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Planktonic organisms are exposed to turbulent water motion that affects the fundamental activities of swimming and
feeding. The goal of this study was to measure the influence of realistic turbulence levels on (i) swimming behavior and
(ii) fluid interactions during feeding by the lobate ctenophore, Mnemiopsis leidyi, a highly successful suspension-feeding
predator. A laboratory turbulence generator produced turbulence (1 ¼ 0.5 –1.4  1026 W kg21) representative of a
field site in Woods Hole, MA, USA. Compared with still water, M. leidyi avoided regions in the experimental vessel
where turbulence was greatest (1 ¼ 1.1– 1.4  1026 W kg21) by increasing its swimming speeds and accelerations.
Both laboratory and in situ particle image velocimetry data demonstrated that feeding currents of M. leidyi were eroded
by ambient fluid motions. Despite this, the overall flux to the feeding structures remained constant due to higher swimming speeds in turbulent conditions. Instantaneous shear deformation rates produced by background turbulence were
higher than those produced by ctenophore feeding currents and frequently exceeded the published escape thresholds
of copepod prey. Feeding current erosion and fluid mechanical signal noise within turbulent flows affect the mechanics
of predator– prey interactions during suspension feeding by the ctenophore M. leidyi.
KEYWORDS: Mnemiopsis leidyi; turbulence; swimming behavior; suspension feeding

I N T RO D U C T I O N
Interactions between planktonic predators and prey in
the ocean occur within moving fluids. In coastal systems,

turbulent fluid motion, stochastic flow at the organismscale, is particularly ubiquitous and prevalent. Physical
structures generated by turbulence interact with plankton
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Ambient fluid motions influence
swimming and feeding by the ctenophore
Mnemiopsis leidyi
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understanding of how behavior and feeding are influenced under natural, environmental fluid conditions.
During feeding, M. leidyi generates a steady, laminar
feeding current between the lobes by beating cilia lining
the auricles (Fig. 1). This mode of feeding is not only
effective for processing large fluid volumes but also generates a minimal fluid signature outside the lobes (Colin
et al., 2010). Slow-swimming and non-motile prey are
entrained into the feeding current, and transported to the
tentillae (oral tentacles) (Waggett and Costello, 1999).
Motile prey, primarily copepods, are not generally
entrained by the feeding current and instead typically
swim into contact with oral lobe surfaces. Owing to the
minimal fluid signature generated by the slow, laminar
feeding current, motile prey capable of responding to
hydromechanical signals are unlikely to detect a fluid
signal until they are already positioned between the lobes
where shear deformation levels are elevated (Colin et al.,
2010). At this point, if the prey detects the elevated shear
and elicits an escape response, the ctenophore responds
to the hydromechanical disturbance induced by the
copepod by altering its lobe position, which minimizes
available openings for escape. As a result, copepods that
trigger an anticipatory response by the ctenophore, i.e.
an alteration in lobe position, are more likely to be captured (Costello et al., 1999). The predation process is thus
a complex interplay between behaviors of the predator
and prey as well as the associated fluid mechanics. These
interactions are further complicated by environmental
turbulence.
In addition to structuring fluid interactions during
feeding, there is evidence that turbulence is important in
regulating behavior and vertical distributions of M. leidyi
in the field. Previous work documents avoidance of
windy or highly mixed surface waters by lobate ctenophores, particularly M. leidyi (Miller, 1974; Mutlu, 1999;

Fig. 1. Side view (A) and lobe view (B) PIV images of M. leidyi showing basic morphological features involved in feeding.
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at the organism-scale to influence basic processes, including encounter, escape behaviors and ingestion (see Fig. 2
in Prairie et al., 2012), ultimately shaping trophic interactions, distributions and abundances. Theoretical and
laboratory studies show that turbulence affects encounters with prey by ambush predators (Rothschild and
Osborn, 1988; Peters and Gross, 1994; Saiz and
Kiørboe, 1995). However, the majority of bloom-forming
gelatinous predators can be characterized as suspension
feeders and the effect of turbulence on this feeding mode
is less understood. Ingestion rates of ambush predators
peak at intermediate levels of turbulence due to increasing contact rates and decreasing capture probabilities
with increases in turbulence level (Pésceli et al., 2012). In
suspension-feeding organisms, however, intermediate
levels of turbulence may degrade the feeding current,
resulting in lower encounter rates (Marrasé et al., 1990;
Saiz and Kiørboe, 1995). Studies of suspension feeders
are limited and direct, in situ measurements have remained intractable. Furthermore, this foraging strategy,
coupled with low body carbon associated with being gelatinous, is highly energetically efficient (Acuña, 2001; Pitt
et al., 2013), thereby placing ctenophores and other gelatinous zooplankton in a unique position to proliferate
under changing ocean conditions (Mills, 1995; Costello
et al., 2012).
The lobate ctenophore, Mnemiopsis leidyi (recognized as
a monospecific genus; Costello et al., 2012), is an example
of a gelatinous predator that has gained substantial attention due to its success as a key predator in both its
endemic habitat, along the Atlantic coast of north and
south America, and in introduced habitats throughout
Europe (for reviews, see Purcell et al., 2001; Costello et al.,
2012). In spite of its capacity to reduce zooplankton
standing stock and diversity (e.g. Finenko et al., 2006;
Kideys et al., 2008; Roohi et al., 2009), we lack a basic
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METHOD
All ctenophore collections and field measurements were
made from docks near the Marine Biological Laboratory,
Woods Hole, MA, USA (418310 28.99200 , 2708400 22.
684200 ) during July and August in 2010, 2011 and 2012.
Experimental animals were collected by hand, maintained at ambient field temperature (21– 238C) and used
within 8 h of collection.

Turbulence generation in the laboratory
The effect of turbulence on swimming behavior and fluid
interactions during feeding was investigated using a 38 L
(dimensions ¼ 50  26  30 cm, width  depth  height)
laboratory turbulence generator designed to approximate
realistic environmental turbulence. Following the design of
Warnaars et al. (2006), momentum was imparted to the
fluid using two underwater speakers (diameter ¼ 21 cm;
Clark Synthesis AQ339) mounted in the center of each side
wall on opposite sides of the tank. Sine waves (frequency ¼
30 Hz, phase ¼ 1808) were generated using Test Tone
Generator (Timo Esser) and delivered to an amplifier
(Samson Servo 200), which was connected to the speakers.
Stainless steel grids with 1 cm2 openings (mesh diameter ¼
0.25 cm) mounted in front of the speakers generated
small-scale fluid structures (grid separation distance ¼
32 cm).

Measurement of laboratory turbulence for
swimming behavior experiments
To determine the influence of turbulence on swimming
behavior, ctenophores were exposed to two treatments
in the turbulence generator: still water and turbulence
[1  1027 W kg21; a turbulence kinetic energy (TKE)
dissipation rate representative of a moderate level of

NUMBER 5

j

PAGES 1310 – 1322

j

2014

turbulence in the field]. Prior to behavioral measurements,
TKE dissipation rate was determined through separate
particle image velocimetry (PIV) measurements. Neutrally
buoyant, 10 mm glass beads were seeded into the tank
and illuminated using a 300 mW continuous green laser
(532-nm wavelength). The motion of the particles was
imaged using a Sony HDR-HC9 camcorder (1440 
1080 pixels) at 30 frames s21. For the present study, u and
w are the two velocity components in orthogonal directions x and z. Image pairs were processed using a crosscorrelation PIV algorithm with an interrogation window
size of 32  32 pixels and a 50% overlap to produce u
and w velocity vectors and vorticity ðvy ¼ @w=@x
@u=@zÞ maps (LaVision software). For estimates of the
overall turbulence level, the 8.5  13.8 cm field-ofview was in the center of the tank. For vertical estimates
of turbulence, the field-of-view was centered in the tank
between the front and back walls and three measurements were made at the top, center and bottom of the
tank. In each case, 100 pairs of frames were analyzed. To
put tank turbulence levels in the context of field levels, we
examined wind data from a local weather station located
at the Woods Hole Oceanographic Institution (within
150 m of the sampling location) and made vertical velocity measurements from the surface to the bottom at
30 cm intervals from a dock using an Acoustic Doppler
Velocimeter (ADV; Nortek vector).

Calculation of turbulence kinetic energy
The mean TKE dissipation rate, 1, from laboratory and
field measurements, was computed directly from the 2D
velocity vector maps (de Jong et al., 2009).
" 
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where n is the kinematic viscosity of the seawater.
Estimation of dissipation rate from the 2D data assumes
that turbulence is isotropic and homogeneous. Although
these criteria were not fully met in the experimental
system, the ratio of urms to wrms did not deviate substantially from 1 (range: 0.62 –0.95) and the dissipation rates
at different depths in the turbulence generator were
within one order of magnitude (Table I). Random measurement error (e.g. from noise in the PIV data) was
addressed using the correction of Tanaka and Eaton
(2007), which isolates noise in the PIV measurements by
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Purcell et al., 2001; Costello and Mianzan, 2003). In
waters characterized by a pronounced thermocline,
M. leidyi may migrate into or below the thermocline
during periods of high surface mixing (Mianzan et al.,
2010). However, the behavioral mechanisms that account
for these changes in vertical distribution have not been
quantified.
The overarching goal of this work was to understand
how turbulence mediates trophic interactions by an important filter feeder. In the present study, we examined
how realistic levels of turbulence influence: (i) swimming
trajectories and behaviors in a laboratory turbulence generator and (ii) fluid interactions during feeding in situ and
in a laboratory turbulence generator.
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Table I: Characterization of flow parameters in
the turbulence tank from PIV data
Depth
range
(cm)

1  1027
(W kg21)

h (cm)

Rel

urms
(cm s21)

wrms
(cm s21)

urms/
wrms

0–3
3–6
0–10
10 –20
20 –30

14.0
11.7
10.3
8.2
5.2

0.12
0.13
0.13
0.14
0.16

14
14
19
28
23

0.23
0.22
0.25
0.28
0.23

0.37
0.35
0.34
0.30
0.28

0.62
0.63
0.74
0.95
0.82

Influence of turbulence on feeding currents

ð2Þ

The Taylor Reynolds number (Rel ) was calculated as
Rel ¼

urms l
;
n

ð3Þ

where urms is the root-mean square
(rms) ﬃvelocity and l is
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
the Taylor microscale ðl ¼ 15nu2rms =1Þ. The Re measures the relative importance of inertial and viscous
forces; at Re  1, inertial forces dominate.

Swimming behavior
For each swimming behavior trial, four to six ctenophores
[total length 3.9 + 0.9 cm, mean + standard deviation
(SD)] were placed in the tank, allowed to acclimate for
10– 12 min and filmed for 30 min with a Sony
HDR-HC9 camcorder (30 frames s21). Experiments
were conducted as paired trials such that the same individuals were exposed to each treatment. A total of 20
M. leidyi were observed in four paired trials; 10 of the 20
individuals experienced turbulence followed by still water
and 10 of the 20 individuals experienced still water followed by turbulence.
The horizontal (x) and vertical (z) positions of the
aboral apex of each ctenophore were digitized at 1 s
intervals using ImageJ (National Institutes of Health,
USA) to produce swimming trajectories relative to a fixed
frame of reference. Measured swimming parameters
based on the means from the four to six individuals per
tank included observed speed, acceleration, mean depth
and net-to-gross displacement ratio (NGDR). The
NGDR is the shortest distance between the start and end
points of a trajectory divided by the total distance traveled (Dicke and Burrough, 1988) and is a measure of the

The volume of fluid passing to the feeding structures is
directly influenced by the position of the lobes (Colin
et al., 2010). Distances between lobe tips and oral –aboral
lengths were measured in still water and turbulence from
the behavior videos described above. Lobe measurements were made using ImageJ from frames where
M. leidyi were oriented with the side view perpendicular
to the camera (Fig. 1A). Lobe width comparisons were
made between ctenophores swimming in still water
(n ¼ 13) and turbulence (n ¼ 14) using an analysis of covariance (ANCOVA) with length as the covariate after
testing for homogeneity of slopes using an ANOVA
(MATLAB Statistics Toolbox).
Simultaneous measurements of the feeding current
and the background fluid motion in still water and turbulence were imaged in a separate set of experiments using
a second PIV set-up mounted on a 3D translation
system. For these measurements, a 1 W continuous red
laser (671 nm wavelength) was used to illuminate 10 mm
glass beads seeded into the tank and the motion of the
particles was imaged using a high-speed digital video
camera (Phototron Fastcam 1024 PCI, 1024  1024
pixels) at 100 frames s21. Individual feeding current
sequences were recorded by tracking ctenophores with
the translation system. To estimate the turbulence level
local to the ctenophore, 30– 120 pairs of frames were
analyzed just before or just after the feeding current sequence and the field-of-view was 6.6  6.6 mm. The
increment between frames that were analyzed was
adjusted to ensure that particle displacements were approximately one-fourth of the interrogation window size
or less. For comparison with laboratory measurements,
in situ behavioral and fluid motion measurements were
collected by divers using a self-contained underwater
velocimetry apparatus (SCUVA) (Katija and Dabiri,
2008). Dives were made in close proximity to the ctenophore collection site and the maximum dive depth was
5 m. Before analyzing the video, sequences were
rotated such that the flow into the lobes was traveling directly along the z-axis. The flux of fluid passing between
the lobes, which represents a theoretical maximum clearance rate, Fmax, was calculated in still water (n ¼ 12) and
turbulence (n ¼ 14; Colin et al., 2010). Fmax was based on
the relative velocities of the ctenophore and the fluid over
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comparing dissipation rate estimates for multiple interrogation window sizes.
The Kolmogorov length scale (h) the size of the smallest fluid structures, was calculated as
 3 0:25
n
h¼
:
1

straightness of the trajectories. Each parameter was compared between treatments using paired t-tests after testing
for normality (SigmaStat 3.5). For data visualization purposes, instantaneous measurements of depth and
observed swimming speeds from the 20 individuals were
also plotted in frequency distribution histograms.
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100 frames as follows:
Fmax ¼ Aw;

ð4Þ

Szz ¼

dw
dz

ð5Þ

Szx ¼

du
:
dz

ð6Þ

and

R E S U LT S
Turbulence generation in the laboratory and
comparison with field measurements
Representative plots of instantaneous velocity and vorticity measured with PIV in the center of the laboratory
turbulence generator and in the field show that flow fields
were qualitatively comparable (Fig. 2). Quantitatively, measurements were similar in terms of velocity magnitude,
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turbulent dissipation rate, Kolmogorov length scale and
Taylor microscale Reynolds number (Fig. 2). The
maximum TKE dissipation rate measured in the tank was
1026 W kg21, which was within the range of mixed layer
turbulence: 1029 to 1025 W kg21 (Peters and Redondo,
1997; Jumars et al., 2009). Taylor microscale Reynolds
numbers were relatively low, consistent with field measurements at similar dissipation rates (Luznik et al., 2007).
Turbulence was not homogeneous throughout the
tank and instead, was highest in the top 10 cm and decreased with depth (Table I). Within the top 3 cm, the
TKE dissipation rate was highest. The Kolmogorov scale
and Reynolds numbers also varied slightly with depth
but were within the same order of magnitude. Velocities
remained consistent with depth though horizontal velocities (u) were lower than vertical velocities (w) suggesting
anisotropy. The presence of anisotropy is consistent with
turbulence measurements in the shallow coastal ocean
(Fig. 2B), particularly when Rel , 100 (Luznik et al.,
2007).
Though the spatial scales are different, the presence of
a vertical turbulence gradient in the laboratory was consistent with the vertical pattern measured in the field
(Fig. 3). Turbulence calculated from vertical ADV profiles
during a less windy (Fig. 3A) and more windy (Fig. 3B)
time period on 14 August 2012 showed that when wind
speeds were 4-fold higher (Fig. 3C), TKE dissipation
rate was higher at the surface and was also higher at each
depth compared with the less windy case. In both cases,
turbulence was higher at the surface and declined with
depth such that the lowest turbulence levels were near the
bottom. This vertical gradient approximated wind-driven
turbulence and provided a refuge at depth. The ADV profiles taken during a less windy (Mean speed ¼ 1.3 m s21)

Fig. 2. Instantaneous velocity vectors (black) and vorticity contours from (A) the center of the turbulence generator (urms ¼ 2.7 mm s21,
wrms ¼ 2.0 mm s21, 1 ¼ 7.1  1027 W kg21, h ¼ 1.5 mm and Rel ¼ 27) and (B) field measurements taken in Woods Hole, MA on 3 August 2010
(urms ¼ 4.7 mm s21, wrms ¼ 3.9 mm s21, 1 ¼ 7.4  1027 W kg21, h ¼ 1.5 mm and Rel ¼ 82).
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where w is the velocity vectors passing through the elliptical area (A) defined by the lobe width and interlobe gap
distance (Colin et al., 2010). Comparisons of Fmax in still
water and turbulence were made using an ANCOVA with
length as the covariate after testing for homogeneity of
slopes using an ANOVA (MATLAB Statistics Toolbox).
Some prey items, particularly copepods (Kiørboe et al.,
1999; Burdick et al., 2007), exhibit escape behaviors in
response to shear deformation. Therefore, the maximum
components of the 2D shear deformation rate generated
by the feeding current when ctenophores were oriented
with the y-axis in the oral – aboral direction, Szz and Szx
(Colin et al., 2010), were calculated (LaVision software)
for one still water case and one turbulence case:

j
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and more windy time period (Mean speed ¼ 4.0 m s21;
Fig. 3A and B) were representative of the lower and upper
end of wind speeds over the year: the 5, 50 and 95% cumulative frequencies from wind speeds measured during
2012 were at 0.8, 2.2 and 4.7 m s21, respectively (Fig. 3D).

Swimming behavior in laboratory
turbulence
In both still water and turbulence, ctenophores spent the
majority of the time near the top portion of the tank and
occasionally made forays deeper in the tank (Fig. 4A and
C). The mean observed speed and acceleration were
higher in the turbulence treatment (Table II). In still
water, M. leidyi spent 45% of the time stationary (i.e.
speed ,0.15 cm s21), whereas in turbulence, M. leidyi
spent only 32% of the time stationary (Fig. 5). The
NGDR, or tortuosity of the swimming tracks, was not different between treatments (Table II). Mean depth was
not significantly different between still water and turbulent treatments (Table II). However, frequency distribution plots based on instantaneous z-positions show a clear
avoidance of the top 6 cm in turbulence (Fig. 4B and D).
Higher M. leidyi speeds and accelerations were also measured in the top 3 cm in turbulence (Table III).

Influence of turbulence on feeding currents
Once turbulence was initiated, ctenophores were
observed to briefly fold the lobes inward but lobes
returned to a relaxed position within 10 s. Over the
30 min trial, there was no difference in lobe width in turbulent versus non-turbulent conditions (Fig. 6).
Laminar flows produced by the feeding current of
M. leidyi in still water were characterized by flow oriented
toward the oral structures. In contrast, feeding current
structure was degraded in both laboratory and field turbulence (Fig. 7). Although feeding current structure was
degraded in turbulent flows, the overall flux of fluid
between the lobes, Fmax, was not significantly different in
still water and turbulence (Fig. 8) due to higher swimming
speeds in turbulence (Table II). In addition, instantaneous shear deformation rates produced by background
turbulence in the laboratory and field were frequently
higher than those within the feeding current (Fig. 9). In
still water, instantaneous deformation rates that are high
enough to produce escape responses by common coastal
copepod species only occurred well within the lobes as a
result of the feeding current (Fig. 9A and D). In turbulence, on the other hand, instantaneous deformation
rates that are high enough to elicit escapes occurred
outside of the lobes as well as within the lobes due to the
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Fig. 3. Field TKE dissipation rate and winds speeds in Woods Hole, MA. Vertical profiles of field dissipation rates, 1, calculated from ADV
measurements taken on 14 August 2012 at (A) 9:55 and (B) 16:25. Grey shaded areas correspond to turbulence range in laboratory experiments.
Wind speeds at a local weather station are shown in (C) with grey shaded bars indicating approximate times when ADV measurements were taken
in (A) and (B). Wind speed frequency and cumulative frequency over a single year (2012) from the weather station are shown in (D). Dashed lines in
(D) correspond to 5, 50 and 95% of the cumulative frequency.
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Table II: Mnemiopsis leidyi swimming measured over 10 frames, corresponding to 1.67 s in still
water and 0.33 s in turbulence, show that deformation
behavior in the turbulence tank (mean + SD)
Flow
condition
Still water
Turbulence

Observed
speed
(cm s21)

Acceleration
(cm s22)

NGDR

Depth
(cm)

0.27 + 0.08
0.33 + 0.09
t ¼ 3.80
df ¼ 3
P ¼ 0.032

0.14 + 0.04
0.18 + 0.05
t ¼ 3.64
df ¼ 3
P ¼ 0.036

0.40 + 0.14
0.43 + 0.14
t ¼ 1.51
df ¼ 3
P ¼ 0.23

6.2 + 0.3
7.4 + 1.0
t ¼ 2.64
df ¼ 3
P ¼ 0.08

rates were more variable in turbulence and frequently
exceeded the escape threshold of copepod prey (Fig. 10).

n
4
4

T-test statistics and P-values for paired comparisons between still water
and turbulence are presented at the bottom of each column. n is the
number of individual tanks (four to six ctenophores per tank) observed in
each treatment.

influence of background turbulence (Fig. 9C and F).
Frequency histograms of the instantaneous shear deformation rate (Szx) for the individuals shown in Fig. 9A and C

DISCUSSION
In the natural environment, planktonic organisms are
exposed to a range of water motions that mediate fundamental activities, including swimming and feeding. The
results from this study show that M. leidyi have a behavioral response of increased swimming activity to even moderately low levels of turbulence that are common in
coastal regions in the mid-water column. Furthermore,
moderate levels of turbulence can potentially influence
M. leidyi feeding by degrading fluid structures generated
by the feeding current (though flux is not affected) and
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Fig. 4. Swimming depth (z) with time measured from 20 individuals in each treatment (A and C) and depth distribution frequency histograms
of M. leidyi from all instantaneous z-positions (B and D) measured in still water (11 422 observations) and turbulence (11 346 observations,
1  1027 W kg21).
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obscuring fluid mechanical signals that cue predatory
responses by the ctenophore as well as escape responses
by motile prey.

Swimming behavior in laboratory
turbulence

Table III: Swimming speed and acceleration of
M. leidyi within the top 6 cm and top 3 cm of
the tank calculated from instantaneous
measurements from 20 individuals in still water
and 20 individuals in turbulence (1 
1027 W kg21) conditions
Flow
condition

Depth
range
(cm)

Observed
speed
(cm s21)

Acceleration
(cm s22)

Number of
instantaneous
observations

Still water
Still water
Turbulence
Turbulence

0 –6
0 –3
0 –6
0 –3

0.24
0.21
0.27
0.96

0.16
0.15
0.17
0.93

6261
1795
4438
61

Fig. 6. Lobe position, measured as distance between lobe tips, versus
total ctenophore length measured in the turbulence tank in still water
and turbulence (1  1027 W kg21). The inset to the right indicates how
length and lobe opening were measured. There was no difference in
lobe width in turbulent versus non-turbulent conditions (ANCOVA,
F1,23 ¼ 0.05, P ¼ 0.83).
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Fig. 5. Frequency histograms showing observed speed of M. leidyi from
all instantaneous velocity measurements (11 422 observations) from
20 individuals in still water (A) and turbulence (11 346 observations,
1  1027 W kg21) (B). Relative numbers of speed observations are
expressed as percentages.

Under both still and turbulent conditions, M. leidyi spent
the majority of the time in the upper portion of the tank
(Fig. 4) and occupied a similar mean depth (6.2 + 2.1 cm
in still, 7.4 + 1.9 in turbulence, Table II). However,
M. leidyi actively avoided turbulence levels on the order of
1026 W kg21 within the top few centimeters of the turbulence generator (Fig. 4C and D). In addition to avoiding
the surface, mean observed speeds and accelerations
increased in response to turbulence throughout the tank
(Table II). Behavior in turbulence was not uniform with
depth; instead, the response to turbulence was most pronounced at the surface of the tank where the turbulence
levels were highest (Table III). The observed speed was
2.8 times higher and the acceleration was 4.3 times
higher in the top 3 cm of the tank (Table III) when compared with the mean speed and acceleration for the full
30 cm depth of the tank (Table II). Observed speeds in
the top several centimeters were also about three times
higher than the fluid velocities (Tables I and III) indicating that avoidance of turbulence was an active behavioral
response and not simply the result of passive transport.
This behavior was surprisingly sensitive to the gradient in
turbulence. Even with relatively small changes in turbulence (levels ranged within about one order of magnitude), the highest observed speeds and accelerations
occurred where the turbulence levels were greatest and
this effect was observed on the scale of cm (Table III).
Avoidance of low to moderate levels of turbulence corroborates field data showing that M. leidyi maintain deeper
depth distributions during wind-mediated turbulence at
the sea surface (Mianzan et al., 2010). Previous studies
have shown M. leidyi to increase swimming speeds in response to gelatinous predators (Chrysaora quinquecirrha:
Kreps et al., 1997; Beroe ovata: Titelman et al., 2012) but
this is the first indication that M. leidyi can respond to a
fluid mechanical signal.
Swimming behavior in turbulence can be considered
in the context of the motility number (Mn) which measures the extent to which swimming behavior exceeds
background turbulence (Gallager et al., 2004). In the
current study, the Mn for M. leidyi throughout the tank
was 2 and the Mn for M. leidyi in the top 3 cm was 6.
A value for Mn . 1 suggests that behavior exceeds
passive transport due to turbulence and Mn . 3 suggests
that organisms can aggregate. Though experiments in
tanks cannot fully be extrapolated to the field, these Mn
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Fig. 8. Fluid flux to M. leidyi feeding structures (Fmax) in still water and
in turbulence (1 ¼ 2 –20  1027 W kg21). Fmax is a function of the
relative velocities of the ctenophore and the fluid and represents a
maximum clearance rate. There was no difference in flux in turbulent
versus non-turbulent conditions (ANCOVA, F1,22 ¼ 0.38, P ¼ 0.54).

values suggest that M. leidyi are capable of aggregating in
response to even relatively low levels of turbulence due to
avoidance behavior. Again, field observations off the
coast of southern Argentina (Costello and Mianzan,
2003) support the notion of behaviorally mediated aggregations in response to turbulence (Mianzan et al., 2010).
Field measurements of turbulence collected during a
range of wind speeds in the same shallow region where
experimental specimens were collected indicated that
wind-driven turbulence declines rapidly with depth
(Fig. 3). When wind speeds were relatively low, turbulence
approached 1025 W kg21 at the surface but declined to a
level below 1026 W kg21 within 2 m of the surface.
When wind speeds were higher, turbulence was higher at
the surface and also dissipated with depth, approaching
1026 W kg21 near the bottom. In other words, even
under windy conditions, there was a refuge at depth from
turbulence and our behavior experiments in the laboratory show that M. leidyi are capable of seeking out these

less turbulent depths. Based on wind speed measurements taken over an entire year, there would almost
always be a refuge at depth from wind-driven turbulence
at this study site: when ADV measurements were taken
during a more windy period, the mean wind speed was
4 m s21 and during 2012, wind speeds exceeded
4.7 m s21 only 5% of the time (Fig. 3D). Though our
measurements indicate that turbulent flow is primarily
driven by wind at our study site, turbulence is also generated by tides and internal waves. Mnemiopsis leidyi could
be capable of avoiding higher levels of turbulence
throughout the water column, suggesting that turbulence
is an important factor in structuring vertical distribution.
Additionally, our results suggest that the behavior of
M. leidyi may result in relatively fine-scale vertical distributions of the ctenophore.
Turbulence avoidance behavior may be important for
distribution and ingestion rates of planktonic organisms
at the community scale. The few studies examining zooplankton distributions in the field at relevant scales
suggest that surface turbulence acts as a cue for downward shifts in vertical distribution (Incze et al., 2001;
Maar et al., 2006). By avoiding surface turbulence,
M. leidyi would spend more time at depth where plankton
concentrations might be lower. However, their planktonic
prey may simultaneously respond to the same physical
cues, although they might be expected to have different
thresholds depending on species-specific length scales of
sensory structures as well as sensitivity to hydrodynamic
cues. In the turbulence generator, the Kolmogorov scale
(h) was 1– 2 mm, which is larger than for many planktonic prey. However, the flow below this scale would
likely be characterized by shear deformation and zooplankton, including copepods (Fields and Yen, 1997;
Kiørboe et al., 1999), and protists (Jakobsen, 2001), are
known to detect and respond behaviorally to shear deformation. An understanding of the effect of turbulent
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Fig. 7. Instantaneous velocity vectors and speed contours produced by feeding current and background flow in still water (tank) (A), 1 ¼ 5.0 
1027 W kg21 (tank) (B) and 1 ¼ 9.3  1027 W kg21 (field) (C). The inset on the left is plotted over a smaller-scale range to more clearly show the
signature of the feeding current in still water. Scale bars are 1 cm.

K. R. SUTHERLAND ET AL.

j

FEEDING BY M. LEIDYI IN TURBULENCE

Influence of turbulence on feeding currents

Fig. 10. Frequency histograms showing instantaneous shear
deformation rates, Szx (s21), measured across a transect between the
lobe tips over 10 contiguous frames in still water (1.67 s) (A) and
turbulence (0.33 s) (B). Solid black vertical lines show mean shear
deformation rate and dashed lines show the standard deviation. Grey
shaded areas indicate the range of deformation rates that elicit escape
responses from copepod species (as in Fig. 9).

flow on plankton distributions at the community-wide
level awaits further field studies but it is likely that encounter and ingestion rates are strongly mediated by vertical patterns of turbulence (Franks, 2001).

In addition to influencing swimming behavior and distribution, laboratory and field turbulence influenced
organism-level aspects of M. leidyi suspension feeding.
Lobe width has been observed to decrease when organisms are disturbed in the field (J. H. Costello, unpublished
results). After an initial “startle response”, mean lobe
width did not change under laboratory turbulence levels,
though it was more variable (Fig. 6). The characteristic
fluid structure of the feeding current (Colin et al., 2010)
was degraded even in moderately low turbulence (Fig. 7).
Although models predict potential feeding current
erosion in turbulent flows (Kiørboe and Saiz, 1995),
there are few direct observations of this in the laboratory
(Marrasé et al., 1990) and none, to the best of our knowledge, from the field. In still water, M. leidyi produces an
organized, laminar feeding current with flow oriented
parallel to the lobes and this organized structure extends
beyond the lobes (Fig. 7A, Colin et al., 2010). The feeding
current is effective of drawing a range of non-motile (e.g.
invertebrate larvae, fish eggs), and motile (e.g. copepods,
fish larvae) prey types toward the feeding structures
(Costello et al., 2012). However, in turbulent flows,
feeding currents were eroded beyond the tips of the lobes
and even between the lobes, i.e. the flow was much less
organized and velocity vectors did not necessarily orient
toward the mouth, particularly in the case measured
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Fig. 9. Instantaneous 2D shear deformation rate contours of the maximum components (Szx and Szz) produced by the M. leidyi feeding current and
background flow in still water in the tank (A and D), in turbulence in the tank (B and E) and in the field (C and F). Colored transects show shear
deformation through feeding regions and outside feeding regions in still water and in turbulence. Grey shaded areas indicate the range of
deformation rates that elicit escape responses by common, coastal copepod species, Acartia (0.5 s21), Centropages (1.2 s21), Tortanus (0.34 s21) and
Eurytemora (0.6 s21) (Kiørboe et al., 1999; Green et al., 2003; Burdick et al., 2007). Scale bars are 1 cm.
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Yet, A. tonsa contacting the lobes are retained with only
62% efficiency whereas A. tonsa contacting the tentillae
are retained with 85% efficiency (Waggett and Costello,
1999). Therefore, the presence of heightened turbulence at
the primary capture surface for copepods (i.e. the oral
lobes) would be expected to reduce retention. In other
words, the presence of stochastic flow in the background
can be expected to diminish the capability of motile prey
to detect the presence of M. leidyi. Furthermore, M. leidyi
can also anticipate the presence of a copepod before it
contacts the lobes and responds positioning the lobes to
minimize escape routes (Costello et al., 1999); the presence
of background fluid motion would also be expected to
damp this anticipatory response.
Further characterization of realistic levels of turbulence
on M. leidyi predation, on both motile and non-motile
prey, will require direct observations of encounter and
capture in addition to ingestion rate measurements.
However, the results presented here show that turbulent
flows, which are characteristic of the coastal environment, are expected to influence both the vertical distribution and feeding success of M. leidyi. Since M. leidyi is
primarily distributed in shallow, coastal areas in both
native and non-native habitats, turbulence is an important
environmental parameter that helps determine its trophic
role. More broadly, the direct observation that feeding currents are eroded in turbulence suggests that this may be an
important factor for other planktonic suspension feeders.
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