
sensitivities of the photoreceptors in H. trispinosa
weremeasured using intracellular electrophysiology
(9) (table S1). Eight sensitivitymaxima were found
in the visible part of the spectrum, and another three
were found in the UV {the fourth UV cell often
proving hard to locate and record from [(9), Fig. 1]}.
We modeled the stomatopod spectral discrimina-
tion curve using the Vorobyev/Osorio noise-limited
model (21) (which determines color thresholds using
photoreceptor noise levels) for a serial dichromatic
system with comparison between each adjacent
spectral sensitivity [mechanism (i) above (note S1)].
This system predicts very fine discrimination be-
tween 1 to 5 nm throughout the spectrum, with few
peaks of coarser discrimination as seen in other
animals. Such fine spectral discriminationwould be
expected in a color vision system that made analog
comparisons between adjacent spectral sensitiv-
ities. The behavioral results presented here (Fig. 2)
suggest that such analog comparisons are not made.
Instead, stomatopod color vision is remarkably
coarse (Fig. 3).

The results from our experiments suggest that
the stomatopods do not use a processing system of
multiple dichromatic comparisons as previously
hypothesized based on assumed neural connections
(16). Instead, we provide evidence that scanning
eye movements (22) may generate a temporal sig-
nal for each spectral sensitivity, enabling them to
recognize colors instead of discriminating them.
(Fig. 4) (3, 4). In such a system, the 12 sensitivities
(including the UV, not analyzed here but with its
multiple sensitivities a good fit to the system en-
visaged) would be converted into a temporal pat-
ternwhen scanned across an object,which the animal
could recognize as color. This system is comparable
to the spectral linear analyzers (termed ”push-broom”
analyzers because of the arrangement of the sen-
sors and the flight direction) used in remote sensing
systems (23) and is a unique way for animals to
encode color. Although this system does not have
the ability to discriminate between closely positioned
wavelengths (and results in spectral “discrimina-
tion” defined by the distances between sensitivity
peaks, seenwhen comparing Fig. 1 and 3), it would
enable the stomatopod to make quick and reliable
determinations of color, without the processing de-
lay required for a multidimensional color space.
Without the comparison of spectral channels, color
constancy would not function in the way we
currently understand it in other animals. Instead,
identification of a color pattern by the mid-band
and luminance by the hemispheres might function
as a “panchromatic” method to discount illumi-
nance (23). The eye is optically skewed so that both
midband and hemispheres examine the same areas
in space, which lends support to this idea (3). How-
ever, the details of the neural processing from the
receptors remain unknown.

Stomatopods live a rapid-fire lifestyle of com-
bat and territoriality, so possessing a simple, tem-
porally efficient color recognition ability may be
critical for survival (24, 25). As with many in-
vertebrate information-encoding solutions, the
actual processing of the problem is dealt with at

the periphery, in this case by an array of detectors
seen in animals and unconsciously duplicated by
remote-sensing engineers.What remains for us to
discover is the nature of the information and its
importance in the biological decisions these en-
gaging crustaceans make.
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Risky Ripples Allow Bats and Frogs to
Eavesdrop on a Multisensory
Sexual Display
W. Halfwerk,1, 2* P.L. Jones,1, 3 R. C. Taylor,4 M. J. Ryan,1, 3 R. A. Page1

Animal displays are often perceived by intended and unintended receivers in more than one sensory system.
In addition, cues that are an incidental consequence of signal production can also be perceived by
different receivers, even when the receivers use different sensory systems to perceive them. Here we show that
the vocal responses of male túngara frogs (Physalaemus pustulosus) increase twofold when call-induced
water ripples are added to the acoustic component of a rival’s call. Hunting bats (Trachops cirrhosus) can
echolocate this signal by-product and prefer to attack model frogs when ripples are added to the acoustic
component of the call. This study illustrates how the perception of a signal by-product by intended and
unintended receivers through different sensory systems generates both costs and benefits for the signaler.

Elaborate courtship displays are favored by
sexual selection but are often opposed by
predation (1, 2). Animals can produce com-

plex signals that are detected and processed through
multiple sensory systems [commonly referred to as
multimodal or multisensory signals (3, 4)]. Many
communication systems once thought to operate
primarily in a single sensorymode actually include
secondary components that stimulate additional

senses (5–7). For instance, lip movements are nec-
essary to produce human speech, but the associated
visual cue of moving lips can also have a dramatic
impact on speech perception (7). Such secondary
signal components can be beneficial when they
enhance the detection and perception of signals
(3,4).However, communication between the sender
and intended receiver rarely occurs in private chan-
nels (8), and signalers are prone to costs imposed
by eavesdroppers, such as predators and parasites
who also attend to their displays (9–11).

Many male frogs possess conspicuous vocal
sacs that evolved to recycle air during the production
of their advertisement calls (6). The inflation and
deflation of the vocal sac additionally act as
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visual cues in female attraction and male com-
petition (12–14). Furthermore,when frogs call from
the water’s surface, their body movement in-
cidentally creates surface waves or ripples which
maybe perceived as a third component by receivers
(a tactile component in addition to the acoustic
and visual components (15) (Fig. 1 andmovie S1).
Water ripples play a communicative role in some
frog species (16, 17), but we have had no under-
standing of how call-induced cues are integrated
with the perception of the acoustic component of
the call by intended receivers and eavesdroppers.

In our study system, male túngara frogs
(Physalaemus pustulosus) aggregate at night in
shallow ponds and call to attract females (18).
Males compete acoustically with other túngara
males and maintain spacing by physically de-
fending a calling site with a radius of roughly
7.5 cm against competitors (18). Males display
from shallow puddles and create ripples as a by-
product of call production, which can potentially
be used by other males to assess the location of
rivals. The frog-eating bat (Trachops cirrhosus) can
eavesdrop on the acoustic component of the
frog’s call (11, 19). To reduce predation risk, frogs
stop calling in response to predator cues (20), a
strategy that has been shown to effectively in-
crease localization errors by bats (21). Other bat
species are able to use echolocation to detect small
water droplets released into the air (splashes) or
other cues produced when aquatic prey disrupt the
water surface (22–24).Wehypothesized that ripples
produced during calling may aid frog-eating bats in
the detection or localization of calling frogs,
reducing the effectiveness of the frog's antipredator
strategy of call cessation (20, 21).

Male túngara frogs generally show one of three
behaviors in response to a nearby calling male,
which is probably related to the risk of aggressive
escalation and the motivation to fight (2). A chal-
lenged male can deflate his vocal sac and cease
calling (but remain stationary at his call site), in-
crease his call rate, or approach the rival to fight
(18). We tested whether males used ripples asso-
ciated with calling to assess rival competition. In
playback experiments, males were presented with
a multisensory display (sound plus ripples), sound
alone, and ripples alone.We also varied the distance
from the stimulus to the male [inside versus outside
the physically defended range; (25) and fig. S1].

All males responded to ripples when they co-
occurred with the acoustic signal (Fig. 1). On
average, the call rate more than doubled during
exposure to the multisensory signal as compared
to the rate with sound alone [generalized linear
mixed model (GLMM); n = 22 frogs, df = 21, t
statistic (t) = 6.87, P < 0.001; Fig. 1 and movie
S2]. Males did not respond to ripples alone, dem-
onstrating that sound is the dominant signal com-
ponent of the courtship behavior.

Male responses to ripples were dependent on
distance. When the stimulus was within 7.5 cm
of the focal male (i.e., within the zone that is
physically defended), males called less in re-
sponse to sound plus ripples and occasionally

ceased calling and deflated their vocal sac. When
the stimulus was broadcast from 30 cm away,
however, males increased their rate of response
when ripples accompanied sound (GLMM, effect
of distance on call cessation: n = 18 frogs, df = 1,
c2 = 6.05,P=0.014; effect on call rate: n=18 frogs,
df = 17, t value = 5.79,P < 0.001; Fig. 1). Distance
from the playback source, however, did not affect
male response to only the acoustic component of
the signal (call cessation: n = 16 frogs, df = 1, c2 =
0.0, P = 1.0; call rate: n = 14 frogs, df = 13, t
value = 1.46, P = 0.17).

The ripples produced during calling travel
slowly in shallow water (~25 cm/s) (26) and
therefore could potentially be detected by an
eavesdropping predator for up to several seconds
after call cessation. We tested whether bats could
make use of such an aftereffect by offering bats
(n = 10) a choice between a frog model next to a
pool in which we generated the acoustic com-
ponent of the call and ripples or a model that was
placed next to a control pool in which the acoustic
component of the call was broadcast but which
lacked ripples [ (25) and fig. S1]. In each trial, both
stimuli were presented simultaneously and both
were immediately haltedwhen the bat flew from its
perch, thereby mimicking the natural antipredator
response of the frogs. Although sound immediately
ceased at this point, ripple propagation continued

until the ripples reached the end of the experimental
pool 2 to 3 s later.

Bats preferentially attacked the model associ-
ated with ripples (GLMM; df = 1, z score (z–) =
2.81, P = 0.005; Fig. 2 and movie S3). The attack
rate on the multisensory signal (sound plus ripples)
increased by 36.5% as compared to the control
signal (sound alone). These experiments demon-
strate that bats make use of call-induced ripples,
most likely through echolocation, because the exper-
iments were conducted with no visible light and
thus should have deprived the bat of visual cues.

We assessed the detection limits of echoes
returning from smooth versus disturbed water
surfaces by broadcasting an artificial sonar call
to the experimental pools under varying angles
and recording the returning echoes. Echo ampli-
tude, and hence signal detection, strongly depends
on the angle between sonar beam and water sur-
face because of the acoustic mirror effect (24),
making it unlikely that bats perceived the ripples
from their perch (see also echo examples in Fig. 2).
At close range, echoes returning from pools with
ripples had higher variance in amplitude than
echoes from control pools with smooth water
surfaces (Fig. 2), generating a detectable cue
for bats as they approach.

In nature, the túngara frogs’ calling sites vary
in the amount of clutter on or near thewater surface,

Fig. 1. Call-induced water ripples alter rival responses. (A) Calling male túngara frogs produce
airborne vibrations (acoustic sound), the primary signal component, known to target males and females.
Males also create waterborne vibrations (water ripples), an incidental by-product of calling from water
surfaces. (B) Males increase call rates in response when ripples are added to sound playback. (C) When
ripples and sound are played simultaneously fromwithin the physically defended zone (7.5 cm), a significant
proportion of males reduce their call rate, cease calling, and/or deflate, presumably to fight or flee. Shown
are box plots of male call rate model estimates plus the individual responses of tested frogs (gray lines).
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ranging from completely open to completely veg-
etated.Wevaried the calling environment byplacing
screens partially coveredwith leaf litter over the two
experimental pools (a treatment that increases echo-
acoustic clutter) and presented bats with stimuli
emanating from sites with and without clutter.
Clutter treatment had a strong effect on attack
preference (df = 1, c2 = 16.02, P= 0.005, Fig. 2):
When both pools were partially covered with leaf
litter, the attack preference disappeared (df = 1,
z– = 0.34, P > 0.97).

Sexual selection has been responsible for
generating some of the most elaborate behavioral
phenotypes in the animal kingdom (1), but the
evolution of such traits may be restricted by an
increased risk of eavesdropping by parasites and

predators (3, 9). Understanding the specific mech-
anisms responsible for driving the diversification
of multisensory signals is challenging. It requires
demonstration of the effects of individual and
combined signal components on receivers (e.g.,
how receivers perceptually integrate multiple sig-
nal components), and it requires an understand-
ing of costs imposed on those signals. Our results
provide three important insights into this process.
First, we demonstrated that male túngara frogs
attend to ripples in addition to the calls of per-
ceived rivals. This probably improves the ability
of males to make decisions about calling effort
and risk relative to competition from nearby con-
specifics (27). Ripples may also aid females in
localization of the signaler through their integra-

tion with airborne sound (28). Second, we showed
that the same signal by-product can be detected
through different sensory systems by intended
and unintended receivers. Detection of ripples
by túngara frogs probably occurs via tactile stim-
ulation, whereas bats detect them in the acoustic
domain through echolocation. The perception of
signal by-products through different senses by
different receivers increases the range of eaves-
droppers that can exploit the communication sys-
tem. Third, predator detection of these signal
by-products imposes a strong cost on signalers
because of the frog’s inability to halt ripple prop-
agation (see movie S3 for a demonstration of a
bat circling the ripples at some distance from the
source, ~2 s after we stopped call production).
This could counter the frog's main antipredator
strategy of call cessation, because ripples leave a
“footprint” of the frog’s presence for several sec-
onds after the male has disappeared from the
acoustic channel. All signals and associated by-
products produce disturbances in the environment,
which can be perceived by multiple receiver spe-
cies in different sensory systems, exposing the
signalers to a complex array of costs and benefits.
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Fig. 2. Bats use call-induced ripples to hunt frogs. (A) Frog-eating bats rely partially on echo-
location to hunt their prey. Water surfaces are highly reflective of echolocation signals, but the amount of
returning echo (blue arrows) depends strongly on the angle between the signal propagation path (red
lines) and the surface. (B) Spectrographic example of a bat's echolocation signal, with time on the x axis
and frequency on the y axis. (C) Echo images derived from broadcasting a synthetic sonar call under
different angles to the test pool. Echo amplitude as well as overall structure quickly decreased with
decreasing angles. (D) Disturbed water surfaces during ripple playback produce higher variance in echo
amplitude than do the smooth surfaces. (E) Results from a two-choice test with bats, showing a preference
to attack the ripple pool over the control pool. (F) Ripple preference depends on environmental
conditions. When both pools were covered with a layer of leaves (cluttered environment), preference
disappeared. Graphs show mean T SD (D) or box plots of model estimates + individual lines [(E) and (F)].
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Endothelial Cell-Derived Angiopoietin-2
Controls Liver Regeneration as a
Spatiotemporal Rheostat
Junhao Hu,1* Kshitij Srivastava,1,2* Matthias Wieland,1,2 Anja Runge,1,2 Carolin Mogler,1,3
Eva Besemfelder,1 Dorothee Terhardt,1 Marion J. Vogel,1 Liji Cao,4 Claudia Korn,1
Susanne Bartels,1 Markus Thomas,1,2† Hellmut G. Augustin1,2,5‡

Liver regeneration requires spatially and temporally precisely coordinated proliferation of the two
major hepatic cell populations, hepatocytes and liver sinusoidal endothelial cells (LSECs), to reconstitute
liver structure and function. The underlying mechanisms of this complex molecular cross-talk remain
elusive. Here, we show that the expression of Angiopoietin-2 (Ang2) in LSECs is dynamically regulated
after partial hepatectomy. During the early inductive phase of liver regeneration, Ang2 down-regulation
leads to reduced LSEC transforming growth factor–b1 production, enabling hepatocyte proliferation
by releasing an angiocrine proliferative brake. During the later angiogenic phase of liver regeneration,
recovery of endothelial Ang2 expression enables regenerative angiogenesis by controlling LSEC
vascular endothelial growth factor receptor 2 expression. The data establish LSECs as a dynamic
rheostat of liver regeneration, spatiotemporally orchestrating hepatocyte and LSEC proliferation
through angiocrine- and autocrine-acting Ang2, respectively.

The vascular endothelium is considered a
passive cell population that acts in re-
sponse to exogenous cytokines. However,

recent work has shown that the endothelium can
actively function as gatekeeper of tissue homeosta-
sis. Endothelial cell-derived angiocrine signals
orchestrate organogenesis during development
(1, 2) and promote liver and lung regeneration in
the adult (3, 4). Liver regeneration is a prototypic
example of the intricate cross-talk between
parenchymal cells and stromal cells (5–8). Liver
sinusoidal endothelial cells (LSECs) have been
shown to exert protective functions on hepato-
cytes (9) and promote hepatocyte proliferation
during liver regeneration (3).

In order to systematically analyze the mech-
anisms of LSEC-regulated angiocrine growth con-

trol during liver regeneration, we isolated LSEC
from sham-operated and two-thirds partial hepa-
tectomized mice 1 day after surgery and performed
transcriptomic gene expression analyses. Ninety-
three geneswere significantly up-regulated in LSEC
upon partial hepatectomy (PHx) (table S1). Only
nine genes were significantly down-regulated.
Among the most strongly down-regulated LSEC
genes was Angiopoietin-2 (Ang2) (Fig. 1A and
table S2). Ang2 is a contextual antagonist of

the vascular receptor tyrosine kinase Tie2 and is
expressed at low levels in resting endothelial
cells (10, 11). Angiogenic or inflammatory en-
dothelial activation leads to the up-regulation
of Ang2 (12–14). The rapid down-regulation
of LSEC Ang2 after PHx was consequently
counterintuitive and prompted us to systemati-
cally study the role of LSEC-derived Ang2 dur-
ing liver regeneration.

Quantitative polymerase chain reaction
(PCR) analysis of Ang2 in liver lysates con-
firmed the rapid Ang2 down-regulation after
PHx. One day after PHx, Ang2 mRNA levels
were down-regulated to 18% of liver lysates from
sham-operated mice. Ang2 expression thereafter
steadily recovered to normal levels at day 8,
when the liver restores its normal mass (Fig. 1B).
The temporal pattern of Ang2 expression corre-
sponded to thewell-established pattern of hepato-
cyte and nonparenchymal cell proliferation after
PHx (15). In mice, liver regeneration after PHx
occurs rapidly by means of hepatocyte hyper-
plasia and hypertrophy to reach a proliferation
peak as early as 48 hours after hepatectomy (16).
Thereafter, hepatocyte proliferation steadily de-
clines to baseline (15). In contrast, nonparenchy-
mal cells, including LSECs, reach a proliferation
peak 4 days after PHx, which is concomitant with
the gradual recovery of Ang2. We therefore hy-
pothesized that LSEC-derived Ang2 may nega-
tively control hepatocyte proliferation and that
Ang2 down-regulation after PHxmay contribute to
hepatocyte proliferation by releasing an angiocrine
growth regulatory brake.
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Fig. 1. Dynamics of Ang2 expression in LSECs after hepatectomy. (A) Heat map representation of
significantly changed LSEC genes from sham operated and hepatectomized mice one day after surgery
(n = 4 mice). Details of identified genes are listed in tables S1 and S2. (B) Temporal kinetics of Ang2
expression during liver regeneration by means of quantitative PCR analysis of mRNA from whole-liver
lysate (mean T SD, n = 4 mice, **P < 0.01).
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