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Abstract
We describe application of a new apparatus that permits simultaneous detailed observations of plankton behavior and turbulent
velocities. We are able to acquire 3D trajectories amenable to statistical analyses for comparisons of copepod responses to wellquantified turbulence intensities that match those found in the coastal ocean environment. The turbulence characteristics consist of
nearly isotropic and homogeneous velocity fluctuation statistics in the observation region. In the apparatus, three species of
copepods, Acartia hudsonica, Temora longicornis, and Calanus finmarchicus were exposed separately to stagnant water plus four
sequentially increasing levels of turbulence intensity. Copepod kinematics were quantified via several measures, including transport
speed, motility number, net-to-gross displacement ratio, number of escape events, and number of animals phototactically
aggregating per minute. The results suggest that these copepods could control their position and movements at low turbulence
intensity. At higher turbulence intensity, the copepods movement was dominated by the water motion, although species-specific
modifications due to size and swimming mode of the copepod influenced the results. Several trends support a dome-shaped
variation of copepod kinematics with increasing turbulence. These species-specific trends and threshold quantities provide a data
set for future comparative analyses of copepod responses to turbulence of varying duration as well as intensity.
© 2007 Elsevier B.V. All rights reserved.
Keywords: Copepod; Turbulence; Kinematics

1. Introduction
Some of the most provocative questions in biological
oceanography are focused on the interaction of organisms
and turbulence (e.g. Rothschild and Osborn, 1988; Saiz
and Kiørboe, 1995; Dower et al., 1997; Incze et al., 2001;
Franks, 2001). Small organisms in the ocean, such as
copepods, are subject to fluid forces imposed by
the turbulent velocity field. Copepods are similar in size
(1–10 mm) to the range of smaller turbulent eddies
⁎ Corresponding author. Tel.: +1 404 385 1596; fax: +1 404 894 0519.
E-mail address: jeannette.yen@biology.gatech.edu (J. Yen).
0924-7963/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
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(Jiménez, 1997) and move at speeds (1–10 mm s− 1)
similar to small-scale velocity fluctuations (Yamazaki and
Squires, 1996). Copepods appear well-suited for detecting
and responding to small-scale turbulent motions. Copepods can detect small-scale velocity gradients via
mechanoreceptors on their antennules that are separated
at distances spanning μm to cm and are oriented along
different planes, orthogonally or otherwise (Landry and
Fagerness, 1988; Boxshall et al., 1997). The setae
accurately encode the intensity and direction of fluid
disturbances (Fields et al., 2002). Copepods have been
observed to respond to nm displacements, μm s− 1 flows,
and 0.05 s− 1 strain rates (Yen et al., 1992; Fields and Yen,
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1997; Kiørboe et al., 1999; Visser, 2001; Titelman, 2001;
Woodson et al., 2005). Copepods respond to threshold
strain rates with directional escape responses to predator
signals (Yen and Fields, 1992; Fields and Yen, 1997) and
with area-restricted search behavior to thin layer structure
(Woodson et al., 2005).
Impacts of turbulence on feeding rate, growth rate,
survivorship, and predation pressure likely vary speciesby-species (reviewed in Dower et al., 1997; Marrasé et al.,
1997; MacKenzie, 2000; Peters and Marrasé, 2000),
leading to the conclusion that the interaction of
zooplankton with turbulence may be far more complicated than currently known or predicted (e.g., Jonsson and
Tiselius, 1990; Saiz and Alcaraz, 1992; Yamazaki, 1996;
Visser et al., 2001; Saiz et al., 2003; Galbraith et al., 2004;
Lewis, 2005). One observed impact of turbulence is
species-specific differences in the vertical distributions of
planktonic copepods in relation to the physical structure
of the water column (Heath et al., 1988; Haury et al.,
1990; Mackas et al., 1993; Lagadeuc et al., 1997; Incze
et al., 2001; Visser et al., 2001, Manning and Bucklin,
2005). Copepod distributions throughout the ocean are
determined by many factors, including chemical, biological, and physical effects. Thus, it is difficult for field
observations alone to determine the underlying causes of
the species-specific differences, and in particular the role
of individual behavioral responses to physical (e.g.,
turbulence, light, temperature, salinity); chemical (dissolved oxygen, nutrients), and biological cues (presence
or absence of prey, predator, and competitor species).
While turbulence has been suggested as a factor that
influences vertical partitions of some species of copepod,
the role of animal behavior has been difficult to quantify.
In a study on Georges Bank, Incze et al. (2001) observed
that several species of copepods and their nauplii reacted
strongly to the onset of wind, and thus turbulence, by
moving below the mixed layer in just a few tens of
minutes. Other studies have found similar results in other
ocean regions (e.g. Heath et al., 1988; Haury et al., 1990;
Mackas et al., 1993; Lagadeuc et al., 1997; Visser et al.,
2001, Visser and Stips, 2002). These studies strongly
suggest that in many oceanic regimes, turbulence affects
the vertical position of copepods primarily by changing
their behavior, and only secondarily by physically altering
their position. A general expectation is that planktonic
organisms are adapted to the conditions that they
commonly experience (Incze et al., 2001). Copepods
may be adapted to a specific level of ambient turbulence to
improve encounter rate without loss of signal structure or
range of perception. Copepods may seek calmer waters by
sinking to deeper levels in the ocean as the surface
becomes more turbulent, or alternatively may maintain

their position in rough waters. Hence, the field data show
an intriguing relationship of copepod distribution to turbulence level that appears driven both by the fluid motion
and the behavioral response to the fluid motion. Recent
research (Franks, 2001; Incze et al., 2001) points out that
interpretation and prediction of zooplankton distributions
in the ocean will follow only from a better understanding
of animal responses to changing turbulence.
In the current study, we use a laboratory apparatus to
simulate natural levels of turbulence to study the
influence on the kinematics of three species of copepod,
Acartia hudsonica, Temora longicornis, and Calanus
finmarchicus. The flow characteristics in the observation region are stagnant water and four intensity levels
of nearly isotropic and homogeneous turbulence. Here,
we describe the potential that our turbulence apparatus
has, in terms of acquiring 3D trajectories amenable to
statistical analyses for comparisons of copepod
responses to well-quantified turbulence intensities that
match in situ conditions. We seek insight into the effect
of turbulence on swimming behavior that influences
vertical population distributions, predator–prey interactions, and other processes.
2. Methods
2.1. Physical environment
Experiments were performed in an apparatus (T-Box)
that generates small-scale isotropic turbulence (fully
described in Webster et al., 2004). The apparatus
(0.4 m × 0.4 m × 0.4 m) was filled with artificial seawater
created with filtered fresh water and Instant Ocean
(30 ppt). Eight synthetic jet actuators, one located at
each corner of the apparatus, generate the turbulent flow.
Webster et al. (2004) quantified the velocity fields for a
range of turbulent flow conditions described by the
dissipation rate (10− 3–1 cm2 s− 3) and Kolmogorov
microscale (0.04–0.2 cm). These ranges agree well with
that associated with the coastal zone and wind-driven
turbulence (Granata and Dickey, 1991; Kiørboe and
Saiz, 1995; Jiménez, 1997). The apparatus produces an
appropriate range of length scales, velocity scales, and
fluctuating strain rate levels for zooplankton mechanosensory studies (Webster et al., 2004).
The flow field at the center of the box was nearly
statistically isotropic and homogeneous (Webster et al.,
2004). For T0, the actuators were stationary and no
active turbulent forcing was present, hence the fluid was
essentially stagnant. For T1, T2, T3, and T4, the
turbulent flow was created by using pre-determined
amplification levels for each of the eight actuators.
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Table 1
Turbulence characteristics from Webster et al. (2004)
Turbulence Level
2 −3

ε (cm s )
η (cm)
urms (mm s− 1)
σrms (s− 1)

1

2

3

4

0.002
0.15
1.1
0.11

0.009
0.10
2.8
0.24

0.096
0.057
7.5
0.79

0.25
0.045
9.3
1.2

Data shown are the average of the r.m.s. of velocity for each coordinate
direction, urms, and the average of the r.m.s. of the linear components
of the strain rate, σrms.

Table 1 summarizes the flow characteristics for each of
the turbulence levels. The velocity r.m.s. value reported
is the average of the three components reported in
Webster et al. (2004). The strain rate r.m.s. value is the
average of the linear strain rate components reported in
Webster et al. (2004).
As shown in Fig. 1, the X and Y coordinates
corresponded to the horizontal coordinates of the box,
and Z was the vertical coordinate. All experiments were
conducted in a dark laboratory room. To determine the
effect of turbulence on a copepod behavior, we
stimulated the phototactic response in the copepods. A
light beam was projected vertically through the center of
the box in order to evoke the phototactic response. The
light source was the green line (514 nm) of a 100 mW
laser (Uniphase).
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reception response to turbulent environments without the
confounding presence of food particles. Copepods in each
region will have their own responses to turbulence,
modified by other factors such as food levels, presence of
predators, and season. By assessing the response to
turbulence while these other factors were fixed, we
isolated effects and evaluated the contribution due to
turbulence alone.
We observed freely swimming copepods passing
through the center region of the apparatus. A shadowgraph system was used to record copepod position. A
translucent sheet of paper (100% rag vellum) was
attached to the outside of each wall of the T-box facing
the cameras. These sheets acted as the screen for the
copepods′ shadow images. Illumination was provided by
lasers operating in the red wavelengths, for which the
tested copepods did not behaviorally respond. Opposite
from the cameras a Melles–Griot red diode OEM laser
was reflected off circular concave mirrors (Melles–
Griot, 2000 mm focal length, 153 mm diameter, f/10)
creating a wide column of laser light through the box
center (Fig. 1). During the C. finmarchicus and
T. longicornis experiments a 0.5 cm × 0.5 cm grid was
printed on the vellum paper. Because A. hudsonica are
smaller organisms, the grid interfered with trajectory and
transport speed analysis. Therefore, plain vellum paper
was used without a grid.

2.2. Copepods tested
Three species of copepod were tested during the
course of these experiments: A. hudsonica, T. longicornis, and C. finmarchicus, which are commonly
collected in the western Gulf of Maine. Table 2 provides
general characteristics for the copepod species. Manning
and Bucklin (2005) observed that both A. hudsonica and
A. longiremis occupied surface waters in May. In June
and July, A. hudsonica was evenly distributed, while
A. longiremis was most abundant in deep waters, which
suggests a species-specific response. We also examined
copepods with uniform vertical distribution (T. longicornis) vs. copepods whose abundance can peak during
seasons of high turbulence (C. finmarchicus) and may
be less sensitive to the mixing regime.
2.3. Behavior observation method
As our initial test of the system, we report copepod
kinematics rather than their long-term feeding response.
In this study, no food particles were added and hence we
expected no variation in pursuit behavior. The objective of
these preliminary tests was to isolate the pure mechano-

Fig. 1. Schematic of the experimental set-up during animal behavior
measurements (top view).
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Table 2
General characteristics of copepods tested
Species
A. hudsonica
T. longicornis
C. finmarchicus

Bodylength (mm)
1
1–3
4–5

Swim speed (mm s− 1)
a

1–6
2.7–6.1b
2–5b
10c

Sinking rate (mm s− 1)
d

0.4–2
2.5e–2.9f
5f
♀1.9–2.2g
♂ 2.3–3.1g

Habitats

Geography

Swim style

Coastal estuaries
Continental shelf
Continental shelf

N. Atlantic
Atlantic, Pacific
N. Atlantic

Hop and sink
Cruise and sink
Cruise

Data from Mauchline (1998), aBuskey et al. (1983), bBuskey and Swift (1985), cHirche (1987), dWeissman et al. (1993), eJonsson and Tiselius (1990),
Apstein (1910), gGross and Raymont (1942). ♀,♂ = genders sink at different rates.

f

Two cameras viewed the T-box apparatus from
perpendicular perspectives (Fig. 1). Hence, the cameras
captured the XZ and YZ perspectives simultaneously.
For the C. finmarchicus and T. longicornis experiments,
the cameras were a Pulnix TM 745 (748 × 494 pixels)
and a Hitachi KP-M1 (2/3 in. image chip size with
410,000 pixels), both with a 60 mm Nikon microNikkor lens. The images were recorded via JVC VHS
VCRs at 30 frames per second (fps). A Horita SMPTE
Time Code Generator (TRG-50) simultaneously marked
the time on the tapes. The cameras for the A. hudsonica
experiments were Sony Mini DV Digital Handycams.
The resolution was 640 × 480 pixels, and the recording
speed was 60 fps. The camcorders for the A. hudsonica
experiment have a viewing window and timer; hence the
VCR, monitor, and time code generator were not
needed.
The sequence of turbulence treatments was dictated
by practical constraints during the experiments. In order
to maintain a near constant temperature for the fluid in
the apparatus, experiments were limited to a 3-hour
period in which the temperature changed from 11 °C to
13 °C, thus bracketing the environmental temperature of
12 °C. Within this time period, we were able to run 5
turbulence levels with no replicates. Due to these
limitations, we chose to expose copepods to increasing
turbulence intensities, starting from still water through
four intensities to a maximum at ε = 0.25 cm2 s− 3. While
fatigue, habituation, and overexposure of mechanosensors are factors that may confound our results, we can
consider that copepods exposed to the highest turbulence level will be witnessing previous intensities. As
most storms persist for more than 3 h, fatigue can be a
prevailing condition for these copepods.
Prior to recording, each turbulence level condition
was given sufficient time (approximately 10 min) for the
flow to achieve fully isotropic and homogeneous
conditions at the box center. Copepod positions were
recorded for each T-level for roughly 20 min. During the
first 5 min for each level there was no green light entering

the T-box. At the 5 min mark, the green laser was turned
on and the beam passed vertically through the center of
the box for the remaining 15 min.
We have allowed the animals to adjust to each
turbulence level for wait times of 5–10 min to allow for
habituation. Hwang et al. (1994) stated that the copepod
Centropages hamatus escaped more frequently during
the first 6 min of initiated turbulence, and more than
50% of the total escape reactions occurred during this
initial period.

Fig. 2. Sample A. hudsonica trajectory for T0 including escape and
sink patterns.
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2.4. Copepod trajectory analysis
Three-dimensional trajectories were systematically
extracted from the video recordings by digitizing the
video tapes using ExpertVision software (MotionAnalysis
Corp.) at 60 Hz. The recordings for the XZ and YZ
perspectives were digitized separately. The XZ and YZ
coordinates of a trajectory were then matched to fully
define a three-dimensional trajectory. A sample trajectory
is shown in Fig. 2. Path kinematics were subsequently
calculated based on the three-dimensional trajectory
relative to a fixed frame of reference. Quantified
behavioral metrics include: observed transport speed,
standard deviation of transport speed, motility number,
net-to-gross displacement ratio, and number of escapes
per time. For our estimates of the net-to-gross displacement ratio as a measure of path complexity (Dicke and
Burrough, 1988), we analyzed 1-second trajectories for
each species at each turbulence level.
Typically, 7 to 22 trajectories were collected for each
species for each turbulence level. Each trajectory
consisted of between 60 and 600 data points. To
determine the number of trajectories needed in the
calculation of speeds and other kinematic metrics,
analyses of the standard error were performed. In all
cases, enough trajectories were analyzed such that the
standard error asymptoted to a constant low value
(Rasberry, 2005).
2.5. Statistical analysis
We performed analyses of the skewness and kurtosis
to test for homoscedasticity of the data. Data were
transformed if found non-normal. We used two-way
analysis of variance with species and strain rate as the
main effects to assess the significance of these variables,
and their interactions, on behavioral responses of
copepods. Turbulence intensity is quantified here as
strain rate, as this is a fluid mechanical signal perceivable
by copepods (Yen and Fields, 1992). Because the strain
rate is a fluctuating quantity in turbulence (with an
Fig. 3. Observed transport speeds for (a) A. hudsonica, (b) T. longicornis,
and (c) C. finmarchicus as a function of r.m.s. of strain rate. Letters
indicate treatments that are not significantly different using a Tukey–
Kramer test, p b 0.05. For A. hudsonica, treatment a is not significantly
different from treatment a, treatment b is significantly different from
treatment a, treatment c is significantly different from treatment a and
treatment b. For T. longicornis, A is not significantly different from A, B
is significantly different from A, C is significantly different from A and
B. For C. finmarchicus, X is not significantly different from X, Y is
significantly different from X, Z is significantly different from X and Y.
This lettering scheme applies to all the Tukey Kramer LSD tests.
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average of zero for isotropic conditions), the r.m.s. of the
strain rate provides a measure of the fluid mechanical
signal. If the two-way analysis of variance showed a
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significant species ⁎ strain rate interaction, we performed
a single factor analysis of variance to assess, for each
species, the effect of strain rate on copepod behavior.
This analysis allowed us to examine the role of
turbulence when it may exert different effects on
individual species. Tukey–Kramer Least Squares Difference (LSD) post-hoc comparisons were performed to
determine the specific turbulence intensities that evoked
behavioral changes within each species (Zar, 1999).
3. Results
3.1. Transport speeds of copepods
The observed movements of the copepods in the still
and turbulent flow conditions define the transport
velocities. Data were normally distributed for each of
the three species tested at each of the five strain rate levels
and untransformed data were analyzed. The two-way
ANOVA showed significant effects due to strain rate
(F4,178 = 39.9, p b 0.001), species (F2,178 = 3.8, p b 0.05),
and the interaction of strain rate ⁎ species (F8,178 = 6.77,
p b 0.001). The one-way ANOVA showed significant
effects of strain rate on all 3 species: A. hudsonica
(F4,52 = 14.4, p b 0.001), T. longicornis (F4,72 = 4.37,
p b 0.005), and C. finmarchicus (F4,54 = 48.5, p b 0.001).
For each species, the transport velocity peaked at an
intermediate turbulence level between σrms = 0.24 s− 1 and
0.79 s− 1 (Fig. 3). The maximum observed transport
velocity occurred at T3 (A. hudsonica and T. longicornis)
and at T2 (C. finmarchicus).

p b 0.001). Mn declined monotonically with strain rate
for A. hudsonica and T. longicornis. In contrast, Mn in
C. finmarchicus showed a threshold-like relationship
to strain rate; Mn increased until T2, then declined to a
constant level at T3 and T4.
In the studies of Gallager et al. (2004), they observed
that copepods in the ocean could aggregate for Mn greater
than three, whereas they did not aggregate when Mn was
smaller. Thus, if Mn is greater than three, then plankton
behavior dominates over the physical forcing, i.e. the
copepod can swim through the flow field. In the current
data, Mn for T1 and T2 was greater than three, and Mn
was less than three for T3 and T4 (Fig. 4), suggesting a
possible parallel between field and laboratory responses.
Continued use of this index will contribute to building
this database for future comparisons.
3.3. Variation in observed copepod transport speeds
As turbulence increases, the r.m.s. of the fluid velocity increases by roughly a factor of nine (Table 1). It is
important to distinguish that the fluid velocity fluctuations were measured from an Eulerian perspective (i.e.
fixed perspective) and transport speed was calculated
from the Lagrangian perspective where the time
sequence of velocity data corresponded to an individual
copepod trajectory. This is in contrast with the Eulerian
perspective that would correspond to a time record of
many copepods moving past a fixed point in the field.

3.2. Motility number
Gallager et al. (2004) defined the motility number,
Mn, as the observed copepod transport speed divided by
the r.m.s. of the turbulent fluid velocity, and we also
calculated this quantity to compare copepod responses
to turbulence in the laboratory to those observed in the
field (Fig. 4, shown versus dissipation rate). For this
analysis, the lowest turbulence level of still water was
excluded since the r.m.s. velocity was zero. The twoway ANOVA indicated an insignificant effect of species
(F2,148 = 0.71, p N 0.05) with significant effects of strain
rate (F3,148 = 67.9, p b 0.001) and species ⁎ strain rate
interaction (F6,148 = 5.3, p b 0.001). Hence, there is an
effect of strain rate, and the interaction indicates that the
effect of strain rate is contingent on species. One-way
ANOVA showed significant decreases in Mn with
increases in turbulence intensity for each species
(A. hudsonica: F3,40 = 46.7, p b 0.001, T. longicornis:
F3,59 = 37.2, p b 0.001, C. finmarchicus: F3,49 = 14.2,

Fig. 4. Motility number as a function of turbulence intensity. Data
points above the horizontal line at Mn = 3 indicate that copepod
swimming dominates over physical transport (Gallager et al., 2004).
Letters indicate treatments that are not significantly different using a
Tukey–Kramer test, p b 0.05.
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The standard deviation provides a measure of the
variability of the transport speed along the trajectory and
was calculated for each trajectory. Fig. 5 reports the
average of all trajectories for each T-level. The data were
arcsine transformed to conform to the assumptions of
normality. The two-way ANOVA showed significant
effects of species (F2,178 = 63.9, p b 0.001) and strain rate
levels (F4,178 = 20.9, p b 0.001) as well as a significant
species ⁎ strain rate interaction (F8,178 = 9.6, p b 0.001).
The one-way ANOVA showed no significant differences
for any of the pairwise comparisons for A. hudsonica and
T. longicornis indicating strain rate was not a significant
factor in the responses of either A. hudsonica (F4,52 = 2.2,
p = 0.081) or T. longicornis (F4,72 = 0.49, p N 0.05). It may
be assumed that samples within these data sets were
statistically coincident. The one-way ANOVA showed
significant effect of strain rate on standard deviation for
C. finmarchicus (F4,54 = 329.3, p b 0.001). Thus, for the
smaller copepods, A. hudsonica and T. longicornis, the
standard deviation of transport speed is nearly constant
with increasing turbulence. In contrast, for the larger
copepod C. finmarchicus, the standard deviation increases
by roughly a factor of five at strain rates greater than
0.24 s− 1 (Fig. 5).
3.4. Net-to-gross-displacement ratio
Net-to-gross-displacement ratio was calculated for
1-second trajectories to compare the tortuosity of the
trajectories between species and among turbulence levels
(Fig. 6). The data used to analyze the effects of five levels
of turbulence on NGDR for three species were arcsine
transformed to conform to the assumptions of normality.
The two-way ANOVA showed significant effects of
species (F2,57 = 43.3, p b 0.001) and species ⁎ strain rate
interaction (F8,57 = 4.36, p b 0.001) and no effect of strain
rate level (F4,57 = 1.01, p = 0.415). The one-way ANOVA
showed a strong trend for the effect of strain rate on
NGDR for both A. hudsonica (F4,19 = 2.24, p = 0.103) and
T. longicornis (F4,20 = 2.30, p = 0.095) with trajectories
becoming more linear with increasing strain rate. The oneway ANOVA showed significant effects of strain rate on
the NGDR for the largest copepod, C. finmarchicus
(F4,18 = 4.76, p b 0.05) with trajectories becoming more
tortuous with increasing strain rate above 0.24 s− 1. The
opposing trends for the three species accounts for the lack
of a strain rate effect in the two-way ANOVA.
3.5. Copepod escape behavior
Escape responses were measured by observing randomly-selected individual copepods and counting the

Fig. 5. Standard deviation of transport speed (a) A. hudsonica,
(b) T. longicornis, and (c) C. finmarchicus. Letters indicate treatments
that are not significantly different using a Tukey–Kramer test, p b 0.05.
Statistical analyses were performed on arc-sine transformed data.
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number of escapes that they exhibited during 5-second
intervals. An escape is characterized by an abrupt and
sudden movement by the copepod. A total of 200 5-second
intervals were evaluated for the escape analysis for each
turbulence level. To conform to the assumptions of
normality, the data used to analyze the effects of 5 levels
of turbulence on the escape response of three copepod
species were transformed, using the square root transformation. The two-way ANOVA showed significant effects
of species (F2,1485 = 180.4, p b 0.001) as well as a significant species ⁎ strain rate interaction (F8,1485 = 4.34,
p b 0.001), but no effect of strain rate (F4,1485 = 1.07,
p = 0.37). The one-way ANOVA showed significant, but
opposing, effects of strain rate on two species, which
accounts for the lack of a significant effect of strain rate
when analyzed with the two-way ANOVA. For
A. hudsonica, there were more escapes at T0 and T1
compared to the higher T-levels, which were statistically
coincident (F4,495 = 5.2, p b 0.001). For T. longicornis,
there were no significant differences among the pairwise
comparisons for escape data (F4,495 = 0.89, p = 0.471).
For C. finmarchicus, there were more escapes at the higher
T-levels compared to T1 (F4,495 = 3.73, p b 0.05).
A. hudsonica exhibited escape behavior more
often for all turbulence levels than T. longicornis and
C. finmarchicus. A. hudsonica exhibited the most escapes
for T1 (3.3 escapes/5 s/copepod) and the number of
escapes decreased at higher turbulent intensities above the
fluctuating strain rate r.m.s. of 0.24 s− 1. The escape
behavior of T. longicornis showed no relationship with
strain rate. T. longicornis escaped at a frequency around

Fig. 6. Net-to-gross-displacement ratio (NGDR) for (a) A. tonsa,
(b) T. longicornis, and (c) C. finmarchicus. Letters indicate treatments
that are not significantly different using a Tukey–Kramer test, p b 0.05.
Statistical analyses were performed on arc-sine transformed data.

Fig. 7. Number of escape events per 5-second interval per copepod.
Letters indicate treatments that are not significantly different using a
Tukey–Kramer test, p b 0.05. Statistical analyses were performed on
square root transformed data.
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Fig. 8. Average number of copepods in field of view per minute for
light-on and light-off conditions for T. longicornis.

1 escape/5 s/copepod for all turbulence levels (Fig. 7). As
strain rate increased above 0.24 s− 1, the number of
escapes of C. finmarchicus increased.
3.6. Copepod aggregation to the light source
We assessed the ability of T. longicornis to aggregate
around a light beam while being exposed to turbulence
by counting the number of copepods in the vicinity of
the beam (within a window of 9.5 × 7.5 cm) per minute
for each T-level. T. longicornis exhibited a positive
phototactic response to the light source, but as
turbulence intensity increased, its ability to aggregate
to the light source diminished. For the T0 conditions
without the laser beam projecting through the box, the
number of copepods was very small (Fig. 8). For T0, the
number for light-off and light-on conditions was
significantly different based on a t-test (p b 0.001). The
addition of turbulence increased the number of
T. longicornis in the observation window per minute
(Fig. 8) for the light-off conditions due to increased
stirring. The average number of copepods in view per
minute was higher with the light-on for each T-level.
4. Discussion
Many studies (e.g. MacKenzie et al., 1994; Dower
et al., 1997; Saiz et al., 2003) suggest that parameters,
such as plankton ingestion rate, follow a dome-shaped
trend with increasing turbulence. Mechanistically, the
increase has been attributed to increased contact rate
(Rothschild and Osborn, 1988) while the decrease at
high turbulence has been ascribed to several factors:
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1. erosion of the feeding current and sensory field,
2. energy-costly reactions to turbulence (e.g. escapes)
limiting the energy or time needed for other survival
responses (successful foraging or mating), 3. physicallyinduced transport surpassing behavioral reaction times,
thus decreasing the probability of successful pursuit
once an encounter has occurred, as found by MacKenzie
et al. (1994) for larval fish. In our study, considering
factor 1 at higher turbulence intensities, the 9-fold
increase in urms results in little change and even a slight
decline in the copepod transport speeds. The motility
number Mn shows that at higher turbulence intensities,
the physical flow dominates over biologically controlled
propulsion. With no copepod-generated movement, it is
unlikely that a cruising copepod, as is T. longicornis,
has a self-generated flow field or has the ability to
stabilize a useful sensory field. Instantaneously, copepods that have not been fatigued may be transported
momentarily by the physical flow yet still be able to
rebuild its sensory field in the less active flow regions.
For factor 2, none of the species in this study exhibited a
large change in escape frequency with increased
turbulence intensities. All events were examined after
exposure to turbulence for more than 10 min, allowing
time for habituation and fatigue. Under these conditions,
A. hudsonica was able to maintain its species-specific
higher hop frequencies. T. longicornis and C. finmarchicus, on the other hand, showed little change in behavior
suggesting that costly escapes are not a behavior evoked
within this range of turbulence intensity. The speciesspecific behavior is intriguing and closer analyses of
behavioral budgets may provide insight on changes in
the behavioral repertoire with increases in physical flow
disturbances. As for reaction times (factor 3), physiologically, copepods are able to react in a few
milliseconds (Fields et al., 2002). However, good
estimates of the amount of time that interacting
copepods remain correlated are not available to assess
the role of reaction time.
Despite lacking an obvious mitigating factor,
observed transport speed was not constant over the
range of turbulence tested. Chamorro (2001) showed a
nonlinear dome-shaped variation of larval fish swimming speed to turbulence with and without food and
suggested that the larvae lose their ability to swim and
control their position in high turbulence. Several
trends reported in our study support the application
of the dome-shaped response as a model of the
kinematic behavioral response of copepods to turbulence. The observed transport speed of all three species
was highest at an intermediate turbulence intensity.
Further, the motility number suggests that for low
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turbulence intensities (T1 and T2), copepod behavior
may dominate over the physical flow, whereas for higher
turbulence (T3 and T4) the physical transport of the flow
dominated. In our studies, the transition occurred at a
dissipation rate of 9 × 10− 3 cm2 s− 3 and a strain rate r.m.
s. value of 0.24 s− 1. Since fatigue can be a factor, trends
may be different for copepods with shorter exposure
times to turbulence. These results are consistent with the
assumption of Yamazaki and Squires (1996) that
plankton with swimming speeds higher than the
turbulent velocity can be expected to exhibit motion
independent of the surrounding flow, while the motion of
plankton with swimming speed lower than the turbulence should be driven by the local flow. Further,
Levandowsky et al. (1988) predicted that when a
microzooplankter′s swimming speed is less than the
turbulent velocity, it is advantageous to be carried by the
flow to minimize the overlap of search volumes. Our
studies find that each species′ behavior (transport speed,
NGDR, SD, #escapes) showed different trends (increase,
decrease, dome-shaped) that may reflect species-specific
responses to turbulence.
In turbulent flows, Saiz and Alcaraz (1992) and
Hwang et al. (1994) observed increased jump frequency
with increased turbulence for Acartia clausi and C.
hamatus, respectively. In contrast, Saiz (1994) observed
that A. tonsa did not increase its jump frequency for
increased turbulence. These experiments were conducted in the presence of food, thus the jump response
may have been influenced by the proximity of food
particles. The absence of food particles in the current
experiments isolates the response to mechanoreception
of the fluctuating flow field. Furthermore, in our studies,
copepods were exposed to the turbulent velocities for
over 10 min before their instantaneous responses were
analyzed, thus integrating the effect of fatigue and
habituation, as might occur in a storm at sea. Since
Acartia sp. is a hop and sink traveler (Mauchline, 1998),
more escapes were expected for A. hudsonica than the
other tested species. Indeed, the data show that
A. hudsonica escaped more frequently for all turbulence
levels compared to T. longicornis and C. finmarchicus.
A. hudsonica was most reactive at an intermediate
turbulence intensity. T. longicornis did not have a
substantial variation of escape reactions across the
turbulence intensity levels. C. finmarchicus had the
highest escape frequency at the highest intensity.
Species specificity in copepod responses to turbulence
is suggested by these data.
Fields and Yen (1997) state that most copepods
exhibit an escape reaction to an apparent predation risk.
The turbulent flow fluctuations for those conditions may

mimic the disturbance created by their predators or prey,
thereby inducing an escape reaction. Escape response in
laminar flow is best correlated with strain rate rather
than other flow parameters, such as flow velocity
magnitude (Fields and Yen, 1997; Kiørboe et al., 1999).
The local maximum for A. hudsonica suggests that the
strain rate perturbations for T1 most closely mimic that
created by their predators or prey.
To test the effect of turbulence on a specific behavior,
we placed an attractive cue in the center of our field of
view, a green beam of light, to evoke phototaxis.
T. longicornis responded strongly, swarming around the
light beam and increasing its numbers in the viewing
region. While the statistically significant difference
between the average number of copepods in the field of
view per minute for the conditions of light-on and lightoff with increasing turbulence decreased, this aggregative behavior persisted even at the highest turbulence
level. Here is an example where biological forcing
affecting the copepod′s distribution and dominated over
physical forces.
In the ocean, the vertical distribution of plankton is
guided by many factors: biological, chemical, and
physical. The ability of organisms to partition vertically
suggests that pelagic ecosystems are highly structured
(e.g. Manning and Bucklin, 2005). The influence of
turbulence on vertical partitioning has been enigmatic.
Since turbulence intensity diminishes significantly with
depth, copepod species at different depths experience
different flow environments. Analysis of copepod
trajectories demonstrated that the size and swimming
style of the copepod influence their behavior in turbulent
waters. We discuss the species-specific effects, considering the smallest to largest copepods. Trajectories of the
smallest species, A. hudsonica, became straighter with
increased turbulence (strong trend). The increased
straightness of the trajectories for A. hudsonica suggests
that the smaller copepod was passively transported by the
flow as the turbulence intensity increased (see simulated
trajectories in Yamazaki et al., 1991). In contrast, the
middle-sized copepod, T. longicornis was able to
maintain its smooth swimming, showing little change
in the standard deviation of transport speed. This copepod
also moved along paths of similar complexity (NGDR
values were constant with respect to turbulence level).
This species showed no change in hop frequency.
Furthermore, T. longicornis was able to maintain its
phototactic behavior and exhibit its biologically-motivated aggregative response even at the highest turbulence
intensity. Our expectation is that T. longicornis would be
able to continue its searching behavior and benefit from
turbulence within this range. The largest species,
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C. finmarchicus, was stronger and better equipped (by
size) to overcome the flow field. Trajectories for
C. finmarchicus became more tortuous with increasing
turbulence, which is consistent with trajectories that
include swimming behavior in addition to flow transport
(Yamazaki et al., 1991). Variation, quantified as the
standard deviation of the transport speed, also increased
at the higher turbulence intensities. However, at the
highest turbulence intensity, the variations in speeds
showed a decline whereas path complexity continued to
increase. The results for C. finmarchicus suggest an
ability to adjust their heading frequently in response to
the local flow field. The larger body mass with stronger
propulsive capability may enable this copepod to change
its behavior with a consequence of staying in the same
region. Are these large copepods conditioned to react to
turbulence by increasing their turning frequency to stay in
the same region and experience the benefits of increased
contact rate with food? Field data show that the
abundance of Calanus often peaks in periods of high
turbulence (Manning and Bucklin, 2005). It is intriguing
to consider whether this larger copepod invests energy to
remain in the same region by swimming against the
fluctuations and thus avoids being transported out of the
more turbulent regime. In summary, turbulence appears
to affect each copepod in a species-specific manner, and
the impact on the in situ distribution and abundance may
require a careful consideration of the combined responses
to turbulent flow. The trends from these quantitative
analyses now can be compared to responses of copepods
exposed to varying turbulence durations.
The purpose of this paper is to report use of a new
apparatus that permits simultaneous detailed observations
of plankton behavior and turbulent velocities. To test
copepod response to turbulent flow motions, additional
experiments are recommended. Comparison of the
transport of inert particles compared to freely swimming
copepods will definitely distinguish the influence of
turbulence on swimming kinematics. Copepods found at
different turbulence horizons can be studied in the lab for
their behavioral responses to these specific turbulence
levels. Differential species responses assessed in the
laboratory should be reflected in their field distributions,
hence linking the laboratory observations to the field
distributions. Additional questions remain regarding
variation in copepod response to turbulence possibly
due to water temperature, diel migration to the surface at
dusk and dawn, activity level during different seasons,
and stomach fullness. Since the apparatus has optical
access, future measurements of high speed high magnification views of copepods within the field of isotropy can
reveal the deployment or lack of use of swimming legs at
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different turbulence intensities. Most importantly, it
would be highly desirable to measure the instantaneous
flow field in the region surrounding the copepod in order
to directly correlate velocity fluctuations to animal
behavior to properly assess the contribution due to
transport and biologically-generated propulsion.
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