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Synopsis The carnivorous plant bladderwort exemplifies the use of accumulated elastic energy to power motion:

respiration-driven pumps slowly load the walls of its suction traps with elastic energy (�1 h). During a feeding strike,

this energy is released suddenly to accelerate water (�1ms). However, due to the traps’ small size and concomitant low

Reynolds number, a significant fraction of the stored energy may be dissipated as viscous friction. Such losses and the

mechanical reversibility of Stokes flow are thought to degrade the feeding success of other suction feeders in this size

range, such as larval fish. In contrast, triggered bladderwort traps are generally successful. By mapping the energy budget

of a bladderwort feeding strike, we illustrate how this smallest of suction feeders can perform like an adult fish.

The elastic energy stored in loaded bladders—
pressure–volume work performed during the load-
ing process—is in the range of 1 lJ, as measured
via the volume evacuated during loading, and liter-
ature values of internal pressure. We determined the
kinetic energy present in the fluid during suction
events from flow fields obtained by Particle Image
Velocimetry. Such observations are confounded by
the difficult-to-resolve timescale and internal flows,
so we obtained independent estimates from mathe-
matical and mechanical models. At the beginning of
a feeding strike, we find that 0.5 mW of power is
delivered by the elastic recoil mechanism, and the
same amount appears as kinetic energy in the flow
field. A power deficit would represent viscous dissi-
pation heating the fluid by friction. Approximate
solution of the Navier–Stokes equations for an ide-
alized bladderwort strike suggests that less than 20%
of power is lost to friction on the timescale relevant
to prey capture. This discrepancy would indeed be
difficult to detect experimentally. However, even this
upper limit is small in comparison with the 60%
losses calculated for fish larvae of similar size, the
suction of which is assumed to be muscle powered

(and for which elastic energy accumulation has not
been demonstrated). Our estimates of elastic energy
storage and frictional losses during suction events
support the hypothesis that small suction feeders
convert a large proportion of the elastic energy
stored in the trap walls into kinetic energy of the
inspired water, with little energy thermalized due
to friction.

Introduction

This study aims to explore a particular prey capture
behavior—suction feeding—and how it is powered.
We do so by focusing on an organism—the carniv-
orous plant bladderwort (genus Utricularia)—whose
suction feeding process is particularly amenable to
such a power analysis, in contrast to animal suction
feeders, whose feedings strikes are a complex inter-
play of muscle-driven suction (sometimes aug-
mented by elastic energy release), deformation of
the mouth (including jaw protrusion), and whole-
body propulsion (Wainwright et al. 2001; Higham
et al. 2006a; van Wassenbergh et al. 2008; Holzman
et al. 2008; Camp et al. 2015). For this study, we
combine (largely unpublished) experimental and
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modeling data on bladderwort suction strikes to de-
scribe the energy flow of a suction event (Berg et al.
2020).

Prey capture is a behavior that often requires the
predator to generate extreme accelerations, be it of
the predator’s entire body or just the body part that
constitutes the trapping mechanism. Many of biol-
ogy’s most extreme acceleration performances occur
during prey capture by ambush predators, such as
claw strikes of mantis shrimps (Patek et al. 2004),
and ballistic tongue protection of chameleons
(Wainwright et al. 1991) and lungless salamanders
(Deban et al. 1997). These extreme-performance am-
bush predators use elastic mechanisms to generate
the high powers required for such capture behaviors
to accelerate specialized body parts (de Groot and
van Leeuwen 2004; Deban et al. 2007; Zack et al.
2009). Aquatic predators can use a capture mecha-
nism that combines this tactic of accelerating the
predator toward the prey with a tactic that acceler-
ates the prey toward the predator: many fish com-
bine ram feeding (i.e., acceleration of the entire
predator toward the prey) and jaw protrusion (ac-
celerate a body part toward the prey) with suction
feeding (accelerate the prey; Wainwright et al. 2001).
Fish must generate considerable power during suc-
tion events, ranging from 0.2 to 12 kW/kg jaw mus-
cle (Aerts et al. 1987; van Wassenbergh et al. 2008;
Carroll and Wainwright 2009) for fish ranging in size
from 10 to 190 g.

Suction feeding is common among aquatic verte-
brates and is considered one of the main innovations
in vertebrate evolution. Suction feeding is used
across a wide size range, from first-feeding tadpoles
and fish larvae (gape sizes smaller than 0.2mm) to
aquatic salamanders and adult fish (gape sizes in
excess of 40mm; Deban and Olsen 2002; van
Wassenbergh et al. 2005; Stinson and Deban 2017).
Whereas biological and solid-mechanical scaling laws
might favor small suction feeders (Ilton et al. 2018;
Olberding and Deban 2018), hydrodynamic scaling
laws favor suction feeders above a critical size to
avoid the drop in suction flow speed and energetic
efficiency due to viscous friction (Drost et al. 1988;
Yaniv et al. 2014). Computational models predict
that suction feeders the size of larval fish could
lose 60% of flow energy to friction (Drost et al.
1988). In the extreme case of a creeping flow regime
(Poiseuille flow), flow speed is proportional to the
fourth power of pipe diameter, causing narrow pipes
to experience extremely slow flows. These mathemat-
ical predictions are supported by experimental obser-
vations on larval fish, whose suction performance
improves markedly as their growing size allows

them to move further away from the viscous flow
regime (China and Holzman 2014).

Suction feeders generate quickly accelerating,
high-speed suction flows with strong spatial pressure
gradients to entrain and capture prey. Capture suc-
cess correlates with rate of volume change and flow
speed (van Wassenbergh et al. 2006; Holzman et al.
2012), and the power required for suction feeding
correlates with the same factors (Camp et al.
2015). Estimates of required powers range from 10
to 4000W/kg jaw muscle (peak power: 10–4000W/
kg, van Wassenbergh et al. 2005; average power:
195W/kg, Aerts et al. 1987; 3006 75W/kg, Carroll
and Wainwright 2009), values high enough that
some fish cannot rely exclusively on their jaw
muscles to power suction feeding. Fish can power
suction events directly using axial muscles (Camp
et al. 2015) and indirectly via elastic energy storage
and release (van Wassenbergh et al. 2008; van
Wassenbergh and Aerts 2009a). In contrast to animal
suction feeders, plant suction feeders (underwater
traps of the carnivorous genus Utricularia) cannot
use muscle power and instead rely exclusively on
releasing stored elastic energy to power suction feed-
ing events.

The carnivorous plant genus Utricularia (bladder-
worts) has many aquatic species with active under-
water traps (Westermeier et al. 2017). These traps are
highly modified leaflets (Rutishauser 2016) in the
shape of a hollow bladder (diameter 0.5–8mm;
Poppinga et al. 2016). Bladderwort traps can be
grouped into several types based mainly on the mor-
phology of the entrance region (Westermeier et al.
2017). Within the aquatic bladderwort species, the
best described trap type is the U. vulgaris type, which
has a short channel, and a trap door that is approx-
imately at right angles to the channel and opens with
a snap-buckling mechanism (Vincent et al. 2011;
Westermeier et al. 2017; Fig. 1). Traps are set by
osmotically pumping water out of the lumen of the
sealed bladder, which causes the bladder walls to
become elastically loaded as sub-ambient pressure
builds in the trap (Sasago and Sibaoka 1985a,
1985b; Joyeux et al. 2011; Singh et al. 2011). Traps
snap when prey touches the trigger hairs on the trap
door, causing the door to snap-buckle inward and
the prey to be sucked into the trap (Joyeux et al.
2011; Vincent and Marmottant 2011).

Bladderwort suction traps are substantively differ-
ent from a typical suction-feeding fish, such as large-
mouth bass (Carroll and Wainwright 2006; Higham
et al. 2006b). Bladderworts rely entirely on stored
elastic energy to power suction feeding, whereas
largemouth bass use muscles (Camp et al. 2015).

1598 O. Berg et al.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/ic
b
/a

rtic
le

/5
9
/6

/1
5
9
7
/5

5
4
8
2
1
3
 b

y
 U

.S
. D

e
p
a
rtm

e
n
t o

f J
u
s
tic

e
 u

s
e
r o

n
 1

6
 A

u
g
u
s
t 2

0
2
2

Deleted Text: s
Deleted Text: s
Deleted Text: ) (
Deleted Text: ) (
Deleted Text: 1
Deleted Text: ; <xref ref-type=
Deleted Text: 5
Deleted Text:  to 
Deleted Text:  to 
Deleted Text: ) (
Deleted Text: ,
Deleted Text: <xref ref-type=


This difference in input power leads to important
differences in the timing of energy flows.
Bladderworts decouple the generation of suction
pressure from the generation of suction flow: the
traps generate a sub-ambient pressure before the
trap door opens and suction commences (Singh
et al. 2011; Fig. 2). In contrast, largemouth bass
builds suction pressure while their mouth is opening
(Carroll and Wainwright 2006; Higham et al. 2006b).
We use conservation of energy to observe the energy
flow during the loading and firing of a bladderwort
trap (Fig. 2): during the loading phase, bladderworts
convert chemical energy into elastic energy stored in
the trap walls and into thermal energy (Sasago and
Sibaoka 1985a, 1985b); during the firing phase,

bladderworts convert elastic energy stored in the
walls into kinetic energy that accelerates water into
the trap and into thermal energy (mainly due to
viscous friction); after the firing phase, all kinetic
energy in the water is ultimately thermalized.

In this study, we explore the energy demands of a
bladderwort suction cycle. Because the different
forms of energy are separated in space (i.e., trap
walls vs. water) and time (i.e., loading vs. firing of
the trap), we can quantify separate steps of the en-
ergy transduction cascade of a suction cycle: the
loading phase and the firing phase. The elastic po-
tential energy stored in the trap walls during the
loading phase is equal to the mechanical work of
loading, specifically the volume of water pumped

Fig. 1 Representation of a bladderwort trap as a mathematical and a mechanical model. (A) Side view of a loaded trap of U. gibba

(door closed). (B) Sketch of a trap during suction (door open), indicating the channel (formed by the trap’s door and threshold)

through which water enters the trap lumen. (C) Mathematical model of a trap, modeling suction flows driven by a pressure difference

Dp through a channel of diameter D (¼ “gape”) and length L. (D) Mechanical model of a trap, modeling suction flows through a

cylindrical channel driven by displacing a plunger (light gray) into a rectangular Perspex box (dark gray); indicated are the field of view

of the camera (stippled outline) and the flow area illuminated by the laser (stippled area).

Thermodynamics of bladderwort feeding strike 1599
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out of the bladder lumen, against the pressure dif-
ference created by elastic deformation (Fig. 1). The
power delivered during a subsequent firing phase can
be calculated from the same pressure difference and
the measured fluid flow rate. At a given instant, the
portion of this power appearing as kinetic energy of
the accelerating fluid can be determined from the
time dependence of its vectorial flow field. Power
missing from this macroscopic balance must be dis-
sipated by friction.

The challenges of flow visualization on the scale of
a bladderwort trap are overcome by means of a dy-
namically scaled mechanical model (Koehl 2003). At
the key moment of the highest acceleration, we find

that the elastic power (rate at which elastic energy is
released from the trap walls) and kinematic power
(rate at which kinetic energy appears in the water)
are in satisfactory agreement. This good agreement
suggests that viscous losses during this energy con-
version are relatively small.

Methods

Plant material

We cultivated Utricularia gibba (stock obtained from
the California Carnivores, Sebastopol, CA) in the
departmental green house (natural lighting condi-
tions; temperature controlled), following the

Fig. 2 Energy flow through plant and animal suction feeders. (A) Bladderworts convert chemical into elastic and thermal energy during

the loading phase, then convert elastic energy into kinetic and thermal energy during the firing phase. (B) Largemouth bass converts

chemical energy into kinetic energy during the firing phase. All energy is ultimately thermalized in both organisms.

1600 O. Berg et al.
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handling and care instructions outlined by Peter
D’amato (2013).

Volume measurements

To estimate the energy expended during the loading
of the trap, we determined the volume of water in-
spired into the bladder lumen during a suction
event. We excised mature, loaded bladders from ma-
ture nodes (traps containing no debris, prey, or air
bubbles). Bladders were excised using micro dissect-
ing tweezers (Roboz, Gaithersburg, MD), blotted off
by placing them on tissue paper, weighed on an an-
alytical microbalance (Mettler Toledo MT5,
Columbus, OH), then artificially triggered under wa-
ter by touching the trigger hairs with a probe, then
weighed again.

Visualization and analysis of fluid flow

To estimate the kinetic energy appearing in the fluid
during the unloading of the trap, we developed a
mechanical scaled model. This model was validated
by comparing the flows generated by bladderwort
traps with flows observed in the mechanical model.

Experiments using bladderwort traps

To visualize the suction flows generated by bladder-
wort traps, individual traps were selected from plant
nodes with all mature traps. A selected trap was re-
moved from the plant at the stolon and attached to a
fine wire using cyanoacrylate glue (Loctite Super
Glue Gel), then placed in a glass cuvette (Starna,
dimensions: 5� 5� 15 mm3) filled with room-
temperature water. Traps were mounted at least
two gape diameters from cuvette walls to avoid
wall effects.

Manually triggered suction events were recorded
with a Phantom V12.1 high speed camera (Vision
Research) at 50,000 frames/s (320� 280 pixels2).
The macro imaging system consisted of a 24mm
objective lens (Nikon), mounted with a reversing
ring on a 200mm lens (Nikon). This combination
yields a magnification of 200/24¼ 8.3 at f/1.7. To
visualize suction flows, the water in the cuvette was
seeded with monodisperse polystyrene spheres
(10 lm in diameter; Phosphorex, Hopkinton, MA).
The sample was illuminated from behind with a sin-
gle LED (Luxeon Rebel, Lumiled, San Jose, CA). In
this geometry, the silhouettes of individual particles
were visible within the relatively transparent bladders
and could be tracked manually to calculate fluid
speed within the channel. The particle tracking pro-
cedure and analysis is described in greater detail in
Berg O et al. (2020).

The results from these experiments (channel
dimensions and flow speeds in the trap channel;
Fig. 3) were used to develop the mechanical model
described below (Berg et al. 2020).

Experiments using a mechanical model

Direct measurement on the plant samples is chal-
lenging due to the high spatial and temporal resolu-
tion required, and the degraded image quality within
a bladder. Therefore, we constructed a mechanical
model that can be dynamically scaled to reproduce
the flow patterns characteristic of U. gibba (Fig. 1).

This model consists of a rigid housing of square
cross-section, fitted with a square plunger. A
computer-controlled linear actuator drives the
plunger, which in turn drives fluid into and out of
the housing through a relatively small test section
mounted in its endplate. It is the flows within the
test channel, and in the immediate vicinity of its
entrance and exit, which are scaled to represent flows
inside and outside the bladderwort.

Specifically, we consider the narrowest portion of
the bladderwort channel, directly downstream of the
trap door, where fluid speeds are the greatest. Our
particle-tracking data at this location in actual blad-
ders (Fig. 3) show that the maximum speed is uB ¼
5.26 0.2m/s, and the cumulative particle tracks in-
dicate that this portion of the channel is typically DB

¼ 96lm in diameter by LB ¼ 160 lm long (where
subscript “B” is used to distinguish bladderwort
from “M” for model; Berg et al. 2020). Together
with the kinematic viscosity �B of water, the

Fig. 3 Flow speed as observed by particle tracking in U. gibba.

Points represent the maximum speed of individual particles,

which occurs as they transit the point of minimum channel di-

ameter (immediately downstream of the trap door). The solid

line is a best fit of the data points to the unsteady inviscid

Bernoulli equation, as given by Equation (9).

Thermodynamics of bladderwort feeding strike 1601
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characteristic Reynolds number of the internal suc-
tion flow is Re ¼ uL/� ¼ 500.

The test section of the mechanical model consists
of a cylindrical channel DM ¼ 32.0mm in diameter
by LM ¼ 53.0mm long. It operates in heavy mineral
oil (CP200FG mineral oil; STE Oil Company, San
Marcos, TX) of viscosity �M ¼ 7.0� 10�5 m2/s.
When driven at a peak flow speed of uM ¼
1.09m/s, the desired Re ¼ 500 is reproduced, and
the flow field will be scaled accordingly. Distances in
the model are thus scaled up by a factor of 320, and
time duration is scaled up by a factor of 1470.

The test section is mounted coaxially in the base
of the 191mm� 191mm square cross-section hous-
ing. Both are made of clear polycarbonate. This ma-
terial is reasonably well index-matched to mineral
oil, so internal flows are visible (except where the
test section is bisected by the baseplate in which it
is mounted). The fluid is driven by a polyethylene
plunger fitted within the housing, which in turn is
driven by an indexed solenoidal linear motor
(LinMot, Lake Geneva, WI). Displacement of the
plunger is programmed as a series of linear speed
specifications and maintained by a Proportional–
Integral–Derivative controller.

The model is not isomorphic with a bladder: the
channel is idealized as a cylindrical tube, and the
bladder as a square plunger. In common with real
bladders, however, the surface that drives the flow
has an area more than 100� greater than the cross-
sectional area of the channel. By continuity of flow,
the resulting speeds (hence kinetic energies) are
dominated by the immediate vicinity of the pipe
entrance and exit. Because the driving pressure is
applied between uniformly slow-moving fluid up-
stream and downstream of the test section, there
is no distinction (in the idealized model) between
the inside and outside of a bladder. Entry flows
were generated by withdrawing the piston, and
exit flows were generated by extending the piston.
All physical surfaces were at least 2.5 gape diameters
removed from the entrance or exit of the test
section.

The mineral oil was seeded with air bubbles blown
through a ceramic water filter. The bubbles were il-
luminated by a diode laser (Stocker-Yale/Coherent
Lasiris Powerline, Salem, NH; 1500 mW at
810 nm) fitted with structured-light optics to form
a sheet of uniform transverse intensity less than
1mm thick throughout the field of view. Flow events
were recorded with a Phantom V12.1 camera (Vision
Research; Wayne, NJ) with the field of view 187mm
� 117mm (Nikon 105mm AF Micro Nikkor, f/2.8).
With an effective sensitivity of 6400 ISO, 150 ls

exposures produced non-saturated particle images
with sub-pixel motion blur.

Particle image velocimetry PIV

The frame rate used for PIV analysis was 1000/s,
with a real-world spatial resolution of 6.89 pixels/
mm (1.47� 106 frames/s scaled, at two 210 pixels/
mm scaled). Cross-correlation vectors were obtained
with the Mathworks MATLAB toolbox “PIVlab”
(pre-processing: Contrast Limited Adaptive
Histogram Equalization, window size 20 pixels;
high-pass filter, kernel size 15 pixels; Wiener2
denoise filter, window size 3 pixels; PIV: FFT win-
dow deformation algorithm; two pass-PIV with in-
terrogation area 64 pixels, step 32 pixels and
interrogation area 32 pixels, step 16 pixels;
Thielicke and Stamhuis 2014). Subsequent analysis
and visualization of the vector fields were conducted
in Mathematica (Wolfram Research).

Energy balance for fluid flow

In the following, we insert the previously described
volume measurements on bladders and flow meas-
urements on the mechanical model into an energy
balance equation (mathematical model, Fig. 1). Both
the evacuation of a bladder (which converts meta-
bolic chemical energy into elastic potential energy)
and a trapping event (which converts the elastic en-
ergy to kinetic energy of water) can be described as
pumping processes. Since our experimental methods
are adapted to measure flow properties, we monitor
the energy budget by means of a balance over the
moving fluid. With complete generality, the conser-
vation of energy can be expressed as a rate balance
between the change within an arbitrary volume V
and the transport across its surface S:

d

dt
fenergy within control volume Vg ¼

�
d

dt
fenergy crossing control surface Sg

(1)

We apply a macroscopic energy balance equation
suitable for processes in which discrete streams enter
and exit a volume of interest (such as a pump), and
the density of the fluid is constant (Bird et al. 1960):

d

dt
Umv

þ
u2V
2

� �

mv

� �

¼

�
X

i

Umi
þ
u2mi

2
þ piVmi

� �

d

dt
mi

� �

þ _Q � _W :

(2)

The mass mV of enclosed fluid is represented by
the left-hand expression, where it is multiplied by

1602 O. Berg et al.
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the specific internal energy UmV
to obtain the total

internal energy mVUmV
, and multiplied by the square

of fluid speed u2V to obtain the total kinetic energy
mVu

2
V=2. Because the flow is neutrally buoyant, all

terms representing gravitational potential energy
have been omitted. The summation on the right
represents discrete, stationary entrance or exit
channels where mass mi crosses normal to the con-
trol surface S (with a velocity profile that is uni-
form or represented by a suitable average). In
addition to internal and kinetic energy, pV energy
can be transmitted by the fluid across S, hence the
term in which the mass flow of a given stream mi

is multiplied by the absolute pressure of that
stream pi and its specific volume Vmi

. _Q and _W
represent energy crossing S by means other than
transport of fluid (conventional heat and work).
The latter includes expansion or contraction of
the control volume itself, and “shaft” work not
carried by the fluid. By engineering convention,
flow of mass and work out of the control volume
are positive in sign, but outward heat conduction
is negative.

Energy expended to set the trap

To estimate the elastic energy required to set the
trap, we quantify the volume of water inspired dur-
ing the firing phase and assume that the inspired
volume equals the net volume of water evacuated
from the trap lumen while the trap is set. We con-
sider a control volume that encloses the contents of
the bladder lumen. The system is evacuated by ion
channels over a period of hours; on this timescale,
the process is isothermal and the kinetic energy is
negligible. _W includes the work of an incremental
change of the control volume dV acting on the ex-
ternal pressure pex . A volume decrease also does
work on the environment (the bladder itself) by
deforming its walls: _W ¼ pexdV þ EVdV (this nota-
tion, with volume-specific energy EV < 0, anticipates
that elastic energy increases in proportion to evacu-
ated volume). Considering the ion channels collec-
tively as a single exit i, the differential energy balance
(2) simplifies to

Umv
dmV ¼ �Umi

dmi � piVmi
dmi � pexdV � EVdV þ _Q:

(3)

The change of system mass is identical in magni-
tude to the expelled mass, so dmV ¼ �dmi, and the
change of system volume is identical in magnitude to
the expelled volume, so dV ¼ �Vmi

dmi. Integrating
over the loading process yields

ð

EVdV ¼

ð

ðpin � pexÞdV þ Umv
�Umi

ð ÞqdV þ Q (4)

where the density q ¼ 1=Vm. This balance relates
mechanical (elastic) energy stored outside the con-
trol volume, left, to fluid properties on the right.

A detailed model of the elastic behavior of the
bladder, as developed by Joyeux et al. (2011), could
specify the formal relationship between EV and ðpin
�pexÞ as a function of volume. In their finite-
element simulation, neither the stored energy nor
the pressure difference is simply related to each other
or the bladder volume. Fortunately, direct manomet-
ric measurements of Utricularia sp., U. vulgaris and
U. stellaris during loading have shown that the in-
ternal pressure stabilizes early in the loading process,
with more than 50% of water subsequently expelled
against a constant pressure difference of 12–17 kPa
(Sydenham and Findlay 1973; Sasago and Sibaoka
1985a; Singh et al. 2011). This pressure–volume
characteristic is programmed by the elastic properties
of the bladder walls and may be adapted for stability
of the trigger mechanism across a range of loading
states. With pi and EV independent of lumen vol-
ume, and the evacuation slow enough to be isother-
mal, the integration of Equation (4) is trivial.

EVDV ¼ ðpin � pexÞDV (5)

In other words, the elastic energy stored is equal
to the mechanical energy required to load the trap
by expelling liquid.

Power expended during a suction event—estimate

based on experimental flow fields

Because traps continue to evacuate lumen contents
after they are ready to trigger, the degree of loading
(hence total energy expended) is not entirely under
experimental control. However, thanks to the afore-
mentioned constancy of internal pressure and
volume-specific elastic loading, the onset of a feeding
strike, if not its duration, is expected to be uniform
from trap to trap. Furthermore, the analysis of ex-
perimental velocity fields is simplified when the ac-
celerated fluid is entirely within the control surface.

In order to apply the energy balance Equation (2)
to flow fields from the scaled model, we construct a
control surface that encloses a constant volume well
removed from the high-speed flows at the entrance
and exit of the test section. We furthermore idealize
this distant flow field as crossing the control surface
at uniform speed and normal incidence. These
assumptions are borne out by examination of the
measured flow fields during acceleration, but they
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break down as the exit jet entrains fluid and
approaches the edge of the video frame.

During the initial sub-millisecond acceleration, the
kinetic energy of the fluid is not negligible, but the
event is effectively adiabatic. Therefore, we retain ki-
netic energy terms in (2) but set _Q ¼ 0. Neither the
control volume nor the fluid mass that it contains
changes in time ðdV=dt ¼ dmV=dt ¼ 0Þ, and the
mass flow rates of the input and output channels
are equal in magnitude and opposite in sign
ðdmentrance=dt ¼ �dmexit=dtÞ. Using D to represent
the difference between entrance and exit fluid prop-
erties, and _m and _V to represent the mass and vol-
ume flow rates, respectively,

mv
d

dt
UmV

þ
d

dt

mvu
2

2

� �

¼ �D Umi
þ piVmi

ð Þ _m (6)

In this purely mechanical system, the internal en-
ergy of the fluid depends only on temperature.
Viscous dissipation converts kinetic to internal en-
ergy on the left, and the rate at which it is trans-
ported out of the control volume appears on the
right. A detailed accounting is beyond the scope of
a macroscopic energy balance. We shall analyze
model startup flows in control volumes that are op-
erationally large; elements of the fluid that have ex-
perienced shear since the onset of flow do not cross
the image boundary. Then a simplified power bal-
ance equates acceleration and temperature rise to the
rate of potential energy loss:

d

dt

mvu
2

2

� �

þmv
d

dt
UmV

¼ � pin � pexð Þ _V (7)

The kinetic energy change (left) can be obtained
by integrating the kinetic energy function of an ex-
perimental velocity field at different times.
Calculation of the potential energy change (right)
requires measurements of bulk flow rate and pres-
sure difference. An approximation for the latter is
obtained by assuming that the pressure difference
as a function of volume is simply the reverse of
that observed during evacuation. This assumption
is supported by its adequacy to explain the acceler-
ation and terminal velocity of the jet as modeled by
an unsteady Bernoulli equation. Previous particle-
tracking data furthermore provide a measure of the
bulk flow rate during early stages of the suction
event (Berg et al. 2020).

The kinetic energy was obtained by first mapping
the norms of the observed velocity vectors onto a
scalar field of speeds, then creating a continuous
scalar speed field uðr; xÞ by linear interpolation.
Assuming that the flow field is axisymmetric, its

kinetic energy can be calculated by numerically inte-
grating the kinetic energy function over a cylindrical
polar volume element:

Ek ¼

ð ð

1

2
qu22pr dr dx (8)

where x is longitudinal position along the axis of
symmetry, r is radial distance from it, and q is the
density of the fluid.

Results

Energy expended to set the trap

We measured the volume of water inspired during
the firing phase in 15 traps of U. gibba. The inspired
volume ranges from 0.01 to 0.04mL (bladder length
0.8–1.2mm; mean 1.06 0.1mm, n¼ 15) with a
mean inspired volume of 0.0166 0.008 mL (n¼ 15);
the range of values reflects variation in trap size and,
more importantly, their loading state, with the latter
depending on the time since the last suction event.
In this context, we use the mean (0.016mL) as well as
the value that is most likely to represent a maximally
loaded trap (0.040mL). We assume a loading pres-
sure of 15.0 kPa (Sydenham and Findlay 1973; Singh
et al. 2011) based on values observed in other
aquatic species, given that pressures are similar
across species and not strongly correlated with trap
size (Adamec and Poppinga 2016). This pressure
yields a lower-limit estimate for the total energy
required to maximally load a U. gibba trap:
ðpin � pexÞDV ¼ ð�15:0kPaÞð�0:04 � 10�9 m3Þ ¼
0:6 lJ, which is stored in the bladder wall as elastic
potential energy. The mean inspired volume yields an
elastic energy of 0.26 0.1 mJ. The metabolic energy
required to do this mechanical work will be greater in
so far as the process is not perfectly efficient.

Power released during the suction event

Our measurements of suction flow speeds in
U. gibba can be used to estimate the potential energy
expended during the early stages of a suction event.
Measured flow speed data at the narrowest part of
the channel (Fig. 3) were fit to a solution of the
unsteady inviscid Bernoulli equation to yield (Berg
et al. 2020):

u tð Þ ¼ 5:2
m

s

� �

tanh
5:2m

s

2 0:00016 mð Þ
t

� 	

; (9)

where 5.2m/s is the terminal velocity (for a sustained
pressure difference) and 0.16mm is the observed
channel length. In Fig. 3, this fit is shown as a solid
line. To determine the power expenditure according
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to the right-hand side of Equation (7), we calculate
the volume flowrate from the bulk linear flowrate
and channel area (estimated based on gape, which
is the diameter of the channel):

pex � pinð Þ
d

dt
V ¼ pex � pinð Þ u tð Þ � p

gape

2

� �2

(10)

We have not attempted to correct for the devel-
opment of the velocity profile. The flow is domi-
nated by a uniform inviscid core, which is assumed
to represent the bulk flow rate.

The power released according to Equation (10)
appears in the fluid as internal energy (temperature
rise) and kinetic energy. We evaluate the kinetic en-
ergy contribution by analysis of the model flow
fields. A matching pair of experimental velocity
flow fields (entrance and exit flow) is shown in
Fig. 4. In Fig. 5, the separate contributions of the
intake and exit flow are plotted as a function of time
for the first 0.10ms (scaled) of elapsed time since the
onset of flow, the final points of which correspond
to the flow fields in Fig. 4. Open circles in Fig. 5
show the sum of both contributions. The exit jet is
first to develop, as the entire pressure head is acting
to accelerate fluid along the channel. As the entry
flow field develops, it consumes part of the pressure
drop and exit-side acceleration. The sum evolves
more slowly, and exhibits a maximum slope before
the steady state is reached. The smooth curve is a
logistic function, fit to the total kinetic energy data
for the purpose of calculating the time derivative of
total energy (power).

The mechanical model was driven by a constant-
displacement program, not by constant pressure dif-
ference as in the plant. The program was tuned to
reproduce the terminal speed (5.2m/s) and the max-
imum acceleration (3.0� 104 m/s2) observed in
particle-tracking measurements (Fig. 3). This acceler-
ation was recorded 0.064ms after the onset of flow—
not because the acceleration is greatest at this time
(Equation (9) predicts peak acceleration at the onset
of flow), but because no tracer particles are present in
the channel initially. Scaled values achieved in the
model were 5.5m/s and 3.3� 104 m/s2. Therefore,
we perform the power balance at the elapsed time
of maximum acceleration. Equation (10) yields 0.47
mW, while the time derivative of total energy in the
scaled model is 0.46 mW. Therefore, the power bal-
ance between mechanical parameters measured on
real bladders, and fluid flow measured in a dynami-
cally scaled model, are in agreement: where the model
is valid, roughly 0.5 mW is being converted.

Discussion

Low-loss suction flows

Given the approximations that have been used, the
precision of agreement between the two terms of the
power balance (elastic potential energy spent by
bladderwort versus kinetic energy appearing in the
mechanical model) is perhaps fortuitous. But the
general agreement supports a picture of high-
efficiency conversion of elastic potential energy to

Fig. 4 Dynamically scaled model of fluid flow in U. gibba, in a

plane containing the axis of cylindrical symmetry. Velocity vectors

overlay an interpolated field of grayscale contours representing

vector magnitude. The fluid is driven from left to right, through a

cylindrical channel (cross section in black). Model parameters

were chosen to reproduce Re ¼ 500 as observed in U. gibba; the

greatest speeds in this field are 5.7m/s scaled (white). The en-

trance and exit flows were recorded separately at the same

elapsed time since onset of flow, 0.10ms (scaled). At this mo-

ment, the bulk acceleration of the fluid is complete.

Fig. 5 Kinetic energy in the flow field of U. gibba, as determined

from vector fields in the dynamically scaled model. The lower

points represent each frame of the entrance flow field, which

reaches a steady state at �0.10ms. The middle points represent

the exit jet. The upper points (open symbols) show the total

kinetic energy. The smooth curve is a fit of the logistic function

to the total energy points. The slope of this curve measures the

power appearing in the fluid in the form of kinetic energy. Listed

are the conditions under which the scaled model is best matched

to observations in bladderwort.
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kinetic energy of flow. Viscous dissipation, which
would generate internal energy (heating) at the ex-
pense of kinetic energy in Equation (7), would ap-
pear in the current measurements as a discrepancy
between potential and kinetic energy contributions
to the observed power balance. To estimate the
expected magnitude of frictional losses, we have cal-
culated the frictional contribution to undeveloped
steady-state flow (Langhaar 1942; Berg et al. 2020).
Such conditions prevail in U. gibba strikes at times
greater than 0.2ms (Fig. 3). Using the same U. gibba
parameters as elsewhere, the calculation predicts that
0.78 mW is expended at steady state, of which 17%
(0.13 mW) is dissipated as friction within the chan-
nel. This magnitude of dissipation is below the ex-
perimental resolution of the current power balance.
The driving pressure difference, in particular, is an
approximation based on a small number of hydro-
static measurements in various bladderwort species.
Furthermore, the presumed bulk flow rate observed
in plants has not been adjusted in light of the de-
tailed velocity profile (as observed for example in the
scaled model, Fig. 4).

The observed flow field (Fig. 4) is characteristic of
inviscid conditions. Its entrance and exit flows are
different, with a steady-state sink pattern on the en-
trance side and an extending inertial jet (with vortex
ring) on the exit side. Contours of constant speed are
flat at the channel entrance, and their high spatial
density indicates a steep pressure gradient directly in
front of the channel mouth. The pressure-difference
force in this region is believed to be the primary
mechanism driving prey during suction feeding
(Wainwright and Day 2007; van Wassenbergh and
Aerts 2009b). At the exit, some development of a
boundary layer is evident, but the flow is dominated
by a uniform inviscid core. These properties are in
accord with the modeled Reynolds number Re ¼ 500,
which is at the upper end of the intermediate flow
regime (1<Re< 1000), in which discreet laminar
boundary layers are present.

The conditions at the channel entrance are effec-
tive for the function of prey capture. They are cre-
ated primarily by the large pressure difference
between the inside and outside of the bladder. The
pressure difference guarantees both a steep pressure
gradient at the channel entrance, and a high uniform
flow speed that is achieved early in the feeding strike.

Energy requirements for suction feeding in

bladderworts

Bladderworts depend on elastic energy storage to
power suction events. Plants power motion directly

through hydraulic mechanisms or indirectly through
elastic energy storage (Skotheim and Mahadevan
2005; Dumais and Forterre 2012). Hydraulic mech-
anisms severely limit speed, and the fastest plant
movements are powered by elastic instability
(Skotheim and Mahadevan 2005; Dumais and
Forterre 2012). Bladderworts use a snap-buckle
mechanism not only to operate the trap door
(Joyeux et al. 2011; Vincent et al. 2011), but they
also rely on elastically loading the walls of the traps
to power the suction event (Joyeux et al. 2011).

Energy requirements for setting the trap can be
calculated based on pressure–volume work (this
study) or spring-deformation work (Joyeux et al.
2011). Using inspired water volume, we estimate
that the elastic energy stored in the bladder walls
of a fully loaded U. gibba trap (trap length 1mm)
is 0.6 mJ. A value of 11 mJ was reported for U. inflata
(Joyeux et al. 2011). This bladderwort species is sig-
nificantly larger both in total lumen volume and in
fractional volume change during loading (Friday
1991), therefore more energy is spent evacuating
lumen contents. The spring-deformation analysis of
U. inflata is equivalent to a calculation of pressure–
volume work, hence the stored-energy estimate is
greater in direct proportion to the volume pumped
(0.76mL in U. inflata versus 0.040mL in U. gibba).

Power requirements for small versus large suction

feeders

Suction feeding requires considerable power to gen-
erate fast suction flows and steep pressure gradients.
Adult fish (gape sizes 10–50mm; van Wassenbergh
et al. 2005; Higham et al. 2006b) generate suction
pressures of 1–55 kPa (Carroll et al. 2004; van
Wassenbergh et al. 2005), resulting in peak flow
speeds in front of the mouth of 5–7m/s (Higham
et al. 2006b). Larval fish, with gapes below 0.5mm,
generate considerably weaker pressures of 0.2 kPa
(Drost et al. 1988), resulting in weak suction flows
of 0.001–0.003m/s (Pekkan et al. 2016). Bladderwort
stands out because they generate strong pressures
(12–17 kPa; Sydenham and Findlay 1973; Singh
et al. 2011) and strong suction flows despite their
small size, reaching values similar to adult fish. The
resulting mass-specific power for bladderwort (0.5
mW/0.16mg ¼ 3000W/kg) is at the high end of
values observed in suction-feeding fish (10–4000W/
kg; van Wassenbergh et al. 2005; Carroll and
Wainwright 2009). Consistent with a scaling study
in fish suction feeders, we find that small suction
feeders face high power demands (van
Wassenbergh et al. 2005). Bladderworts meet these
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high power demands by storing considerable elastic
energy over a long time period and then releasing
this energy over an extraordinary brief time period.

The suction cycle of bladderworts is extremely
asymmetric, with the loading phase taking many
orders of magnitude longer than the firing phase.
Bladderworts traps take typically 30min to become
ready to fire (Joyeux et al. 2011; Singh et al. 2011;
Adamec and Poppinga 2016). The full resetting cycle
lasts several hours (“6 to 10 hours”: Adamec and
Poppinga 2016; “several hours”: Joyeux et al.
2011), and traps can remain loaded for days. In con-
trast, the firing phase is completed within a few
milliseconds (Adamec and Poppinga 2016) from
the trap being triggered to the prey being caught
and the door closing. The main suction event is
even shorter: the time to peak flow speed is well
below 1ms; in U. gibba it is roughly 0.1ms
(Fig. 4). With a loading period lasting 30min to
10 h and an unloading period lasting 1ms (0.1ms
for the time to peak flow), this yields a respectable
ratio of unloading to loading duration of 1:107 to
1:108 (1:108 to 1:109; Patek 2019). Bladderwort might
not be unique in this extreme time asymmetry, as
other plants also use elastic energy storage and ex-
plosive or snap-buckling unloading for prey capture
and seed dispersal (review: Sakes et al. 2016;
Galstyan and Hay 2018; Westermeier et al. 2018).
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