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Within animal groups, individuals can learn of a predator’s approach by attending to the behaviour of others.
This use of social information increases an individual’s perceptual range, but can also lead to the propagation
of false alarms. Error copying is especially likely in species that signal collectively, because the coordination
required for collective displays relies heavily on social information. Recent evidence suggests that collective
behaviour in animals is, in part, regulated by negative feedback. Negative feedback may reduce false alarms
by collectively signalling animals, but this possibility has not yet been tested. We tested the hypothesis that
negative feedback increases the accuracy of collective signalling by reducing the production of false alarms. In
the treehopper Umbonia crassicornis, clustered offspring produce collective signals during predator attacks,
advertising the predator’s location to the defending mother. Mothers signal after evicting the predator,
and we show that this maternal communication reduces false alarms by offspring. We suggest that maternal
signals elevate offspring signalling thresholds. This is, to our knowledge, the first study to show that negative
feedback can reduce false alarms by collectively behaving groups.
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1. INTRODUCTION
Group-living animals are thought to benefit by using
social information, such as behavioural cues or signals
from group members, when responding to predators
[1–3]. Social information can greatly increase the per-
ceptual range of a group member [4,5]. However, the
benefits of social information in predator detection are
dependent on the reliability of that information [6–9].

False alarms are common in a variety of group-living
taxa [9–11] and can even outnumber correct detections
[12,13]. If the first group member to detect a non-
threatening stimulus produces a false alarm, this can
cause a wave of erroneous decisions to spread, because
the first responding individual(s) exerts disproportionate
influence on other group members [14]. False alarms
may also be costly [9,11], and when false alarms pro-
pagate through groups (i.e. ‘erroneous information
cascades’), most or all group members can lose foraging
or mating opportunities [8,9,15]. Yet, any reduction in
false alarms comes with a trade-off between sensitivity
and accuracy. To reduce false alarms, the group must
reduce its sensitivity of response and increase the risk of
not detecting a predator [16].

Erroneous information cascades are especially likely
in one subset of group-living animals, those that behave
collectively. We use the term collective in the sense of
Sumpter [17], where interacting individuals produce a
coherent pattern that exceeds individual interaction

range. Synchronized, or wavelike, collective signalling
in particular suggests a strong reliance on social infor-
mation, because neighbours need to be within sensory
range to coordinate synchrony [18–22]. Moreover, such
signalling may be repetitive [1–3,23–25], suggesting
that the social information necessary for coordinating
one group signal also promotes repeated signals, perhaps
by lowering response thresholds. Yet, animals that behave
collectively in response to predators [23,26,27] are absent
from the literature on false alarms and information cas-
cades, and whether such animals behave in ways that
limit or reduce false alarms is an open question.

Recent research has focused on general processes by
which animals regulate collective behaviour (reviewed in
[17,28,29]), some of which could reduce false alarms.
For example, if a collectively signalling group had a
means of adjusting its response threshold, it might
thereby limit false alarms without reducing its overall sen-
sitivity of response. In some group-living (but not
collectively behaving) species, an informed subset of indi-
viduals (i.e. sentinels) update group members on the
background level of predation risk [9,30], including
decreases in risk. Such information may elevate response
thresholds of group members, making false alarms less
likely [9]. Similarly, negative feedback, or behaviour by
group members that dampens collective behaviour, is
hypothesized to reduce erroneous information cascades
by preventing group members from copying errors by
other group members [14,31]. In contrast to abundant
evidence that positive feedback regulates collective behav-
iour at all levels of biological organization [28,32–35],
negative feedback has only been observed in two collec-
tively behaving animal taxa [36–38]. In honeybees (Apis
mellifera) and Pharoah’s ants (Monomorium pharaonis),
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negative feedback reduces the allocation of foragers to
risky or unrewarding patches [36,38], and in swarming
honeybees, it also facilitates consensus by decreasing the
advertisement of the less-preferred nesting site [37].

Here, we investigate whether a collectively signalling
species uses negative feedback to reduce false alarms
after a predator encounter. In the treehopper Umbonia
crassicornis, mothers defend sedentary, clustered offspring
groups from invertebrate predators [39]. The offspring
produce collective vibrational signals that communicate
the predator’s presence and location to the defending
mother [25]. After offspring produce repeated signals,
their signalling threshold drops [40], and the signalling
behaviour can become self-perpetuating. As a result,
group signalling often continues after the danger has
passed, producing false alarms [40]. The mother also
produces vibrational signals that are temporally and
spectrally distinct from offspring signals (figure 1) [41].
Because mothers signal at a much higher rate after evict-
ing the predator, we hypothesized that maternal signals
function to reduce post-predation false alarms by
offspring after attacks end.

Our aim in this study was to test the hypothesis that
signalling by U. crassicornis mothers after predator attacks
reduces false alarms by offspring. This hypothesis pre-
dicts, first, that maternal and offspring signalling rates
will be inversely correlated after a predator encounter,
with mothers signalling more while offspring signal
less. We tested this prediction by quantifying the signal-
ling behaviour of mothers and group-living offspring in
response to predator encounters. The second prediction
is that this relationship is causal; that is, that maternal
signals inhibit signalling by offspring that are producing
false alarms. We tested this prediction by playing back
maternal signals to offspring that were signalling after a
simulated predator attack. This is, to our knowledge,
the first study to investigate the use of negative feedback
by collectively behaving animals to reduce false alarms.

2. METHODS
(a) Insect collection and rearing

We collected late-instar and teneral adult U. crassicornis aggre-

gations from the USDA Subtropical Horticulture Research

Station in Miami, FL, USA. We maintained a greenhouse

colony on potted Albizia julibrissin host plants, at 20–308C
on a 12 L : 12 D cycle. To maintain genetic diversity, we

collected new aggregations twice a year (December 2007,

July 2008, November 2008, May 2009). We separated sexes

from each family a few days after adult eclosion, before

adults are reproductively mature, and mated males and

females from different families to produce subsequent gener-

ations. Mating pairs and their offspring were housed on

individual potted A. julibrissin trees. Each tree with insects

was individually caged in fibreglass mesh, and all trees and

insects were kept in a large, walk-in cage constructed of

wood and fibreglass mesh. In the experiments described

later, we used second and third generation U. crassicornis

families in which nymphs were second through to fourth

instar. We were provided with pentatomid predators (Podisus

maculiventris nymphs) by the USDA–ARS Biological Control

of Insects Research Laboratory (Columbia, MO, USA).

We maintained a laboratory colony of P. maculiventris at

approximately 258C on a 14 L : 10 D cycle. Pentatomid

nymphs and adults were fed a combination of coddled fourth

instar larvae of Trichoplusia ni (Hübner) and a zoophytogenous

artificial diet [42] and were provided with water via moist

dental wicks (Richmond Dental) in small plastic weigh boats

(Fisher Scientific). We housed adults of each sex in half-pint

paper containers; when females produced eggs, eggs were col-

lected in a new cup in which nymphs developed. New nymphs

were provided by the USDA–ARS Laboratory twice a year.

(b) General methods

We conducted the experiments described later in the labora-

tory from July 2008 through to August 2009. We detected

maternal and offspring vibrational signals with an acceler-

ometer (PCB Piezotronics, NY, USA; model 352A24,

weight 0.8 g, frequency range: from 0.8 Hz to 10 kHz+
10%, sensitivity: 10.2 mV per m s22) attached 4–6 cm

from each family using mounting wax and powered by

a PCB Model 480E09 ICP Sensor Signal Conditioner.

We recorded both offspring and maternal signalling

responses and any vibrational stimuli we played on a Marantz

PMD660 digital audio recorder at a sampling rate of

44 100 Hz. (For details on vibrational stimuli, see §2e.)

We recorded family behaviour using a digital video recorder

(Sony Handycam models HDR-HC7 and HDR-SR11).

For each family in both experiments, we first set up signal

detection and video equipment and allowed the family 1 h

to acclimatize. Two families were used in both the predator

introduction and playback experiments; all other families

were used in one experiment each.

(c) Prediction 1: maternal and offspring signalling

rates diverge after predator encounters

If maternal signals reduce the false alarms that offspring com-

monly produce after predator attacks, then there should be an
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Figure 1. (a,b) Waveform and spectrogram showing Umbonia
crassicornis maternal and offspring vibrational signals produced
during a predator encounter. (c,d) Waveform and spectrogram
showing U. crassicornis maternal vibrational signals produced
after a simulated predator encounter has ended.
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inverse correlation between maternal and offspring signalling

rates after a predator encounter. To test this prediction, we

introduced a predator to each family and characterized the

family’s signalling responses during and after the predator

encounter. The predators were juvenile spined soldier bugs

(Pentatomidae: Podisus maculiventris) that had been fasted over-

night, and a different individual predator was introduced to

each of 10 U. crassicornis families on potted host plants (Mimo-

saceae: A. julibrissin). We allowed the predator to walk up a thin

string tied to the treehopper family branch, greater than or

equal to 1 cm from the edge of the offspring group, either

beyond the end of the aggregation farthest from the mother

or on the base of a leaf next to aggregation. Each family also

received a control treatment, where we mimicked our move-

ments as in an introduction but did not introduce a predator.

We alternated treatment order between families and used

each predator only once. We scored family responses (i.e.

maternal signals, offspring group signals) for the duration of

the predator encounter and for 3 min after the encounter

ended. For control treatments (i.e. sham introductions), we

recorded family behaviour for 1 h, and scored the production

of offspring group signals and maternal signals for the same

amount of time as the predator introduction treatment for

that family. We scored predator encounters as beginning

when a pentatomid made physical contact with one or more

U. crassicornis nymphs and as ending when a pentatomid termi-

nated contact by moving away from the edge of an offspring

aggregation, whether or not the predator was evicted by the

mother.

(d) Prediction 2: playback of maternal signals reduces

false alarms by offspring

If maternal signals reduce false alarms by offspring, then after

a predator encounter, offspring collective signalling should

decrease in response to the playback of maternal signals.

To test this prediction, we simulated predator encounters

with 11 offspring aggregations whose mothers had been

removed. We then played maternal vibrational signals, wind

vibrations or silence to the signalling offspring group (for

information on vibrational stimuli, see §2e). Each family

received all three playback treatments. The comparison

between maternal signals and silence will reveal whether off-

spring signalling is reduced more if mothers signal than if

they do not—i.e. whether maternal signalling after predation

events causes a reduction in false alarms. The comparison

between maternal signals and wind will further reveal

whether maternal signals reduce offspring signals as much

as do wind-induced vibrations, which are a common source

of noise on plants and have an inhibitory effect on vibrational

communication in insects [43,44].

We simulated a predator encounter by presenting a

crushed nymph (which had been killed by freezing) from a

different U. crassicornis family on a dowel approximately

1 cm under the centre of each aggregation; a fresh dowel

was used for each presentation. A chemical cue from a

crushed nymph acts as a predator cue [45] and reliably elicits

group signalling from offspring groups. We elicited 10 group

signals from each offspring group and then simultaneously

withdrew the crushed nymph and began playing vibrational

stimuli or silence for 15 min. Each playback was a loop com-

posed of 30 s of stimulus followed by 30 s of silence; we

included silent intervals for scoring of offspring signalling

response, in case the presence of playback signals interfered

with scoring. However, because offspring group signals

contain energy at higher frequencies than do the maternal

signals or wind vibrations, we were able to score all group sig-

nals, including those produced during playback stimuli.

We controlled for possible effects of treatment order by

randomly assigning each family to one of three possible

orders, and by waiting 1 h between treatments.

(e) Vibrational stimuli and playbacks

To each group of offspring we played their own mother’s

signalling response to a simulated predator encounter (as

described earlier). To obtain recordings of each mother’s

vibrational signals, we simulated a predator encounter in the

manner described earlier (§2d) with each family one day

prior to the playback experiment. When offspring began signal-

ling, mothers patrolled the family, signalled and searched for

the source of disturbance. We allowed mothers to find the

dowel with crushed nymph that they kicked as they would a

predator. As soon as a mother kicked a dowel, we withdrew

the predator cue from the aggregation. We used only post-evic-

tion maternal signals for our playback stimuli. We also played

wind vibrations and silence as controls: we recorded wind

vibrations from one branch each from three trees in the field.

For the ‘silence’ treatment, we generated a silent audio track

using audio editing and recording software (AUDACITY

v. 1.3.12) and played this as we played vibrational stimuli.

We did this to control for any electrical noise generated by our

equipment that might influence the behaviour of the insects.

To play vibrational stimuli to the U. crassicornis offspring,

we glued a small neodymium magnet (United Nuclear Scien-

tific, Laingsburg, MI, USA) to the aggregation’s branch at

the trunk end of the aggregation, the mother’s typical pos-

ition at rest. We positioned an electromagnet parallel to the

magnet at a distance of 1–2 mm. We then transmitted

vibrational stimuli to the electromagnet from AUDACITY

(v. 1.3.12) on a MacBook (v. 2.4 GHz Intel Core Duo) via

a RADIOSHACK 40 W PA amplifier. To ensure that the

playback signals had the correct amplitude spectrum, we

used a custom program in MATLAB (v. R2008bSV) to assess

frequency filtering by the branch and to build an inverse

filter [40]. We used this to digitally filter the maternal signals

and wind vibrations being played through that branch. To

ensure we were playing stimuli at biologically relevant ampli-

tudes, we matched playback stimulus amplitude to signal

amplitude from the original field recording.

(f) Scoring and statistical methods

We used XBAT (Harold Figueroa, Ithaca, NY, USA) to score

the presence of maternal signals and offspring group signals,

and then calculated signalling rates for mothers and offspring

of each family. We compared signalling responses among

treatments in both experiments using the Quade test [46], a

non-parametric analogue of a repeated-measures ANOVA.

We performed exact Wilcoxon signed-rank tests for post hoc

comparisons. Comparisons for the predator introduction

experiment and offspring signal distribution were two-sided.

Comparisons for maternal signal and wind vibration treat-

ments in the playback experiment were one-sided, according

to our a priori hypotheses. We adjusted comparison p-values

for false discovery rate (FDR) [47]. To assess whether

maternal and offspring group signalling rates diverged

among predator encounter contexts, we calculated the differ-

ence in signalling rate between contexts for both maternal

and offspring signals, and then compared these differences

Negative feedback reduces false alarms J. A. Hamel and R. B. Cocroft 3

Proc. R. Soc. B



using the Wilcoxon signed-rank test. All statistical tests were

conducted with R statistical software (v. 2.13.0).

3. RESULTS
(a) Prediction 1: maternal and offspring signalling

rates diverge after predator encounters

The results of this experiment supported the first predic-
tion that maternal and offspring signalling rates should
diverge after a predator encounter. Predator encounters
lasted 6.21 + 6.48 min (mean+ s.d.). Pentatomids con-
tacted greater than or equal to 1 nymph during all
predator introductions and attacked greater than or
equal to 1 nymph in all but one introduction (nine intro-
ductions with attacks, one introduction with contact
only). In one-third of introductions where pentatomids
attacked nymphs, the pentatomid returned to the aggre-
gation for a second attack after the first attack ended.
Umbonia offspring always produced group signals before
mothers wing-buzzed or approached.

Offspring group signalling rates differed by predator
encounter context (Quade test: n ¼ 10 aggregations,
Quade F2,18 ¼ 12.670, p , 0.001). Mean group signalling
rate was 20-fold greater during predator encounters than
during control treatments; and offspring produced a sub-
stantial number of false alarms, with signalling rates after
the encounter that were still 10-fold greater than those
during control treatments (control: 0.4+0.5, during
encounters: 9.2+5.3, after encounters: 5.4+5.6) (con-
trol versus during predation, Wilcoxon W ¼ 0, p ¼ 0.002,
pFDR ¼ 0.006; control versus after predation, Wilcoxon
W ¼ 1, p ¼ 0.004, pFDR ¼ 0.008). Offspring signalling
rates while predators were in contact with families did
not statistically differ from those after predators left
(figure 2; predation versus after predation, Wilcoxon
W ¼ 13, p ¼ 0.160, pFDR ¼ 0.160). The peak amplitude
of offspring group signals ranged from 0.16 to 0.33 m s22.

As with offspring group signalling rates, maternal signal-
ling rates were influenced by context (Quade test: n¼ 10
mothers, F2,18 ¼ 3.595, p ¼ 0.049). Post hoc comparisons

were not significant after controlling for FDR (control
versus during predation, Wilcoxon W ¼ 11, p¼ 0.106,
pFDR ¼ 0.131; control versus after predation, Wilcoxon
W¼ 7, p ¼ 0.037, pFDR ¼ 0.111; predation versus after
predation, Wilcoxon W ¼ 12, p¼ 0.131, pFDR ¼ 0.131).
However, the mean maternal signalling rate after predator
encounters was more than six times the rate during con-
trols, and twice that during encounters (control: 5.1+
12.3 min21, during encounters: 17.1+14.4 min21, after
encounters: 33.0+39.1 min21; figure 2). The peak ampli-
tude of maternal signals ranged from 0.11 to 0.20 m s22.

Maternal signalling and offspring group signalling
rates diverged between ‘during encounter’ and ‘after
encounter’ contexts (difference between during and
after encounter contexts, maternal signalling versus off-
spring group signalling, Wilcoxon W ¼ 4, p ¼ 0.014).
Maternal signalling rate tended to increase after encoun-
ters, whereas offspring signalling rate tended to decrease
after encounters (see the electronic supplementary
material).

(b) Prediction 2: playback of maternal signals

reduces false alarms by offspring

Results of this experiment supported the second prediction
that maternal vibrational signals reduce the production of
false alarms by offspring. When the post-predation context
was simulated experimentally, offspring group signalling
rates were decreased by playback of maternal vibrational
signals and wind vibrations, but not by silence (Quade
test: n ¼ 11 aggregations, Quade F2,20 ¼ 5.204, p ¼
0.015). Offspring produced roughly half as many false
alarms per minute when their mother’s vibrational signals
or wind vibrations were played than when silence was
played (maternal vibrational signals: 2.3+2.1 min21,
wind vibrations: 1.6+1.6 min21, silence: 4.3+
3.3 min21) (silence versus mother, Wilcoxon W ¼ 7, p ¼
0.018, pFDR ¼ 0.035; silence versus wind vibrations, Wil-
coxon W ¼ 1, p ¼ 0.001, pFDR ¼ 0.003; figure 3). There
was no difference in false alarms produced during play-
backs of wind vibrations or maternal vibrational signals
(Wilcoxon W ¼ 37, p ¼ 0.375, pFDR ¼ 0.375; the
electronic supplementary material).

4. DISCUSSION
Group-living animals benefit from incorporating social
information in predator detection [4,5], but such benefits
are likely to be limited by the common occurrence of false
alarms [12,13] and the tendency for potentially costly
errors [9,11] to rapidly propagate through a group
[6–8]. In this study, offspring groups continued to pro-
duce collective anti-predator signals after a predator
had left. Mothers signalled at a high rate after predator
attacks, and playback of maternal signals reduced the pro-
duction of those false alarms. This is, to our knowledge,
the first evidence of collectively behaving animals using
negative feedback to reduce false alarms.

Communicative and defensive roles in U. crassicornis
families are constrained by the characteristics of each
life stage. Offspring cluster in sedentary aggregations
and are dependent on their mother for protection against
invertebrate predators. Offspring produce collective sig-
nals in response to predator attacks, and these signals
evoke maternal defence [25]. During attacks, only the
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victim and its nearest neighbours are likely to have per-
sonal information about predator presence and location.
These individuals are most likely to initiate group signal-
ling; signalling by other group members, or social
information, amplifies this response.

While at least some offspring will have reliable infor-
mation about the predator’s presence, no individual
offspring can provide reliable information about the preda-
tor’s absence, because each one scans only a small fraction
of the area around the aggregation. By contrast, defending
mothers are able to obtain reliable information about pred-
ator departure because maternal defences are only effective
at close range [48], and mothers must locate and approach
predators in order to drive them away. Mothers are thus
the only individuals in families likely to have frequently
updated personal information on predator presence after
attacks. Mothers provide negative feedback: maternal
signals dampen collective signalling by offspring as preda-
tion risk decreases, at times when mothers have most
certain knowledge of predator location and false alarms
by offspring are most likely.

Although negative feedback is hypothesized to have
important regulatory functions for collective behaviour
[31,36], it has, to our knowledge, only been documented
in two animal species [36,38] prior to this study. In honey-
bees (A. mellifera), negative feedback promotes consensus
decision-making [37] and reduces predation costs [36]. In
Pharoah’s ants (M. pharaonis), negative feedback deters for-
agers from unrewarding trails, probably enhancing foraging
efficiency [38,49]. This study of U. crassicornis adds a third
function of negative feedback: it reduces false alarms, poss-
ibly allowing these family groups to avoid a trade-off
between sensitivity and accuracy in predator detection.

Maternal signals in Umbonia probably exert negative
feedback on offspring signalling by adjusting offspring
response thresholds to social information. Umbonia off-
spring signalling thresholds decrease after a predator
attack [40]. Undisturbed offspring aggregations rarely
produce group signals [41], but recently disturbed aggre-
gations will continue producing spontaneous group
signals (i.e. false alarms) after a predator leaves ([41] and
this study). Increasing response thresholds limits false
alarms in other taxa [9] and may limit information cas-
cades, possibly by causing individuals to preferentially
attend to personal information. By increasing offspring
response thresholds, mothers may change the relative influ-
ence of social and personal information for nymphs,
decreasing the influence of social information provided
by other nymphs.

If the function of maternal signals is to inhibit collec-
tive signalling by offspring, why do mothers also signal
while the predator is present? By providing negative feed-
back during a predator encounter, maternal signals may
enhance a mother’s ability to gain information about
the predator’s position. The rationale for this hypothesis
is twofold. First, mothers do not signal during encounters
with large, conspicuous offspring predators such as vespid
wasps [41]. Mothers often detect and walk towards such
predators before their offspring produce any signals,
apparently guided by vision [39,41]. By contrast, mothers
do signal when responding to small, stealthy predators
such as the pentatomids in this study, or when offspring
signals are triggered by vibrational playback in the
absence of a predator (K. Ramaswamy & R. Cocroft
2009, unpublished data). A mother gains information
on the predator’s location through a gradient in her off-
spring’s collective signals; offspring farther from the
predator are less likely to participate in group displays
[22,50]. In the mother’s absence, the gradient disappears
because individuals farther from the predator are just
as likely to signal as those close by [22]. We hypothesize
that maternal signals dampen participation by offspring
as each collective signal propagates across the group,
away from the site of the attack. This hypothesis would
explain why mothers signal not only after predators
leave, but also while searching for predators that they
cannot locate with visual cues.

The finding that mothers reduce false alarms by offspring
raises the question of what costs such false alarms may
impose on families. Maternal defence in another treehopper
species (Publilia concava) has metabolic costs, evidenced by
trade-offs between duration of care and lifetime fecundity
[51]. Metabolic costs may also result in reduced longevity
in insect species [52]. If an Umbonia mother dies before her
offspring reach adulthood, her undefended offspring will be
much more vulnerable to predators [39,48,53]. Mothers
should limit the metabolic costs of defence. If vibrational sig-
nalling is less costly than active antipredator defence, then a
mother that has recently evicted a predator will benefit by
signalling rather than by continuing to respond to the
continuing waves of offspring signals.

In addition to incurring unnecessary metabolic costs
for mothers, continued signalling by offspring may also
attract other, nearby invertebrate predators or parasitoids,
many of which are vibrationally sensitive (e.g. spiders
[54], ants (reviewed in [26]), pentatomids [55]) and
some of which have been shown to use vibrational cues
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[55–57] to locate prey. The study of predator eavesdrop-
ping on vibrational signals is a nascent field, but evidence
is growing that vibration-sensitive invertebrate predators
can home in on prey vibrational signals [58–60]. By redu-
cing offspring signalling after a predator encounter,
mothers may reduce the risk of advertising the family’s
location to additional predators. Continued offspring sig-
nalling could also indirectly advertise the family to
visually oriented predators (e.g. songbirds). Families are
cryptic when stationary (J. Hamel 2008, personal obser-
vation), but a mother breaks crypsis by walking and
wing buzzing in response to offspring signals. Offspring
break crypsis because their collective signals involve
both vibration and movement [22,61].

Offspring signalling was reduced not only by maternal
signals, but also by wind vibrations. Wind-induced
vibrations are the major source of environmental noise
for vibrationally communicating insects on plants [62].
Wind vibrations inhibit communication, causing insects
to signal during brief wind-free gaps, and diel variation
in wind speed is inversely correlated with diel patterns
of signalling by some vibrationally communicating insects
[43,44]. The importance of wind for antipredator com-
munication by U. crassicornis in the field remains to be
explored, as does the rate of predator encounters as a
function of wind velocity. At higher wind velocities,
parent-offspring communication may be limited to
wind-free gaps, while at lower velocities, the inhibitory
effect of wind-induced vibrations may reduce the need
for maternal signalling.

In summary, in U. crassicornis, maternal signalling
functions as negative feedback and regulates offspring col-
lective signalling. Communicative roles are partitioned
between mother and offspring such that the individual(s)
with the most reliable information about predation risk
provide that information to the rest of the family. Seden-
tary offspring produce collective vibrational signals that
communicate the predator’s presence and location to
the defending mother. Mothers have the most certain
information on predator location after predator attacks,
and maternal signals dampen collective signalling by off-
spring after attacks, thereby reducing false alarms.
Maternal signals probably increase offspring thresholds
and increase the weight offspring give to personal infor-
mation. Future studies should investigate the regulation
of collective behaviour in other animal groups and further
explore the functions and benefits of negative feedback.

We thank Paul Kendra and Wayne Montgomery of the
USDA Subtropical Horticulture Research Station in
Miami, FL, USA for providing U. crassicornis aggregations
for our greenhouse colony. We thank Tom Coudron and
James Smith of the USDA–ARS Biological Control of
Insects Research Laboratory in Columbia, MO for
providing the P. maculiventris nymphs used in this study.
Barb Sonderman and Steven Heinrich provided valuable
assistance with greenhouse facilities. H. Carl Gerhardt,
Lori Eggert, Candi Galen, Robert Sites, Michael Hassell
and two anonymous reviewers provided helpful feedback on
an earlier draft of this manuscript.

REFERENCES
1 Wilson, E. O. 2000 Sociobiology: the new synthesis,

25th edn. Cambridge, MA: Belknap Press of Harvard
University Press.

2 Caro, T. 2005 Conspecific warning signals. In Antipreda-
tor defenses in birds and mammals, pp. 181–224. Chicago,
IL: University Of Chicago Press.

3 Zuberbuhler, K. 2009 Survivor signals: the biology and
psychology of animal alarm calling. Adv. Study Behav.
40, 277–322. (doi:10.1016/S0065-3454(09)40008-1)

4 Pulliam, R. H. 1973 On the advantages of flocking.
J. Theor. Biol. 38, 419–422. (doi:10.1016/0022-
5193(73)90184-7)

5 Lima, S. L. 1995 Back to the basics of anti-predatory
vigilance: the group-size effect. Anim. Behav. 49,
11–20. (doi:10.1016/0003-3472(95)80149-9)

6 Lima, S. 1995 Collective detection of predatory attack by
social foragers: fraught with ambiguity? Anim. Behav. 50,
1097–1108. (doi:10.1016/0003-3472(95)80109-X)

7 Giraldeau, L.-A., Valone, T. J. & Templeton, J. J. 2002
Potential disadvantages of using socially acquired infor-
mation. Phil. Trans. R. Soc. Lond. B 357, 1559–1566.
(doi:10.1098/rstb.2002.1065)

8 Sirot, E. 2006 Social information, antipredatory vigilance
and flight in bird flocks. Anim. Behav. 72, 373–382.
(doi:10.1016/j.anbehav.2005.10.028)

9 Bell, M. B. V., Radford, A. N., Rose, R., Wade, H. M. &
Ridley, A. R. 2009 The value of constant surveillance in a
risky environment. Proc. R. Soc. B 276, 2997–3005.
(doi:10.1098/rspb.2009.0276)

10 Hoogland, J. 1981 The evolution of coloniality in white-
tailed and black-tailed prairie dogs (Sciuridae: Cynomys
leucurus and C. ludovicianus). Ecology 62, 252–272.
(doi:10.2307/1936685)

11 Kahlert, J. 2006 Factors affecting escape behaviour in
moulting greylag geese Anser anser. J. Ornithol. 147,
569–577. (doi:10.1007/s10336-006-0081-5)

12 Cresswell, W., Hilton, G. M. & Ruxton, G. D. 2000 Evi-
dence for a rule governing the avoidance of superfluous
escape flights. Proc. R. Soc. Lond. B 267, 733–737.
(doi:10.1098/rspb.2000.1064)

13 Beauchamp, G. 2010 Determinants of false alarms in
staging flocks of semipalmated sandpipers. Behav. Ecol.
21, 584–587. (doi:10.1093/beheco/arq032)

14 Bikhchandani, S. & Hirshleifer, D. 1998 Learning from
the behavior of others: conformity, fads, and informa-
tional cascades. J. Econ. Perspect. 12, 151–170. (doi:10.
1257/jep.12.3.151)

15 Proctor, C., Broom, M. & Ruxton, G. 2001 Modelling
antipredator vigilance and flight response in group
foragers when warning signals are ambiguous. J. Theor.
Biol. 211, 409–417. (doi:10.1006/jtbi.2001.2353)

16 Wiley, R. 1994 Errors, exaggeration, and deception in
animal communication. In Behavioral mechanisms in evol-
utionary ecology (ed. L. Real), pp. 157–189. Chicago, IL:
University of Chicago Press.

17 Sumpter, D. 2006 The principles of collective animal be-
haviour. Phil. Trans. R. Soc. B 361, 5–22. (doi:10.1098/
rstb.2005.1733)

18 Sumpter, D. J. T. 2010 Synchronization. In Collective
animal behavior (ed. D. Sumpter), pp. 130–150. Prince-
ton, NJ: Princeton University Press.

19 Néda, Z., Ravasz, E., Brechet, Y., Vicsek, T. & Barabási,
A. L. 2000 The sound of many hands clapping. Nature
403, 849–850. (doi:10.1038/35002660)

20 Helbing, D. & Farkas, I. 2002Mexican waves in anexcitable
medium. Nature 419, 131–132. (doi:10.1038/419131a)

21 Buck, J., Buck, E., Case, J. F. & Hanson, F. E. 1981
Control of flashing in fireflies. J. Comp. Physiol. A 144,
287–298. (doi:10.1007/BF00612560)

22 Ramaswamy, K. & Cocroft, R. B. 2009 Collective signals
in treehopper broods provide predator localization cues
to the defending mother. Anim. Behav. 78, 697–704.
(doi:10.1016/j.anbehav.2009.06.017)

6 J. A. Hamel and R. B. Cocroft Negative feedback reduces false alarms

Proc. R. Soc. B

http://dx.doi.org/10.1016/S0065-3454(09)40008-1
http://dx.doi.org/10.1016/0022-5193(73)90184-7
http://dx.doi.org/10.1016/0022-5193(73)90184-7
http://dx.doi.org/10.1016/0003-3472(95)80149-9
http://dx.doi.org/10.1016/0003-3472(95)80109-X
http://dx.doi.org/10.1098/rstb.2002.1065
http://dx.doi.org/10.1016/j.anbehav.2005.10.028
http://dx.doi.org/10.1098/rspb.2009.0276
http://dx.doi.org/10.2307/1936685
http://dx.doi.org/10.1007/s10336-006-0081-5
http://dx.doi.org/10.1098/rspb.2000.1064
http://dx.doi.org/10.1093/beheco/arq032
http://dx.doi.org/10.1257/jep.12.3.151
http://dx.doi.org/10.1257/jep.12.3.151
http://dx.doi.org/10.1006/jtbi.2001.2353
http://dx.doi.org/10.1098/rstb.2005.1733
http://dx.doi.org/10.1098/rstb.2005.1733
http://dx.doi.org/10.1038/35002660
http://dx.doi.org/10.1038/419131a
http://dx.doi.org/10.1007/BF00612560
http://dx.doi.org/10.1016/j.anbehav.2009.06.017


23 Hartbauer, M. 2010 Collective defense of Aphis nerii and
Uroleucon hypochoeridis (Homoptera, Aphididae) against
natural enemies. PLoS ONE 5, e10417. (doi:10.1371/
journal.pone.0010417.t001)

24 Schmelzer, E. & Kastberger, G. 2009 ‘Special agents’
trigger social waves in giant honeybees (Apis dorsata).
Naturwissenschaften 96, 1431–1441. (doi:10.1007/
s00114-009-0605-y)

25 Cocroft, R. 1996 Insect vibrational defense signals.
Nature 382, 679–680. (doi:10.1038/382679a0)

26 Hölldobler, B. 1999 Multimodal signals in ant communi-
cation. J. Comp. Physiol. A 184, 129–141. (doi:10.1007/
s003590050313)

27 Kastberger, G., Schmelzer, E. & Kranner, I. 2008 Social
waves in giant honeybees repel hornets. PLoS ONE 3,
e3141. (doi:10.1371/journal.pone.0003141.t002)

28 Jeanson, R. & Deneubourg, J.-L. 2009 Positive feedback,
convergent collective patterns, and social transitions
in arthropods. In Organization of insect societies (eds
J. Gadau & J. Fewell), pp. 460–482. Cambridge, MA:
Harvard University Press.

29 Sumpter, D. J. T. 2010 Collective animal behavior.
Princeton, NJ: Princeton University Press.
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