
of the grid stroke, or according to the turbulence
intensities (SRH test, p > 0.05; Fig. 6C). However,
the percentages of Temora individuals that exhibit-
ed an escape reaction showed a pattern similar to
that observed for Daphnia, but it never reached
100% and increased with decreasing distance

C
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(mn™)

F Gr

Fig. 6. Escape reactions of Daphnia pulicaria (A, B) and Temora longicornis (C, D) within the 7 test areas in non-turbulent conditions
and for 3 levels of turbulence. The mean number of escape reactions per individual (A, C) and the percentage of individuals exhibiting
escape reactions (B, D) are shown. Ten individuals of D. pulicaria and T. longicornis were considered for each experimental condition.
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from the grid only for the 2 highest levels of turbu-
lence (Fig. 6D).

The swimming mean speed of D. pulicaria
significantly increased with decreased distance
from the grid for both still and turbulent treatments
(Jonckheere test, p < 0.05; Fig. 7A). The subse-
quent effective speed (i.e., the sum of the
observed swimming speeds and the norm of the
horizontal component of the turbulent velocity),
showed significant increases for all turbulent treat-
ments with decreased distance from the grid
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(Jonckheere test, p < 0.05; Fig. 7B). The increase
in swimming speed was then bounded between
9% and 390% (Fig. 7C). The situation greatly dif-
fered in the case of T. longicornis. The mean
swimming speeds were constant regardless of the
treatment or the distance from the grid (SRH test,
p < 0.05; Fig. 7D). The effective speed then sim-
ply reflected the behavior of the horizontal compo-
nents of the turbulent velocity. It showed signifi-
cant increases with decreased distance from the
grid and with increased turbulence for most dis-
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Fig. 7. Mean speed (mm/s; A, D), mean effective speed (mm/s; B, E), and percentage of the increase between swimming and effective
swimming speeds (C, F) for Daphnia pulicaria (A~C) and Temora longicornis (D~F). Ten individuals of D. pulicaria and T. longicornis

were considered for each experimental condition.
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tances from the grid (Fig. 7E). Finally, the
increase in swimming speed was considerable,
ranging from 20% for the smallest level of turbu-
lence and the largest distance from the grid to
1400% for the highest level of turbulence and the
smallest distance from the grid (Fig. 7F).

Turbulence intermittency and zooplankton
swimming behavior

Samples of trajectories recorded in still condi-
tions and after a 1-min exposure to turbulence
level 1 are shown in fig. 8. Note the linear charac-
ter of the trajectory in still water conditions (Fig.
8A) when compared to the turbulent one which
was more complex and curvy (Fig. 8B). The frac-
tal dimensions estimated from the trajectories of D.
pulicaria kept in still water conditions, D = 1.16 £
0.02(x + SD; referred to as “still fractal dimensions”
hereafter), showed no significant differences relat-
ed to their position within the “Zoo-Turbularium”
nor to the duration of the observations after their
transfer to the recording vessel (Friedman test, p >
0.05; Fig. 9A). Results obtained from the experi-
ments conducted at the 3 different turbulence lev-
els were more complex. First, the fractal dimen-
sions, D, estimated from the trajectories recorded
during the 1st minute after turbulence exposure
were significantly higher than those under still con-
ditions (Friedman test, n = 2, p < 0.05, and subse-
quently, the Jonckheere test, p < 0.05) for all test
areas, except areas A to D for turbulence level 1,
and areas A to C for turbulence levels 2 and 3.
These fractal dimensions then reached 1.36 +
0.03, 1.44 + 0.04, and 1.55 £ 0.05 in test area G
for turbulence levels 1, 2, and 3, respectively.
Second, the time course of the fractal dimensions,
D, showed that the still fractal dimensions recov-
ered within 3 to 5 min following turbulence expo-
sures (Fig. 9B~D). More specifically, the higher

s
[ /

A/mé;f’

still condition Turbulent condition

Fig. 8. Examples of 2-D trajectories recorded in still conditions
(A) and 1-min exposure to turbulence level 1.

the fractal dimensions observed after turbulence
exposure, the longer it took to recover to the refer-
ence behavior.

DISCUSSION
Fractal versus multifractal behavioral analyses

In recent contributions, it has been shown that
the swimming behavior of zooplankton organisms
can also be characterized in terms of multifractals
(Schmitt and Seuront 2001 2002, Seuront et al.
2004b). To avoid misinterpretations, one must
note that fractal and multifractal frameworks are
fully compatible, the choice of a method being a
matter of convenience or dependent on the specif-
ic objectives of the study. The fractal behavioral
approach introduced here and elsewhere (e.g.,
Coughlin et al. 1992, Bundy et al. 1993, Jonsson
and Johansson 1997, Dowling et al. 2000, Seuront
et al. 2004a) is intrinsically based on the geometric
properties of a swimming path, in terms of space-
filling properties. A simple, smooth, quasi-linear
path is thus characterized by a low fractal dimen-
sion (D—1), while that of a more-tortuous path is
higher, ultimately reaching the maximum space-fill-
ing value of D = 2. Alternatively, the multifractal
approach is a stochastic generalization of the frac-
tal approach, leading to characterization both qual-
itatively and quantitatively of the distribution of suc-
cessive displacements. The multifractal approach,
thus, a priori provides no information related to the
3-dimensional structure of the swimming path, as
the same pattern in successive displacements can
be observed in an organism intermittently swim-
ming following a straight or highly convoluted path.
The 2 approaches should then rather be regarded
as complementary, and can be compared following
the relation D = d + 1- £(2)/2, where D is the fractal
dimension, d is the dimension of the embedding
Euclidean space, and £(2) is a specific value of
the multifractal structure function exponents, £(q);
see Seuront et al. 2002 for further details.

Turbulence intensities

Turbulence intensities reported for the ocean
range from 2.8 x 107 to 4.7 x 104 m2/s3 (e.g.,
Peters and Marrasé 2000). While some laborato-
ry-generated turbulence levels are realistic of
oceanic conditions, or at least can be found in the
oceans at certain locations and/or under certain
circumstances, the distribution of turbulence inten-
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sities that have been reported in laboratory studies
has, most of the time, been significantly higher
than average values of turbulence reported for
oceanic conditions (see Peters and Redondo 1997
for a review; their fig. 4). This is a major concern
when extrapolating laboratory results to natural
environments. In the present work, the combina-
tion of different stroke frequencies and the creation
of a clear gradient in the dissipation rates in the
“Zoo-Turbularium” (see Fig. 2) led us to consider
turbulence intensities ranging very realistically
from 3.8 x 108 to 1.1 x 104 m2/s3. This ensures
the reliability of the “Zoo-Turbularium” for turbu-
lence-related studies of zooplankton ecology.

Turbulence and the swimming abilities of D.
pulicaria and T. longicornis

Previous results, based on both theoretical
arguments and a literature review (Yamazaki and
Squires 1996) or on observations of the swimming
ability of free-swimming copepods in a still-water
environment (Schmitt and Seuront 2001 2002)
have shown that nominal swimming speeds of sev-
eral zooplankton species (Euchaeta rimana,
Oithona davisae, Metridia pacifica, and T. longicor-
nis) can exceed micro-scale turbulent velocity fluc-
tuations in most oceanic environments. In this
paper, we went a step further in our understanding
of the interactions between turbulence and swim-
ming ability on the basis of a novel experimental
procedure. We demonstrate that the swimming
speed of the cladoceran, D. pulicaria, and the
calanoid copepod, T. longicornis, can overcome
velocities by up to 2 and 3 orders of magnitude,
respectively, greater than their relative nominal
swimming speeds. This indicates that the motion
of these 2 organisms can reasonably be regarded
as independent of local turbulent flows.

It also must be noted that the 2 species inves-
tigated here nevertheless presented significantly
different behaviors. We first mention here that
escape behavior can be regarded as a directional
response to turbulence as it always occurred in the
opposite direction of the turbulence gradient.
While the number of escape reactions per individ-
ual increased with the turbulence level in D. puli-
caria, it remained constant for T. longicornis (Fig.
6A, B). This result made us consider that the
hydrodynamic disturbance related to increased tur-
bulence did not affect the swimming behavior of T.
longicornis. However, the percentage of Temora
individuals exhibiting escape reactions increased
with decreasing distance from the grid for turbu-

lence levels 2 and 3 (see Fig. 6D). This revealed
the sensitivity of T. longicornis to hydrodynamic
disturbances. Comparison of figs. 6B and 6D nev-
ertheless reveals a differential sensitivity to turbu-
lence between D. pulicaria and T. longicornis. In
addition, the differential responses of D. pulicaria
and T. longicornis to light in still conditions (see
Fig. 7A, D) demonstrated a stronger phototactic
response in the former species.

We finally stress that these differences can
reasonably be thought of as consequences of the
hydrodynamic properties of the habitats of D. puli-
caria and T. longicornis. The former is found in
relatively quiet fresh waters (i.e., ponds, pools,
lakes, and river marshes), while the latter is found
in coastal waters subjected to strong tidal forcing
worldwide. Differences in hydrodynamic regimes
between these 2 environments result in differences
in dissipation rates of 2 to 5 orders of magnitude.
The different behaviors observed in these 2
species, including the considerable ability of T.
longicornis to adjust its swimming speed to differ-
ent forcing conditions (Fig. 7D~F) can then be
regarded as species-specific properties. In partic-
ular, swimming and feeding are fully intertwined in
calanoid copepods, and the constant swimming
speed exhibited by T. longicornis regardless of the
intensity of the horizontal velocity gradient may be
a way to maintain constant encounter rates with
potential prey.

Finally, we stress that the observed patterns
are suited to the strongly intermittent nature of
oceanic turbulence and allow T. longicornis to uti-
lize the benefits of enhanced encounter rates,
while minimizing the expense of unnecessary
escape responses. While further work is still need-
ed to untangle the complex effects of turbulence
on zooplankton behavior, the behavior exhibited by
T. longicornis, together with the observed differ-
ences to those of D. pulicaria reveal that this
species is fully adapted to highly turbulent environ-
ments.

Turbulence intermittency and D. pulicaria
swimming behavior

To our knowledge, this paper provides the 1st
empirical attempt to investigate the effect of turbu-
lence intermittency on zooplankton behavior using
free-swimming animals, and the 1st fractal charac-
terization of D. pulicaria swimming pathways. The
way we experimentally simulated turbulence inter-
mittency might be considered an oversimplification
of intermittent events, as they are likely to be
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shorter than 1 min (see e.g., Seuront et al. 2001).
Despite the extreme character of the turbulent
forcing considered here, we nevertheless stress
that our results can at least be qualitatively repre-
sentative of the behavioral response of zooplank-
ton to a localized turbulent patch. We thus
showed that the complexity (i.e., the fractal dimen-
sion, D) of the swimming paths increased with
increasing turbulence intensity (Fig. 9). After a
short (1-min) exposure to a turbulence patch, an
animal took between 3 and 5 min to recover to its
normal (i.e., non-turbulent) swimming behavior,
depending on the turbulence intensity. This result
is conceptually convergent with the time course of
the response to turbulence by a copepod (Costello
et al. 1990), showing a “hysteresis-like” effect.
Herein, the proposed time scales were bounded
between 3 and 5 min. They are comparable with
the 6~7 min characteristic of the above-mentioned
hysteretic cycle.

This finding has several potential conse-
quences for zooplankton ecology. First, a change
in swimming paths implies changes in the hydrody-
namic signals generated by the organism, and
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therefore of its delectability by a predator. In par-
ticular, the behavioral shift observed from smooth,
linear swimming paths to more-complex, curvy
paths following a turbulence disturbance is associ-
ated with increased predation risk via increased
hydrodynamic conspicuousness. Turbulence inter-
mittency should then be detrimental to zooplank-
ton. Second, as stated above, swimming and
feeding behaviors are closely related. We thus
stress that the behavioral changes induced by a
burst of turbulence (i.e., an increase in the com-
plexity of the swimming path) may also have some
implications on zooplankton trophodynamics.
Indeed, if one considers that (i) phytoplankton prey
are more homogeneously distributed within a tur-
bulence patch (i.e., their fractal dimension increas-
es with turbulence intensity; Seuront and Schmitt
2001) and (ii) zooplankton predators have less
detection ability because of an increase in hydro-
dynamic ambient noise (e.g., Yamazaki 1993), pre-
dation efficiency should be relatively better,
because the available food quantity or the
encounter rate becomes proportional to the
searched volume as the fractal dimension increas-
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Fig. 9. Fractal dimensions of the swimming paths of Daphnia pulicaria, shown as a function of test areas A to G (i.e., decreasing dis-
tance from the grid oscillation) and the elapsed time after being kept for 1 min in a given test area under non-turbulent conditions (A)

and turbulence levels 1 (B), 2 (C), and 3 (D).
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es (Seuront and Lagadeuc 2001).

Finally, while further studies are needed to
generalize the present work to different zooplank-
ton species, and to untangle both the qualitative
and quantitative nature of biophysical couplings,
we state that such approaches may help bridge
the gap between empirical work involving zoo-
plankton trophodynamics, and modeling attempts
devoted to incorporating individual behavior
(Souissi et al. 2004).
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