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SUMMARY

Living in the African savanna is dangerous, especially
for plants. Many plants therefore engage in mutualism
with ants, in which plants provide food and shelter in
exchange for protection against herbivores. Ants
become alarmed when the plant takes on some sort
of damage. They immediately emerge from their plant
shelter and aggressively defend the plant. Mamma-
lian herbivores can have devastating effects on trees
by browsing, breaking tree branches, stripping bark,
and pushing over entire trees. However, mutualistic
ants substantially reduce the amount of damage. To
efficiently protect the tree, ants need to rapidly react
together when the tree is under attack. Here, we
show that the acacia ant Crematogaster mimosae de-
fends its host tree by exploiting plant-borne vibra-
tions caused by browsers feeding on the tree. Exper-
iments with controlled vibrations show that ants
discriminate browser-induced vibrations from those
induced by wind, become alarmed, and patrol on
the branches. Browser-induced vibrations serve as
a long-distance alarm cue. The vibrations propagate
through the whole acacia tree and trigger ants’ defen-
sive behavior, even on the other side of the tree.
Furthermore, the ants make use of tropotactic direc-
tional vibration sensing to orient to the attacked part
of the tree and fight back the attacker.

INTRODUCTION

Acaciatrees are prominent and integral features of the East African
savanna. In this region, the genus Acacia comprises 62 species
and is one of the most common plant genera [1]. Many browsers
rely on acacia trees. Both domestic livestock and wild herbivorous
mammals feed on acacia leaves and branches [1]. Acacias have
evolved an array of defense mechanisms to protect against
herbivore damage. These include straight and hooked thorns,
secondary metabolites that act as repellents or toxins, and the
engagement in a mutualistic relationship with ants [2, 3]. Many
studies have demonstrated the ability of ants to protect plants
against damage [3-6]. By deterring browsing herbivores, ants
influence several parameters of plant fitness, as plants without
ants suffer a reduction in biomass, leaf production, and reproduc-

tion [5]. Inreturn, the acacia provides food and nesting space. Ants
find year-round carbohydrate-rich food offered in extrafloral nec-
taries. In the growth season, ants drill holes in newly produced
swollen thorns when their tissue is still soft. The acacia’s swollen
thorns are then used as domatia in which ants live and rear their
brood [7]. About eleven African acacia species are so-called
swollen-thorn acacias that are associated with around 20 ant spe-
cies mainly belonging to the genus Crematogaster [7].

While the acacia’s protection by thorns is continuous, the indi-
rect ant-mediated defense is an induced behavioral response.
Once ants notice an herbivorous attack, they immediately emerge
from their plant shelter and aggressively defend the plant [8]. Ants
deter both vertebrate and invertebrate herbivores [3]. Ants defend
the tree by swarming on the body of the herbivore and biting or
stinging into tissue (Figure 1). For an efficient defense against
mammalian herbivores, ants must detect cues associated with
browsing, orient to the browser, and fight the attacker as quickly
as possible. In studies of animal communication, cues are defined
as incidental sources of information that are detected by unin-
tended receivers [9, 10]. Ants could detect the presence of herbi-
vores by using visual, chemical, or mechanical cues. Many
browsers are active during the night, when it is too dark to use
visual cues. Moreover, for ants inside the domatia, visual cues
are generally not available. Therefore, the fast defense reaction
of the ants cannot be explained by the usage of visual cues.

Several studies found that ants are attracted by plant sap or
solvent extracts of plant parts. After a leaf is damaged or ants
are exposed to extracts of volatile compounds from leaf tissue,
the number of ants patrolling on the site of damage increased af-
ter some minutes [11-16]. The propagation of chemical cues is
relatively slow compared to the propagation of visual or mechan-
ical cues. Furthermore, the detectability and localizability of
chemical cues highly depends on air currents [17]. Thus, volatiles
might spread too slowly to inform ants in time about the herbi-
vore’s presence. Especially under windy conditions, chemical
cues may not reach ants located on the windward side of the
tree. Cues that would overcome those limitations are mechanical
vibrations associated with browsing. Some studies indicate that
the shaking of acacia branches results in ants quickly swarming
out to defend [13, 18-20]. However, the effects of these non-
standard shakes are described rather anecdotally, and the
studies do not exclude other cues accompanying the plant-
borne vibrations. Whether plant-borne vibrations induced by
browsing serve as a cue to detect the browser and defend the
tree has not been investigated so far [21].

Mechanoreception is suggested to be evolutionarily ancient
among animals [22, 23]. The usage of vibrational cues and signals
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is widespread in insect social and ecological interactions. Only
recently was the term biotremology introduced to formalize this
field of study [24]. It is estimated that 92% of insect species use
substrate vibrations alone or with other forms of mechanical
signaling [25]. Insects not only use vibrational cues in the context
of prey localization and predator avoidance, but also employ
vibrational signals to communicate with potential mates and nest-
mates [25-27]. Ants use vibrational cues and signals in the context
of recruitment, nest excavation, and alarm sounding [28-32].

In insects, vibration receptors are mainly positioned in all six
legs [33]. Thus, insects are particularly sensitive to vibrations trav-
eling through the substrate they stand on. The vibrations could
bear information that enables the receiver to localize and orient to-
ward their source.

To date, more than 50 behavioral studies demonstrate the abil-
ity of insects to localize the source of vibration. Insects could use
different behavioral strategies to encode directional information.
They could either compare measurements over time (klinotaxis)
or compare the inputs of at least two receptors (tropotaxis) [34].
For a leaf-cutting ant, for example, it was shown that they are
capable of vibrotropotactic orientation by comparing time-of-
arrival differences of the vibrations between their legs [35].

In this study, we asked whether the African acacia ant Crema-
togaster mimosae uses plant-borne vibrations to protect its host
tree Acacia zanzibarica. In the natural environment, plant-borne
vibrations are elicited by various sources that create noise. Noise
creates problems in reliable detection and deciphering of informa-
tion [36]. For an efficient defense of the host tree, ants should be
able to discriminate wind-induced vibrations from vibrations
induced by browsing herbivores. Browser-induced vibrations
should elicit defensive responses, whereas wind-induced vibra-
tions should not elicit any reaction. The detection of vibrations
by ants could simply lead to an increased patrolling activity on
the tree and thus to an increased probability of finding the source
of vibration, i.e., the browser, or the vibrations could provide direc-
tional information. The efficiency of the plant defense would
be increased if ants could extract directional information from
the plant-borne vibrations. Therefore, we also asked if ants show
vibrotropotactic orientation.
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Figure 1. Acacia Ants on their Host Tree and
a Bowsing Goat

(A) Crematogaster mimosae feeding at an extra-
floral nectary of Acacia zanzibarica.

(B) C. mimosae patrolling on an acacia branch.
(C) A goat browsing on leaves of A. zanzibarica.
Note that ants swarm on the goat’s head to
deter it.

RESULTS

Ant Activity

In our study area, most Acacia zanzibar-
ica trees have a single resident ant col-
ony, although the colony may occupy
multiple trees. Two ant species are com-
mon residents on the acacia trees. Most
trees (70.2%) are occupied by Crema-
togaster mimosae (C. mimosae), fewer
trees (13.8%) host Crematogaster sjostedti, and 16.0% of the
trees do not host ants (N = 181). We first assessed the ants’
diel activity pattern in relation to wind velocity and temperature.
During our observation period, the average wind velocity close
to the focal acacia was 2 ms™' (mean, SD = 0.59, n = 57 h)
and on average 16 wind bursts exceeding 4 ms~' per hour
occurred (mean, SD = 15, n = 57 h). Ants of the focal
C. mimosae colony are active throughout the day and night
with only slight variations (Figure 2). The number of
C. mimosae feeding on extrafloral nectaries increased with
increasing temperature (r = 0.282, p < 0.001, n = 249) but did
not correlate with average windspeed measured during a
1-min observation period (r = —0.012, p = 0.867, n = 215). The
number of ants walking over the branches decreased with both
increasing temperature (r = —0.128, p < 0.043, n = 249) and
increasing windspeed (r = —0.197, p < 0.004, n = 215).

Plant-Borne Vibrations

We mounted accelerometers on five branches of a tree and
measured the plant-borne vibrations induced by wind and a
browsing goat. Plant-borne vibrations induced by wind bursts
exceeding 4 ms~' were characterized by low frequencies, with
most energy below 2 kHz (Figures 3B and 3E). The mean peak
amplitude is 1.0 + 0.9 ms 2 (+SD, n = 25, N = 5). The vibrational
amplitude of branches shaking in the wind highly depends on the
accelerometer’s mounting place on the branch, with increasing
amplitude toward the tip of the branch. Plant-borne vibrations
induced by a browsing goat clearly show higher-frequency com-
ponents up to 6 kHz (Figure 3C). A video analysis showed that
the highest vibrational amplitudes are produced when the goat
removes a leaf from the branch. The mean peak amplitude is
26.7 £ 10.1 ms 2 (+SD, n = 25, N = 5). To produce plant-borne
vibrations in a reproducible manner, we used a custom-made
vibration exciter (henceforth, artificial browser; Figure 3A) that
was calibrated to imitate browser-induced vibrations. The fre-
quency components of plant-borne vibrations induced by the
artificial browser are in the same range as those induced by
the browsing goat (Figures 3C, 3D, 3F and 3G). The mean
peak amplitude is 1.84 + 1.4 ms™2 (+SD, n = 25, N = 5).
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Figure 2. Diel Activity of Crematogaster
mimosae and Windspeed

Observations were made in intervals of 20 min
throughout day and night.

(A) Number of ants feeding on extrafloral nectaries
immediately before 1-min observation periods.
(B) Number of ants crossing a ring marking within
1-min observation periods.

(C) Average windspeed during 1-min observation
periods.

The bars and line indicate the mean; error bars
indicate the standard deviation, n = 8-14 per h.

induced by the artificial browser led to an
increasing number of ants moving on the
branches close to the impact point. During
30 s of vibrational stimulation, significantly
more ants crossed a ring marking
compared to the previous 30 s without
stimulation (Figure 5; Wilcoxon signed-
rank test, z = 5.894, p < 0.001, n = 100,
N = 10). In contrast, vibrations induced
by wind did not have such effect on the
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The peak correlation coefficient resulting from cross-correlation
of frequency spectrograms was used as a measure for similarity
between different sources of plant-borne vibrations (Figure 3H).
If wind-induced vibrations are compared with vibrations caused
by the browsing goat or by the artificial browser at the same
branch, the correlation coefficient takes relatively low values of
r = 0.465 = 0.081 (mean = SD, n = 25) and r = 0.45 + 0.105
(mean = SD, n = 25), respectively, indicating a relatively low simi-
larity of frequency spectrograms. A comparison between goat-
and artificial browser-induced vibrations instead reveals that the
frequency spectra are relatively similar (r = 0.75 + 0.099, n = 25).
If goat- and artificial browser-induced vibrations are compared
among themselves, the correlation coefficient takes similarly
high values of r = 0.775 + 0.113 (mean + SD, n = 20) and
r=0.742 £ 0.172 (mean = SD, n = 20), respectively. This analysis
shows that the vibration exciter (artificial browser) is suitable to
imitate vibrations induced by a browser.

Attenuation of Browser-Induced Plant-Borne Vibrations
With increasing distance to the impact point, i.e., to the
artificial browser, the peak amplitude of the vibration traveling
through the branches decreases (Figure 4; Pearson’s, r =
0.987, p < 0.001, n = 70). The attenuation per centimeter along
the acacia branches is 0.15 dB (linear regression analysis
ANOVA, F = 2650.107, p < 0.001, n = 70).

Plant-Borne Vibrations and Ant Activity

Single wind gusts above 4 ms ™" are strong enough to visibly shake
the branches. Ants should be able to discriminate wind-induced
vibrations from browser-induced vibrations. Vibrational stimuli

0111213141516 17 181920 21 22 23

ants’ behavior (Figure 5; Wilcoxon
signed-rank test, z = 0.545, p > 0.586,
n =100, N = 10). These two experiments
do not only differ in the frequency compo-
nents of the plant-borne vibrations but
also in the wind velocity. The wind velocity could be utilized by
the ants directly to decide whether to patrol on the branches after
the detection of plant-borne vibrations. If this would be the case,
ant activity in the artificial browser experiments should corelate
negatively with wind velocity, which is not the case (Pearson’s
correlation coefficient, r = —0.042, p = 0.836, N = 37).

Long-Distance Alarm Cues

We furthermore assessed whether the plant-borne vibrations
may suit as a long-distance alarm cue. Artificial browser-induced
plant-borne vibrations led to an increase in ant activity far
away from the vibration source. On branches around 2 m away
from the vibration source, significantly more ants patrol on the
branches after the onset of vibrational stimulation compared to
the previous 30 s without stimulation (Figure 6A; Wilcoxon
signed-rank test, z = 2.972, p < 0.003, n = 60, N = 6). Moreover,
the ants show a directional defense response: more ants walk to-
ward than away from the source of vibration (one-sample t test,
t = 4.811, p < 0.005, n = 60, N = 6). In a control experiment
without vibrational stimulation, ants cross the ring marking in
both directions (toward and away from the vibration source)
without a preference for one side (one-sample t test, t = 1.711,
p <0.148, n =60, N = 6). This reveals that ants are capable of ex-
tracting directional information from the plant-borne vibrations.
However, this experiment does not enable us to tell whether
the ants’ orientation is a klino- or tropotaxis.

Directional Vibration Sensing
To find out whether the ants orient through klino- or tropotaxis,
we conducted a focal ant experiment. We observed the
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Figure 3. Plant-Borne Vibrations of Acacia zanzibarica Branches
(A) Artificial browser tightly coupled to a thorn.

(B) Frequency spectrograms of vibrations induced by a wind burst exceeding 4 ms~". Most energy is found below 2 kHz.
(C and D) Frequency spectrograms of vibrations induced by a browsing goat (C) and the playback device (D), i.e., the artificial browser, show higher-frequency

components (band-pass filter, 10 Hz to 10 kHz; 256 samples).

(E-G) Frequency spectra of vibrations induced by wind (E), a browsing goat (F), and the playback device (G).

(H) Similarity of wind-, goat-, and artificial browser-induced plant-borne vibrations. Five recordings of plant-borne vibrations induced by different sources were made
on five branches (N = 5, n = 25) and peak cross-correlation coefficients of frequency spectrograms (256 samples) were calculated. The plant-borne vibrations
induced by a browsing goat are similar to those induced by the artificial browser. Goat-wind and artificial browser-wind comparisons show smaller similarities.
Boxes show first and third quartiles; bold lines indicate medians; whiskers represent 1.5% the interquartile range; and circles indicate outliers.

directional response of individual ants to vibrational stimulation
in 200 ftrials, equally distributed over ten branches. Focal ants
fed at extrafloral nectaries. As a response to vibrational stimula-
tion, ants could either walk toward the source of vibration or
away from the vibration source. In only six cases, the focal ant
walked neither toward nor away from the artificial browser within
the 10 s of observation. Ants reacted to the vibration stimuli after
4.5 s (mean; SD = 4, n = 194). Significantly more ants turned
toward the source of vibration than to the other side (Figure 7;
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ttest, t=5.594, p <0.001, n =200, N = 10). In the control exper-
iment, ants do not show a side preference (Figure 7; one-sample
ttest,t=1.013, p < 0.337, n =200, N = 10).

DISCUSSION
The mutualism between ants and the acacias has a stabilizing

effect on the megaherbivore-driven landscape change in the
African savanna, and its disruption has dramatic ecological
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Figure 4. Attenuation of Vibrations Induced by the Artificial Browser
along Branches of an Acacia zanzibarica Tree

Arrow indicates the impact point and the position of the reference acceler-
ometer; circles indicate positions of a second accelerometer. Note that the
tree is perspectively pictured, and the given scale applies only to the vertical
axis. Measurement positions were either 20 cm apart from each other or at a
20-cm distance to a branching point.

effects [37]. After 10 years of mammalian herbivore exclusion,
trees reduced their investment in nectar and domatia produc-
tion. Consequently, the nectar-dependent and defending mutu-
alistic ants disappeared. Trees in the following period suffered
increased attacks by stem-boring beetles, grew more slowly,
and experienced doubled mortality relative to that of trees
occupied by the mutualistic ant [38]. The mutualistic ants
strongly defend trees against elephants, which can have dra-
matic impacts on tree cover. The loss of mutualistic and de-
fending ants leads to a 5- to 7-fold increase in the number of
trees catastrophically damaged by elephants [39]. Ants act as
an indirect defense by controlling the damage of herbivores,
which ultimately increases the trees’ fitness [40]. Vibrational
cues play a crucial role for the defensibility of this mutualistic
relationship.

Plant-Borne Vibrations

To consume acacias with thorns, giraffes and many other
browsers nimbly work around the thorns to pull off the leaves.
All our attempts to record plant-borne vibrations induced by
browsing giraffes failed, and to our knowledge, there are no
studies available concerning plant-borne vibrations due to
browsing by large mammals. The video analysis of our browsing
goat reveals that the highest amplitudes are emitted when a leaf
is pulled off and the branch pushes back. The frequency range of
vibrations induced by the browsing goat while removing a leaf
from a branch is broadband, with high-frequency components
up to 6 kHz and high amplitudes of up to 46 ms~2. We expect
that giraffes and other large mammals, which browse in a like
manner, emit similar plant-borne vibrations.
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Figure 5. Activity Indices of Crematogaster mimosae Related to Two
Different Kinds of Plant-Borne Vibrations

After the onset of vibrations induced by wind bursts, ants show neither
more nor less activity compared to that during the previous 30 s (Wilcoxon
signed-rank test, z = 0.545, p > 0.586, n = 100). After the onset of browser-
induced vibrations, significantly more ants crossed the ring marking compared
to the previous 30 s without stimulation (Wilcoxon signed-rank test, z = 5.894,
p < 0.001, n = 100). Boxes show first and third quartiles; bold lines indicate
medians; whiskers show the minimum and maximum; and the asterisk
indicates statistical difference.

Besides mechanical vibrations, several other potential cues
may indicate the feeding activity of the browser. When the
browser damages leaves and breaks branches, plant volatiles
are released, and the browser may be sensed by its odor or
visually. We used a playback device (artificial browser) to elicit
vibrations in a reproducible manner without producing other
cues. The similarity analysis shows that artificial browser-induced
vibrations closely resemble goat-induced vibrations. Thus, the
artificial browser is well suited to imitate browser vibrations.

Without much doubt, chemical cues or signals, such as alarm
pheromones, can indicate the presence of a browser. However,
these cues might not always be sufficient to be detected by the
ants in time. The propagation velocity of volatiles depends on
diffusion and air current. Volatiles are relatively slow communica-
tion signals. In still air, most pheromone molecules have diffusion
coefficients of a few square millimeters per second [17]. The
propagation velocity can be increased by the presence of
wind, which is an important environmental parameter in deter-
mining the structure of a volatile plume [41]. However, air cur-
rents may create problems for the detectability and localizability
of the volatiles [17, 41].

Volatiles might spread too slowly to inform nestmates in time
about an attack. Especially under windy conditions, chemical
signals and cues may not reach ants located at the windward
side of the tree. Vibrations instead propagate much more
quickly. Plant-borne vibrations mostly propagate as bending
waves [42-44]. The propagation velocity of bending waves is
proportional to the square root of frequency and depends on
plant properties, with a velocity of tens to hundreds of meters
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Figure 6. Long-Distance Alarm Cues

Behavioral observations were conducted about 2 m from the vibration source.
(A) After the onset of vibrational stimulation (30 s), significantly more ants patrol
on the branches compared to the amount during the previous 30 s without
stimulation (Wilcoxon signed-rank test, z = 2.972, p < 0.003, n = 60, N = 6).
(B) Directional defense response. In the control experiment without vibrational
stimulation, ants cross the ring marking in both directions (toward and away
from the potential vibration source) without a preference for one side (one-
sample ttest,t=1.711, p <0.148, N = 6). Playback of browser vibrations leads
to significantly more ants walking in the direction of the source of vibration than
in the other direction (one-sample t test, t = 4.811, p < 0.005, N = 6).

Boxes show first and third quartiles; bold lines indicate the median; whiskers
represent 1.5X the interquartile range; the asterisk indicates statistical dif-
ference; and circles represent the outliers.

per second [45]. Thus, within a fraction of a second, the vibra-
tions arrive on the other side of the tree and may thereby facilitate
a quick alert of ants.

For the many insects that communicate using plant-borne
vibrations, wind is considered to be the major source of environ-
mental noise [36]. Male treehoppers, for example, use gap
detection to initiate signaling during relatively wind-free periods,
and females respond less to signals given in the presence of
wind-induced vibrations [36]. However, in our case, a browser in-
duces incidental mechanical vibrations, which serve as cues for
the defending ants. It cannot be assumed that browsers show
any considerations toward a good cue-noise ratio. As the ants
rely on the health of their host trees, there should be a strong
selective pressure on adaptations enabling the ants to discrimi-
nate wind-induced from browser-induced vibrations.

Ant Patrolling Behavior

Wind peak velocities of 4 ms™' were strong enough to visibly
shake acacia branches, and they occurred frequently in our
study area. The experiments show that the ants do not increase
their patrolling behavior in response to wind-induced vibrations.
In contrast, the number of patrolling ants increases as a
response to browser-induced vibrations. This clearly shows
that the acacia ant C. mimosae solves the discrimination task.
Furthermore, records of diel activity patterns show that the num-
ber of ants walking over the branches decreased with increasing
windspeed. If the ants could not discriminate wind-induced
from browser-induced vibration, we would find the opposite
effect. It is unlikely that the ants make use out of any amplitude
differences between wind-induced and browser-induced vibra-
tions, as the vibrational amplitude highly depends on the dis-

1
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Figure 7. Directional Response of Crematogaster mimosae

In the playback experiment, focal ants on acacia branches turn significantly
more frequently toward the source of vibration than to the other side (one-
sample t test, t = 5.590, p < 0.001, n = 200; N = 10). In the control experiment
without vibrational stimulation, ants do not show a side preference (one-
sample t test, t = 1.013, p < 0.337, n = 200; N = 10). Boxes show first and
third quartiles; bold lines indicate median; whiskers represent 1.5% the inter-
quartile range; asterisks indicate statistical difference; and circles represent
the outliers.

tance between the source of vibration and the receiving ant
and is therefore not a reliable cue. In contrast, frequency differ-
ences have the potential to be discriminated. Wind-induced
vibrations are characterized primarily by low-frequency compo-
nents (<2 kHz), whereas browser-induced vibrations have
higher-frequency components.

Many behavioral studies show that vibrational communication
plays an important role in the context of mate recognition and
localization. By exploiting very small differences in the temporal
pattern and the frequency components, many insects can
discriminate signals from conspecific and non-conspecific in-
sects [26, 27]. In this light, the task of discriminating low-fre-
quency wind-induced vibrations from vibrations caused by
browsing animals, which have clearly higher-frequency compo-
nents, does not seem too difficult.

The motion of branches can occur along any axis within a
plane perpendicular to the long axis of the branch [44]. Our
behavioral observations reveal that C. mimosae ants are prefer-
entially active on the upper side of the branches. Therefore,
we measured vibrations perpendicular to the long axis of the
branches’ upper side. In this way, the branches’ maximum vibra-
tion amplitude may be underestimated [46], but we gain some in-
sights into which vibrational cues are available to the ants.

Browser vibrations traveling through the acacia are attenuated
by about 15 dBm~'. While browsing, the goat produced plant-
borne vibrations with an average amplitude of 26 ms™2 close
to the feeding site. This would lead to vibrational amplitudes
at a 3-m distance (on the other side of the tree) of about
0.15 ms™2. There is not much information available about the
vibration perception threshold of ants, except for one study
about leafcutter ants [47], which are very sensitive to frequencies
between 0.05 and 4 kHz and amplitudes down to 0.02 m~2.
Assuming a perceptual threshold of C. mimosae in the same



range, vibrations produced by a browser feeding on the acacia
can be perceived by ants all over the tree. Indeed, our playback
experiments reveal that more ants patrol not only on the
branches near the vibration source, but also on the other side
of the tree.

The playback of browser-induced vibrations leads to an in-
crease of ant patrolling, whereas wind-induced vibrations do
not influence the ants’ activity. The ants’ activity in response to
browser-induced vibrations is not affected by wind velocity dur-
ing the playback experiment. This suggests that the ants in the
presence of plant-borne vibrations do not directly measure the
wind velocity to decide whether to patrol, but rather make use
of different frequency components to discriminate wind- from
browser-induced vibrations.

The number of ants patrolling on the acacia branches might
increase solely because of the presence of browser-induced
vibrations, or they might be reinforced by recruitment of alerted
ants. Many studies focusing on the mutualism of ants and aca-
cias show that the number of ants increases at the site of attack
[11-16, 18-20]. However, the studies do not enable us to state
whether the increasing number of ants is simply the result of
an increase in activity and search behavior, is a directed
response to cues such as plant sap, or is the result of recruit-
ment. The ability to communicate and thereby recruit nestmates
is a prominent feature of social insects. Wilson [48] defined
recruitment as communication that brings nestmates to some
point in space where work is required. To communicate with
each other, ants use a number of chemical and mechanical sig-
nals that have evolved specifically to alter a receiver’s behavior
[49, 50].

In acacia ants, recruitment of nestmates to the attacked site
would lead to an even more efficient defense. Ants perceiving
browser-induced vibrations may subsequently recruit nestmates
by releasing alarm signals. Like most other Myrmicinae, ants of
the genus Crematogaster have a stridulatory organ [50]. Ants
stridulate by raising and lowering their gaster so that a cuticular
file located on the first gastric tergite is rubbed against a scraper,
thereby producing mechanical vibrations [29]. Many studies
show that ants make use of vibrational signals to recruit nest-
mates in various social contexts [50].

Besides using mechanical signals, ants may use chemical
signals such as pheromones to recruit nestmates. C. mimosae
displays alarm behavior when it is confronted with the crushed
heads of workers, which are believed to contain alarm phero-
mones inside of their mandibular glands [51, 52]. To our knowl-
edge, the recruitment behavior of C. mimosae has not been
studied in detail so far.

Directional Vibration Sensing

For an efficient defense of the host tree, it would be beneficial for
the ants, and of course for the tree, if directional information
could be extracted out of the plant-borne vibrations. Among
ants, the leaf-cutters are particularly well studied in this context.
Leaf-cutter ants communicate with the substrate-borne compo-
nent of the vibratory emission produced by stridulation [29].
Workers stridulate when they cut an attractive leaf. The vibra-
tions migrate along the body of the leaf-cutter and are trans-
mitted from the ant’s head to the substrate. Nearby workers
respond to the vibrations transmitted through the plant material

by orientating toward the source of the vibration and subse-
quently join in leaf cutting [29, 31]. Workers also stridulate while
engaged in nest digging and when they are buried by a cave-in of
the nest, thereby attracting other workers [32, 53]. Experiments
with two movable bridges vibrating the ants’ legs independently
revealed that the leaf-cutting ant Atta sexdens uses time-of-
arrival delays as small as 0.1 ms of the vibrational signals for
tropotactic orientation [35].

Our experiments show that browser-induced plant-borne
vibrations lead to an increase in patrolling behavior all over the
tree. Moreover, more ants orient toward the source of vibration
than in the other direction. This suggests that ants gain direc-
tional information from the plant-borne vibrations. However, in
our first experiment, ants could move freely on the branches.
Gradients in vibrational amplitude or the whirling motion of the
branch are influenced to varying degrees by source distance
and by local stem properties [44, 46]. By sampling at different
locations, ants could experience these gradients and thereby
successively update directional information. Therefore, this
experimental setup does not allow us to tell whether ants orient
via klino- or tropotaxis.

For a tropotactic orientation, ants need to compare the inputs
of at least two vibration receptors. Theoretically, a vibrational
wave should arrive at each receptor at different times and with
different intensities. To reveal whether ants make use of klino-
or tropotaxis, we observed directional orientation based on
plant-borne vibrations on an individual level.

The experiments clearly show that C. mimosae is capable of
a vibrotropotactic orientation toward the source of vibrations,
i.e., the browser. The ants’ first movement is significantly
more often directed toward the source of vibration than away
from the source. The most obvious directional cues that
could be used are differences in time of arrival and amplitude
[35, 54-56]. Vibration transmission in living plants presents
challenges for localization: waves travel at very different speeds
on different parts of the plant and at different frequencies; add-
ing to that complexity, at any given location, the stem moves in
a whirling path, whose properties also vary among different fre-
quencies in the signal. These difficulties are especially great for
small insects, whose vibration sensors are separated by only a
few millimeters [44].

Our measurements show that the amplitude decreases with
distances traveled through the acacia branches. However, at
small distances, amplitude does not attenuate reliably [45].
Moreover, plants are highly heterogeneous substrates for signal
propagation; some gradients may occur as a consequence of
plant structure rather than source distance, per se [44]. The uti-
lization of amplitude differences for orientation by ants therefore
seems less likely than the utilization of time delays. Measure-
ments of plant species other than acacia trees show that the
velocity of a bending wave is in the range of 36-220 ms™'
depending on the frequency [45]. The distance between the
vibration receptors on the ants’ legs is crucial to assess whether
these velocities lead to time delays that could be processed in
their nervous system. In C. mimosae, the maximum distance be-
tween the legs is approximately 5 mm, leading to time delays of
0.02-0.14 ms between vibration receptors. Assuming a temporal
resolution in the same range as in the leaf-cutter ant Atta sex-
dens, this time delay should be well above the perceptual
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threshold. Time-of-arrival delays are most likely the directional
cue that facilitates vibrotropotactic orientation by acacia ants.

Ants and acacias live in a mutualistic relationship in which both
partners would benefit from a fast and efficient localization of
browsers. A long coevolution has shaped this mutualistic rela-
tionship [57, 58]. It would not be surprising if the vibrational char-
acteristics of the acacia branches and the ants’ ability to detect,
localize, and orient toward vibrations are tuned to meet the com-
mon interest of an efficient defense against browsers.
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KEY RESOURCES TABLE

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Experimental Models: Organisms/Strains

Crematogaster mimosae
Acacia zanzibarica

Sagala Wildlife Sanctuary, Kenya
Sagala Wildlife Sanctuary, Kenya

S$3°24°0, E38°34°0
S3°24°0, E38°34°0

Software and Algorithms

Raven Pro 1.4 Cornell Lab of Ornithology N/A
SPSS IBM N/A
Field Data Neukadye N/A
Mephisto Scope 1 Meilhaus N/A
Other

Custom-made vibration exciter Ruhr University Bochum N/A
Anemometer PCE-FST-200-201-I PCE Instruments N/A
EasylLog EL-USB-4 Lascar Electronics N/A
Thermometer PL-125-T4-USB, type K sensors Voltcraft N/A
Accelerometer B&K 4369 Briel and Kjeer N/A
Accelerometer KS94B.100 Metra N/A
Preamplifier B&K 2635 Briel and Kjeer N/A
Audiorecorder DR 40 Tascam N/A
Camera D500 Nikon N/A
Digital oscilloscope UM202 Meilhaus N/A

CONTACT FOR REAGENTS AND RESOURCE SHARING

Further information and requests for resources and reagent should be directed to and will be fulfilled by the Lead Contact, Felix A.
Hager (felix.hager@rub.de).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

The study was conducted at the Sagala Wildlife Sanctuary in the semi-arid Tsavo ecosystem in south-east Kenya. The sanctuary
(83°24°0, E38°34°0) is part of a wildlife corridor between the Tsavo national parks, located at an elevation of 540 m above sea level.
The mean annual temperature is ca. 25°C and the mean annual precipitation is ca. 600 mm, with two rainy seasons from November to
December and March to May [59]. The study site is characterized by Acacia-Commiphora bushland and well drained dark red fire
sandy clay, intersected by deep dark brown sandy clay [60]. Acacia zanzibarica is the dominant swollen-thorn acacia and hosts
Crematogaster ants. Experiments were carried out with A. zanzibarica hosting C. mimosae in the dry seasons between June 2017
and June 2018.

METHOD DETAILS

Ant Activity

First, we probed a transect, 100 m from west to east and 10 m wide, throughout the Acacia-Commiphora bushland, monitoring all
A. zanzibarica trees higher than 0.5 m for inhabiting ant species. The diel activity of C. mimosae inhabiting a medium-sized tree of
2.5 m height was assessed by behavioral observations in intervals of 20 min throughout day and night. The number of ants feeding
at nectaries (Figure 1A) and walking along branches (Figure 1B) were chosen as measures of ant activity. One branch (ca. 120 cm)
was scanned from the tip to the stem for ants feeding on nectaries. On the same branch we subsequently counted the number of ants
crossing a ring marking at 15 cm distance to the tip of the branch within one minute (Neukadye Timestamped Field Data Application).
Simultaneously windspeed and temperature were recorded at 2.0 m distance to the tree and 1.5 m above ground (sample rate 1 Hz,
PCE-FST-200-201-I; Lascar Electronics, EasylLog, EL-USB-4; Voltcraft PL-125-T4-USB, type K sensors). The average wind velocity
and number of wind bursts exceeding 4 ms~' per hour were used for further calculations.
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Artificial Browser

A custom-made vibration exciter (artificial browser, Ruhr University Bochum) was designed to elicit browser-like vibrations in a repro-
ducible manner and to avoid all the problems large herbivores would have caused. The artificial browser operates as follows: a
cooper spring sheet was tensioned by means of an electromagnet, which hit the tip of an acacia thorn with a 15 cm long metal
rod. An acacia branch was tightly coupled by inserting a thorn in a hole at the tip of the metal rod. To calibrate the artificial browser
we successively adjusted the amplitude, the impact time and the mounting method till the plant-borne vibrations resembled the
vibrations caused by a natural browser. Therefore, an accelerometer was mounted on acacia branches and plant-borne vibrations
were recorded (sampling rate 48 kHz, B&K 4369, B&K 2635, Tascam DR40) and compared in the time and frequency domain with
recordings of browser-induced plant-borne vibrations using cross-correlation (Raven Pro 1.4).

Plant-Borne Vibrations

Plant-borne vibrations induced by wind, the artificial browser and a browsing goat were recorded in the following way: a spring steel
cramp was used to tightly mount an accelerometer on five branches (diameter 9-14 mm, N = 5) of a medium sized Acacia zanzibarica
(sampling rate 48 kHz, B&K 4369, B&K 2635, Tascam DR40). The accelerometer was mounted vertically on branches at a distance of
0.8-1.1 m from the main stem. Wind-induced vibrations were recorded continuously for 1 hour. Simultaneously wind velocity was
recorded at 2 m distance to the tree and 1.5 m above ground (sampling rate 1 Hz, PCE-FST-200-201-I; Lascar Electronics, EasyLog,
EL-USB-4). Afterward five wind bursts exceeding 4 ms~" per branch were identified and the corresponding vibrations were analyzed.
The artificial browser was attached in five different positions to the same acacia branches used to record the wind-induced vibra-
tions. The accelerometer was mounted in the same way as stated before. Afterward, with the accelerometer still mounted at the
same place, a goat was allowed to feed on the same five branches used for the previous recordings. The browsing goat (Figure 1C)
was videotaped (Nikon D500) to link the recorded plant-borne vibrations to the goat’s browsing behavior. The video camera was syn-
chronized with the vibration recordings via the external microphone input of the camera. Five events in which the goat removed a leaf
were analyzed per branch. The vibrations induced by wind, the artificial browser and the goat were compared with each other by
correlating spectrograms (256f, Raven Pro 1.4). The peak-correlation coefficient is a measure for the similarity between the spectro-
gram images. The correlation coefficient can take values between 0 and 1, whereby 0 means the two spectrograms do not coincide, a
correlation value of 1 indicates that both spectrograms are identical. To provide a better understanding of the peak-correlation
values, vibrations were also compared within groups.

We measured the propagation and attenuation of browser-induced vibrations on an A. zanzibarica tree. The artificial browser was
coupled to a thorn on a branch in reach of a natural browser i.e., 1 m above ground. The peak amplitude of the vibrations was
measured at a reference accelerometer (PtPres) mounted next to the impact point and a second accelerometer (PtP,) coupled on
70 different locations on the tree (Metra KS94B.100, Tascam DR40, Meilhaus Mephisto Scope 1 UM202).

The measurement points were either 20 cm apart from each other or at 20 cm distance to a branching point. The distance of the
second accelerometer to the reference accelerometer, i.e., impact point, was measured along the respective branches and stem
axis. The attenuation was calculated by 20*log10(PtP,/PtPrer) expressed in decibel (dB).

Wind-Induced Vibrations and Ant Activity

Wind bursts of 4ms~" were strong enough to visibly shake branches and occurred frequently in our study area. To test whether
wind-induced vibrations cause a change in ant activity, we measured ant activity continuously for periods of 10-min by counting
the number of ants crossing a ring-marking. Each count was captured with accurate time (Neukadye Timestamped Field Data
Application). Windspeed was recorded simultaneously as described before. Afterward wind bursts exceeding 4 ms~" were identified
and time intervals of 1-min length around the wind bursts were analyzed in terms of ant activity. Ant activity within the 30 s before and
the 30 s after wind velocity exceeded 4ms~" were compared. Wind bursts were analyzed in chronological order. Wind bursts that
followed a wind burst within 1 min were not counted to avoid pseudoreplication. We chose 10 branches and analyzed 10 wind bursts
per branch.

Browser-Induced Vibrations and Ant Activity

The artificial browser was tightly coupled to a thorn at 12 cm distance to a ring-marking. Vibrational stimuli were given with 1 Hz repe-
tition rate and peak to peak amplitudes were calibrated to 2 ms~2 measured at 1 m distance to the impact point. The number of ants
crossing the ring-marking was counted as a measure of ant activity. Ants crossing within 30 s before the onset of vibrational stim-
ulation and during the subsequent 30 s with vibrational stimulation were counted (Neukadye Timestamped Field Data Application).
After the initial setup of the artificial browser and after each trial a pause of at least 5 min was made. We chose 10 branches and con-
ducted 10 trials per branch. Simultaneous wind velocity was recorded at 2 m distance to the tree and 1.5 m above ground (sampling
rate 1 Hz, PCE-FST-200-201-I; Lascar Electronics, EasylLog, EL-USB-4).

Long Distance Alarm Cues

To test whether browser-induced vibrations alert ants over a long distance on other parts of the same tree a playback-experiment
with the same set-up as described before was conducted. Ring markings were made at distances of 1.8-2.3 m to the impact point,
measured along the axis of branches and the stem. To find out whether ants orient to the vibration source the number of ants crossing
the ring-marking toward the source of vibration and in the other direction were counted before (control) and after the onset of the
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vibrational stimuli (playback). After the initial setup of the artificial browser and after each trial a pause of at least 5 min was made. We
chose 6 branches and conducted 10 trials per branch.

Vibrotropotactic Orientation

To test whether ants orient to the vibration source, the artificial browser was coupled to a thorn as described before. As focal ants we
chose individuals feeding on extrafloral nectaries at a maximum distance of 25 cm to the vibrational impact point. The ant fed either at
the tip-ward side (n = 100) or at the stem-ward side (n = 100) of the branch in relation to the impact point. After the onset of the vibra-
tional stimuli the focal ant could walk toward the vibration source, it could walk away, or it could stay at the extrafloral nectary. The
first direction in which the focal ant moved for at least 0.5 cm (one body length) was scored. The reaction time was measured as the
elapsed time after the onset of the vibrational stimuli until the ant started to move. The experiment was stopped once the focal ant
started to move or after 10 s, whichever came first. After the initial attachment of the artificial browser and between every trial a pause
of at least 5 min was made. We chose 10 branches and conducted 20 repetitions (n) per branch. A control experiment was conducted
in the same way except that the battery was not connected to the artificial browser and hence the branches were not vibrated.

QUANTIFICATION AND STATISTICAL ANALYSIS

In ant activity experiments the average windspeed and temperature of the 1-min-observation period was used for statistical analyses
using Pearson’s correlation coefficient.

Pearson’s r was calculated to test whether the plant-borne vibration’s amplitude attenuates as a function of the distance traveled
through the acacia. Linear regression analysis was used to calculate the attenuation coefficient.

Experiments testing whether plant-borne vibrations affect ant activity were analyzed using Wilcoxon signed-rank test. In case of
wind induced vibrations the two related groups were ant activity “before” (t1) and “after” (t2) the onset of a wind burst. In experiments
with artificial browser induced vibrations the two related groups were the number of ants crossing a ring marking before (t1) and dur-
ing (t2) vibrational stimulation. For visualization, activity indices (ai) were calculated by: ai = (t2-t1)/(t1+t2). In this way, the index yields
values between —1 and 1 with values < 0, if the ants’ activity decreases after wind bursts, and values > 0, if the ants’ activity increases
(Figure 6). Pearson’s correlation coefficient was used to analyze whether wind velocity has an impact on the ant’s reaction to artificial
browser-induced vibrations.

To analyze whether plant-borne vibrations serve as a directional long-distance information cue, preference indices (pi) were calcu-
lated by pi = (to-away)/(to+away). In this way, the index yields values between —1 to 1, with values < 0, if the ants moved away from
the source of vibration, and values > 0, if they moved toward the source of vibration. Mean preference indices were calculated for
each branch for further statistical analysis. One sample t test was used to test whether ants show a side preference (Figure 7).

In experiments examining the vibrotropotactic orientation, preference indices (pi) were calculated for each branch by pi = (to-away)/n.
Inthis way, the index yields values between —1 to 1, with values < 0, if the ants’ moved away from the source of vibration, and values > 0, if
they moved toward the source of vibration. One sample t test was used to test whether ants show a side preference (Figure 7).

Significance was determined when the p value is lower than 0.05. All statistical analyses were performed using IBM SPSS 25 soft-
ware. All statistical details are indicated in the figure legends and results section.
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