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Abstract Turbulence can cause particles to accumulate within specific regions of the flow. One mechanism
responsible for this phenomenon, called preferential concentration, consists in particle-fluid interactions
yielding inhomogeneous spatial distribution of particles into clusters or depleted regions due to density
difference or finite-size effects. In the case of living particles such as plankton, clustering may also originate
from their motility or from their behavioral response to turbulent forcing. Preferential concentration of
plankton has attracted much attention, because it is a key determinant of encounter rates and therefore
relevant for a wide range of ecological processes. However, most studies have focused on microscopic cells,
and consequently the case of larger organisms remains poorly studied. Here, we use high-performance
particle tracking and three-dimensional Voronoi analysis to test for the emergence of clustering in the
spatial distribution of calanoid copepods, the most important metazoans in the oceans in terms of biomass.
We found that neither inertia nor motility resulted in significant departure from a random Poisson process
over a range of turbulence intensity from very strong to moderate. However, we observed weak clustering
in calm water, which may originate from hydrodynamic and olfactory interactions between organisms. Our
results improve our understanding of fluid—particle interactions in the zooplankton and have important

implications for the modeling of their encounter rates in turbulence.

1 Introduction

Plankton often encounter turbulence in their habitats,
and how turbulence influences their ecology is a domain
of intensive research. The coupling between the hydro-
dynamic forces generated by turbulence and the shape,
size, density, and motility of plankton results in a diver-
sity of responses that have important implications for
ecosystem functions and processes. Examples include
the interaction between shear and the body asymme-
try of some motile phytoplankton, which can disrupt
their vertical migration [16], or the active behavioral
response of invertebrate larvae to specific hydrody-
namic signals, which allows them to regulate their ver-
tical position in the water column to reach favorable
locations [24].

In turbulence, particles that have a different density
than the carrier fluid and/or a finite size can accu-
mulate within specific regions of the flow. This phe-
nomenon is referred to as preferential concentration. It
has been intensively studied, because it is relevant for
a wide range of industrial and environmental issues, for
instance the combustion of oil droplet sprays, the for-

*e-mail: francoisgael.michalec@Quniv-lille.fr (correspond-
ing author)

mation of rain droplets, or the encounter rates of plank-
tonic organisms [7,58]. For the case of particles that
are heavy and much smaller than the dissipative scale
of the flow, the tendency to distribute non-uniformly
is attributed to their centrifugation by turbulent vor-
tices and their accumulation within regions of high
strain rate [26,60]. This phenomenon is controlled by
the dimensionless Stokes number, the ratio of the par-
ticle viscous relaxation time to a turbulent time scale
(usually the Kolmogorov time scale), which determines
how faithfully a particle follows fluid elements. With an
appropriate definition, Stokes numbers close to unity
correspond to the strongest preferential concentration
both for heavy and light particles [4,66]. Accumulation
of small and light particles within regions of high vor-
ticity is driven by added-mass effects that act as a cen-
tripetal force toward vortex cores [62]. When particles
are motile, as in the case of many species of plankton,
preferential concentration can also result from the inter-
actions between the hydrodynamic forces generated by
turbulence and the swimming behavior and morphol-
ogy of the organisms. The focus has generally been on
microscopic phytoplankton cells, and most of what we
know on this topic derives from theoretical work or
numerical simulations exploring the influence of var-
ious parameters such as shape or swimming velocity
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on the emergence of clustering [22,51]. For instance, at
the microscale, the coupling between motility, velocity
gradients, and the stabilizing torque that some phyto-
plankton use to direct their vertical motion can drive
intense patchiness in their distribution, increasing the
local cell concentration by several orders of magnitude
compared to non-motile organisms [12,15].

Much less is known about zooplankton. These organ-
isms play fundamental roles in aquatic ecosystems from
lakes to estuaries to the ocean. Located at the base of
the food web, they channel nutrients and energy from
the primary producers to higher trophic levels [57], they
support the development of larger animals including
commercially important fishes [3], and they form an
important component of the biological carbon pump
[59]. Previous experimental work and numerical simu-
lations have shown that particles with a size larger than
or comparable to the dissipative scale of turbulence and
a density larger than that of the fluid tend to cluster
in strain-dominated regions of the flow [21,27] or in
the vicinity of zero-acceleration points of the flow [10].
However, information is scarce for particles with a size
larger than or comparable to the dissipation scale of
the flow and a density close to that of the carrier fluid,
which is the case of many zooplankton. This limits our
ability to predict the prevalence of zooplankton cluster-
ing in the environment and to understand its influence
on their ecology.

Clustering of zooplankton may result from the inter-
actions between turbulence and their morphology. Ear-
lier theoretical work and numerical simulations have
suggested that clustering due to finite-size and density
may be ecologically significant for zooplankton, because
it can increase the probability for two organisms to
be within their perception radius, thereby increasing
encounter rates [35,55,58]. The elongated shape of
many species of zooplankton may contribute further to
clustering, because shape effects add to inertial effects
[40]. In addition, preferential concentration may also
result from the behavioral response of the organisms
to hydrodynamic stress generated by the flow. Indeed,
some zooplankton such as copepods can detect and
react to hydrodynamic signals in their vicinity by per-
forming escape reactions directed away from the distur-
bance [19]. Several studies indicate that the hydrome-
chanical stimulus that triggers escape jumps is the pres-
ence of flow velocity gradients [33], which copepods
detect via the bending of the mechanoreceptors located
on their first antennae [69]. During these escape reac-
tions, copepods reach very high velocities, above 100
mm/s for Eurytemora affinis, the species studied in the
present work (body length of approx. 1 mm) [6,45].
Important insights have been gained from numerical
simulations that have inferred on the role of these jumps
in the emergence of clustering in turbulence. The ratio-
nale is that by moving away from regions of high strain
rate via escape jumps, organisms may accumulate in
some specific regions of the flow [1,2]. In these sim-
ulations, clustering was observed for a specific range
of jump amplitudes and shear rate thresholds. How-
ever, there is a lack of experimental data to confirm
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these previous theoretical or numerical studies, primar-
ily because of the difficulties of observing at appropriate
spatial and temporal scales the motion of many organ-
isms swimming simultaneously in turbulence.

In the present study, we test experimentally for the
existence and extent of preferential concentration due
to physical effects (particle size, inertia, and elongated
shape) and behavior in a suspension of calanoid cope-
pods swimming freely in turbulence. We reconstruct
the trajectories of thousands of copepods swimming
simultaneously in a large volume by means of three-
dimensional particle tracking velocimetry. We study
their concentration field using Voronol diagrams, a
robust technique to detect and quantify clustering [21].
The paper is organized as follows. First, we present the
experimental setup and the methodology to reconstruct
the trajectories of the organisms in 3D. Flow conditions
from calm water to strong turbulence have been tested
and characterized by means of particle image velocime-
try. Second, we discuss the results on swimming velocity
and preferential concentration of copepods under these
flow conditions. More specifically, we compare the ratio
of the probability density function of the velocity of liv-
ing copepods to that of inert carcasses to quantify the
behavioral response of copepods to a sudden increase
in turbulence. We observe a substantial increase in this
ratio for swimming velocities corresponding to escape
jumps. Then, we compare the deviation of the proba-
bility density function of the normalized volume of the
Voronoi cells to that of randomly distributed particles
to test for the emergence of preferential concentration
due to inertia and to escape jumps in turbulence and
calm water. In the last section, we interpret our find-
ings in light of previous results from the literature and
draw conclusions.

2 Materials and methods

Our experimental measurements presented a number of
technical challenges mainly associated with the recon-
struction of the trajectories of many organisms swim-
ming simultaneously in a large investigation volume at
a concentration dense enough to obtain reliable statis-
tics. In this section, we present in detail our experi-
mental conditions and data processing based on our
experience in 3D particle tracking and with measuring
zooplankton behavior.

2.1 Organisms

The species used in our measurements is the calanoid
copepod Eurytemora affinis. Copepods represent the
main component of the meso-zooplankton in brackish
and marine ecosystems and the most important meta-
zoans in the oceans and in estuaries in terms of biomass.
These small crustaceans play pivotal roles in aquatic
ecosystems by contributing to the transfer of carbon
and energy from the phytoplankton to higher trophic
levels. E. affinis is a widespread and ecologically rele-
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Fig. 1 Copepod tracking in 3D. A Sketch of the exper-
imental setup. Four synchronized cameras recorded plank-
ton motion from one side of the aquarium. The investigation
volume was located in the middle of the tank, 10 or more
cm away from the walls. This large distance precluded wall
effects. Illumination was provided by two panels of infrared
diodes located on the sides of the tank (not shown for clar-

vant species. It often dominates the zooplankton com-
munity by biomass in the low-to-medium salinity zone
of several major European and North-American estuar-
ies, where it represents an important component of the
food web, and it is also found in lakes and in the Baltic
sea [13,31]. Copepods, microalgae (Rhodomonas baltica
and Isochrisis galbana) to feed the copepods, and sea-
water were obtained from the group of S. Souissi at Lille
University [11]. Measurements were performed at the
Institut de Mécanique des Fluides de Toulouse, within
a few days after receiving the organisms.

2.2 Turbulence generation

The experimental tank was 50 cm (L) by 50 cm (W) by
90 cm (H). The flow was forced by the vertical motion of
a grid (beam width 10 mm, mesh size 45 mm) driven by
a servomotor mounted on top of the tank [18] (Fig. 1A).
Turbulence was initiated by a single pass of the grid
from the bottom of the tank to the top, at a speed of
150 cm/s. The recording started once the grid reached
the top and lasted over the free decay of the turbulence
(3500 frames, corresponding to approx. 11.67 s).

2.3 Turbulence quantification

The turbulence after the pass of the grid was measured
during preliminary measurements (i.e., without cope-
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ity). B Typical images from the four cameras, for a single
time step, after pre-processing. Copepods appear as bright
particles on a dark background. C Close-up on one image,
showing the effects of image pre-processing to improve the
detection of copepods. From left to right: original image,
after adaptive noise-removal filtering, after contrast stretch-
ing, and after Gaussian blurring

pods) by means of particle image velocimetry (PIV),
using in-house software. The flow was seeded with hol-
low glass spheres with a diameter d, = 10pum and a
material density p, = 1.10 g/cm‘s. Their Stokes num-
ber decreases from 9 x 10~° after the pass of the grid to
3.4x107° at the end of the decay because of the increase
in the Kolmogorov length scale 1, which indicates that
they behaved as passive tracers. The Stokes number is
given by St = Tp/Tn = (1/18) (pp/pf) (dp/71)2 where
Tp is the particle relaxation time, 71 is the Kolmogorov
time scale, and p¢ is the density of the fluid. This def-
inition corresponds to the conventional Stokes number
and is valid for particles much smaller than n [67]. The
velocity of the flow tracers was measured in a verti-
cal plane (17 cm by 17 cm) perpendicular to grid face,
in the center of the tank. The investigation domain was
illuminated by a light sheet from a Nd:Yag laser deliver-
ing 200 mJ per pulse. A pco.2000 camera (PCO) record-
ing at a resolution of 2048 by 2048 pixels was mounted
in front of the investigation domain. The recording fre-
quency of the image pairs was 5 Hz. The separation time
between images of the same pair varied over the dura-
tion of the recording to ensure that the average particle
displacement was roughly one fourth of the size of the
final interrogation window. A total of 100 statistically
independent replicates was processed, with 50 image
pairs recorded per replicate. Images were processed
using a standard PIV algorithm. A three-pass process
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with an interrogation window ranging from 64 to 32
pixels and with a window overlap of 50 % was used.
Spurious vectors were identified following each itera-
tion via global and local median filters and replaced by
a linear interpolation of the surrounding vectors. The
resulting flow field has velocity vectors separated by 15
pixels in the horizontal and vertical directions, which
corresponds to a spatial resolution of approx. 1.24 mm
(from 4.87n after grid pass to 3 n at the end of the
decay).

2.4 Measurements with copepods

We recorded copepod motion using a stereovision sys-
tem composed of four synchronized Phantom VEO
640L (Vision Research) recording at 300 Hz and at a
resolution of 2560 by 1600 pixels. The cameras were
equipped with macro 100 mm lenses (Zeiss) mounted
on LaVision Scheimpflug V3 adaptors. Illumination
was provided by two panels of infrared diodes (GS-
VITEC MultiLED LT, 850 nm, 50 W) so as not to
trigger phototaxis, since E. affinis displays positive
directional response to visible light. We reconstructed
copepod trajectories by means of three-dimensional
particle tracking velocimetry (3D-PTV), using the
open-source software OpenPTV (OpenPTV Software
Consortium, http://www.openptv.net). This technique
identifies and follows individual particles in time and
provides a Lagrangian description of their motion in 3D.
It was originally developed to measure turbulence [37-
39,65] and it has been previously adapted to study the
swimming behavior of small aquatic organisms [43,56].
To study the emergence of preferential concentration,
we imaged the distribution of copepods within a vol-
ume of 29 cm (L) by 18 cm (H) by 12 cm (W) located
in the middle of the experimental tank. The concentra-
tion was approx. 400 copepods per liter. This concen-
tration is dense enough to obtain reliable statistics and
comparable to values observed in estuaries where the
number density can reach 600 copepods per liter or even
more [14]. We filled the experimental tank with water at
salinity 15 (seawater from the English Channel adjusted
to salinity with distilled water) and at 18° C. The water
was filtered through 0.2 wm cartridges to remove impu-
rities responsible for light scattering and attenuation.
Copepods were gently transferred from the cultures to
the tank and let to acclimate for approx. one hour. We
recorded the motion of living copepods in still water
(three consecutive recordings of 3500 images each) and
during the decay of turbulence (five consecutive record-
ings, each preceded by a single pass of the grid, with a
one-minute delay between recordings). Only adults and
late copepodite stages were used (size fraction above
300 wm), because younger developmental stages do not
have the swimming capabilities of adults and there-
fore cannot self-propel efficiently in turbulence. We also
performed identical measurements using dead copepods
(two consecutive recordings) as a reference case. Cope-
pods were checked visually after grid pass and were
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found swimming actively within the tank with no sign
of damage.

2.5 Image pre-processing and trajectory
reconstruction

Because of the large experimental tank, the strong
attenuation of near-infrared wavelengths in salty water,
and the reduced sensitivity of the sensors to infrared
wavelengths, copepods appeared in the images as dim
particles on a noisy dark background (Fig. 1B). To
improve their detection, we filtered the images with a
linear adaptive filter that removed background noise
and we performed a contrast stretching transforma-
tion that lowered the intensity of the background and
increased that of the copepods. The center of the par-
ticles was then determined with subpixel accuracy for
each copepod as the center of mass of all the bright
pixels surrounding one local maximum. To reduce the
noise in the determination of these centers, we added
a slight Gaussian blur to the images (Fig. 1C). Image
pre-processing was done using in-house MATLAB code.
Then, using the OpenPTV software, we calibrated the
cameras using a calibration plate with dots of known
coordinates imaged at different positions along the opti-
cal axis, and we performed an additional dynamic cal-
ibration based on the images of moving particles [36].
Knowing the camera intrinsic and extrinsic parameters,
the software established correspondences between parti-
cle image coordinates across multi-camera views using
the epipolar line intersection technique and retrieved
the 3D positions of the moving particles from the
collinearity equations. Copepods were then tracked
using an algorithm based on image and object space
information [37-39,65]. We were able to track individ-
ual copepods down to a separation distance of approx.
1 mm (separation between the centroids of two adjacent
particles). This value corresponds to one body length
of an adult E. affinis and is the minimal distance at
which two closely interacting copepods with complex
shape and motion could be tracked reliably. This means
that two copepods whose centroids are separated by 1
mm are actually in close contact and that our particle
tracking technique is able to detect clustering down to
the shortest scales.

2.6 Trajectory post-processing

Reconstructed trajectories were post-processed using
in-house MATLAB code. First, spurious trajectories
were filtered out based on the particle displacement.
These short, non-significant trajectories typically result
from impurities in the water, bright elements in the
image background, or reflections on the surface of the
aquarium. Second, segments belonging to the same bro-
ken trajectory were detected and connected by applying
a predictive algorithm that uses the position, velocity,
and acceleration of the particles along their trajecto-
ries [42]. Broken trajectories typically occur because of
occlusion or, in the case of copepods, because of their
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intermittent jumps that challenge most particle track-
ing algorithms. Third, trajectories were smoothed with
a third-order polynomial filter with a width of 21 points,
corresponding to the Kolmogorov time scale 7, imme-
diately after the pass of the grid and to 0.4 7, at the
end of the recording. This value represents a good com-
promise between improving the determination of the
coordinates and their derivatives while preserving the
features of the data, especially the strong velocity fluc-
tuations that result from the frequent jumps of cope-
pods [44]. The velocity and acceleration of the copepods
were directly obtained from the coefficient of the poly-
nomials. We obtained more than 107 data points for
living copepods in calm water, more than 3.7 x 107 data
points for living copepods in turbulence, and more than
1.5 x 107data points for dead copepods in turbulence.
For each sequence, the number of detected copepods
remained roughly constant in time during the record-
ing duration.

2.7 Clustering analysis

The aim was to study the local concentration field in
order to quantify clustering due to inertia and swim-
ming behavior, if any. The concentration field was inves-
tigated by means of Voronoi diagrams. This technique
has been used in turbulence research to quantify with
high robustness the emergence of preferential concen-
tration of water droplets in a turbulent airflow [46] and
the clustering of finite-size particles and air bubbles in
turbulent fluid flows [21,62]. A Voronoi diagram rep-
resents a three-dimensional tessellation performed on
a set of particles; each cell of the tessellation is linked
to a particle in that it includes all points closer to it
than to any other particle in the set. The volume of
each cell is therefore the inverse of the local particle
concentration at a scale corresponding to the separa-
tion distance between the particles. To compare results
from measurements conducted with different numbers
of copepods, the volume V of each cell is normalized
by the average volume of the cells (V'), which is inde-
pendent of the spatial distribution of the particles [20].
We tested for preferential concentration by comparing
the probability density function (PDF) of the normal-
ized volume of Voronoi cells to that of randomly dis-
tributed particles, whose shape is well approximated
by a Gamma distribution. The deviation of the nor-
malized PDF provides a quantification of the intensity
of clustering. We used the analytical expression of Fer-
enc and Néda as a reference for the shape of the PDF
for particles distributed as a random Poisson process
[20].

Voronoi diagrams were calculated for each time step
and each recording. Then, recordings were divided
into 5 sequences of 700 frames each (corresponding
to approx. 2.33 s), referred to as S1 to S5. The PDF
of the normalized cell volume was constructed for
each sequence after pooling the data from the differ-
ent recordings of the same experimental condition (liv-
ing copepods in calm water, living copepods in tur-
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bulence, and dead copepods in turbulence). The first
sequences, immediately after the pass of the grid, cor-
respond to intense turbulence (see the next section
for a presentation of the turbulence quantities). The
time- and space-averaged turbulent kinetic energy dis-
sipation rate e ranges from 2.7 x 10~%m? /s during
S1 to 7.6 x 107°m?/s® during S2. These values are
above those measured in the ocean, where ¢ typi-
cally ranges from 108 m?/s® below the mixed layer to
10~*m?/s3 near the surface [61]. Similarly, the Taylor-
scale Reynolds number Re) ranges from 269 to 277,
whereas typical environmental values correspond to
Rey = O (102). These conditions are not likely to be
encountered by copepods in typical environmental con-
ditions [23]. However, they are appropriate to detect
clustering due to the Stokes number of the particles, as
in general preferential concentration increases with the
Reynolds number [62]. Indeed, copepods have an elon-
gated shape (aspect ratio is approx. 3 for E. affinis),
are slightly heavier than seawater [34], and in our mea-
surements their size d, is comparable to or larger than
the Kolmogorov length scale 7 (d,/n ranges from 3.8 in
S1 to 2.4 in S5). Their conventional Stokes number St,
i.e., the ratio between particle viscous relaxation time
and the Kolmogorov time scale 77, is close to unity at
the highest turbulence intensity tested in our measure-
ments (St = 0.8). This value is much larger than for
tracers. Therefore, one may expect copepods to depart
from the flow streamlines and to accumulate within spe-
cific regions of the flow because of their Stokes num-
ber, irrespectively of their behavior. Indeed, previous
experimental work has indicated that the velocity and
acceleration statistics of dead copepods differ substan-
tially from those of tracers [42,43]; however the influ-
ence of St on the local concentration field is not well
known. The intense turbulence in the first sequences
sets an upper bound to observe clustering due to St.
The last sequences correspond to weaker turbulence. In
these sequences, flow velocity fluctuations are moder-
ate (16 mm/s in S5), comparable to those measured in
the field [50,68], and below the velocities reached by E.
affinis during jumps [42]. The measured energy dissi-
pation rate (3.3 x 107° m?/s?) is comparable to values
measured in turbulent environments inhabited by FE.
affinis such as coastal areas and estuaries where most
of the turbulence originates from tidal forcing instead
of wind [50]. Therefore, the first sequences are appro-
priate to test for the existence and extent of clustering
due to inertia alone, while the last sequences are appro-
priate to test for the contribution of motility and to the
behavioral response of copepods to the local flow field,
combined with inertia [1].

3 Results

3.1 Turbulence quantification

We show in Table 1 turbulence quantities obtained
via PIV analysis and averaged for each sequence. Fig.
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S1 shows these quantities as a function of time dur-
ing the entire measured period. The evolution of the
energy dissipation rate e after the pass of the grid
was estimated from the Eulerian second-order longi-
tudinal velocity structure function Dp; = ((Au,)?)
where the brackets indicate ensemble average and where
Au, = [u(x,t) —u(x+r,t)]-r/|[r| is the longitudinal
velocity difference between two particles separated by
a distance r. For isotropic turbulence, in the inertial
range, Dy = Ck (67”)2/3 where C'g = 2.1 is the univer-
sal Kolmogorov constant. The Kolmogorov length scale
n= (1/3/5)1/4 and time scale 7, = (u/5)1/2, where v is
the kinematic viscosity of the fluid, range from 0.26 mm
and 0.07 s in S1 to 0.42 mm and 0.17 s in S5, respec-
tively. They were directly obtained from e estimated
via Dpr. The root mean square of the velocity fluc-

tuations o, = (1/2[((u})?) + ((u;)2>])1/2ranges from
approx. 26 mm/s in S1 to 16 mm/s in S5. The integral
length scale L, estimated via the integral of the auto-
correlation function of the longitudinal velocity fluctua-

tions, increases from 50 mm in S1 to 104 mm in S5. The
Taylor microscale was estimated as A = oy, (151/ / e) 1/2

and increases from 10.4 mm in S1 to 22 mm in S5. As
indicated above, the turbulence is strong in the first
sequences because the goal is to test for the emergence
of preferential concentration due to the conventional
Stokes number St of copepods, which is close to unity
in S1. Indeed, previous studies have shown that the
intensity of the clustering due to St tends to increase
with the Reynolds number [53]. Turbulence quantities
in the last sequences are within the range considered in
previous laboratory and theoretical studies of plankton
motion in turbulence [68,70] and observed in coastal
environments [50]. They are appropriate to detect clus-
tering due to swimming behavior. In these sequences,
the velocity fluctuations are lower than the velocity
reached by copepods during jumps [42], which indi-
cates that the turbulence intensity is not too strong
with respect to the swimming capabilities of the organ-
isms, while the shear rate due to velocity gradients is
still large enough to trigger escape reactions. Indeed,
we estimate an average value for the shear rate as
v = (E/V)1/2 [54] and obtain v = 5.75s~! in S5. This
value is higher than the threshold, estimated at approx.
3571, needed to trigger escape jumps in E. affinis [6].
Finally, we verify that our flow is satisfactory isotropic
and homogeneous. The isotropy coefficient, defined as
the ratio of the standard deviation of the flow veloc-
ity along the two dimensions, ranges from approx. 0.89
at the beginning of S1 to 0.79 at the end of S5. The
standard deviation of the turbulent kinetic energy is
no larger than 10 % of the average turbulent kinetic
energy.

3.2 Swimming velocity
We start our analysis by considering the velocity of

copepods in calm water and turbulence to ensure that
our observations align with previous results from the lit-
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erature. In particular, we verify the presence of jumps
in turbulence, a prerequisite for the emergence of clus-
tering due to behavior. We show in Fig. 2A the PDF of
the magnitude of the velocity of copepods swimming
in calm water w;.. The shape of P(u;.) is in good
agreement with previous experimental observations of
copepod motion [45]. Tt is consistent with the swim-
ming behavior of many species of calanoid copepods,
including E. affinis, that alternate periods of slow swim-
ming with frequent jumps [29]. The bulk of the distri-
bution is observed for u; . < 10 mm/s. It corresponds
to the slow forward motion that derives from the cre-
ation of feeding currents accomplished by the vibra-
tion of the cephalic appendages. Above this value, the
tail of the distribution corresponds to velocities reached
during jumps. To illustrate the strong intermittency in
the motion of copepods, we show in Fig. 2B a subset
of trajectories color-coded with wu; .. These trajectories
were recorded in calm water, under infrared light, in
the absence of any visual or hydrodynamic perturba-
tions. Fig. 2C shows the time series of u; . for one rep-
resentative trajectory from this subset. Frequent veloc-
ity bursts are clearly visible, separated by periods of
slow motion. Because their amplitude is moderate and
restricted to a few tens of millimeters per second only
(approx. 40 to 60 mm/s in our measurements), these
velocity bursts are often referred to as relocation jumps
to distinguish them from the escape jumps performed
by copepods in response to a danger, for instance a
nearby hydrodynamic disturbance or a sudden change
in light intensity [32]. Escape jumps are much faster
than relocation jumps. Previous measurements have
shown that in FE. affinis, escape jumps triggered by
flow signals reach velocities between 100 and 150 mm/s
[6,45], whereas relocation jumps are limited to a few
tens of mm/s [42]. Finally, we note that the shape of
the jumps in our measurements is comparable with that
observed in an earlier work for the same species [1].
After a very sharp increase, u; . relaxes exponentially
due to drag. Following [1], we estimate the mean decay-
ing time 7; by fitting the exponential function ue=*/7
to the decaying part of the jump velocity. We obtain
77 = 17 ms, which corresponds to 0.24 7, in S1 and 0.1
T, in S5.

We now examine the behavioral response of copepods
to a sudden increase in turbulence intensity caused by
the pass of the grid. Fig. 2D shows the ratio of the
PDF of the velocity magnitude of living copepods swim-
ming in turbulence u;to that of dead copepods pas-
sively transported by the flow u4:. The ratio is close
to unity in S1, indicating that, immediately after grid
pass, u;; is determined mostly by the hydrodynamic
conditions. This result shows that in strong turbulence,
copepods are not able to swim independently of the flow
as they would do in weaker turbulence [42]. As turbu-
lence intensity decreases, the motion of living copepods
is characterized by a substantial increase in the fre-
quency of large velocities (from 50 to 150 mm/s), as
indicated by a ratio ul’t/ud,t >~ 3 at u = 125 mm/s in
S4 and S5. Velocities within this interval correspond
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Table 1 Time- and space-averaged turbulence quantities within the investigation volume, for each sequence

e (m?/s?) A (mm) L (mm) 7 (mm) Ty (8) U, (mm/s) 0y (mm/s) Rex
S1 2.70E-04 10.42 50.17 0.26 0.07 3.95 26.32 269
S2 7.64E-05 14.78 68.22 0.34 0.12 2.94 18.88 277
S3 3.64E-05 20.05 90.63 0.41 0.17 2.45 15.65 313
S4 3.35E-05 21.67 102.78 0.42 0.17 2.41 15.67 340
S5 3.31E-05 22.01 104.5 0.42 0.17 2.4 16.31 359

¢ is the dissipation rate, A\ = oy, (151//5)1/2 is the Taylor microscale, L is the integral length scale, n = (y3/5)1/4 is the

Kolmogorov length scale, 7, = (v/e)"/?

is the Kolmogorov time scale, u,, = (V€)1/4 is the Kolmogorov velocity scale, o, is

the standard deviation of the turbulent velocity, and Rey = o, A / v is the Taylor-scale Reynolds number

to escape jumps rather than relocation jumps, which
suggests that copepods perform more frequent escape
jumps when exposed to strong and sudden turbulence.
The gradual increase in the frequency of large veloc-
ities does not necessarily indicate that copepods per-
form more and more escape jumps. It indicates that
these escape jumps become more and more visible as
turbulence weakens.

The contribution of escape jumps triggered by hydro-
dynamic signals in the emergence of patchiness in the
spatial distribution of copepods was recently inves-
tigated via numerical simulations [1]. Clustering was
observed over a range of values wu / u,, where u; is the
jump amplitude and u,, the Kolmogorov velocity scale,
and was maximal for yr = 057, ! where 7 is the
threshold in shear rate above which copepods jump.
Under our hydrodynamic conditions, taking y7 = 357!
as previously measured for F. affinis [6], we obtain
yr = 0.51 7'7,_1 in S4 and S5. We estimate u; = 125
mm/s the average amplitude of escape jumps triggered
by strong turbulence (Fig. 2D) and find uJ/un =52 in
S4 and S5. These values are within the range conduc-
tive to clustering in the numerical simulations of [1].
Therefore, one may expect copepods swimming in tur-
bulence to concentrate within low shear rate regions
of the flow because of their escape jumps, leading to
behavior-induced preferential concentration.

3.3 Voronoi analysis

We show in Fig. 3A, as an illustration of the type of
data gathered during the measurements, the trajecto-
ries of living copepods in turbulence corresponding to
one sequence (approx. 2.33 s) of one replicate. Fig. 3B
shows a subset of three-dimensional Voronoi cells for
one single time step of the same sequence. Voronoi
diagrams were calculated for each time step and then
pooled for each sequence across replicates.

For inert carcasses, the PDF of the normalized vol-
ume of the Voronoi cells remains very close to that
of particles distributed as a random Poisson process
(Fig. 4A), even when turbulence is intense. There are
also no clear differences between sequences S1 and S5.
The slight deviation at small and large values of V/(V')
is negligible when compared to that of particles with
a larger St, for instance heavy particles or air bubbles

in turbulent flows, for which the PDF clearly departs
from a random Poisson process distribution [21,47,62].
This implies that particle finite size, slight inertia, and
elongated shape do not lead to substantial clustering
of copepods in turbulence, at least for the species and
range of parameters investigated in this study. A sim-
ilar pattern is observed for living copepods swimming
in turbulence, with no substantial departure from the
PDF of randomly distributed particles and no difference
between sequences S1 and S5 (Fig. 4B). It thus appears
that the motility of copepods in turbulence does not
result in their local accumulation within regions of the
flow. Finally, we note the emergence of patchiness in
the spatial distribution of copepods swimming in calm
water, with a slightly higher probability of clusters
and voids (low and high values of V/(V'), respectively)
than for randomly distributed particles (Fig. 4C). We
attribute this phenomenon to encounters mediated by
olfactory orientation and hydrodynamic interactions.

4 Discussion

The contribution of turbulence and motility in the
emergence of patchiness has been well studied in phy-
toplankton, via laboratory observations [15] but mostly
via numerical simulations that couple the behavior of
the cells and the hydrodynamic forces they experience
[7,15]. There is much less information on preferential
concentration in zooplankton because of the difficul-
ties of tracking a sufficiently large number of organisms
swimming in turbulence. This lack of data limits our
ability to understand the mechanisms at play in this
phenomenon and its prevalence in the environment.
Pioneering theoretical work and numerical simula-
tions have suggested that clustering in zooplankton
could result from the interactions between turbulence
and the organisms owing to finite-size and density
effects [55,58]. Particles that have finite inertia often do
not follow fluid trajectories, which leads to the emer-
gence of preferential concentration: they spread non-
uniformly and form clusters where their local concen-
tration is higher than in nearby regions. In the idealized
case of homogeneous isotropic turbulence, preferential
concentration manifests itself in the form of small-scale
clustering. Particles accumulate within transient, local-
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Fig. 2 Copepod velocity in calm water and turbulence. A
PDF of the magnitude of the velocity of copepods swimming
in calm water. All sequences have been combined since there
is no turbulence decay. B Subset of trajectories of cope-
pods swimming in calm water, color-coded with the mag-
nitude of the velocity. Copepods alternate periods of slow
swimming (u;,. < 10 mm/s) with frequent relocation jumps
(ur,e < 10mm/s). C Time series of u; . for one representa-
tive trajectory from the same subset. At our recording fre-
quency, most jumps have an amplitude lower than approx.

10 X(mm)

Z (mm)

Fig. 3 Three-dimensional Voronoi analysis. A Subset of
trajectories of copepods swimming in turbulence, corre-
sponding to one single sequence of one recording. B Illus-
tration of three-dimensional Voronoi cells. For clarity, we
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jumps to differentiate them from the much more powerful
escape jumps. D Ratio of the PDF of the magnitude of the
velocity of living copepods swimming in turbulence u; ¢ to
that of dead copepods in turbulence ugq,, for sequences S1
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emphasize the shift in the distribution toward larger veloc-
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escape jumps triggered by strong turbulence
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thick slice in the middle of the volume and the associated
copepod positions (red dots), for one single time step of the
same sequence
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Fig. 4 Probability density functions of the normalized vol-
ume of the Voronoi cells. A Dead copepods in turbulence. B
Living copepods in turbulence. C Living copepods in calm
water. The dashed red line is the prediction for a random
Poisson process [20]. For living and dead copepods in tur-
bulence, the probability density functions deviate from a
Poisson process for all sequences S1 to S5. However, the
deviation appears to be negligible compared to that of par-
ticles with a larger St [47,62]. To illustrate this difference,

ized zones of high particle density that correspond to
zones of high strain rate for inertial particles and to
zones of high vorticity for bubbles, separated by voids
where particle concentration is low. In the case of active
particles, small-scale clustering can also result from the
accumulation of the organisms into specific regions of
the flow because of their behavioral response to hydro-
dynamic signals generated by turbulence. Indeed, cope-
pods react to hydrodynamic perturbations by perform-
ing strong escape jumps with very short latency [9,32].
Numerical simulations have shown that, under certain
behavioral parameters and flow conditions, copepods
may accumulate into low shear rate regions of the flow
by jumping away from high shear rate regions [1,2].
By means of a high-performance particle tracking tech-
nique and Voronoi analysis, we have studied the spa-
tial distribution of a widespread calanoid copepod in
a laboratory setup that creates quasi homogeneous and
isotropic turbulence and found that they do not exhibit
preferential concentration. Neither inertial effects or
motility combined with inertia resulted in a substan-
tial departure of their spatial distribution from that of
randomly distributed particles, over the range of tur-
bulence intensity tested.

Our results agree with previous experimental investi-
gations from the field of turbulence research reporting
on the absence of significant clustering of inert parti-
cles with a density comparable to that of the carrier
fluid and a size larger than or comparable to the dis-
sipation scale n of the flow. Heavy and light inertial
particles that are much smaller than n do cluster, as
well as large heavy particles [27,46,47,62]. Conversely,
finite-size particles that are neutrally buoyant or with a
density close to that of the fluid do not tend to cluster
[21,43,67], even though their dynamics may differ from
that of tracers [8,64]. The conventional Stokes number,
based on the particle viscous relaxation time and the

we show the probability density function of V/(V') for heavy
particles (St = 3.3) at a comparable Rey from the measure-
ments of [47] (black curve). The clustering of heavy parti-
cles is significant, while the distribution of V/(V') for inert
and living copepods in turbulence resembles that of a RPP.
The deviation is more important for living copepods in calm
water, reflecting the probable contribution of olfactory ori-
entation in bringing organisms in close proximity

Kolmogorov time scale, is not sufficient to describe the
dynamics of such particles in turbulence. This limita-
tion is well known and was previously illustrated both
for the spatial distribution of the particles [21] and for
dynamical properties such as their acceleration [52,67].
For these particles, a modified Stokes number was previ-
ously suggested, based on the eddy turnover time at the
scale of the particle and including a correction due to
the particle Reynolds number [67]. This modified Stokes
number is smaller than the conventional Stokes number
(and better describes the behavior of finite-size but not
inertial particles in turbulence. In our measurements,
the conventional Stokes number of dead copepods is
approx. 0.8 in S1 while the modified Stokes number is
approx. 0.14. Finally, we note that the lack of preferen-
tial concentration of inert carcasses in our study is in
good agreement with an earlier experimental investiga-
tion that reported on no significant clustering of dead
copepods in stationary homogeneous isotropic turbu-
lence, using the correlation function of the particle con-
centration [43].

An important point that emerges from the Voronoi
analysis is the absence of preferential concentration
caused by the behavioral response of copepods to tur-
bulence. The reasons behind the disparity between our
measurements and earlier numerical simulations [1,2]
are unknown but may include different flow conditions.
The shear rate threshold required to trigger escape
jumps in copepods varies between species. It was esti-
mated at approx. 2 to 3 s~ 1 for E. affinis [6,63], which is
lower than the mean shear rate in our flow (y = 5.75 57!
in S5). The ratio Ul7t/’lj/d7t >3 for u = 125 mm/s
(Fig. 2D) confirms that copepods performed strong
escape jumps in our measurements; however it is pos-
sible that the limited time scale (approx. 12 s) did
not give enough time for the copepods to accumu-
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late within intermittent regions of low shear rate. We
note that a recent experimental study found no clus-
tering of copepods swimming in stationary turbulence
over several minutes [43]. It is also possible that cope-
pods did not react in our measurements in the same
way as in the simulation of [1]. In particular, copepods
are able to maintain some degree of correlation in the
direction of successive jumps in turbulence, which may
have prevented their reorientation and accumulation
outside regions of high shear rate [42]. Further work
is required to understand whether the difference in flow
conditions (transient versus stationary turbulence) and
certain unexpected features in the swimming behavior
of copepods have contributed to the deviation between
numerical modeling and experimental data. Finally, we
observed a slight tendency of E. affinis to cluster in
calm water. We attribute this enhanced local concen-
tration to the existence of interactions between organ-
isms, mediated by pheromone communication at the
scale of a few centimeters and by hydrodynamic signals
at the scale of a few millimeters. In calm hydrodynamic
conditions, male E. affinis can locate females at a dis-
tance of several centimeters via the pheromone trail left
behind females. Males then swim along the pheromone
gradient until contact [30]. This behavior is likely to
increase the time spent by two copepods in close prox-
imity. Males also lunge toward nearby conspecifics upon
sensing the hydrodynamic perturbations they generate
while swimming. This occurs at a separation distance
of approx. 5 mm [43] and may increase the probability
of observing two organisms in close vicinity, leading to
local accumulation.

The motion of zooplankton is shaped by the cou-
pling between their swimming behavior, transport due
to turbulence, and effects due to hydrodynamic forces
acting on their body [41]. Obtaining information on
this coupling is necessary to explain and predict a vari-
ety of important processes that affect their life, such
as reproduction and predation [2,49]. For instance, the
nonlinear velocity gradients experienced by anisotropic
zooplankton larger than the Kolmogorov scale as they
swim or are entrained in turbulence influence their rota-
tion rate [5]. This may in turn affect their orientation
and their ability to detect an approaching predator [48].
Here, we show that neither physical effects (due to the
density difference between the organism and the fluid,
to its finite size and to its elongated shape) nor behav-
ior result in substantial preferential concentration of
zooplankton in turbulence. This finding has important
ecological implications, because it means that small-
scale clustering is unlikely to lead to higher encounter
rates between organisms with similar morphology, and
therefore that it does not increase significantly mat-
ing success or predation rates. The lack of preferen-
tial concentration in the spatial distribution of plank-
ton also makes it possible to develop simpler encounter
rate models for plankton in turbulence. Indeed, in the
absence of clustering, the collision kernel reduces to
the clearance rate that originates from the contribution
of organism motility and transport by turbulence, and
to the collision efficiency that accounts for behavioral
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interactions between organisms at short separation dis-
tance [43].

The aim of this study was to test for the existence
and extent of preferential concentration due to inertia
and escape jumps by targeting flow conditions conduc-
tive to its emergence, not to investigate the behavioral
response of copepods to various intensities of turbu-
lence. How copepods react to turbulence has already
been studied in earlier experimental works, including
their response to different conditions of stationary tur-
bulence more representative of their natural environ-
ment [45,70]. We also emphasize that our goal was to
quantify plankton accumulation in quasi-homogeneous
isotropic turbulence representative of flow conditions
found in the pelagic ocean. The contribution of tur-
bophoresis in the emergence of preferential concentra-
tion in the case of inhomogeneous turbulence is out-
side the scope of this work. Finally, we stress that the
time and spatial scales of clustering considered in this
study are on the order of a few seconds and millime-
ters to centimeters. Plankton aggregation occurs over
a range of scales from small to large. At small scale,
it is often caused by the coupling between hydrody-
namic forces, the shape and inertia of the organisms,
and their behavior in the case of motile plankton. The
formation of plankton patches at the mesoscale may be
caused by a variety of processes that are not the topic of
this work, such as gyrotactic trapping or displacements
toward favorable areas [17,25,28].

Our measurements complement current efforts to
unravel the nature and ecological consequences of the
coupling between turbulence and motility in the plank-
ton. They provide experimental evidence that can be
used to validate and parametrize numerical simulations
of flow-behavior interactions at small scales, in par-
ticular encounter rates [1]. Such simulations offer the
opportunity to study important processes mediated by
turbulence and motility at a resolution often difficult
to achieve in laboratory measurements, for instance in
terms of flow field resolution.
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