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Abstract
Substrate-borne vibrational communication is commonly used by herbivorous insects to communi-
cate intraspecific information. This form of communication is underexplored and many discoveries
of the form and functional significance of these vibrations have yet to be made. Here, we add red
milkweed beetles, Tetraopes tetrophthalmus (Coleoptera: Cerambycidae) to the record of arthro-
pods that communicate with these plant-borne vibrations. Red milkweed beetles, like other cer-
ambycids, commonly use stridulation to produce audible squeaks when in stressful situations and
can also produce plant-borne vibrations when in contact with conspecifics. These beetles engage
in fights for territory which ultimately results in mating opportunities (i.e., contests). We placed
beetles into three sex-ratio treatments: male–male (contests), male–female (copulatory courtship),
or male–male–female (contests and copulatory courtship). We first describe contests and copu-
latory courtship behaviours. We then used laser vibrometry and found that red milkweed beetles
communicate by producing plant-borne vibrational signals composed of low-frequency rumbles
and high-frequency clacks during male–male contests and copulatory courtship. We compared
the spectral and temporal features of the vibrations between the two pre-copulatory contexts. We
found that vibrational signals were shorter and had a higher fundamental and dominant frequen-
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cies when beetles engaged in contests compared to copulatory courtship behaviours. Our results
show that these beetles use plant-borne vibrations as context-dependent signals that communi-
cate different information under these two pre-copulatory scenarios. Our data suggests that these
context-dependent signals may help beetles gain access to mates and prolong copulation.

Keywords
aggression, intrasexual interaction, insect, male–male competition, sexual selection, vibra-
tional communication.

1. Introduction

In the world of animal sound, communication with airborne signals is
rivalled if not surpassed in diversity of production mechanism and function
by communication with substrate-borne signals (Greenfield, 2002; Cocroft &
Rodríguez, 2005; Hill, 2008; Rodríguez & Desjonquères, 2019). The guild
of plant-feeding insects, for instance, encompasses not only a great diver-
sity of ecologically important species (Coley & Barone, 1996), but also
examples of communication with plant-borne signals in a vast variety of con-
texts, including recruitment for cooperative foraging, solicitation of defence
against predators (from not only parents, but also mutualists and hosts),
and pair formation and courtship (Henry, 1994; Čokl & Virant-Doberlet,
2003; Cocroft & Rodríguez, 2005; Hill, 2008; Rodríguez & Desjonquères,
2019). The exploration of substrate-borne signalling in animals is still in its
infancy (Hill & Wessel, 2016; Endler, 2019), and many discoveries regard-
ing its distribution and functional significance likely remain to be made. This
puts a premium on exploring the ways in which different animals may use
substrate-borne signals.

Cerambycids are famous for producing stridulatory signals by moving
their pronotum back and forth against their mesonotum (Dumortier, 1963;
Finn et al., 1972; Breidbach, 1986). Such stridulatory signals generate both
airborne and substrate-borne vibrations (Cocroft & Rodríguez, 2005). The
airborne component is likely most relevant in defence against predators (i.e.,
defensive or alarm signals; Finn et al., 1972; Li et al., 2013), while the
substrate-borne component may be important in all possible functions, as
many predators as well as the beetles are sensitive to such vibrations (Cocroft
& Rodríguez, 2005). Some species, for example, use stridulation in fighting
and mating interactions in which the substrate-borne component may be
most useful (Breidbach, 1986; Wang et al., 1990).
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Figure 1. (A) Mating pair with visible intromission (white arrow points to aedeagus curved
into the female). (B) Mating pair with male antennating the females’ pronotum and head and
a lone male on the leaf below them. Photo credit: Lauren Cirino.

Here, we report on plant-borne vibrational communication in red milk-
weed beetles Tetraopes tetrophthalmus (Coleoptera: Cerambycidae) (Chem-
sak, 1963) (Figure 1). Adult red milkweed beetles interact on their host plant,
common milkweed (Asclepias syriaca; Apocynaceae) (McCauley, 1982;
Lawrence, 1986). Like other cerambycids, red milkweed beetles stridu-
late when alarmed or distressed such as when males are fighting (Alexan-
der, 1957). Males engage in fights with rivals for sites on host plants
for mating (i.e., contests) (McCauley, 1982; Lawrence, 1986; McLain &
Boromisa, 1987; Hardy & Briffa, 2013). Copulation and mate guarding
can be prolonged but can often be interrupted by other males (McCauley,
1982; Lawrence, 1986; McLain & Boromisa, 1987). This disruption often
generates stridulatory vibrations and may lead to further contests (Alexan-
der, 1957; McCauley, 1982; Lawrence, 1986; McLain & Boromisa, 1987).
Alexander (1957) also reported “squeaking” and “purring” vibrations that
the beetles produced when two individuals meet. Based on the descriptions
in Alexander (1957), we inferred the “squeaking” as stridulations and the
“purring” as substrate-borne vibrations.

We provide a more detailed description of the behaviours of red milk-
weed beetles in contests and copulatory courtship and associated plant-borne
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vibrational signals using simultaneous video recordings and laser vibrome-
try. We were careful to distinguish the beetles’ vibrational signals from their
stridulation, with the latter being easily recognized by the movement of the
pronotum and the audible air-borne vibrations (see above). We also used
criteria (see methods) for considering a sound produced by the beetles to
be a signal and not incidental to walking or feeding which produce vibra-
tional sounds; (Breidbach, 1986; Takanashi et al., 2016) or to the mechanical
requirements of being in a contest or a mating. We recorded the behaviours
and vibrations of beetles in three sex-ratio treatments: male–male (contests),
male–female (copulatory courtship), and male–male–female (contests and
copulatory courtship). Our specific aims were to (i) describe behaviours
observed in male–male contests (in the presence or absence of a female),
(ii) describe behaviours observed in copulatory courtship (in the presence
or absence of a rival male), and (iii) test whether behaviour and vibrational
signals differed between contests and copulatory courtship.

2. Methods

2.1. Life history of Tetraopes tetropthalamus

Tetraopes tetraophthalmus is a univoltine species and a specialist of common
milkweed (Asclepias syriaca). Adults emerge and begin to feed on milkweed
around the end of June and beginning of July in Wisconsin, USA (Muza,
2018; personal observation). Females lay several clutches of eggs (10–15 per
clutch) on dry grasses close to where they feed in mid-summer (Gardiner,
1961; McCauley et al., 1981). Larvae hatch after 6–10 days and burrow
into the soil to feed on the roots and underground stems of the milkweed
(Agrawal, 2004). T. tetraophthalmus larvae then overwinter as pre-pupae
(Agrawal, 2004).

2.2. Insect collection and care

We collected 135 adult red milkweed beetles from milkweed plants at six
sites within the greater Milwaukee, WI, USA, area in July 2022: Minooka
Park (42°59′13′′N, 88°12′7′′W), Richfield (43°15′56′′N, 88°14′28′′W), Uni-
versity of Wisconsin-Milwaukee (UWM) campus (43°4′53′′N, 87°53′11′′W),
UWM Field Station (43°23′3′′N 88°1′41′′W), Urban Ecology Center
(43°3′59′′N, 87°53′49′′W) and Menomonee River Hills East (43°8′34′′N,
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87°59′50′′W). These adults likely had varying instances of fighting and mat-
ing prior to collection. Thus, using wild-caught beetles allowed us to better
understand how these animals behave in the wild. We housed the beetles on
netted and potted milkweed plants at the UW-Milwaukee Greenhouse. The
beetles fed on milkweed plants ad libitum. We kept females in groups of
5–10 individuals from the same site per plant, as they do not engage in fights
(Lawrence, 1986). We kept males on individual plants to prevent them from
engaging in fights. To distinguish one male from another during behaviour
trials, we marked each male with different coloured non-toxic acrylic paint
(Apple Barrel Matte Acrylic Paint 2 fl oz, PLAID, Atlanta, GA, USA) on
their pronotum and on their elytra.

2.3. Video and laser vibrometry recordings

We used one milkweed plant as a designated “recording plant” for all trials
to avoid any potential confounding effects due to differences in the signal
transmission features of different individuals (Cocroft & Rodríguez, 2005)
(Figure 2). To isolate the recording set up from noise due to building vibra-
tions, we placed the recording plant and laser vibrometer on top of an approx.
15-kg epoxy resin tabletop that rested on bicycle inner-tubes on top of a
table with anti-vibration pads (PneumaticPlus CP6X6, Torrance, CA, USA)
under all four table legs. We placed the recording plant on top of a sheet
of shock absorbing sorbothane (Edmund Scientifics, Tonawanda, NY, USA)
(Figure 2). We surrounded the recording plant on three sides by a clear plex-
iglass barrier to prevent the beetles from escaping. We fitted the plexiglass
with foam grip tubing (Vive Health, Naples, FL, USA) to reduce any vibra-
tional noise between it and the table.

We set up two video cameras (Canon VIXIA HF R700 camcorder,
Canon, Melville, NY, USA) at two positions around the plant to record
the behaviours of the beetles (Figure 2). We also set up a portable digital
laser vibrometer (Polytec PDV100, Polytec, Irvine, CA, USA) across from
the milkweed plant on the side without plexiglass to record the vibrations
(Figure 2). We focused the laser on a reflective piece of tape attached to
the central stem of the recording milkweed plant (Figure 2). The vibrations
that the laser detected were sent through a band-pass filter (40–3000 Hz;
Model 3940, Krohn-Hite, Brockton, MA, USA), then a USB audio capture
(cakewalk UA-25 EX, Roland, Hamamatsu, Japan), transferred to an iMac
computer (macOS Big Sur Version 11.4, Apple, Cupertino, CA, USA) and
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Figure 2. Behavioural trial setup. Beetle vibrations were recorded using a laser vibrometer
(A) focused on a piece of reflective tape (B). Beetle (C) fighting and mating behaviours were
recorded using two video cameras (D) set up on two sides of the milkweed recording plant
(E). To help reduce vibrations, shock absorbing sorbothane was placed beneath the recording
plant and the laser vibrometer (F). Illustration by Sage DeLong.

finally recorded on the iMac computer in the program AUDACITY (version
3.0.2; https://www.audacityteam.org/).

2.4. Experimental design

We used three different sex ratio treatments as a means to stimulate bee-
tle fighting and mating behaviours (e.g., Wacker & Amundsen, 2014). We
randomly assigned beetles to one of three sex ratio treatments: male–male
(n = 18 trials), male–female (n = 11 trials) and male–male–female (n = 23
trials). These treatments provided us the opportunity to evaluate fighting
behaviours in 41 trials (i.e., the combined male–male and male–male–female
trials) as well as mating behaviours in 34 trials (i.e., the combined male–
female and male–male–female trials). We placed the beetles on the milkweed
recording plant with bamboo transfer sticks or plastic collection vials to min-

https://www.audacityteam.org/
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imize human contact and prevent any olfactory cue transfer that may affect
behaviour (Clifford & Riffell, 2013). These transfer tools did not appear to
affect the behaviour of the beetles differently as the beetles walked on to the
plant from these tools and were never forced. During male–male trials, we
introduced both individuals simultaneously. This allowed for equal interac-
tion time with the milkweed plant and one another. In the two other sex ratio
treatments, we first placed the female on the plant, allowed her to settle, then
placed the first male on the plant. We waited for copulation to occur and
allowed pairs to copulate for a minimum of 5 min or until vibrations ended
before we placed the second male on the plant (for male–male–female tri-
als only). Once all beetles were on the recording plant, we allowed them to
interact for 30 min from placing the last beetle on the plant. Trials ended
at 30 min because copulation in red milkweed beetles usually occurs within
5 min (McCauley, 1982; this study) but can last for many hours (Lawrence,
1986). We also wanted to provide time for another male to recognize a copu-
lating pair and a contest to occur between males (male–male–female trials).
However, if a contest was still taking place at the end of the 30-min trial,
we waited for it to finish before ending the trial. After trial completion, we
immediately cold euthanized the beetles for measurements for a separate
study. Thus, beetles were only used in one trial. All beetle behaviours were
collected and described by one person.

2.5. Criteria for evaluating a vibration as a signal

We only considered vibrations that were: (i) stereotyped, rhythmic, and
repeated within and across individuals (e.g., within and across trials); (ii)
produced in the specific contexts of male–male contests or copulatory
courtship (e.g., were not produced when walking alone); (iii) not inciden-
tal to other movements (e.g., not associated with walking, grappling with an
opponent (see below), struggling to remain on a female, or related to female
mounting) (Eberhard, 1994).

2.6. Recording analysis

Not all beetles used vibrational communication during their interactions.
Thus, sample sizes were lower than the behavioural trial sample sizes
reported in the experimental design section above for beetle plant-borne
vibrational signals (contests: n = 23 out of 41 trials, copulatory courtship:
n = 11 out of 34 trials) and stridulations (contests: n = 20 out of 41 trials,
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copulatory courtship: n = 8 out of 34 trials). Cerambycids likely produce
plant-borne vibrations through muscular movements for the pure tone com-
ponents and through tymbal use for the broadband components, although the
mechanism that red milkweed beetles use to produce plant-borne vibrations
is not yet known (e.g., Wang et al., 1996). Stridulation is easily distinguished
from plant-borne vibrations produced by the beetles because it has an air-
borne component (i.e., we could hear it as the beetles produced it), and it
is accompanied by the distinctive movement of the beetles’ pronotum. All
stridulations that occurred during fights were produced by males while all
stridulations that occurred during copulatory courtship were produced by
females. Thus, we could not disentangle the context that the stridulations
were produced in from the sex that produced the stridulation. We based our
description of its features on the plant-borne component recorded with the
laser vibrometer because that is one of the most likely channels through
which the beetles would perceive it, since the beetles do not have an obvi-
ous tympanum. We analysed these recordings with the program AUDACITY
(version 3.0.2; Algorithm = Frequencies, Window size = 1024; Window
type = Hann, Zero padding factor = 1). We quantified the number of signals
along with the length of each signal produced by beetles in each behaviour
trial. We then isolated one fight signal and one copulatory courtship sig-
nal from each trial to examine the spectral features of the vibrations. We
ensured that vibrations due to walking, feeding, or that the signals them-
selves (i.e., stridulation or plant-borne vibrations) did not overlap with the
vibration we chose to analyse. Because of this requirement, our sample sizes
were slightly lower when we analysed the spectral features of the vibrations
for both plant-borne vibrations (contests n = 21 out of 23 trials, copula-
tory courtship n = 11 out of 11 trials) and stridulations (contests n = 14
out of 20 trials, copulatory courtship n = 7 out of 8 trials) compared to the
temporal features described above. We used the ‘plot spectrum’ feature in
AUDACITY to extract the following spectral features from each signal: fun-
damental frequency, first and second harmonics, and dominant frequency
(Figure 3). Many of the vibrations observed were composed of two parts,
a low-frequency rumble (frequency < 500 Hz) and broadband clacks (fre-
quency > 500 Hz) which are repetitive and extend across the spectrogram
(Figure 3; see below). We noted how many clacks were produced within a
signal over two seconds to ensure we captured the variability within each
signal in both contest and copulatory courtship contexts. We then calculated
the clack rate (clacks per second) for each signal.
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Figure 3. Spectrograms and waveforms of the vibrations produced by red milkweed beetles.
(A) An example of a plant-borne vibration produced by a red milkweed beetle. The broad-
band clacks are the vibrational feature that intermittently occur and span the frequency range.
The low-frequency rumble is the vibrational feature < 500 Hz that usually spans the entire
duration of the vibrational signal. (B) An example of the stridulation vibration produced by a
red milkweed beetle. (C) An example of a plot spectrum used to extract the four spectral fea-
tures of the vibrations we analysed (dominant frequency, fundamental frequency, harmonic 1
and harmonic 2). The dominant frequency is the frequency with the highest intensity within
the signal. The fundamental frequency is the lowest peak frequency of the signal, which in
this case also happens to be the dominant frequency. Harmonic 1 is the peak frequency after
the fundamental frequency and harmonic 2 is the peak frequency after harmonic 1.

2.7. Statistical analyses

We completed all statistical analyses in R version 4.2.2 (Team, 2023). Our
goal was to compare the spectral and temporal features of the beetles’ signals
during contests and copulatory courtship. We first examined the stridulation
signal and constructed separate models (lme function in the nlme package)
for each of the features we examined (i.e., response variables): fundamental
frequency, first harmonic, second harmonic, dominant frequency, and signal
duration. We analysed all data using separate linear mixed models (LMMs)
fit by maximizing the restricted log-likelihood (i.e., ‘REML’), except for the
dominant frequency of stridulations. In that case, we used a generalized addi-
tive mixed model because the dominant frequency of stridulations data did
not meet the assumptions for linear models, regardless of data transforma-
tion.

Next, we examined the plant-borne vibrational signals. We constructed
five separate LMMs with the same response variables as above, but this
time the plant-borne vibrational signal features were the response variables.
We constructed one additional LMM to analyse broadband clack rate (i.e.,
clack number per second; Figure 3). Clack rate was the response variable,
which we log transformed (log 10 function) to meet the assumptions of linear
models.
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For all the models described above, w included behavioural context (con-
test or copulatory courtship) as the explanatory variable and temperature
(in °C) as a covariate since temperature can influence mating and fighting
behaviours in arthropods (Leith et al., 2021). We also included site and trial
ID as random terms for all models except for clack rate since there was only
one clack rate per trial and beetles may have come from different field sites.

3. Results

3.1. Contests, courtship and copulatory courtship behaviours

3.1.1. Male–male contests
Male contests observed during male–male and male–male–female trials con-
sisted of three identifiable stages: initiation, escalation, and retreat. Initiation
of fighting behaviours included antennation, foot batting, and partial or fully
mounting the rival male. Antennation occurred when one male rhythmically
and rapidly tapped its antennae on the rival male. Foot batting occurred when
a male rhythmically batted its fore-tarsi on a rival male. Partial mounting
occurred when a male placed both fore-tarsi on the rival’s elytra and a full
mount was when all tarsi were placed on the dorsal side of the rival male
(Figure 4). Fights escalated in several ways. In some cases, males extended
their mandibles open and slammed them down on top of the rival male
(i.e., biting) (Figure 4). At other times, males knocked their heads together
straight on, which we termed head-to-head fighting (Figure 4). Males also
periodically locked mandibles and pushed each other back and forth (Fig-
ure 4). Finally, males disrupted mating during the male–male–female trials
by mounting the copulating pair then pulling or biting the rival male to sepa-
rate the mating male from the female (Figure 4). Fights ended when one male
retreated. Retreats included being chased or pushed off of the plant by a rival
male, falling or dropping off of the plant, or flying off of the plant (Figure 4).
One or all of the behaviours within these three stages may have taken place
during the fights in our experiment (for more details see the online Appendix
at 10.6084/m9.figshare.27687516).

3.1.2. Courtship and copulatory courtship
Once males recognized another beetle on the plant, they suddenly accelerated
until they got to the other beetle. If that beetle was a female, they immediately
partially or fully mounted them. A partial mount is when a male approached

http://dx.doi.org/10.6084/m9.figshare.27687516
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Figure 4. Red milkweed beetles exhibit many behaviours during contests including contest
initiation (antennation, foot batting, partial mount, full mount), escalation (biting, head-to-
head, mating disruption) and retreat (chasing, falling, pushing, flying away). Illustration by
Sage DeLong.

a female and placed both fore-tarsi on the female’s elytra then proceeded to
a full mount. A full mount is when the male did as mentioned above then
climbed on top of the female, so all six legs were on the female’s elytra.
Next, after a full mount, males tilted their abdomens downwards and made
genital contact with females. This behaviour only occurred after the males
were fully mounted. Males then proceeded with intromission and began cop-
ulation (Figure 1). Similar to McCauley (1982), copulation occurred within
5.41 ± 0.28 min (mean ± SD), on average. During both mounting and
copulation, males often antennated females with the terminal segments of
their antennae (i.e., copulatory courtship) (Figure 1). We define copulatory
courtship as antennation that occurs prior to and during copulation in order
to count the occurrence of this behaviour. Most males consistently touched
several terminal segments to the females’ head and pronotum (Video 2 at
10.6084/m9.figshare.27687516). In 15 out of 23 male–male–female trials
(65%) and 8 out of 11 male–female trials (73%) copulatory courtship (i.e.,

http://dx.doi.org/10.6084/m9.figshare.27687516


960 Pre-copulatory vibrational signals in red milkweed beetles

Table 1.
Descriptive statistics of the stridulation spectral features produced by red milkweed beetles.

Stridulation Min (Hz) Max (Hz) Median (Hz) Mean (Hz)

Fight Fundamental 25 46 33.5 33.57 ± 5.65
Harmonic 1 41 90 60 64.29 ± 14.23
Harmonic 2 76 119 89.5 94.93 ± 17.06
Dominant 27 90 34.5 48.21 ± 23.93

Mate Fundamental 27 36 30 31.00 ± 3.37
Harmonic 1 45 114 63 67.29 ± 23.44
Harmonic 2 58 161 91 98.86 ± 32.63
Dominant 27 91 36 55.14 ± 29.95

antennation) occurred. Copulation occurred in 21 out of 23 trials (91%) with
copulatory courtship.

3.2. Vibrational signals in a fighting context

Stridulations during fights occurred in 20 out of 41 fighting trials (49%) that
we staged. Stridulations were produced a total of 126 times and 6.3 ± 11.54
times (mean ± SD) on average. Stridulations lasted a mean time of 2.85 ±
3.76 s (mean ± SD). We report the descriptive statistics for the spectral
features of stridulations in a fighting context in Table 1.

Plant-borne vibrations were also produced during contests between males.
Plant-borne vibrations were produced in 23 out of 41 trials (56%) where
males had the opportunity to fight with a rival (includes male–male and
male–male–female trials). Plant-borne vibrations were produced 520 total
times during trials where males engaged in contests. Plant-borne vibrations
were produced when males mounted a rival male (9.2%), mounted a mating
pair (8.8%), or engaged in head-to-head fights with or without mandibles
locked (76.2%) (Video 1 at 10.6084/m9.figshare.27687516). Males would
occasionally produce plant-borne vibrations just after a contest ended when
the rival male had already retreated (5.8%).

On average, plant-borne vibrations were produced 22.8 ± 81.78 times per
trial (mean ± SD). Overall, these aggressive vibrations lasted a mean length
of 4.29 ± 3.30 s (mean ± SD). The average length of plant-borne vibrations
when a male mounted another male was 3.09 ± 3.04 s (mean ± SD). When
males mounted a mating pair these vibrations lasted an average of 3.6 ±
2.89 s (mean ± SD). Finally, when males engaged in head-to-head fights,

http://dx.doi.org/10.6084/m9.figshare.27687516


S.A. DeLong et al. / Behaviour 161 (2024) 949–976 961

Table 2.
Descriptive statistics of the plant-borne vibration spectral features produced by red milkweed
beetles.

Plant-borne vibrations Min (Hz) Max (Hz) Median (Hz) Mean (Hz)

Fight Fundamental 27 54 35 37.43 ± 8.55
Harmonic 1 41 100 58 64.71 ± 16.20
Harmonic 2 72 163 90 97.00 ± 24.19
Dominant 32 157 52 64.90 ± 33.03

Mate Fundamental 23 39 30 30.57 ± 4.42
Harmonic 1 41 78 58 60.00 ± 13.02
Harmonic 2 59 123 88 85.50 ± 18.05
Dominant 23 88 38 52.29 ± 26.04

with or without mandibles locked, the vibrations lasted an average of 3.54 ±
3.58 s (mean ± SD). Plant-borne vibrations produced by males just after a
fight ended lasted for 2.21 ± 1.77 s (mean ± SD) on average. We report the
descriptive statistics for the spectral features of plant-borne vibrations in a
fighting context in Table 2.

3.3. Vibrational signals in a mating context

Stridulations occurred at least once in 8 out of 34 mating trials (24%) that
we staged. All stridulations produced in the mating context were produced by
females prior to copulation. A total of 34 stridulations were produced among
the trials. On average, 4.25 ± 5.85 stridulations (mean ± SD) were produced
per trial. Stridulations lasted a mean time of 6.12 ± 8.26 s (mean ± SD). We
report the descriptive statistics for the spectral features of stridulations in a
mating context in Table 1.

Plant-borne vibrations occurred in 14 out of 34 trials (41%) where males
had the opportunity to mate with a female (includes male–female and
male–male–female trials). There do not appear to be vibrational exchanges
between beetles (i.e., duetting) as the vibrations are produced in long contin-
uous bouts. Vibrations only began after a male fully mounted a female and/or
began copulation. A total of 83 plant-borne vibrations were produced prior to
and during copulation. On average, plant-borne vibrations were produced in
the mating context 7.55 ± 7.93 times (mean ± SD). These vibrations lasted
an average of 12.79 ± 11.12 s (mean ± SD). We report the descriptive statis-
tics for the spectral features of plant-borne vibrations in a mating context in
Table 2.
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Table 3.
Analysis of variation in the spectral and temporal features of stridulations used by red milk-
weed beetles according to behavioural context (contests versus copulatory courtship).

Spectral/temporal feature Behavioural context (χ2, p) Temperature (°C) (χ2, p)

Fundamental frequency of
vibration

0.31, 0.58 9.12, 0.003∗

Harmonic 1 frequency of
vibration

0.32, 0.57 2.81, 0.09

Harmonic 2 frequency of
vibration

1.43, 0.23 3.90, 0.05∗

Dominant frequency of
vibration

0.38, 0.54 3.18, 0.07

Stridulation duration 1.26, 0.26 0.15, 0.70

We show χ2 tests for the main term for behavioural context from the linear mixed models
(see main text) and for the covariate for recording temperature. These variables are shown for
the dominant frequency of vibration from the generalized additive mixed model. Df = 1.

∗ Significant term.

3.4. Comparing vibrational signals by behavioural context

Males often stridulated when they were bitten by another male during a
fight, but stridulation can also occur when males engage in other escalation
behaviours (Figure 4). Females only stridulated in a mating context. There
were no differences in any of the spectral features between the stridulations
made during contests and copulatory courtship (Table 3). Stridulation dura-
tion also did not differ between behavioural contexts (Table 3).

All plant-borne vibrational signals produced by red milkweed beetles
were composed of a low-frequency rumble (frequency < 500 Hz) and
most plant-borne vibrations also included broadband clacks (frequency >

500 Hz) (e.g., Figure 3a; Videos 1–2 and Audios 1–2 at 10.6084/m9.figshare.
27687516). These vibrations were produced intermittently before and/or dur-
ing contests and periodically during copulatory courtship. The plant-borne
vibrational signals produced during contests were shorter in duration and
had higher fundamental and dominant frequencies than those produced dur-
ing copulatory courtship (Table 4 and Figure 5).

3.5. Observation of a female plant-borne vibrational distress signal

In one male–male–female trial, a mating pair was disrupted by a rival male,
the pair was separated, and then the female walked down to the base of

http://dx.doi.org/10.6084/m9.figshare.27687516
http://dx.doi.org/10.6084/m9.figshare.27687516
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Table 4.
Analysis of variation in the spectral and temporal features of plant-borne vibrations used by
red milkweed beetles according to behavioural context (contests versus copulatory courtship).

Spectral/temporal feature Behavioural context (χ2, p) Temperature (°C) (χ2, p)

Fundamental frequency of
vibration

4.56, 0.03∗ 0.07, 0.79

Harmonic 1 frequency of
vibration

0.23, 0.63 0.29, 0.59

Harmonic 2 frequency of
vibration

1.27, 0.26 1.55, 0.21

Dominant frequency of
vibration

3.38, 0.04∗ 3.33, 0.07

Clack rate of vibration 2.83, 0.09 0.10, 0.75
Vibration duration 12.80, <0.001∗ 0.10, 0.75

We show χ2 tests for the main term for behavioural context from the linear mixed models
(see main text) and for the covariate for recording temperature. df = 1.

∗ Significant term.

the recording plant and repeatedly produced plant-borne vibrations (Fig-
ure 6; Video 3 at 10.6084/m9.figshare.27687516). The female produced nine
total vibrational signals with an average fundamental frequency of 28 ±
2.03 Hz (mean ± SD), harmonic 1 frequency of 49 ± 5.33 Hz (mean ±
SD), harmonic 2 frequency of 80 ± 15.71 Hz (mean ± SD) and domi-
nant frequency of 96 ± 7.61 Hz (mean ± SD). The female signalled for
1.45 ± 0.48 s (mean ± SD), on average. The length of the vibrations pro-
duced was between 0.49 and 2.074 s. The vibrational signals produced were
broadband spectrum smeared across the spectrogram (Figure 6). The clacks
were visually distinct in all regions, and there was no underlying low fre-
quency rumble. Additionally, stridulations were produced when the mating
pair was interrupted by the rival male, but we were unable to determine who
was producing the stridulations.

4. Discussion

Red milkweed beetles engage in fights to win milkweed territory and access
mates. We found that males predominantly escalate fights by biting while
mounting (i.e., aggressive mounts), engaging in head-to-head fights, and if
another male is already mating, males will attempt to disrupt copulation
by biting or pulling the rival male. Males engage in copulatory courtship

http://dx.doi.org/10.6084/m9.figshare.27687516
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Figure 5. Results of the spectral and temporal features of plant-borne vibrations produced by
red milkweed beetles during different behavioural contexts. When we compared plant-borne
vibrations produced during fighting and mating, we found differences in the fundamental (C)
and dominant (D) frequencies of these vibrations. We also found differences in the duration of
vibrations between the two contexts (F). However, we did not find any differences in harmonic
1 (B), harmonic 2 (A), or clack rate (E) of the plant-borne vibrations. Individual data points
are jittered over the boxplots of the data. The black horizontal line represents the median and
the triangle represents the mean. Significant terms are indicated by a red star on the graph.

Figure 6. An example of a plant-borne vibration produced by a female after a copulation
interruption from a competing male.
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behaviours (i.e., antennation) with females prior to and during copulation.
We also found that red milkweed beetles produce plant-borne vibrations and
stridulations during contests and copulatory courtship. Plant-borne vibra-
tional signals produced during contests (i.e., fighting signals) have higher
fundamental and dominant frequencies and shorter vibration durations when
compared to copulatory courtship signals. Our results suggest that red milk-
weed beetles use plant-borne vibrations to communicate different informa-
tion between contests and copulatory courtship. Stridulatory vibrations, how-
ever, convey the same information across behavioural contexts as none of the
spectral or temporal features varied between the two. Thus, red milkweed
beetles engage in context-dependent signalling using plant-borne vibrational
signals.

One reason that red milkweed beetles use signals during contests may be
because they are attempting to maintain or establish dominance. Fighting
signals may be used to win fights and gain valuable fitness-related resources
such as territory or mates. Indeed, fighting signals have been used in male–
male contests in other species. In the New Zealand cook straight giant weta
(Deinacrida rugosa), substrate-borne fighting signals are used by males
when competing in male–male contests and most signals occurred when in
male–male–female trials (Howard et al., 2018). Male treehoppers use vibra-
tional signals to jam mating communication between a signalling rival male
and female which interrupts their courtship duets (Legendre et al., 2011).
Thus, it is likely that red milkweed beetle males use aggressive fighting sig-
nals to help win contests.

Milkweed beetles likely use copulatory courtship signals to encourage
or maintain copulation. The longer and lower dominant and fundamental
frequency signals likely help males avoid premature detaching or, perhaps,
stimulate mechanisms that enhance the probability of egg fertilization (Fock-
ler, 1972; Jordan et al., 2022) as these beetles are polygamous (McCauley,
1982). Indeed, antennation can occur simultaneously with these copulatory
courtship vibrational signals. Antennation is a behaviour that is widely used
to court females across insect taxa (West-Eberhard, 1984; Eberhard, 1991).
For example, the Japanese rhinoceros beetle (Eberhard, 1991) and polistine
wasps (Eberhard, 1969) use antennation during courtship. Thus, male anten-
nation along with copulatory courtship vibrational signals may increase the
probability and length of copulation. However, it is important to note that we
do not know which sex produced the vibrational signal during copulation in
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this study. It is possible that females produce these signals rather than males.
Females can produce vibrational signals under duress (i.e., stridulation dur-
ing copulation attempts and vibrational signals when distressed) (McCauley,
1982; this study). Females may use these signals to communicate permis-
sion to copulate or transfer sperm during copulation (Eberhard, 1996; Eber-
hard Chabtree & Briceño Lobo, 2009), although vibrational signals were not
detected for every mating pair. Future research should investigate which sex
produces these signals, so we can better understand their function.

Plant-borne vibrations are sensed solely through the substrate, but some
signals, such as stridulation, have both a substrate borne and airborne com-
ponent. Our results align with other studies stating that stridulations are used
as defensive or alarm signals towards conspecifics or predators (Wang et al.,
1990; Roces et al., 1993; Li et al., 2013). In our study, stridulations were
used by females to reject male copulation attempts, whereas stridulations
were produced by males during contests to escape rivals and retreat. Inter-
estingly, we found that a female produced a plant-borne vibration after a fight
between two males. When a rival male interrupted a copulation, the female
walked down the plant stem and signalled aggressively. We interpret this as
“tantrum” behaviour as described in Eberhard (2023) because this aggres-
sive signalling occurred away from the males and was a strong unexpected
reaction to an unpleasant outcome. Tantrum behaviours such as rapidly bat-
ting or waving legs, biting in the direction of the male, and ineffectively
biting at a leaf were observed in a blister beetle species (Lytta eucera) sug-
gesting that this may be a phenomenon across Coleoptera (Eberhard, 2023).
Indeed, female red milkweed beetles become agitated when their copulation
is disrupted and, occasionally, fly away from the fighting males (McCauley,
1982). Determining the reasons why females would produce a distress signal
like this tantrum would be an interesting avenue of future research, but these
rare behaviours are difficult to study.

Plant-borne vibrations are widespread among arthropods including insects
(Cocroft & Rodríguez, 2005). We add another coleopteran to the distribution
of arthropods that communicate using plant-borne vibrations. Red milkweed
beetles produce plant-borne vibrations in two pre-copulatory contexts in
which some spectral and temporal features differ. They employ this method
of communication in both contexts to potentially improve their fitness by
modifying the features of the vibrations they produce. The differences in
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vibrational communication between these pre-copulatory contexts may con-
tribute to the sexual selection pressures that help shape the traits of a popu-
lation.
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Appendix

A.1. Statistical analysis for mating and fighting behaviours

Our goal here was to compare beetle contest behaviours when a female
was present versus absent. We constructed eleven separate generalized linear
mixed models (GLMMs) with a binomial distribution and logit link func-
tion. We used separate models for each of the following binomial behaviours
(yes/no) included as response variables: fight, fight at terminal bud of the
plant, attempted intromission with a male, foot batting to start a fight, aggres-
sive mount to start a fight, biting, head-to-head mandible lock, head-to-head
headbutting, retreat off the plant (if they fell, were pushed, or flew away
from the plant), chased away from the fighting location, or ran away from
the fight (Figure 4). We next ran four GLMMs with a Poisson distribution
and log link function. We again used separate models for each of the follow-
ing behaviours which were included as response variables: number of fights,
instances of foot batting, instances of aggressive mounts, and instances of
head-to-head mandible locking that occurred in the fights. We then con-
structed two linear mixed models each with a gaussian distribution. The
amount of time attempting to copulate with another male and the amount
of time spent in a head-to-head mandible lock were the explanatory vari-
ables. Both response variables were natural log transformed to meet the
assumption of normality. For every statistical model mentioned above, we
included sex ratio treatment as our explanatory variable and site as a random
effect. We originally included temperature as a covariate since temperature
can influence mating and fighting behaviours in arthropods (Leith et al.,
2021) but removed it as it was beyond statistical significance in each model
(p > 0.09 following Bursac et al., 2008). Finally, we constructed two two-
sided binomial tests (binom.test) to examine whether males fought at the
top center portion of the milkweed plant (i.e., terminal bud) compared to
any other location on the plant. We examined this for the male–male and
male–male–female trials separately. We included the number of times males
fought at the top centre of the milkweed plant and the total number of fights
per treatment. We compared our sample to the null hypothesis of 0.50. All
GLMMs were constructed using the glmmTMB package in R (Brooks et al.,
2017).
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A.1.1. Contests
A.1.1.1. Male–male trials. Fighting behaviours occurred in 15 out of 18
(83%) of male–male trials. Of the trials where males engaged in fight-
ing behaviours in male–male trials, 12 out of 15 (80%) engaged in these
contests at the terminal bud of the plant. During male–male trials, fight-
ing behaviours occurred between 1 and 7 times within one trial. Of those
that eventually engaged in fighting behaviours, the most common form of
interaction between males was when one male mounted another and made
genital contact (i.e., a mating attempt – see Copulatory Courtship below, Fig-
ure 4). Male–male mounting occurred in 15 out of 15 (100%) of male–male
trials with fighting behaviours. In 8 out of 15 (53%) of male–male trials,
the mounting male initially antennated, rhythmically and rapidly tapped the
antennae on the other male and extruded the aedeagus and attempted intro-
mission for a range of 2 to 23 s. This behaviour only happened once per trial.
The mounted male often kicked its rear legs off of the substrate or swiped
at the mounting male with its hind legs. After the initial attempt to mate, the
mounting male switched to biting the male on the pronotum (5 out of 15 or
33% of male–male trials, Figure 4), a fighting behaviour that never occurred
when a male mounted a female. The males then proceeded to perform other
fighting behaviours (see below) until one male retreated by running away (13
out of 15 or 87%), being chased (10 out of 15 or 67%), being pushed (6 out
of 15 or 40%), falling (4 out of 15 or 27%), or flying off of the plant (5 out
of 15 or 33%) (Figure 4). The above retreats add up to a number greater than
the number of trials in which fighting occurred. This is because within one
trial males may have fought more than once and males usually did not retreat
the same way each time.

Another common fighting behaviour was foot batting which is when a
male placed the fore-tarsi on another male and batted them rhythmically.
This behaviour initiated at least one fight within 9 out of 15 (60%) of the
trials (Figure 4). Males can also lock mandibles or put their heads together
and push back and forth to compete for territory in head-to-head interactions
(Video 1 at at 10.6084/m9.figshare.27687516). Males locked mandibles and
pushed back and forth during 2 out of 15 (13%) of male–male trials ranging
from 1 to 27 s in length. Males pushed their heads together without locking
mandibles (i.e., head butting) in 7 out of 15 (47%) of male–male trials.

A.1.1.2. Male–male–female trials. Fighting behaviours occurred in 15 out
of 23 (65%) of male–male–female trials. Contests usually occurred wherever

http://dx.doi.org/10.6084/m9.figshare.27687516
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the mating pair happened to be, which was usually at the terminal bud of the
plant (10 out of 15 or 67% of these contests). During male–male–female tri-
als, fighting interactions occurred between 2 and 10 times within a trial. The
most common form of interaction between males in this sex ratio treatment
was when a male mounted a mating pair. This behaviour happened at least
once in 12 out of 15 (80%) of male–male–female trials. Contest behaviours
always occurred in trials where a male mounted a mating pair. The male
that mounted the mating pair in some trials bit and pulled at the male mat-
ing with the female (6 out of 15 or 35%) or attempted genital contact with
the rival male (5 out of 15 or 33%). Across both treatments (male–male and
male–male–female), biting occurred in 13 out of 30 (43%) trials. A male
mounted another male in the absence of a female in 6 out of 15 (40%) male–
male–female trials. Males tilted their abdomens downwards and attempted
to make genital contact with the mounted males. The intromission attempts
lasted anywhere from 10 to 1269 s. These attempts either terminated copu-
lation or the male courting or mating with the female disregarded the male
disruption and continued to court or copulate with the female (Figure 4).
If copulation was terminated, the two males began a contest. However, the
male mating with the female often (12 out of 15 or 80%) opted to maintain
copulation rather than contending with the male that mounted the pair. Males
ran away (14 out of 15 or 93%), were chased (8 out of 15 or 53%), pushed (3
out of 15 or 20%), fell (3 out of 15 or 20%), or flew off (2 out of 15 or 13%)
of the plant to retreat during male–male–female trials. In one conclusion of
a fight, a male grasped a limb of the competitor male and thrashed back and
forth then dropped the competitor male off the plant (Figure 4). Again, the
number of retreats does not equal the total number of trials in which we
recorded fighting behaviour. That is because males often fought more than
once per trial and males likely did not retreat the same way each time.

Like male–male trials, male–male–female trials also contained fighting
behaviours such as foot batting, which began interactions in 11 out of 15
(73%) of trials, head-to-head interactions with mandible locking (2 out of
15 or 13%), and head-to-head interactions with head butting (8 out of 15 or
53%) (Video 1 at 10.6084/m9.figshare.27687516). Head-to-head interactions
with locked mandibles lasted from 31 to 1198 s.

A.1.1.3. Contest behaviour comparisons between sex ratio treatments.
Males were equally likely to fight regardless of the sex ratio treatment

http://dx.doi.org/10.6084/m9.figshare.27687516
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Table A1.
Descriptive comparison of fighting behaviours of male red milkweed beetles in two different
sex ratios (MM = male–male trials; MMF = male–male–female trials).

Behaviour MM MMF

Fights Fighting occurrence 15/18 or 83% 17/24 or 71%
Instances of fighting behaviours 1–12 × 2–10×

Initiation Male mounting males 15/15 or 100% 12/17 or 71%
Male copulatory courtship behaviours on
another male

8/15 or 53% 8/17 or 47%

Attempted intromission on a male 8/15 or 53% 5/17 or 27%
Attempted intromission on a male length 6-23 s 10–1269 s
Attempted intromission on a male length 10 s (median) 50 s (median)

Escalation Foot batting 9/15 or 60% 12/17 or 71%
Biting 5/15 or 33% 9/17 or 53%
Head-to-head mandibles locked fights 2/15 or 13% 3/17 or 18%
Head-to-head mandibles locked fight
length

1-27 s 31–1198 s

Head-to-head mandibles locked fight
length

14 s (median) 93 s (median)

Retreats Pushed off plant 6/15 or 40% 3/17 or 18%
Fell off plant 4/15 or 27% 3/17 or 18%
Flew off plant 5/15 or 33% 2/17 or 12%
Chased 10/15 or 67% 9/17 or 53%
Surrendered 13/15 or 87% 16/17 or 94%

None of these behaviours differed by sex-ratio.

(GLMM, χ2 = 0.51, df = 1, p = 0.48). Sex ratio also did not affect the num-
ber of fights that males engaged in (GLMM, χ2 = 0.30, df = 1, p = 0.59).
While sex ratio treatment did not affect whether or not males fought at the
terminal bud of the plant (GLMM, χ2 = 0.90, df = 1, p = 0.34), we did find
that males in the male–male trials were more likely to fight at the terminal
bud of the milkweed plant compared to any other part of the plant (binomial
test (two-sided) = 0.80 at terminal bud compared to null of 0.50, p = 0.04).
However, males in the male–male–female trials were not more likely to fight
at the terminal bud of the milkweed plant compared to other parts of the
plant (binomial test (two-sided) = 0.65 at terminal bud compared to null of
0.50, p = 0.33) (Table A1).

One of the most common behaviours in these contest trials were males
mounting other males (in total 27 out of 30 or 90%). There was no dif-
ference between sex ratio treatments in whether males would attempt to
copulate with other males (GLMM, χ2 = 1.85, df = 1, p = 0.17), but males
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that were in the male–male–female treatment spent longer trying to perform
intromission on the rival male (GLMM, χ2 = 8.55, df = 1, p = 0.003) com-
pared to males in the male–male treatment (Table A1). Sex ratio treatment
did not affect how the fights started (GLMM, foot batting: χ2 = 1.16, df =
1, p = 0.28; GLMM, aggressive mounts: χ2 = 0.03, df = 1, p = 0.87) nor
did it affect the number of times males used a particular fighting tactic in a
contest (GLMM, foot batting: χ2 = 0.15, df = 1, p = 0.70; GLMM, aggres-
sive mounts: χ2 = 0.66, df = 1, p = 0.42) (Table A1). Whether or not males
bit also was also not affected by sex ratio treatment (GLMM, χ2 = 1.23,
df = 1, p = 0.27) (Table 1). The likelihood of fighting with head-to-head
interactions, either mandibles locked (GLMM, χ2 = 0.05, df = 1, p = 0.83)
or headbutting (GLMM, χ2 = 0.13, df = 1, p = 0.72), as well as the number
of times males engaged in head-to-head interactions with mandibles locked
(GLMM, χ2 = 0.03, df = 1, p = 0.58) were not affected by the sex ratio
treatment (Table 1). However, males that had a female present (i.e., male–
male–female treatment) engaged in longer head-to-head interactions with
mandible locking than those males did without a female (GLMM, χ2 =
5.47, df = 1, p = 0.02) (Table A1). Finally, sex ratio treatment did not affect
how males retreated from fights (GLMM, chase away: χ2 = 6.12, df =
1; p = 0.43, GLMM, retreat on their own: χ2 = 0.49, df = 1, p = 0.48;
GLMM, retreat off plant: χ2 = 1.04, df = 1, p = 0.31) (Table A1).

Supplementary materials

Video 1. Male contest behaviours under two different sex ratio treatments.
The first part of the video shows a rival male mounted on a copulating pair.
This male bites the head of the mating male, then produces substrate-borne
vibrations. The next part of the video shows two males engaged in a head-to-
head fight with their mandibles locked. They also produce substrate-borne
vibrations during this fight. In the last part of the video, one male is mounted
on a rival male and bites the rival male on the head and pronotum. The rival
male stridulates and the mounted male produces substrate-borne vibrations.
Note: the substrate-borne vibrations are low frequency vibrations and may
be difficult to hear. For the best listening experience, turn up the volume or
use earbuds to help hear the recorded vibrations. This video can be accessed
at 10.6084/m9.figshare.27687516.

Video 2. A mating pair engages in copulation as substrate-borne vibra-
tions are produced. The male antennates the females head during copulation.

http://dx.doi.org/10.6084/m9.figshare.27687516
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Note: the substrate-borne vibrations are low frequency vibrations and may
be difficult to hear. For the best listening experience, turn up the volume or
use earbuds to help hear the recorded vibrations. This video can be accessed
at 10.6084/m9.figshare.27687516.

Video 3. One example of the vibrations produced during a female’s
‘tantrum’. This video can be accessed at 10.6084/m9.figshare.27687516.

Supplementary Audio 1: Plant-borne vibration produced in a fighting
context. This file can be accessed at 10.6084/m9.figshare.27687516.

Supplementary Audio 2: Plant-borne vibration produced in a mating
context. This file can be accessed at 10.6084/m9.figshare.27687516.

Supplementary Audio 3: Stridulation produced in a fighting context.
This file can be accessed at 10.6084/m9.figshare.27687516.

Supplementary Audio 4: Stridulation produced in a mating context. This
file can be accessed at 10.6084/m9.figshare.27687516.

http://dx.doi.org/10.6084/m9.figshare.27687516
http://dx.doi.org/10.6084/m9.figshare.27687516
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