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Unsteady motion: escape jumps in
planktonic copepods, their kinematics
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We describe the kinematics of escape jumps in three species of 0.3–3.0 mm-sized planktonic
copepods. We find similar kinematics between species with periodically alternating power
strokes and passive coasting and a resulting highly fluctuating escape velocity. By direct
numerical simulations, we estimate the force and power output needed to accelerate and over-
come drag. Both are very high compared with those of other organisms, as are the escape
velocities in comparison to startle velocities of other aquatic animals. Thus, the maximum
weight-specific force, which for muscle motors of other animals has been found to be near con-
stant at 57 N (kg muscle)21, is more than an order of magnitude higher for the escaping
copepods. We argue that this is feasible because most copepods have different systems for
steady propulsion (feeding appendages) and intensive escapes (swimming legs), with the
muscular arrangement of the latter probably adapted for high force production during
short-lasting bursts. The resulting escape velocities scale with body length to power 0.65,
different from the size-scaling of both similar sized and larger animals moving at constant vel-
ocity, but similar to that found for startle velocities in other aquatic organisms. The relative
duration of the pauses between power strokes was observed to increase with organism size. We
demonstrate that this is an inherent property of swimming by alternating power strokes and
pauses. We finally show that the Strouhal number is in the range of peak propulsion
efficiency, again suggesting that copepods are optimally designed for rapid escape jumps.

Keywords: hydrodynamics; startle response; muscle force; muscle power;
escape velocity; Strouhal number
1. INTRODUCTION

Copepods constitute the absolutely dominating meso-
zooplankton group in marine plankton and are maybe
the most abundant metazoans on the Earth (Humes
1994). Key to their success is probably their capability
of detecting hydrodynamic disturbances created by
approaching predators, and of escaping these at very
high velocities (Verity & Smetacek 1996). Upon detecting
a predator, millimetre-sized copepods may accelerate at
more than 200 m s22 and within milliseconds reach vel-
ocities of several hundreds of body lengths per second
(Buskey et al. 2002; Lenz et al. 2004; Burdick et al.
2007; Waggett & Buskey 2007, 2008). Such escape
jumps may bring the copepod to a safe distance from
orrespondence (tk@aqua.dtu.dk).
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the predator. These traits are facilitated, respectively,
by the sensory-armed antennae extending from the
body and by a streamlined, muscular body-plan.

The size-scaling of swimming speed and limb move-
ment frequency has been discussed at least since Hill
(1950), who suggested that animals of similar shape
should swim (or run) at size-independent velocities
and that limb frequency should consequently scale
inversely with length (Biewener 2003). In contrast,
optimization of distance covered per unit of energy
expenditure using constructural theory rather predicts
that propulsion velocity should scale with the square
root of organism length, and stroke frequency inversely
with the square root of length in running, flying and
swimming animals (Bejan & Marden 2006). Optimiz-
ation considerations for propulsion efficiency lead to
scaling properties that are consistent with either of
these predictions (Taylor et al. 2003). These two the-
ories mainly consider organisms operating at high
This journal is q 2010 The Royal Society
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Reynolds numbers and moving at constant speed, and
both theories have found empirical evidence from obser-
vations of movement speeds and limb frequencies in
swimming vertebrates and flying birds and insects
(Bejan & Marden 2006; Sato et al. 2007). However,
escape and other startle responses differ from continuous
swimming by being inherently unsteady and character-
ized by high acceleration. Moreover, millimetre-sized
zooplankton performing escape jumps move from the
viscous to the inertial regime during the escape
(Van Duren & Videler 2003) where the drag coefficient
changes dramatically as a function of the velocity.
Finally, for escaping animals, natural selection may be
for speed and distance rather than energy efficiency
during the escape. Hydrodynamic constraints, require-
ments for high instantaneous force and power output,
and optimization of survival rather than energy effi-
ciency may lead to different scaling properties of jump
speed from those for animals searching for food and
cruising at a steady speed at high Reynolds numbers.

The energetic requirements for swimming and jump-
ing are normally considered to constitute a small
fraction of the total energy expenditure in zooplankton
(Vlymen 1970; Morris et al. 1985, 1990; Alcaraz &
Strickler 1988; Crawford 1992; Van Duren et al. 2003;
Svetlichny & Hubareva 2005). However, the require-
ments for instantaneous muscle force and power
production during short-lasting escape jumps may be
substantial; the few indirect estimates available suggest
that copepods operate at the maximum muscle power
known among invertebrates and even vertebrates (see
reviews in Lenz et al. (2004) and Askew & Marsh
(2002)). While swimming in copepods is typically
accomplished by the vibration of the feeding appen-
dages, copepods jump by sequentially striking the four
or five pairs of legs backwards followed by a recovery
stroke where all legs are moved forward simultaneously.
This ‘beat cycle’ may be repeated several times.
Obviously, the higher the beat cycle frequency and
the number of cycles in a jump, the faster and further
the copepod will get, and both are critical to the success
of an escape jump. The durations of both the active and
the recovery phase of the jumps may be constrained by
the capacity of the muscles (force) and by the require-
ments for high instantaneous power output, and
either or both are therefore likely to determine the scal-
ing properties of escape jumps. The maximum constant
force that a muscle can output scales with its trans-
sectional area (Hill 1950; Marden 2005), whereas in
muscles that cycle (such as when moving limbs) the
force output appears rather to scale with muscle mass,
i.e. with organism length cubed (Marden & Allen
2002; Marden 2005). The size-scaling is less well
known for aquatic organisms operating at Reynolds
numbers less than 102, although force output has been
shown to scale with body length to a power between
one and three (Marden 2005).

In this study, we ask how unsteady startle velocities
scale with size in small aquatic organisms that operate
at intermediate Reynolds numbers, and whether the
unusually high specific power outputs reported earlier
for copepods are consistent with the escape speeds
that one can observe. We describe the kinematics of
J. R. Soc. Interface
the escape jumps in three species that vary by a
factor of 10 in length (0.3–3 mm) and 103 in mass
(102321 mg), and through direct numerical simulation
we quantify the force and power that the copepod must
provide to move with the observed kinematics. We
then use a simple analytical model to compare the
size-scaling of the kinematics and energetic properties
of the escape for copepods with other organisms.
2. MATERIAL AND METHODS

2.1. Observations and experiments

Oithona davisae (adult prosome length 0.32 mm) and
Acartia tonsa (0.75 mm) were taken from our continu-
ous cultures whereas Calanus finmarchicus (3.0 mm)
was collected in the Kattegat (Gulmar Fjord) and
kept in the laboratory for several weeks until they
were used in the experiments.

Observations were made in 1 l (A. tonsa,
C. finmarchicus) or 65 ml (O. davisae) aquaria. We
recorded escape jumps by a high-speed digital video
camera, Phantom v. 4.2 Monochrome, at a resolution
of 512 � 512 or 400 � 400 pixels and at frame rates
between 2000 and 3500 fps. We used lenses such that
the fields of view were 5 � 5, 15 � 15 or 50 � 50 mm2,
smallest for the smallest species. In a few cases we
filmed jumps at higher magnification to describe details
of limb motion. Escape jumps were either apparently
spontaneous or they were provoked by tapping the
side of the aquarium or approaching the copepod by a
pipette tip. We analysed only the small fraction of
jumps that took place in the plane perpendicular to
the direction of observation. In a few cases for
C. finmarchicus, we positioned a mirror in the diagonal
of the aquarium such that we could follow the copepod
in three dimensions by combining the image and the
mirror image of the copepod. Illumination was provided
by a 50 W halogen bulb that was pointed into the
aquarium towards the camera. Experiments were con-
ducted at 208C (A. tonsa and O. davisae) or 128C
(C. finmarchicus). We analysed in total 15 jumps
(including 42 jump cycles) in A. tonsa, 13 jumps (59
beat cycles) in C. finmarchicus and 24 jumps (68 beat
cycles) in O. davisae. In addition, six jumps in
A. tonsa and one in O. davisae were analysed for
detailed motion of the appendages.
2.2. Kinematic description of jumps

Using IMAGEJ we digitized the temporal positions of the
front tip and end of the prosome (the main body) and
we noted the time of the start and end of the power
stroke of the swimming legs. We use the terms ‘beat
duration’ and ‘pause duration’ to describe the durations
of the power stroke and the time interval between the
termination of one and the onset of the subsequent
power stroke, respectively. Thus, the pause includes
the recovery stroke. The temporal positions of the
body (mean of front and end of body) were used to com-
pute velocities. In some cases we additionally digitized
the positions of the tip of the urosome (tail), as well
as the tips of each of either the left or the right first

http://rsif.royalsocietypublishing.org/


Table 1. List of symbols.

A constant in analytical solution
a aspect ratio of copepod body
b propulsion force coefficient (N m22)
CD drag coefficient
D drag (N)
h dynamic viscosity (Pa s)
F propulsion force (N)
g parameter in propulsion force model
K increase of kinetic energy in beat phase (J)
L prosome length (mm)
m mass of copepod (kg)
mf mass of displaced water (kg)
n kinematic viscosity (m2 s21)
f azimuthal angle (rad)
Plow average power at low Reynolds number (W)
Phigh average power at high Reynolds number (W)
Q work to overcome drag in beat phase (J)
r radial coordinate (mm)
R radius of model copepod (mm)
r copepod density (kg m23)
rf water density (kg m23)
Re Reynolds number based on instantaneous velocity
Remax Reynolds number based on maximum velocity
Remean Reynolds number based on average velocity
t time (ms)
tmax time when maximum velocity is reached (ms)
T beat duration (ms)
t Stokes time scale (ms)
uf azimuthal flow velocity (mm s21)
ur radial flow velocity (mm s21)
uz axial flow velocity (mm s21)
V copepod velocity (mm s21)
Vmax maximum copepod velocity (mm s21)
Vmean average copepod velocity (mm s21)
DV velocity fluctuation (mm s21)
W work of propulsion force in beat phase (J)
z axial coordinate along copepod body axis (mm)
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antenna (if visible) and the tips of the four or five pairs
of swimming legs (fifth leg is much reduced in A. tonsa;
O. davisae has only four pairs of swimming legs). These
were positioned relative to the animal in a coordinate
system that had the tip of the head as the origin and
the z-axis aligned with the length-direction of the body.

2.3. Direct numerical simulations

In order to estimate the force and power that the cope-
pod has to produce to propel itself during a jump, we
computed the flow field created by the copepod
moving with the observed kinematics. To do so, we
modelled the copepod as a prolate spheroid with
major axis L equal to the prosome length and equatorial
diameter to length aspect ratio, a, similar to what we
measured for the three species (O. davisae: a ¼ 0.51,
A. tonsa: a ¼ 0.38, and C. finmarchicus: a ¼ 0.36).
For each species, the velocity variations over time,
V(t), of the four fastest jumps were extracted from
the observations and fitted by third-order polynomials.
We restricted these fits to the first power stroke in
which the copepod starts from rest and only to the
beat period from the beginning to the end of the
power stroke. The fits were used to prescribe the
motion of the spheroid in its length direction. For
each of the 12 cases we solved the Navier–Stokes
equation with the commercial software COMSOL.
The equation was solved in the accelerated reference
frame of the copepod and using cylindrical polar coordi-
nates (r, f, z) with 200 time steps of equal length. We
used a no-slip boundary condition on the surface of the
spheroid, which was placed at the centre of a cylindrical
domain of height 30L and radius 15L, assuming that on
the external walls of the domain the velocity field had
to satisfy ur ¼ uf ¼ 0 and uz ¼ 2V(t). All symbols
used are listed in table 1.

2.4. Analytical model

We also developed a simple analytical model to facili-
tate interpretation of the observations. In the
analytical model we approximate the copepod by a
sphere with the same volume as the prolate spheroid
in the direct numerical simulations. The radius of the
sphere is therefore

R ¼ a2=3 L
2

� �
: ð2:1Þ

As in the direct numerical simulations we assumed that
the copepod moves linearly during the jump and we
made no attempt to model the specific movements of
the swimming legs that generate the propulsion force.
We used the equation of motion

m þ 1
2

mf

� �
dV
dt
¼ F � D; ð2:2Þ

where m ¼ (4/3)prR3 is the mass of the copepod, mf ¼

(4/3)prfR
3 is the mass of the displaced water, F is the

propulsion force acting on the copepod, and D is the
drag. The second term on the left-hand side is due to
the added mass effect. The added mass of a sphere is
equal to half of the mass of the water displaced by the
J. R. Soc. Interface
sphere (Lamb 1932). Copepods are slightly more
dense than water, but for simplicity we assumed the
copepods to be neutrally buoyant so that r ¼ rf.

The second term on the right-hand side of equation
(2.2) is the hydrodynamic drag

D ¼ 1
2
pCDrf R

2V 2: ð2:3Þ

The dimensionless drag coefficient CD depends on the
Reynolds number, Re, defined as

Re ¼ 2RV
n

; ð2:4Þ

where n is the kinematic viscosity. We used the Rey-
nolds number-dependent drag coefficient

CD ¼
24
Re
þ 5ffiffiffiffiffiffi

Re
p þ 2

5
: ð2:5Þ

The empirical drag expression is valid for a steadily
translating sphere (Lautrup 2005; White 2006). We
apply it here in a quasi-static sense. The maximum
Reynolds number for escape jumps in the three copepod
species ranges from 102 to 103 and we are therefore in a

http://rsif.royalsocietypublishing.org/
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Figure 1. Acartia tonsa. Velocity as function of time during
one beat cycle (a), swimming leg velocity and position
relative to the body of the copepod (b,c) and orientation of
the body and the tail (urosome) during a beat cycle (d). In
(d) body angle is relative to the horizontal and urosome
angle is relative to the body. (e) Shows frozen video images
3 ms apart, with the first image at time 0.7 ms, and the
last image at time 8.8 ms. The copepod is viewed from
the side. (b,c) Filled circle with solid line, leg 4; open circle
with dotted line, leg 3; filled inverted triangle with dashed
line, leg 2; open triangle with dashed-dotted line, leg 1;
(d) filled circle with solid line, body angle; open circle
with dotted line, urosome angle.
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Reynolds number range in which all three terms in the
empirical drag coefficient (2.5) are of potential
importance.

In summary we have the following equation of
motion with all the terms written out explicitly:

2prR3 dV
dt
¼ F � 6phRV

� 5
23=2

pr1=2 h1=2 R3=2V 3=2

� 1
5
prR2V 2; ð2:6Þ

where h ¼ rf n is the dynamic viscosity. In the equation
we have neglected the history dependence of the fluid
forces. The so-called Basset–Boussinesq history term
is well known for the linearized Navier–Stokes equation
but unknown in situations in which the advective accel-
eration term is of potential importance as in the present
problem (Odar & Hamilton 1964). To test the applica-
bility of equation (2.6) we made a comparison with the
fluid forces obtained in direct numerical simulations of a
sphere starting from rest and moving with a constant
acceleration, for maximum Reynolds numbers in the
range from Re ¼ 0.1 to 100. This showed that equation
(2.6) captures the qualitative behaviour of the fluid
forces well in the whole Reynolds number range, but
underestimates the magnitude of the hydrodynamic
force and power by 10–20%. Therefore, we use the
direct numerical simulations to determine the force
and power that the copepod needs to propel, whereas
we use the analytical model for our qualitative
discussions.

In applying the analytical model we assume either
that the copepod has a constant acceleration during
the beat phase and constant deceleration during the
pause phase, or that it produces a constant propulsion
force in the beat phase and zero force in the pause
phase. For the latter assumptions (constant propulsion
force) equation (2.6) can be solved analytically if the
interpolating drag term (proportional to V3/2) is
neglected. In the beat phase we find

V ðtÞ ¼ 15n
R

A tanh
At
2t
þ tanh�1 1

A

� �
� 1

� �
; ð2:7Þ

where we assume that the copepod starts from rest at
t ¼ 0, where t ¼ R2/(3 n) is the Stokes time scale
(Berg 1993) and where A ¼ [1 þ F/(45prn2)]1/2. In
the coasting phase we find

V ðtÞ ¼ Vmax

ð1þ Remax=60Þ eðt�tmaxÞ=t � Remax=60
; ð2:8Þ

where we assume that the coasting starts at t ¼ tmax

with V ¼ Vmax and where the Reynolds number
Remax ¼ 2RVmax/n is defined using the maximum
velocity.
3. RESULTS

3.1. The jump

The sequence of events during jumps is similar between
the three species (figure 1; see also the electronic
J. R. Soc. Interface
supplementary material, movies S1–S3). Often a
jump is initiated by the copepod reorienting by bending
the urosome (tail) and folding back one or both of the
first antennae. Subsequently, one pair of swimming
legs after the other strikes backward at very high
speed, with the posterior pair striking first and the
others following, with an about 908 phase delay
between legs (figure 1b,c). As a result, the copepod
accelerates to its maximum velocity over a period of
a few milliseconds (figure 1a). Subsequently, the swim-
ming legs are recovered, all at the same time, while the

http://rsif.royalsocietypublishing.org/
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animal coasts forward at a decelerating velocity. If it is
the last beat cycle in a jump, the antennae unfold and
the copepod eventually stops. Otherwise, the sequence
is repeated after a delay. A jump may consist of one
or many consecutive beat cycles (we observed up
to nine) and the velocity of the copepod fluctuates
accordingly (figure 2).

The animal appears to use the urosome to steer,
but the steering mechanism seems more like a ‘contra
oar’ than a rudder. Because the swimming legs are
all on the ventral side of the animal, their beating
would tend to rotate the animal along its length axis
and around its side–side axis (pitch); the urosome
compensates for that. For the example shown in
figure 1 and in the electronic supplementary material,
movie S1, the animal starts the jump in an almost ver-
tical position. As the first pair of legs strikes, the
urosome is bent backward (dorsally) and the animal
turns such that its jump direction becomes horizontal
(ventral side up). As the subsequent leg-pairs strike,
the urosome is being bent more and more forward
(ventrally), apparently preventing the rotation of the
animal. At the end of the beat cycle, as the animal
decelerates, the urosome is turned the most forward
(ventrally), and the animal swings into a vertical pos-
ition again. This is repeated during all four consecutive
beat cycles in this particular animal, but the exact
steering may vary substantially between jumps and
the copepod seems to have full control over the direc-
tion of the jump.
J. R. Soc. Interface
3.2. Beat duration

The duration of the power stroke of the swimming legs
varies substantially between the jumps, and the maxi-
mum velocity during a beat decreases with the
duration of the beat (figure 3a). In the two smaller
species, velocity varies almost inversely with beat dur-
ation; in the larger species the dependency is less
pronounced. Oithona davisae is an ambush feeder that
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most of the time hangs motionless in the water, only
interrupted by occasional repositioning jumps. The seg-
regation of jumps into slow and fast ones corresponds to
repositioning and escape jumps (figure 3a). Acartia
tonsa switches between ambush feeding and feeding
while swimming and here again the longer beat dur-
ations correspond to reposition jumps during ambush
feeding. For later analyses, we separated escape from
repositioning jumps at a set beat duration (7 ms for
both species). All jumps in C. finmarchicus are escape
jumps, albeit of variable strengths. In O. davisae,
those females that carry eggs jump slightly slower
than those that do not, but the difference is not statisti-
cally significant (analysis of residuals; p . 0.05).

If only escape jumps are considered, the average beat
duration is similar among the two smaller species, but
lasts about twice as long in the larger species
(table 2). Irrespective of the duration of the stroke
phase, the distance covered during the stroke is
almost constant and averages a little less than two
body lengths in all species (figure 3b,c and table 2).
3.3. Pause duration and beat cycle frequency

The duration of the pause following a power stroke is
independent of the duration of the stroke (within
species), except in C. finmarchicus, where the two are
positively correlated (R ¼ 0.55, p , 0.05). Average
pause durations are similar among the two smaller
species but pauses last about three times longer in the
larger species, whether considering only escape jumps
(table 2) or all jumps (data not shown). Accordingly,
the resulting beat cycle frequency, (stroke duration þ
pause duration)21, varies between the two smaller
species and the larger one by a factor of 2.5 (table 2).
The Strouhal number, i.e. the beat cycle frequency
times the stroke amplitude (assumed to be one
body length) divided by the average escape velocity,
is remarkably constant between species averaging
0.23–0.24 (table 2).

The ratio of pause to stroke duration varies signifi-
cantly between the three species and increases with
the size of the copepods (figure 4a and table 2). That
is, larger copepods have relatively longer pauses
between strokes. The copepod keeps gliding forward
during the pause due to inertia, most pronounced for
the large species (see below). Because both coasting dis-
tance and relative pause duration increase with size, the
distance covered during the entire beat cycle (stroke þ
pause) increases with size (figure 4b). The velocity aver-
aged over the entire beat cycle decreases with increasing
pause duration, which is most obvious when comparing
across species and only statistically significant within
species for A. tonsa (figure 4c).
3.4. Maximum velocity

The maximum velocity during the beat cycle increases
with copepod size (table 2). Our data are consistent
with those from the literature, but expand the range
to smaller sizes and together with literature data
suggest a power-law dependency with an exponent of
0.65 (figure 5). The size-scaling of escape velocities is
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p ,0.0005. Open circle, O. davisae; open triangle, A. tonsa;
open square, C. finmarchicus.
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Figure 5. Escape and cruise velocities of pelagic copepods as
measured in this study and reported in the literature. The
dashed lines are power laws fitted to the data, which yield
powers of 0.65 and 0.93 for the escape and cruise velocities,
respectively. The solid lines are velocities predicted from
equation (4.3), either by fitting the expression to the data
(cruise velocities, with the propulsion force, F, as the free vari-
able to be estimated), or by computing velocities using an
estimate of the coefficient b from the data in figure 8. We
used the definition b ¼ F/(pR2) and found the average
101+40 N m22 (+s.d.; n ¼ 12), with R taken as 1

2 � 0.42 �
length of the copepod from the average aspect ratio of cope-
pods in this study. The literature observations on cruise
velocities were taken from the data compilations of Máuchline
(1998) and Kiørboe & Bagøien (2005) supplemented with
data from Titelman (2003) and Goetze & Kiørboe (2008) as
well as own unpublished observations on Acartia grani.
Adult males were excluded from the compilation. Literature
jump velocities were from Yen & Strickler (1996), Buskey
et al. (2002), Waggett & Buskey (2007, 2008), Burdick et al.
(2007) and Kiørboe et al. (2009). Regression equations for
escape and cruise velocities (v, mm s21) as functions of
prosome length (L, mm) are: logvescape ¼ 2.58 þ 0.65logL,
r2 ¼ 0.85; logvcruise ¼ 0.38 þ 0.93logL. Open circle, Oithona;
open triangle, Acartia; open square, Calanus; open inverted
triangle, literature, escape; filled circle, literature, cruise.
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significantly different from the size-scaling of cruising
copepods, where velocity increases almost proportion-
ally to copepod size (figure 5).
3.5. Force and power

We fitted the analytical model, equation (2.7), to the
observed temporal variation in velocity during the
J. R. Soc. Interface
beat phase and predicted the subsequent pause phase
from equation (2.8) in typical examples for the three
species (figure 6). Both the acceleration and the coast-
ing are captured well by the analytical model. We use
the observed kinematics and direct numerical simu-
lations to obtain the temporal force variation
(figure 7) and estimates of the average specific force
and power (figure 8). The time dependence of the
force is similar for all species with an initial increase
to a near constant level, and a decline at the end of
the power stroke. The average force has been expressed
relative to either the body weight or the cross-sectional
area of the copepod (pR2) and is equally (in)consistent
with either scaling (figure 8). The weight- and area-
specific force outputs vary between 90–330 N kg21

and 50–150 N m22, respectively, between the three
species, with A. tonsa being the most forceful. The aver-
age specific power output also showed no clear trends
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among species (figure 8) and it varied somewhat between
species, lowest in C. finmarchicus (average 30 W (kg
body mass)21), highest in A. tonsa (100 W kg21) and
intermediate in O. davisae (40 W kg21).
4. DISCUSSION

4.1. Force production and power output

Startle responses in zooplankton and other organisms
attempting to escape a predator are likely to be exe-
cuted with the maximum muscular force and power
output that the organism can produce. We have esti-
mated these parameters from observed velocity
variation during the course of copepod escape jumps
by means of direct numerical simulations. Our
method represents an advance over previous attempts
(Vlymen 1970; Fields 2000) since we solve the
Navier–Stokes equation directly and thus include the
J. R. Soc. Interface
so-called history term. Our approach, however, ignores
the motion of the swimming legs and the estimated par-
ameters are, thus, preliminary and, presumably,
conservative. We nevertheless have confidence in our
estimates, because the estimate of forces compare well
with—but are slightly smaller than—those measured
experimentally in similar-sized copepods tethered to a
force transducer (Lenz & Hartline 1999; Lenz et al.
2004) or a spring (Alcaraz & Strickler 1988). Specifi-
cally, the observations of Lenz et al. (2004) on
C. finmarchicus compare favourably with our estimates
for the same species, both in terms of magnitude and
temporal variation during the beat phase (figure 7).
The discrepancy in magnitude may simply reflect the
fact that escape intensity varies between escape
events (figure 3a), e.g. as a function of the stimulus
(Waggett & Buskey 2007), and the escape velocities
recorded by Lenz et al. (2004) were higher than those
recorded in our experiments.

Hill (1950) argued that the maximum force that a
muscle can produce scales with its cross-sectional area
whereas Marden (2005) maintained alternatively that
muscle-motor performance in muscles of ‘larger’ organ-
isms that cycle at a steady rate should scale with muscle
mass. Our data are somewhere in between, although it
is questionable to deduce a proper scaling for just
three species, where species-specific and temperature
differences may become important. Nevertheless, we
may compare the force magnitudes found here with
those reported in the literature. Marden (2005) exam-
ined how the maximum net force production of
isolated muscles during maximum tension as well as
that of intact organisms (with muscles attached to the
lever system of the animal limbs) vary as a function of
muscle mass (figure 8b). The mass-specific maximum
net force output is strikingly constant among larger
(Re more than 100) intact organisms, including both
vertebrates and invertebrates, averaging a temperature
independent value of 57 N(kg muscle)21. The
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corresponding values for our three copepod species,
integrated over the entire beat cycle, averaged 100–
300 N (kg body)21, or 500–1500 N (kg muscle)21 if
the jump-muscle mass is 20 per cent of the body mass
(cf. Lenz et al. 2004). Thus, the maximum specific
force output of copepod jump muscles is more than an
order of magnitude higher than that recorded in
larger animals translating at a steady pace, even
where the copepods overlap in size with the motors
examined by Marden (2005), but well below that maxi-
mally produced by individual muscles (figure 8b).
While copepods are suspected to be able to store mech-
anical energy in elastin (Alcaraz & Strickler 1988), this
capacity cannot explain the high force output because
our estimate is averaged over an entire beat cycle (i.e.
including the pause). Marden (2005) suggested that
the constancy of the mass-specific net force production
found among animal and mechanical motors alike is
related to the longevity of the motor system, which
varies inversely with performance and appears to
decline rapidly at loads greater than 100 N kg21. The
short intense burst of an escape motor would not be
similarly constrained. Even though the legs are referred
to as swimming legs, they are, however, in most cope-
pods only used for jumps. The musculatures of the
legs are similar among taxonomically diverse copepods
(Boxshall 1992), but it is difficult to figure out the
exact lever system from existing descriptions of the
muscle arrangements because the muscles do not
attach to the leg itself and the power stroke is produced
indirectly (Boxshall 1985). While the force produced by
isolated muscles of copepods cannot exceed that
suggested in figure 8b (group 1), the high force pro-
duction in escaping copepods would suggest a lever
system specifically adapted for startle responses and
with a gearing different from the lever system of appen-
dages used for continuous translation. This may explain
J. R. Soc. Interface
why the startle responses of copepods are an order of
magnitude higher than those recorded in most other
similarly sized aquatic animals (Lenz et al. 2004) that
use the same propulsion apparatus for escape and
steady translation. It is striking that shrimps, which
also have separate propulsion systems for escape and
swimming, have escape velocities similar to copepods
and higher than those of all others in the data
compilation of Lenz et al. (2004).

The estimated power output during escapes is simi-
larly impressive and compares rather well with
previous, independent estimates for copepods. Thus,
from observations of the kinematics of limb movements
and measurement of the forces working on the swim-
ming legs of a tethered copepod Lenz et al. (2004)
estimated 60 W kg21 for C. finmarchicus integrated
over the entire beat cycle, 2–4 times our average for
this species, but similar to our overall average estimate
for the three species. Estimates for other species, arrived
at in similar ways, are of similar order of magnitude
(Svetlichnyy 1987; Lenz & Hartline 1999). If the
muscles used for propulsion account for 20 per cent of
the body mass then the power output is approximately
300 W (kg muscle)21 and the escaping copepods out-
power most other invertebrates and produce as
much power as the most powerful vertebrate muscles
(Askew & Marsh 2002).
4.2. The cost of a fluctuating translation velocity

Most escape jumps consist of consecutive beat cycles
and are characterized by a highly fluctuating velocity
of the copepod (figure 2). The fluctuating velocity has
an energetic cost as compared with a steady motion.
To estimate the cost of the velocity fluctuation on the
average power output, we draw on a simple model
developed by Alexander (2003) for other swimmers
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with alternating beats and pauses. Let Vmean be the
average speed and DV the amplitude of the speed vari-
ation (figure 2) and assume that the copepod during
the beat phase moves with constant acceleration from
the minimum speed Vmean 2 DV to the maximum
speed Vmean þ DV and that it during the pause phase
moves with constant deceleration from Vmean þ DV to
Vmean 2 DV. With these assumptions made in the cope-
pod model we find from integrating the force, F, over
time in equation (2.2) that the average power of the
propulsion force at low Reynolds number, i.e. with
only the first term in equation (2.5), is

Plow ¼ 6phR V 2
mean 1þ 1

3
DV

Vmean

� �2
" #

; ð4:1Þ

and that the average power of the propulsion force at
high Reynolds number, i.e. with only the third term
in equation (2.5), is

Phigh ¼
1
5
prR2V 3

mean 1þ DV
Vmean

� �2
" #

: ð4:2Þ

Equation (4.2) is identical to the result derived by
Alexander (2003) who considered the high Reynolds
number case and more specifically modelled the water
beetle studied experimentally by Nachtigall (1960,
1980). Equations (4.1) and (4.2) indicate that the
work done against drag on the copepod increases due
to the speed variation and that the correction terms
are proportional to the relative speed variation squared
irrespective of the Reynolds number. The equations
therefore suggest that, in order to minimize the
energy expenditure to escape with a given average
speed Vmean the copepod should minimize the ampli-
tude of the swimming speed variation DV and hence
the pause duration as much as possible within the ana-
tomical constraints of the propulsion apparatus.
However, the increase in average power due to the
speed variation is fairly small since the correction
terms depend on the relative speed variation squared.
For C. finmarchicus DV/Vmean � 0.3 (figure 2c), and
the increase in energy expenditure is about 10 per
cent from equation (4.2); for the smaller O. davisae,
DV/Vmean � 0.6 (figure 2a), but the increase in energy
expenditure is also only about 10 per cent, because
here the low Reynolds number expression in equation
(4.1) is the better approximation. The fluctuations
therefore do not have a dramatic effect on the average
power expenditure.
4.3. Scaling of escape speed

Equation (2.2) shows that when the copepod acceler-
ates, it ultimately reaches a maximum velocity when
the drag compensates the propelling force: F ¼ D. If
the maximum propulsion force that the copepod can
produce is proportional to its length squared as our
data and some theories suggest, it follows that Vmax is
proportional to R at low Reynolds number where
CD � 24/Re, and size-independent at high Reynolds
number where CD tends to a constant value of 2/5.
At intermediate Reynolds number the scaling becomes
J. R. Soc. Interface
somewhere in between. With this formulation, the
dependence of the translation velocity is strictly speak-
ing not a power law. Ignoring the square root term in
the drag coefficient (2.5) and assuming F ¼ D we find

Vmax ¼
15n
R

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ bR2

45 r n2

s
� 1

" #
; ð4:3Þ

where we assume the scaling F ¼ bpR2. This expression
can be fitted to the observed cruise velocities and yields
a nice fit with near proportionality between speed
and size (figure 5). We can also predict what the
steady-state escape velocity should be using the esti-
mate b ¼ 101+ 40 N m22 from the data in figure 8,
but the expected near size-independency for escaping
copepods is inconsistent with observations. The reason
is that equation (4.3) assumes steady state but the
jumping copepod never reaches terminal velocity
before the end of the power stroke—it is of too short a
duration—and the ‘unexpected’ scaling is a result of
the unsteady motion. This implies that the scaling of
the maximum jump speed is instead governed by the
duration of the active stroke phase The high force and
power output estimated above and the need for speed
in an escaping copepod would argue that limb motion
and escape speeds are ultimately limited by the force
and power output that can be produced, and therefore
that beat duration is as short as the maximum force
output allows. The size-scaling of startle response
speeds in fishes and other aquatic organisms in the
size range 2–500 mm similarly deviates from predic-
tions of classical models and although the velocities
are much slower they scale with size the same way as
in the copepods, i.e. with length to a power of 0.65
(Lenz et al. 2004).
4.4. Distance covered during a power stroke

Because the distance covered during the active phase is
approximately two body lengths for all three species
and independent of the beat duration T (figure 3b), it
follows that the maximum speed in a jump starting
from rest is approximately V ¼ 4L/T, and that V
scales approximately inversely with T as observed
(figure 3a). We can rationalize this observation by
noting that the body and the legs experience similar
drag since the cross-sectional area of a pair of striking
swimming legs is similar to the cross-sectional area of
the translating copepod (Morris et al. 1990; Lenz
et al. 2004) and the speed through the water of the
striking swimming legs is similar to the translation
speed of the copepod (figure 1). If CD � Re2g with
g ¼ 1 at low Reynolds number and g ¼ 0 at high
Reynolds number, we find that the propulsion force is
proportional to T2(22g) and that the drag on the
body is proportional to V22g. Balance of the two
force terms then leads to V � T21 as observed.
4.5. Pause duration and beat cycle frequency

In a jump consisting of a series of beat cycles, the dur-
ation of the pause between power strokes may be
equally important as the acceleration and maximum
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The dots are corresponding values of Reynolds number and
DV/Vmean typical of the three copepod species (figure 2):
O. davisae (Remean ¼ 15; DV/Vmean ¼ 0.6 (dashed-dotted
line)), A. tonsa (Remean ¼ 53; DV/Vmean ¼ 0.5 (short-dashed
line)), and C. finmarchicus (Remean ¼ 540; DV/Vmean ¼ 0.3
(long-dashed line)). These values have been connected by a
grey line. The K/Q ratio is an estimate of the ratio of
pause to beat duration, and increases with the Reynolds
number, also when taking into account the variation in
DV/Vmean.
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velocity in determining the escape success. We observed
that the relative pause duration increases with size
(figure 4a and table 2). This actually follows from the
fluctuating character of the escape velocity and the
Reynolds number dependence of the hydrodynamic
force, as can be demonstrated from our analytical
model. If the duration of the beat phase is always T ¼
4R/Vmean then, from equation (2.2), the total work
done by the propulsion force during the beat phase is
the sum of the increase of the kinetic energy of the cope-
pod and the added mass, K, and the work done against
drag on the copepod, Q. If we neglect the correction
terms due to the velocity fluctuations in the calculation
of Q (cf. above), we find

K ¼ 4prR3 Vmean DV ð4:4Þ

and

Q ¼ 2pCD rR3V 2
mean: ð4:5Þ

The ratio of the two work terms is therefore

K
Q
¼ 2DV=Vmean

CD
¼ 10RemeanDV=Vmean

120þ 25
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Remean
p

þ 2Remean
ð4:6Þ

which depends on the Reynolds number Remean ¼
2RVmean/n. The work done to increase the kinetic
energy in the beat phase is used to overcome the drag
on the coasting copepod in the pause phase. The ratio
K/Q is therefore equal to the ratio of the work done
to overcome drag on the copepod in the pause phase
and in the beat phase, respectively. If we as above
assume that the coasting takes place with constant
J. R. Soc. Interface
deceleration, it follows that the ratio between the dur-
ation of the pause phase and the duration of the beat
phase is equal to the ratio K/Q. Equation (4.6) predicts
that this ratio increases with increasing Reynolds
number in agreement with our observations, even
when considering the decreasing ratio of DV/Vmean

with increasing size and Reynolds number (figures 2
and 9). This result is not specific to the escaping
copepods but applies generally to swimmers with
alternating power strokes and pauses.

The sum of the beat and pause duration determines
the beat cycle frequency. The product of the beat cycle
frequency and the beat amplitude divided by the aver-
age velocity is the Strouhal number. It is well
documented that the propulsion efficiency is highest
at Strouhal numbers between 0.2 and 0.4 (Anderson
et al. 1998) and many flying and swimming organisms
operate within this range (Taylor et al. 2003). The
Strouhal number for the escaping copepods is similar
among the three species examined here and within the
range where the propulsion efficiency is highest
(table 2), thus suggesting optimal design of the swim-
ming legs and the body shape for escape responses.
5. CONCLUSION

Startle responses in copepods and other organisms
are characterized by high accelerations, fluctuating
speeds and short durations. Because of this unsteady
nature, the size-scaling of startle velocities are different
from the size-scaling of cruise velocities in steadily
translating organisms. In small aquatic organisms,
where the hydrodynamics is Reynolds number depen-
dent, the scaling may be further modified. Startle
responses are also constrained differently from swim-
ming velocities; in cruising (Bejan & Marden 2005)
and migrating (Hedenström 2003) animals, energy effi-
ciency is crucial and governs the size-scaling. Startle
responses, in contrast, are limited by the maximum
short-term force and power output that the organism
can produce. Pelagic copepods appear to be designed
for optimal propulsion efficiency during escape jumps
and the arrangement of their musculature probably
tuned for an unusual performance, making them
particularly efficient in escaping predators and account-
ing for their evolutionary success in the ocean.

This work was supported by grants from the Danish Council
for Independent Research and the Niels Bohr foundation.
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