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The marine environment associated with the air—water interface (neuston) provides an important food
source to pelagic organisms where subsurface prey is limited. However, studies on predator—prey inter-
actions within this environment are lacking. Copepods are known to produce strong escape jumps in
response to predators, but must contend with a low-Reynolds-number environment where viscous
forces limit escape distance. All previous work on copepod interaction with predators has focused on a
liquid environment. Here, we describe a novel anti-predator behaviour in two neustonic copepod species,
where individuals frequently exit the water surface and travel many times their own body length through
air to avoid predators. Using both field recordings with natural predators and high-speed laboratory
recordings, we obtain detailed kinematics of this behaviour, and estimate energetic cost associated with
this behaviour. We demonstrate that despite losing up to 88 per cent of their initial kinetic energy, cope-
pods that break the water surface travel significantly further than those escaping underwater and
successfully exit the perceptive field of the predator. This behaviour provides an effective defence mech-
anism against subsurface-feeding visual predators and the results provide insight into trophic interactions
within the neustonic environment.

Keywords: predation; neuston; aerial escape; copepod; fish; perceptive field

1. INTRODUCTION

Copepods are among the most abundant metazoans on the
planet [1,2], and are known to be important prey for fish
[3—-6] and other marine organisms [7,8]. The copepod’s
role in marine food webs makes their behavioural
adaptations to predation important to understand. The
neustonic environment consists of the upper few milli-
metres of water associated with the air—water interface.
This environment is often characterized by elevated bio-
mass and numbers of organisms relative to the water
beneath [9], and it provides food to higher tropic levels
such as fish [10]. Pontellid copepods are a ubiquitous
group often found in neustonic environments, and adults
are known to reside during daylight hours in the brightly
lit surface water of coastal oceans [11].

Many planktonic organisms residing in the photic zone
have nearly transparent tissues, which are assumed to
reduce conspicuousness to visual predators [12]. However,
species that live in close proximity to the water surface
(neuston) are often highly pigmented, including copepods
[13]. Pigmentation in copepods has been demonstrated to
reduce the effects of damaging UV radiation [14,15] and
may play a similar role in pontellids. These copepods are
also large in comparison with many other copepod taxa
[16]. This large size, combined with pigmentation, makes
these copepods more visually conspicuous, and thus
should be preferred by visual fish predators [17,18].

* Author for correspondence (bgemmell@mbl.edu).
Electronic supplementary material is available at http:/dx.doi.org/
10.1098/rspb.2012.0163 or via http:/rspb.royalsocietypublishing.org.

Received 23 January 2012
Accepted 28 February 2012

2786

One of the mechanisms by which copepods are known
to avoid fish predators is through the use of powerful
escape jumps [19-22]. These escape jumps are present
throughout development [23,24] and can generate
speeds of up to 800 mm s~ ! and accelerations of up to
200 m s~ 2 [20]. The interaction of copepods and their
natural predators has been investigated in a liquid
medium [22,25,26]. However, aerial escapes have never
been investigated for a planktonic organism, but may
have significant ecological and evolutionary implications
for the wide variety of species that live and feed within
the surface layer of the ocean.

Reports of copepods breaking through the water
surface occurred as early as the late nineteenth century
[27]. The observer hypothesized that the leaps into the
air and subsequent re-entry into the water functioned
as a mechanism to assist with moulting, by jarring
them loose from their old exoskeleton. A later report
of aerial copepod jumps proposed an anti-predator
mechanism [28], but the function of this behaviour
remained hypothetical.

Using field video recordings and high-speed video in
the laboratory, we demonstrate that aerial jumps provide
an effective escape mechanism in response to visual
fish predators. Kinematic analysis of this little-known
behaviour reveals a significant energetic cost of breaking
the water surface, yet this aerial escape behaviour still pro-
vides a net energy saving relative to an escape performed
solely underwater. These findings provide insight into
how this group of animals can be successful in a pelagic
environment where they appear conspicuous and easily
targeted by visual predators.

This journal is © 2012 The Royal Society
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2. MATERIAL AND METHODS
(a) Field recordings
Field recordings were made using a hand-held video recorder
at 30 frames s~ ! (Sony Handycam CCD-TR3300) above
the water surface. Recordings were edited in Adobe PREMIER
Pro to maximize distinction between copepods and the
surrounding water by adjusting both brightness and contrast.
Two-dimensional escape kinematics in response to fish
predators was obtained using IMAGE] v. 1.43 software. Stat-
istical analysis for both laboratory and field recordings was
performed using SigmarLOT v. 11.0 (Systat Software Inc).
Field recordings of the copepod Anomalocera ornata inter-
acting with juvenile mullet (Mugil cephalus) were performed
for 15 min at the University of Texas Marine Science Insti-
tute marina, and escape responses from 89 individuals were
obtained during analysis. The movement of the camera
required to follow individual fish interacting with copepods
made simple size and distance calibrations inappropriate.
Instead, we captured and measured 22 of the juvenile
M. cephalus that were in the location of the video recordings
and the resulting standard length of 24.2 mm (s.d. 1.96) was
used to scale the video frames during kinematic analysis.
This method does not provide the finest spatial resolution,
but allows a reasonable approximation of both distance and
velocity. It should be noted that the calculated kinematic
values represent minimum estimates of both velocity and dis-
tance, since recordings were based solely in an x—y plane
normal to the camera lens, so any z component of motion
was not accounted for. Therefore, velocity and distance are
probably underestimated, but this effect is minimal for the
laboratory studies since the narrow (4 cm width) aquarium
limited movement in the z plane.

(b) Laboratory recordings

Copepods (Labidocera aestiva) were collected from inshore
waters of the northern Gulf of Mexico (27°50'19” N,
97°3’8” W) using a 0.5 m diameter plankton net (150 um
mesh). Approximately 50 individuals were placed in a
small, narrow rectangular acrylic aquarium (2 x 4 x 20 cm)
filled to 50 per cent capacity with filtered seawater. A high-
speed camera (Redlake MotionMeter model 1140-0003)
equipped with a Nikon Nikkor 55 mm lens was used to
capture the escape behaviour. Dark-field illumination was
provided by infrared light emitting diodes (peak wavelength
890 nm). The copepod escape jumps were recorded at
250-500 frames s~ '. After 10 recordings, copepods were
replaced with 50 new animals to limit the probability of
recording the same animal multiple times.

Two camera positions were used during laboratory record-
ings. In position 1, the camera was aligned with the aquarium
so that the surface of the water was near the bottom of the field
of view in order to capture the entire aerial portion of the
escape, and 60 escapes were recorded using this configuration.
In position 2, the camera was oriented so that approximately
one-third of the field of view was below the surface of the
water and two-thirds was above the water surface. This allowed
determination of the copepod’s speed as it broke the water’s
surface, the contact angle to the surface and the trajectory
through air. Twenty-four escapes were recorded with this con-
figuration. The contact angle was determined at the instant
contact was made at the water surface, while the entire
animal remained underwater. Using image analysis software
(IMAGE]), we determined the angle using the water surface
and the longitudinal central plane of the animal. Recordings
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were performed in a darkroom and escape responses from
the copepods were elicited through a photic startle response
by a rapid change in light intensity [29]. The subsequent
escape responses resulted in many copepods breaking the
water’s surface and travelling variable distances through
the air. Escapes in which more than 50 per cent of the aerial
trajectory was out of the field of view were not used for analysis.
In cases where only a smaller portion (less than 50%) of
the escape travelled beyond the field of view, the maximal dis-
tance was extrapolated using Vogel’s model for an object in free
fall [30]. This was required for 19 of the 60 escapes used in
our analysis.

(¢) Data analysis
To compare the kinematic results obtained from both IMAGE]
v. 1.43 software and CELLTRAK v. 1.5 motion analysis soft-
ware, data were log transformed and checked for normality
using a Shapiro—Wilk test. A one-way analysis of variance
(ANOVA) was performed for both total horizontal distance
and maximum velocity.

We used the following equation to estimate the net
kinetic energy loss (AK) incurred from a copepod breaking
the water surface:

AK = 0.5 meopepod (U — U}), (2.1)

where Micopepod is the body mass of the copepod, Uy is the cope-
pod velocity at the moment just before the copepod starts to
break the water surface and U is the copepod velocity at the
moment immediately after the copepod becomes completely
airborne. Mcopepod = Pcopepod X Vcopepod: where Pcopepod is the
mass density of the copepod (approximately equal to
the mass density of the seawater, pscawater)s aNd Veopepod 18
the copepod body volume. Vi gpepoa is calculated as 4/
37m%a’, where a is half the prosome length and 7 the copepod
aspect ratio, assuming the shape of a prolate spheroid with the
long axis equal to the prosome length (2a) and the short axis
equal to ) x 2a.

Here, we estimate three likely contributions to this energy
loss:

(1) The loss owing to the water drag can be estimated as

AK; = 0.25 Cypgepyarer U Se de, (2.2)

where Cq4 is the drag coefficient of the equivalent
sphere having the same volume as that of the copepod
body, S. is the cross-sectional area of the equivalent
sphere and d. is the diameter of the equivalent
sphere. We estimate this energy loss during breaking
the water surface (very short time scale) as the average
between the moment the animal makes contact with
the surface (fully underwater) and moment the
animal fully breaks free of the surface (fully in air).
Here, we assume that the drag acting on the copepod
when it just starts to break the water surface is 0.5 Cy
Pseawater Ug S., and the drag acting on the copepod
when it just leaves the water surface to become com-
pletely airborne is 0.5 Cy pair U12 Se, where p,;, is the
mass density of air. Because p,;; < pseawaters the average
drag for this short time interval is approximately
0.25 Cy Pseawater Ug S.. The average drag multiplied
by the distance travelled, d., leads to equation (2.2).
Cgq is calculated based on the Reynolds number, Re =
Uy d. | Veawaters Where Vgeawarer 18 the kinematic viscosity
of the seawater. Although we are not sure about the
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Figure 1. Representative diagram showing the response of the copepod Anomalocera ornata to the approach of a planktivorous
fish predator (juvenile Mugil cephalus). The fish swims in a random cruising pattern just below the water surface until visually
encountering a copepod. (a) Once located visually, the fish swims towards the copepod and attempts to ingest it. (b) The
approach of the fish alerts the copepod to the presence of a potential predator and the copepod responds with an aerial
leap. (¢) The copepod travels many times its own body length and significantly further than a single escape underwater to
exit the perceptive field of the predator. (d) Once the copepod re-enters the water it resumes swimming at the surface.

Not drawn to scale.

applicability of the commonly used drag law, equation
(2.2) should give upper bound estimation of the
energy loss owing to the water drag.

(i) The loss owing to the increase of the gravitational
potential energy of the copepod body estimated as

AK; = Micopepod & de cOs(), (2.3)

where g is acceleration owing to gravity and « is the exit
angle (electronic supplementary material, figure S1).
@iii) The loss owing to overcoming the surface tension:

AI<3 = O'Acopepod COS(0)7 (24)

where o (= 0.075 Nm™ ') is the surface tension for
the seawater—air interface, Acopepoq is the surface
area of the copepod, and 6 is the contact angle
between the copepod body and the seawater surface.
Here, we assume that the energy loss is due to the
copepod surface condition changing from inter-
facing with seawater to interfacing with air, such
that AKB = (Ucopepodfair - Ucopepod—seawater)Acopepod’
where Ocopepod—air A0d Tcopepod—seawater are the surface
energies associated with the copepod—air and
copepod—seawater interfaces, respectively. Using
Young’s law for the contact angle (i.e. Ocopepod—air =
cos(f) [31]) we

Ocopepod —seawater +o obtain

equation (2.4).

3. RESULTS

Field video recordings captured the copepod Anomalocera
ornata (prosome length 2.5—-3.1 mm) in the presence of
small plankton-feeding fish (juvenile Mugil cephalus)
within inshore waters of the northern Gulf of
Mexico. The escape behaviour was stimulated by the
approach of the predatory fish, M. cephalus (figure 1),
and consisted of an airborne leap covering a horizontal
distance of 80 + 0 mm (n# = 89), with maximum dis-
tances of up to 170 mm observed (see electronic
supplementary material for video of this behaviour). On
average, the copepods travelled over 40 times their own
body length and 3.4 times the body length of the fish
predator (mean standard length 24.2 mm). The maxi-
mum aerial velocity achieved during these escapes was
890 4+ 200 mm s~ ! and average velocities over the entire
escape were 660 + 150 mm s~ ' (figure 24). Only one of
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the 89 observed escapes resulted in multiple attacks by
the same fish.

A smaller pontellid copepod (prosome length 1.8—
2.0 mm), Labidocera aestiva, was stimulated to perform
escape jumps in the laboratory using a photic startle
response, and the escapes were recorded with a high-
speed video camera at 250—500 frames s~ ' (see electronic
supplementary material for video of this behaviour). This
species swam approximately 0—40 mm below the water’s
surface until stimulated to escape. We found the maxi-
mum aerial velocity of the copepods after they broke
the water’s surface to be 630 + 150 mm s~ '. This was
significantly lower (p = <0.001) than velocities produced
by A. ornata and also resulted in significantly lower
(p = <0.001) horizontal escape distances (figure 2a).
Labidocera aestiva was able to attain heights over 60 mm
above the water’s surface and up to 76 mm in distance
from the exit point in the water. However, the mean hori-
zontal distance travelled during escapes through air was
16.0 + 14.1 mm. It is interesting to note that in most
cases, rotation was imparted on the animal as it broke
the surface (see electronic supplementary material,
video). In some cases, the rotation was estimated in
excess of 45 000 degrees s~ ! (7500 r.p.m.). The under-
water portion of the escapes for L. aestiva yielded
maximum velocities of 1036 4+ 121 mm s_l, which is sig-
nificantly greater (p = <0.001) than maximum velocities
observed after breaking the surface.

The results of a correlation analysis between horizontal
escape distance and maximum aerial velocity for
A. ornata exhibited a moderate relationship (R® = 0.36;
figure 2b). The same analysis performed for L. aestiva
exhibited virtually no correlation between horizontal
escape distance and maximum aerial velocity (R?=
0.04; figure 2¢). Notably, swimming pattern and orien-
tation of the two species relative to the water surface
before escape are also different (figure 3). Labidocera
aestiva was observed to swim freely below the water sur-
face using an intermittent (cruising—sinking) swimming
pattern. During the cruising phase, the copepod was
oriented randomly to the water surface, but during sink-
ing L. aestiva was consistently observed to orient with
its anterior end towards the water surface. Anomalocera
ornata exhibited a cruising swimming pattern, and was
consistently oriented with its ventral side facing
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Figure 2. (a) Relationship between horizontal distance and maximum aerial velocity for two species of copepods during
airborne escapes. Anomalocera ornata exhibits a significantly greater horizontal distance (p = <0.001, one-way ANOVA) and
aerial velocity (p = <0.001, one-way ANOVA) than Labidocera aestiva. The larger copepod, A. ornata, is able to travel propor-
tionally further per unit energy. Maximum aerial velocity was obtained at the moment the animal fully exited the water surface.
Error bars represent s.d. Black bars, velocity; grey bars, distance. Regression plot for (b) 4. ornata (R? = 0.36) and (c) L. aestiva
(R? = 0.04), where A. ornata shows a stronger correlation of velocity with distance.

downwards (away from the surface) and the dorsal side of
the animal at the water surface.

When high-speed recordings during the aerial portion of
an escape jump of L. aestiva are compared with a model
of biological projectiles [29], the copepod acts as a ballistic
object in free fall (figure 4a). Using data from both 500
and 250 frames~ ! observations, we estimate that 58 to
88 per cent of the kinetic energy at the moment when the
copepod starts to break the water surface will be lost for
breaking the water surface (figure 45). Among the total
loss (fitted to the data), 61 to 67 per cent is due to overcome
the water drag force (i.e. AK;), the contribution from
increases of gravitational potential energy (AK,) is negli-
gible, and the loss owing to overcoming the surface tension
(AK3) is 33 to 39 per cent. When a similar calculation is
made for adult flying fish that are orders of magnitude
larger than pontellid copepods, yet produce a functionally
analogous behaviour, the cost of breaking the surface is
less than 0.07 per cent of the kinetic energy possessed at
the moment when the fish starts to break the water surface.

4. DISCUSSION

Large-scale movement of copepods that reside in the
neustonic surface layer of the ocean is often subject to sur-
face currents. They have been observed to accumulate at
oceanic frontal boundaries [32], where small predatory
fish are also more abundant [33]. Thus, successful pred-
ator evasion is essential to the copepod’s survival.
However, being confined at the surface limits escape
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ability, and predators have been observed using the
water surface to aid in prey capture [34]. The ability of
some pontellid copepods to break the water surface
provides advantages over escapes that occur solely under-
water. First, exiting the perceptive field of a predator and
re-entering at a random location reduces the chance of
continued pursuit, and the 80 + 30 mm horizontal
escape distance observed for A. ornata is well beyond
the perceptive distance determined for fish of similar
length to C. mugil [35]. Second, for a copepod to achieve
a similar escape distance solely underwater, it would have
to expend approximately 20 times more mechanical
energy; therefore a significant energetic saving exists by
jumping into air.

The underwater velocity is higher than maximum vel-
ocities reported for other similarly sized copepods [20],
which facilitate these small organisms breaking the
water surface. However, the mode in which the two
species of copepods exit the water is different (figure 3).
Anomalocera ornata consistently swims with its dorsal
side at the water surface, while the anterior end of
L. aestiva was generally directed towards the surface but
was observed to swim at many orientations just below
the surface. This may explain why L. aesziva exhibits a
lower correlation between maximum aerial velocity and
horizontal distance than A. ornata (figure 2b,c).

Considering a single-stroke escape jump that occurs
completely underwater, the copepod achieves its peak vel-
ocity approximately at the end of the power stroke of the
swimming legs. During the power stroke, the copepod
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Figure 3. Two observed techniques used by neustonic cope-
pods to break through surface tension of seawater during
aerial escape responses. (a) Labidocera aestiva swims below
the surface and is often oriented with the anterior portion
of its body towards the water surface (1). (b) Anamolcera
ornata swims at the air—water interface with its dorsal side
facing the surface and ventral side facing downwards (1).
(a,b) After being stimulated to perform an escape, swimming
appendages (pereiopods) of both species beat sequentially as
antennae fold against the body as the animal is propelled for-
ward (2). As the animals accelerate, the increase in kinetic
energy allows the body to overcome surface tension forces
and travel through the air (3).

travels a distance nL, where L is the prosome length and »
approximately 1-2 [21]. Upon completion of the power
stroke, the copepod rapidly decelerates owing to drag
forces, but maintains enough inertia to move forward
another distance of approximately »L until coming to
rest. The present observations show that copepods, via
a one-kick jump, can break the surface of the water (see
electronic supplementary material, video) and peak vel-
ocity (Up) is obtained just before breaking the surface.
At the moment when the animal becomes completely
airborne, it travels at a velocity (U;) that is significantly
smaller than U,. In other words, there is a net kinetic
energy loss (figure 4b). The net kinetic energy loss (AK)
incurred during the copepod Labidocera aestiva breaking
the water surface is 58 to 88 per cent.

This energy loss, however, is compensated for by
increased escape distance. After becoming airborne, the
copepod can travel significantly farther than nL (i.e. the
distance it otherwise travels underwater) because it now
experiences the air mass density, which is approximately
850 times smaller than the mass density of seawater.
Therefore, the copepod will experience less drag, result-
ing in increased distance. There is no propulsive force
exerted by the copepod after it becomes airborne, and
the copepod undergoes ballistic motion because of gravity
(and the air drag force; figure 4a).

Our field observations show that copepods can effec-
tively use aerial escapes as an anti-predator mechanism.

Proc. R. Soc. B (2012)
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Figure 4. (a) Observed copepod trajectory during airborne
versus a ballistic/free-fall model prediction. Red line, free-
fall model; black circles, actual trajectory. (b) Kinetic
energy loss as a function of the copepod (maximum) speed
below water surface. The squares label the data obtained
via 500 frames™ ! video recording, and the triangles label
the data obtained via 250 frames™! video recording. The
solid green line is a fit to the data (AK=1.26 X 1077 Ug,
where U, is the copepod speed below water surface). The
solid blue line is the contribution to the kinetic energy loss
owing to water drag. The solid red line is the difference
between the green line and the blue line. The two dashed
horizontal lines represent the work needed to overcome the
surface tension in order for the copepod to be airborne for
two assumed receding contact angles between the copepod
and the sea—water interface (calculated from equation (2.4)
for a constant o= 0.075 Nm™!). Note that the red line is
bounded between these two dashed horizontal lines. Copepod
prosome length = 1.8 mm, and aspect ratio = 0.32.

By leaving the perceptive environment of the visual fish
predators and re-entering the water up to 170 mm
(approx. 60 body lengths) away from the attack site, a
copepod can use this effective strategy, which appears ana-
logous to that of some larger organisms (e.g. flying fish).
An important difference, however, is that all species
known to perform similar types of behaviour are orders
of magnitude larger than copepods. This means that cope-
pods must contend with the reduced inertial forces (lower
Reynolds number) and a greater proportion of the total
energy dedicated to break the surface tension of water.
Consider the case of a flying fish. We calculate that
flying fish lose less than 0.07 per cent of their overall kin-
etic energy in breaking the surface tension, compared
with 33 to 39 per cent in the case of the copepod, despite
a greater magnitude of energy loss (owing to larger
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surface area) than copepods. This is due to the fact that
flying fish possess orders of magnitude more kinetic
energy upon contact with the water surface because of
much greater mass, and underwater speeds of approxi-
mately 10m s~ ! [36] compared with approximately
I ms ' in copepods. However, it should be noted that
although aerial escapes in larger, heavier aquatic animals
lose almost no kinetic energy from surface tension effects,
horizontal distances in terms of body length (for animals
exhibiting ballistic aerial motion) are much shorter [37].
Thus, what appears to be a disadvantage of small mass
(e.g. losing significant proportion of kinetic energy) can
translate into an advantage: once the water surface is
broken, the copepod travels disproportionally farther
than larger animals (with ballistic flight paths). The
major reason for this is that the copepod has the ability
to generate and maintain a disproportionally large air-
entry velocity (relative to body length) compared with
larger animals. A secondary reason might be that the
flying copepod experiences smaller air-drag-induced
deceleration than larger animals. Therefore, ballistic
aerial escape paths can be effective in pelagic ecosystems
when the animal (and predator) is small, but are unlikely
to carry a larger animal out of the perceptive range of their
predator. Instead, specialized structures and behaviour
such as those observed in flying fish are required to
extend horizontal distance above water.

Because escapes are energetically costly [38—40], a
copepod’s fitness can be reduced even without being cap-
tured by a predator. It therefore benefits the copepod to
balance predation risk and energy cost by avoiding
unnecessary escapes. To avoid pursuit or multiple attacks
from a predator, copepods must travel to a distance out-
side of the perceptive range of the predator. During an
escape, a copepod travels approximately one to two
times its prosome length per stroke (calculated from
Waggett & Buskey [21]). For the pontellid copepods,
this would result in a distance of 2—6 mm per stroke.
However, even small fish can perceive prey at least
10 mm away [35,41]; thus, multiple escape jumps are
required for a copepod to exit the predator’s perceptive
field. Therefore, if an escape occurs in air rather than
water, reduced drag forces can extend escape distance.
This can transport a copepod further from a predator
with a single escape jump than with multiple jumps in
an aqueous environment, resulting in net energy savings.
They also return to the water in an unpredictable
location, making pursuit from the predators unlikely.

Finally, the pontellid copepods may have special adap-
tations to make it easier for them to jump out of the water.
One possible adaptation is that the body surface of those
copepod species that do perform such air-entering jumps
is less wettable than other copepods or crustaceans in gen-
eral, and thus their surface properties may be essential for
their unusual capability of breaking the water surface.
Our kinetic energy budget calculation suggests that if
the surface tension is not altered during the breaking of
the surface (i.e. a constant o= 0.075 N m '), in order
to maintain a useful level of kinetic energy after breaking
the surface the copepod body surface has to be hydro-
phobic, i.e. much larger contact angle in the 68-81°
range (figure 4b; calculated according to equation (2.4)).
Another suspected adaptation may be that the copepods
inject chemicals during breaking of the surface to
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reduce the surface tension by three to six times, and
therefore a useful level of air-entry kinetic energy can
still be maintained even when the contact angle remains
similar to published measurements for other crustaceans
in the range of below 20° [42]. Further investigation is
required to find out if these adaptations indeed exist.
Nevertheless, unusual morphological structures are
known to exist on the dorsal side of pontellid copepods
[43], which might contribute to making the copepod
body surface less wettable. However, these morphological
structures make up only a small part of the animal’s total
surface. Alternatively, pores specialized for secretion
onto the body surface exist in pontellids [44], and similar
pores with currently unknown function may also be
involved in secreting substances to alter surface
properties or surface tension of water immediately
surrounding the animal. Regardless of the mechanism,
escaping through air appears to be an effective strategy
to not only avoid and survive attacks from predators by
temporarily exiting the liquid environment and exiting
the predator’s perceptive field, but also to conserve
energy during escapes, providing a competitive advantage
for pontellid copepods in the neustonic environment.

This work was supported by grants from the National Science
Foundation, USA to E.J.B. (INSF OCE-0452159) and to
H.J. (NSF OCE-1129496). C. Brown assisted B.J.G. with
collection and E. Hing-Fay maintained copepods for J.R.S.
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Figure S1. A highly hypothetical schematic of a copepod breaking the air-seawater
interface to become completely airborne. The angle a is defined as the exit angle,
and the angle 0 is the contact angle between the copepod body and the seawater surface.
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L: Fish body length [= 0.23 m, averaged using data in Table 1 of Davenport (1994)];

W: Fish body width [= # x L, where the aspect ratio # ~ 0.2 based on Fig. 1 of Davenport (1994)];

U: Velocity at which the flying fish approaches the sea surface (about 10 m s™ in such large
animals; some 20-30 body lengths s) with its lateral fins furled against the body [Page 195 in
Davenport (1994)]. Here, we use U = 20 x L (in m s™) for a conservative estimation;

p: Mass density of the fish (~ 1090 kg m™);
o Surface tension for the seawater-air interface (= 0.075 N m™);

@ Contact angle between the fish body and the seawater surface, which is assumed to be equal to
zero degree for a conservative estimation;

Asish: Surface area of the fish, which is approximately calculated by assuming the fish body as a
prolate spheroid:

4 p
. =—nl?| n+——— |, where = arccos 1
K: Total kinetic energy:
T 213 12
K=— LU 2
PL (@)
The energy loss owing to overcoming the surface tension:
AKS =0 Afish COS(H) (3)

Substituting the numbers, we obtain: Asis, = 0.0266 m?, K = 2.94 Joule, and AK; = 0.00199 Joule.
Therefore, AK{/K = 0.068 %.

Reference:

Davenport, J. (1994) How and why do flying fish fly? Reviews in Fish Biology and Fisheries
4:184-214.
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