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Abstract

Some multimodal signals—that is, occurring in more than one sensory modality—appear to carry additional
information which is not present when component signals are presented separately. To understand the function
of male ring dove’s (Streptopelia risoria) multimodal courtship, we used audiovisual playback of male displays to
investigate female response to stimuli differing in their audiovisual timing. From natural courtship recordings, we
created a shifted stimulus where audio was shifted relative to video by a fixed value and a jittered stimulus, where
each call was moved randomly along the visual channel. We presented 3 groups of females with the same stimulus
type, that is, control, shifted, and jittered, for 7 days. We recorded their behavior and assessed pre- and post-test
blood estradiol concentration. We found that playback exposure increased estradiol levels, confirming that this
technique can be efficiently used to study doves’ sexual communication. Additionally, chasing behavior (indicating
sexual stimulation) increased over experimental days only in the control condition, suggesting a role of multimodal
timing on female response. This stresses the importance of signal configuration in multimodal communication, as
additional information is likely to be contained in the temporal association between modalities.
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INTRODUCTION

Courtship displays in many species are multimodal,
combining different sensory modalities (Partan &
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Marler 1999; Higham & Hebets 2013). Typically, em-
pirical studies that attempt to explain the prevalence and
adaptive advantages of multimodal signals use cue iso-
lation, comparing responses to single modalities versus
full multimodal signal. Exposure to multimodal signals
usually results in stronger stimulation compared to uni-
modal signals (Friedman 1977; Uetz et al. 2009), either
because different modalities carry separate pieces of
information (multi-message hypothesis) or because they
improve signal efficiency (redundant signal hypothesis)
(Moller & Pomiankowski 1993; Johnstone 1995; Partan
& Marler 2005). Modalities can also interact to enhance
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Role of courtship multimodal synchrony

or suppress their respective effects (Partan & Marler
1999), resulting in a multimodal signal that is “more than
the sum of its parts” (Rowe & Guilford 1996; Taylor &
Ryan 2013; Hebets et al. 2016; Halfwerk et al. 2019;
Mitoyen et al. 2019).

An aspect which has received surprisingly little atten-
tion is the temporal configuration of the single modalities
within a multimodal signal. Some authors (e.g. Higham
& Hebets 2013) have distinguished between “fixed”
signals that are intrinsically multimodal and cannot
be separated in time during production, such as the
visible vocal sac inflation that accompanies acoustic
communication in frogs (Starnberger et al. 2014), or
human speech (Mcgurk & Macdonald 1976), and “fluid”
multimodal signals whose timing can be controlled by
the emitter. Indeed, multimodal signaling implies spatial
and temporal coupling (Halfwerk et al. 2019), and for
the receiver, multisensory integration is typically facil-
itated by spatial and temporal coincidence (Meredith
& Stein 1986; Meredith et al. 1987; Holmes & Spence
2005), although this is not necessarily the case (Spence
2013). Even for species with fixed multimodal signals,
such as the bow-call of the male ring dove (Streptopelia
risoria) which relies on abdominal muscle control of
bowing movements and coo vocalization (Gaunt et al.
1982), variation in the relative timing of components
of multimodal signals is common between (Hutchison
et al. 1997) and within (Mitoyen et al. 2021) individuals.
Research into the temporal coordination of signal com-
ponents has been done in avian courtship displays, which
are diverse and often multimodal. In the broad-tailed
hummingbird (Selasphorus platycercus), male courtship
dives show an impressive consistency in their audiovisual
timing (Hogan & Stoddard 2018). Similarly, in the Mon-
tezuma oropendola (Psarocolius montezuma), 2 elements
of the visual courtship display (bow and wing spread)
co-occur with 2 elements of the auditory courtship
display (loudest note and lowest peak frequency, respec-
tively) (Miles & Fuxjager 2018). In superb lyrebirds
(Menura novaehollandiae), males produce specific songs
together with specific visual display types (Dalziell et al.
2013). Finally, in zebra finches (Taeniopygia guttata), the
courtship dance is strongly temporally associated with
specific parts of the auditory display (Ullrich et al. 2016).

Several authors examined the advantage of producing
co-occurring multisensory signals rather than emitting
them sequentially (Partan & Marler 1999; Partan 2013;
Uy & Safran 2013). The “by-product” hypothesis pro-
poses that one part of the display directly causes another,
making them necessarily coincident (Halfwerk et al.
2014). Multimodal timing could also be due to mechan-

ical constraints, as in brown-headed cowbirds (Molothrus
ater) where males may time their visual display during
silence to avoid any influence of movement on sound
production (Cooper & Goller 2004). Simultaneous mul-
timodal signals could also improve signal efficiency by
transmitting information in a shorter time (Hogan &
Stoddard 2018). Finally, in the specific case of courtship
behavior, multimodal timing could be an indicator of
individual quality as it reflects motor performance and
neuromuscular ability. Examples include the complex
synchronized displays in Montezuma oropendola (Miles
& Fuxjager 2018), golden-collared manakin (Manacus
vitellinus) (Barske et al. 2011), or zebra finch (Williams
2001). In addition, coordinating multiple display ele-
ments can be cognitively challenging and therefore also
under sexual selection (Dalziell et al. 2013).

Understanding how the configuration of a multimodal
display affects receiver’s responses cannot be assessed by
cue isolation, but rather by manipulating the relationships
between its component signals (see Smith & Evans 2013).
One way of investigating the importance of the associa-
tion between modalities is to experimentally disrupt their
spatial or temporal relatedness (Halfwerk et al. 2019). For
instance, a robotic male túngara frog (Physalaemus pus-
tulosus) has been used to present females with different
temporal combinations of visual (inflated vocal sac) and
auditory (whine and chuck) courtship signals, showing
that female response was reduced when calls and sac in-
flation were temporally interleaved (Taylor et al. 2017).
Another study in the same species showed that females
did not prefer a synchronized over a unimodal signal,
but would strongly reject an asynchronous one (Taylor
et al. 2011). Finally, in the wolf spider (Schizocosa ocre-
ata), shifts in the relative timing of visual and vibratory
courtship components negatively influenced female re-
ceptivity (Kozak & Uetz 2016). However, in all the above
studies manipulation of the temporal association between
multimodal courtship elements went beyond the natural
range of variation. Although this approach is interesting
to investigate mechanisms related to cross-modal integra-
tion, it tells us little about whether small variations in the
timing of multimodal signals affect the response of the
receiver. In addition, temporal consistency in the form of
low variance in timing between an individual male’s dis-
plays may play a role in female choice (Byers 2007).

The technical difficulties implicit in this type of study
have limited investigations to a restricted number of
species. In addition, few studies have investigated the
influence of courtship elements’ timing on physiolog-
ical responses, rather employing cue isolation to study
physiological changes such as sex steroid concentration
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(Crews 1975; Friedman 1977; Kelso & Martins 2008).
Playback experiments are powerful tools to study mul-
timodal displays (Chouinard-Thuly et al. 2017; Witte
et al. 2017) as they allow targeted modification of spe-
cific aspects of interest. In birds, auditory stimuli have
been successfully used in laboratory (Milligan 1966;
Zimmer 1982) and field studies (Horning et al. 1993;
Otter et al. 1999). Nowadays, high-speed recording and
display devices allow efficient testing of how variation
in visual display parameters affects receiver response,
even in animals with high temporal visual resolution
such as birds (Boström et al. 2016), although limitations
still persist, namely regarding color and polarization
perception (Muheim 2011). Multimodal playback has
been used successfully in fowls (Gallus gallus) (Smith &
Evans 2008) and black capped chickadees (Baker et al.
1996), among others. In Columbiformes, Shimizu (1998)
presented male pigeons (Columbia livia) with female
videos and successfully triggered courtship behavior.
More recently, female pigeons responded with natural
sexual behavior to audiovisual stimuli of courting males,
and the response was stronger to multimodal compared to
unimodal playback (Partan et al. 2005). Again in pigeons,
motion quality of displayed videos influenced receiver
response (Ware et al. 2015), with video frame rate found
to be critical for revealing differences in birds’ behavioral
responses to different stimulus material.

In this paper, we studied how the temporal associ-
ation between courtship elements affected female re-
sponses in ring doves (S. risoria). Ring doves are monog-
amous, territorial breeders, and different courtship phases
occur where both males and females display different
behavior during several days before mating (Lovari &
Hutchison 1975). During the first phase of courtship, male
ring doves perform a highly temporally synchronized au-
diovisual display, the bow-call, where they repeatedly bow
toward the female while simultaneously vocalizing. This
courtship phase can last from a few seconds’ to a few
minutes’ duration without interruption. Toward the end
of the courtship interaction, behavior usually switches to
more copulation-oriented displays such as nest-soliciting
display and nest-cooing. Courtship has been associated
with changes in physiological response (estradiol and pro-
gesterone) in many bird species (Hinde & Steel 1978),
including the ring dove (Korenbrot et al. 1974; Lovari
& Hutchison 1975). Repeated exposure to a courting
male is necessary to induce physiological changes in fe-
males, resulting in increased blood estradiol (E2) concen-
tration (Cheng 1979), and depends on exposure to multi-
modal courtship (Friedman 1977). In subsequent stages of
courtship, these effects are mediated by the induction of

female’s own nest-coo vocalizations during nest building
(Cheng 2003). It is, therefore, likely that the configura-
tion of the signal impacts female behavior and also female
physiological responses.

We hypothesized that female ring doves respond to
the temporal association between the visual and acoustic
components of the male bowing display. To assess the role
of multimodal temporal configuration, we used playback
to manipulate the temporal association between acoustic
and visual components of male bowing displays. The tem-
poral interval between body movements and vocalizations
was either unchanged in its natural variation (“control”),
shifted by a fixed amount (“shifted”), or made less tem-
porally consistent (“jittered”), with the temporal parame-
ters chosen to lie within anatomically possible ranges. We
predicted that shifted and jittered stimuli would elicit a
weaker behavioral and physiological response in female
doves.

MATERIALS AND METHODS

Study species

Ring doves were obtained from breeders in Austria and
France and were at least one year old to ensure that they
were sexually mature (sexual maturation in this species
occurs around 6 months of age (Craig 1909; Friedman
1977). Originally, all the doves were housed in mixed-sex
colonies and had been exposed to courtship where they
could at least hear and see males courting. We housed
the 24 females in outdoor aviaries (3.6 × 3.0 × 2.7 m)
separated from males 5 weeks prior to testing and trans-
ferred them indoors into individual cages (50 × 38 ×
60 cm) 3 days before testing, where they remained during
the whole experiment. This is a standard pre-experimental
procedure in this species to limit the effects of social in-
teraction on sexual receptivity (Hutchison 1970; Lovari &
Hutchison 1975). The light regime was 14D:10N.

Ethical note

This work was approved by the local ethics committee
of the Faculty of Life Sciences, University of Vienna,
and by the national committee of the Austrian Federal
Ministry of Education, Science and Research (BMWFW
permit 66.006/0042-WF/V/3b/2017) and adheres to the
ASAB/ABS guidelines for the Use of Animals in Re-
search, the ARRIVE guidelines and the Directive 2010/
63/EU guidelines. Birds had access to seed mix, grit,
and water ad libitum. Prior to the experiment, doves
underwent a habituation period of several weeks with
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Role of courtship multimodal synchrony

daily handling and exposure to the experimental setup.
We monitored birds during playback testing and blood
sampling for signs of severe stress, which could in-
clude picking feathers, stereotypical behavior, or hissing
(Miller & Miller 1958), which was never observed.

Experimental apparatus

The experimental apparatus was composed of 2 com-
partments (each 50 × 50 × 50 cm) separated by a net,
one containing a screen and a speaker, the other contain-
ing the tested female (see Supporting Information for de-
tailed specification of playback setup, Fig. S1). A camera
recorded a side view of the female at 60 frames per sec-
ond, and a microphone recorded vocalizations. After plac-
ing a female in the setup, the screen displayed an empty
setup and she was allowed to habituate. We started au-
dio and video recording of the female and then started
playback stimulus display. The testing session lasted for
15 min (see Fig. S4, Supporting Information, for a de-
tailed timeline), after which recording was stopped and
the female returned to her individual cage.

Stimulus recording and manipulation

The stimulus recording setup was the same as for
testing except that a female was placed behind the camera
in a small cage to elicit male courtship and record it
from the female’s perspective (i.e. courting from the
front to obtain a stimulus as similar as possible to nat-
ural courtship). We recorded male courtship audio at
48 kHz and video at 120 frames per second to ensure
that their movements were perceived as continuous by
the female doves. In pigeons (Colombia livia), a closely
related species, the temporal quality of the video dis-
played during a playback experiment directly influenced
the duration of sexual behavior (Ware et al. 2015). In
the latter study, videos were displayed between 15 to
60 frames per second. We are therefore confident that our
videos, with even higher temporal resolution (120 frames
per second), appeared continuous to doves and triggered
natural responses. We attempted to record courtship from
each of the test males twice a day, and obtained courtship
recordings of sufficient duration from 2 males. During
recordings, we measured sound amplitude using a sound
pressure level meter (Voltcraft 329, Conrad Electronic
SE) to calibrate volume of acoustic playback during later
testing. For each of the original courtship recordings,
we first denoised the audio tracks using the spectral
noise gating algorithm from Audacity® (Audacity Team
2017). We then annotated the timing of the bow (Loopy,

http://loopb.io, loopbio gmbh, Vienna, Austria) and the
bow-call (PRAAT, v.6.0.26) in order to estimate the
natural variation in temporal offset between the starts of
bows and bow-calls. Male A had an offset of −0.275 s
(SD = 0.139 s, n = 133) between bow and bow-call
of his display, whereas male B had a mean offset of
−0.362 s (SD = 0.127 s, n = 109). We used these
values to determine the stimulus modification values
(Fig. 1; see Supporting Information and Fig. S2). We
created 3 stimulus treatments by varying the relative
timing between auditory and visual courtship tracks
(Narins et al. 2005; Taylor et al. 2011; Kozak & Uetz
2016) (Fig. 1). Using Matlab (Mathworks, Natick, MA),
each bow-call was extracted from the source track us-
ing the annotations mentioned above. For the control
stimulus, no change in timing was made and bow-calls
were placed at the same onsets in the new audio track
(Fig. 1). For shifted courtship, each bow-call was placed
0.32 s earlier in the new audio track (corresponding to
a shift in the mean of natural audiovisual timing). In
the jittered courtship condition, the new onset of each
bow-call was randomly drawn from a normal distribution
with mean = 0 and SD = 0.25 s (with the constraint
that subsequent bow-calls did not overlap). Thus, for
both shifted and jittered treatments, we ensured that the
modified stimuli fell into naturally occurring variation
(Fig. S2, Supporting Information). The spectral and
temporal structure of the calls and the total number of
bow-calls were unchanged for the 3 stimulus treatments.
Finally, we normalized audio of all stimuli to the same
peak amplitude. Videos of the 3 stimulus types can be
found in the Supporting Information (Videos S1–S3).

Experimental design

We assigned each female to a treatment group (con-
trol, shifted, or jittered stimulus; 8 females per group)
and to a stimulus male (1 or 2; 4 females per male
per treatment group) (Fig. S3, Supporting Information).
Each female was exposed to the playback stimulus during
15-min sessions on each of the 7 consecutive days
(Lehrman et al. 1961; Barfield 1971). This exposure is
sufficient to elicit responses from females, as in this
species relatively short exposure to males is enough
to trigger behavioral and endocrinal changes (Lehrman
1964). It usually takes 7 to 10 days of male exposure
for a female to complete the reproductive cycle and
lay an egg (Lehrman et al. 1961). Additionally, Barfield
(1971) showed that 15-min daily exposure to a live male
over 7 days is enough to increase female oviduct size.
The playback stimulus was composed of a sequence of
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Figure 1 Stimulus creation. Bow-calls were isolated from natural courtship recordings (grey) and placed into new auditory tracks
to create modified stimuli. We used unaltered timing between the onset of the bow-call and the onset of the bow (TA = temporal
association, corresponding to the interval between the initiation of the descending phase of the bow and the onset of the call) for the
control stimulus (red). We built the shifted stimulus (yellow) by shifting the start of each bow-call by a fixed value to change the
mean while conserving the variance so that TA remained within the natural variance as depicted on the right (calculated from 242
bow-calls belonging to 2 birds, overall mean = −0.32, SD = 0.14; see Fig. S2, Supporting Information, for individual male data). For
the jittered stimulus (green), the mean of the TA distribution was maintained, while the variance was increased.

courtship bouts alternated with videos of the empty setup.
The duration of courtship bouts ranged between 30 and
31 s corresponding to 13–14 bow-call displays. In each
session, females were presented a series of 2 courtship
bouts separated by a short (2–4 s) video of the empty cage,
followed by a longer (57 s) video of the empty cage before
the next repetition of courtship bouts (Fig. S4, Support-
ing Information). Courtship videos were each presented 4
times in each session in random order, resulting in 15-min
sessions containing 8 min of active bow-call courtship
display (see Fig. S4, Supporting Information). The order
of presentation of courtship videos was randomized, with
the constraint that the same video could not appear twice
in a row. As a result, during this 15-min playback, only
8 min displayed a courting male. We used empty video in-
tervals as females may perceive a long and uninterrupted
courtship as too aggressive (Mitoyen et al. 2021). Because
of time constraints that prevented testing all birds in par-
allel, we tested half of each group (12 females, 4 females
of each group) in the second week of August 2019 (testing
week a), and half in the third week of August 2019 (testing
week b).

Video analysis

Using manual coding software (Loopy, loopbio GmbH,
Austria), we coded 3 female behaviors previously as-
sociated with sexual behavior in doves and other bird

species: tail quivering (Cheng 1973; Witte 2006; Amy
et al. 2015), preening (Cheng 1973; Partan et al. 2005),
and chasing. In doves, chasing has not previously been
studied in females, but in males, this behavior is typically
displayed before the bow-call display. The precise role of
the chasing behavior is not known, but because it typically
happens during the first phases of courtship interaction,
it is thought to be an important component of sexual
behavior (Lovari & Hutchison 1975; Cheng 1979). The
bird adopts a characteristic horizontal body posture while
walking, feathers of the back are often erected, and there
is sometimes an approach toward the other individual and
a specific call, the kaa-call. Additionally to these 3 sexual
behaviors, we also coded the number of steps as a proxy
for overall locomotor activity. For each behavior, we
recorded its duration but also the time and frame number
at which it occurred during the 15 min of testing. As we
knew the times when courtship or control videos were
played, we could assign behavioral occurrences to either
period. If a behavior bridged 2 periods, it was assigned to
the first one. Sample videos of coded female behaviors are
available in the Supporting Information (Videos S4–S7).

Estradiol assays

One day before the first and one day after the last
exposure to playback, we took a blood sample from
each female (up to 0.5 mL). Samples were centrifuged

724 © 2022 The Authors. Integrative Zoology published by International Society of Zoological Sciences,
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Role of courtship multimodal synchrony

for 5 min at 2000 rpm, then plasma was pipetted into
Eppendorf tubes and stored at −20°C until assay. Estra-
diol plasma concentrations were quantified using com-
mercial enzyme-linked immunosorbent assay (ELISA)
kits (RE52041; IBL, Hamburg, Germany). Prior to ana-
lyzing the samples, validations were conducted to elim-
inate the interference of the dove plasma matrix that
caused a shifting problem (see Supporting Information).
Both samples of each individual (before-after) were run
on the same assay plate to reduce variability and all sam-
ples were analyzed in duplicates. Two assays were per-
formed in total with a sensitivity of 3.6 and 5.81 pg·mL−1,
respectively. Samples below these 2 detection thresholds
were marked as left-censored for later analysis. Intra-
assay CV% of duplicates was below 5% (mean 0.9%).
Inter-assay CV% of the kit control and of an extracted
plasma control pool was 4.74% and 0.61%, respectively.

Statistical analysis

We performed all statistical analysis using R (R Core
Team 2018). For all female behaviors, number of events
and overall duration were highly correlated (Spearman
correlation, r > 0.90, P < 0.001). Therefore, we used
only counts for further analysis. For every model, we used
a full-null model comparison approach with a likelihood
ratio test to investigate the effect of fixed factors (Dobson
& Barnett 2018). The null model lacked the respective
fixed effects or interaction, but random effects and con-
trols remained.

We used generalized linear mixed models to assess
if female behavior differed depending on whether the
playback displayed courtship or empty setup (courtship
playback present vs. absent). We fitted models using the
glmmTMB function and a negative binomial distribution
to model number of female behavior events (preening,
steps, chasing, tail quivers) and to account for overdis-
persion. We created the variable “testing week,” as we
tested 12 females in the second week of August 2020
(testing week a) and 12 more in the third week of the
same month (testing week b). We randomly assigned 2
females from each group to each of the 6 available stim-
uli. We created the variable “testing session” to refer to
a given experimental slot for a given female a given day.
Full models included female identity nested into testing
session as a random effect, playback content (courtship
playback present vs. absent), and experimental days (1–7)
as fixed effects and testing week (a/b), stimulus male
(1/2), and female origin (France/Austria) as controls.

We also used glmmTMB to model the effect of stim-
ulus type (control, shifted, jittered) on female behavioral

response. We assumed that female behavior during empty
setup videos was influenced by the preceding stimulus
and therefore used the full dataset comprising female
behavior during the whole 15-min session. Full models
included female identity as random effect, interaction
between stimulus type and experimental day as fixed
effect, and testing week, stimulus male, and female origin
as controls.

Some of the concentration values were below the de-
tection threshold (10 out of 24 pre-test samples and
5 out of 24 post-test samples). Where possible, we used
methods that take left-censoring into account (Shoari &
Dubé 2018) and compare them to standard approaches
on the dataset with censored values replaced with the de-
tection threshold. We estimated summary statistics tak-
ing left-censoring into account using the Regression on
Ordered Statistics approach (functions censummary and
censtats in package NADA, Helsel 2012) and plotted cen-
sored data using function cenboxplot (Fig. 4). As we
did not find an appropriate left-censored alternative and
because substituted data were very similar to censored
data (see Results for summary statistics), we used lin-
ear mixed models (lmer function) and linear models (lm
function) with detection-limit substituted data to investi-
gate whether E2 concentration was influenced by stimu-
lus type or sampling phase (pre-exposure/post-exposure).
Full models comprised female identity as random factor,
stimulus type, and sampling phase as fixed effects, and
testing week, female origin and stimulus male as controls.

In addition, we used Kendall’s tau correlation for cen-
sored data (function cenken in package NADA) to test the
association between behavioral variables on the first day
and pre-testing E2 blood concentration, and the associa-
tion between the number of behavioral events on the last
day and post-test E2 concentration. We also report the re-
sults for Spearman correlation tests (Harrell & Dupont
2020) without taking censoring into account, that is, when
non-detects were replaced with detection limit.

RESULTS

Female response to audiovisual playback

Playback content had an effect on occurrence of preen-
ing (χ2

1 = 109.3, P < 0.001), steps (χ2
1 = 38.206,

P < 0.001), chasing (χ2
1 = 55.118, P < 0.001), and

tail quivering behaviors (χ2
1 = 25.21, P < 0.001). For

every behavior, event number was on average signifi-
cantly higher when the courtship playback was present
than when courtship playback was absent (Fig. 2;
Tables 1, 2; Table S1, Supporting Information).
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Figure 2 Boxplots of behavioral occurrences displayed by females, grouped by playback content and day of experiment. Playing back
courtship stimuli resulted in more behavioral events, and the response increased across the experimental period.

Table 1 Number of behavioral events displayed by females and mean (SD) per female depending on playback content and χ 2 test
statistics from the full-null model comparisons

Empty setup Courtship

Total Mean (SD) Total Mean (SD) χ 2 test statistics

Chasing 135 0.80 (2.83) 552 3.28 (7.28) 55.11∗

Preening 8671 51.61 (49.46) 18 880 112.38 (91.35) 109.3∗

Steps 18 409 109.57 (107.79) 22 666 134.91 (127.05) 38.206∗

Tail quivers 138 0.82 (1.41) 341 2.02 (3.12) 25.21∗

∗P < 0.001.

Experimental day significantly affected occurrence of
preening (χ2

6 = 53.261, P < 0.001), steps (χ2
6 =

18.179, P = 0.005), and chasing (χ2
6 = 24.477, P <

0.001), with number of behavioral events increasing over
experimental days. No difference between days was found
for tail quiver occurrence (χ2

6 = 7.25, P = 0.29).

Effect of courtship audiovisual timing on female

behavioral response

Although females preened more often in the control
condition than in shifted and jittered conditions (Table S2,
Supporting Information), the effect of audiovisual timing

726 © 2022 The Authors. Integrative Zoology published by International Society of Zoological Sciences,
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Role of courtship multimodal synchrony

Table 2 Analyses of deviance table (with Chi-square value,
degrees of freedom) from the results of generalized linear
models investigating the effect of playback content (PB).
Results are presented for all the investigated female number of
behavioral events: (a) chasing, (b) preening, (c) steps, and (d)
tail quivers

Analysis of deviance table

χ 2 df P-value

(a) Chasing

PB 73.5667 1 <0.001

Day 17.1165 6 0.008864

Week 0.0167 1 0.897242

Male 1.2083 1 0.271677

Origin 2.5702 1 0.108896

(b) Preening

PB 156.286 1 <0.001

Day 60.5574 6 <0.001

Week 2.8655 1 0.0905

Male 0.5991 1 0.4389

Origin 1.0782 1 0.2991

(c) Steps

PB 42.3999 1 <0.001

Day 18.8319 6 0.004457

Week 0.7769 1 0.378082

Male 2.3545 1 0.124924

Origin 3.8125 1 0.05087

(d) Tail quivers

PB 26.2279 1 <0.001

Day 6.9781 6 0.3229

Week 1.748 1 0.1861

Male 0.0341 1 0.8535

Origin 1.104 1 0.2934

was not significant (χ2
2 = 3.10, P < 0.21). Stimulus type

had no effects on number of steps (χ2
2 = 0.52, P = 0.76),

tail quivers (χ2
14 = 17.33, P = 0.23), or chasing behav-

ior (χ2
2 = 1.80, P = 0.40), although similarly to preen-

ing, females displayed the most steps and chasing in the
control condition. Experimental day impacted preening
(χ2

6 = 49.00, P < 0.001), steps (χ2
6 = 22.03, P <

0.001), and chasing (χ2
14 = 43.33, P < 0.001), with fe-

males displaying more of these behaviors as the experi-
mental days passed. However, day did not impact the tail
quivering behavior (χ2

14 = 8.84, P = 0.18).

The interaction between experimental day and stim-
ulus type was not significant for preening (χ2

12 = 7.38,
P = 0.83), steps (χ2

12 = 14.86, P = 0.24), or tail quivers
(χ2

12 = 14.55, P = 0.26), but was significant for chasing
behavior (χ2

12 = 21.11, P = 0.04). Post hoc tests and
pairwise comparisons revealed that chasing significantly
increased during the experimental period only in the
control condition (Fig. 3; Tables S3, S4, Supporting
Information).

Effect of courtship audiovisual timing on female

physiological response

E2 plasma concentration ranged from non-detectable
(below 5.2 pg·mL−1) to 31.98 pg·mL−1 (11.78 ± 8.92
when left-censoring was taken into account; 12.17 ±
8.53 when censoring was not taken into account and
non-detects substituted with detection threshold, mean
± SD) for pre-exposure blood sampling, and from
non-detectable to 41.88 pg·mL−1 (left-censored: 17.88 ±
11.10; detection threshold substitution: 17.92 ± 11.03)
for post-exposure blood sampling.

The difference in E2 levels between pre and post-
test ranged from −8.52 to 23.44 (5.74 ± 7.51, posi-
tive differences reflecting higher post-test concentration;
non-detected samples substituted with detection limit, see
Materials and Methods), and percentage increase ranged
from −28% to 286% (+59% ± 72%). E2 plasma con-
centration was significantly increased after the playback
experiment (χ2

1 = 12.05, P < 0.001, Fig. 4; Tables S5,
S6, Supporting Information).

Although plasma E2 concentration was higher in
the control condition and stimulus type influenced E2
concentration (χ2

2 = 6.45, P = 0.03), post hoc pair-
wise comparison tests between stimuli types were not
significant (Table S7, Supporting Information). There
was no interaction between stimulus type and sampling
status (χ2

2 = 1.35, P = 0.50). Stimulus male did not
influence E2 concentration (χ2

1 = 0.15, P = 0.69), but
females from group 2 (tested 1 week after females from
group 1) had lower E2 values than females from group 1
(χ2

1 = 37.37, P < 0.001). However, percentage increase
between pre and post-exposure concentration did not
differ between groups (F = 2.26, P = 0.14), condition
(F = 1.48, P = 0.25), or stimulus male (F = 0.005,
P = 0.94).

The only significant correlation between E2 concen-
tration and behavior was between post-exposure con-
centration and tail quiver number on the seventh day
(Kendell’s tau = −0.39, P = 0.007; Spearman r = −0.52,

© 2022 The Authors. Integrative Zoology published by International Society of Zoological Sciences,
Institute of Zoology/Chinese Academy of Sciences and John Wiley & Sons Australia, Ltd.
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C. Mitoyen et al.

Figure 3 Boxplots (median, box spans lower and upper quartiles, whiskers show values within 1.5 times the interquartile range and
dots depict outliers) of behavioral occurrences displayed by females, grouped by stimulus type and day of experiment: (a) chasing,
(b) preening, (c) steps, and (d) tail quivers. There was no significant difference between conditions for any behavior. We displayed
significance letters between experimental days for chasing only; as for this behavior, we found a significant interaction between
stimulus type and days.

P = 0.008), with females showing higher number of tail
quivers on the last experimental day having lower E2 con-
centration (Table S8, Supporting Information).

DISCUSSION

We investigated behavioral and physiological re-
sponses of female ring doves to playback stimuli of male
courtship differing in the audiovisual timing between the
visual and acoustic components of the bowing display.
In addition, we examined how female behavior changed
over the 7 consecutive experimental days during playback
of courtship stimuli or of videos showing a silent and
empty cage. We found that females responded more to
courtship playback than to videos showing an empty
cage. This is likely due to the courtship display, and not
just the presence of a male on the screen, as Mitoyen et al.
(2021) showed that female sexual behavioral responses

differed when females were exposed to a live courting
male compared to a male that was not courting. As both
the behavioral and physiological responses of female
doves changed during and after exposure to our stimuli,
we are confident that they responded to a courting male
in the playback, and not simply to an object moving on
the screen. We also showed that sexual and non-sexual
behaviors increased as the experiment progressed. We ad-
ditionally documented an increase in E2 concentration at
the end of the experiment compared to pre-experimental
values, reflecting female sexual stimulation. An increased
female physiological response after repeated exposure
to courtship has already been documented in doves and
canaries (Cheng 1973; Amy et al. 2015). Finally, although
we could not convincingly show that manipulation of
audiovisual timing affected all aspects of female behav-
ioral response, we found that only those females pre-
sented with the unaltered, control stimulus significantly

728 © 2022 The Authors. Integrative Zoology published by International Society of Zoological Sciences,
Institute of Zoology/Chinese Academy of Sciences and John Wiley & Sons Australia, Ltd.
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Role of courtship multimodal synchrony

Figure 4 Boxplots (median, lower, and upper quartiles and
values within 1.5 times the interquartile range) of E2 concentra-
tion (pg·mL−1) of females grouped by pre- and post-exposure
and stimulus types and taking into account left-censored data
(package NADA). The horizontal line represents the highest
censoring threshold. Pre- and post-exposure E2 concentrations
are significantly different and letters indicate lack of differences
between stimulus types within blood sampling phase.

increased their chasing behavior across the experimental
period. Additionally, plasma E2 was higher in females
exposed to the control stimulus. This suggests that the
natural temporal configuration of audiovisual courtship
plays a role in female evaluation of male courtship.

Ring dove courtship is a dynamic phenomenon, with
behavior and physiological responses of males and fe-
males developing through different stages (Lovari &
Hutchison 1975). Before testing, females were separated
from males to bring them into a basal stimulation state.
In females, E2 production significantly increases after a
few days of courtship interaction (Korenbrot et al. 1974),
which was confirmed by our E2 results. Females’ behav-
ioral responses to male bow-calls (Cheng 2008; Mitoyen
et al. 2021) and their subsequent shift to nest-oriented be-
havior after a few days of courtship (Cheng 1973) are also
well documented. This shift could explain the correlation
patterns we found between E2 levels and number of tail
quivers. Indeed, if tail quiver is a sign of sexual interest
displayed in the first phase of the courtship interaction, we
could expect a negative correlation of this behavior with
post-exposure E2 concentration, which was measured on
the subsequent day. Additionally to physiological stimula-
tion, our results show that audiovisual playback increased

females’ sexual and non-sexual behavioral responses, as
steps, preening, and chasing increased over experimental
days.

We designed this study to examine the importance of
multimodal configuration in courtship. The amount of
courtship (number of bows and bow-calls) in both modal-
ities was the same for all 3 audiovisual timing conditions.
A similar response to the control and the shifted condi-
tion in contrast to the jittered condition would therefore
indicate that more than the average relative audiovisual
timing, it is rather the repetition rate and variance (i.e.
consistency) in timing of the multimodal courtship that
are important for females. In contrast, a similar response
to the 2 modified stimuli compared to control could
indicate a negative effect of a signal whose parts are too
strongly desynchronized. Our results suggest the latter is
the case. Consistent shifting of the acoustic track (shifted
condition), as well as randomly placing calls along the
bowing sequence (jittered condition), negatively affected
female sexual response, but not their non-sexual re-
sponse. The number of chasing events increased from
the beginning to the end of the experiment only in
females presented with control stimuli, although the
overall number was not significantly influenced by stim-
ulus type (although numerically greater in the control
condition, Fig. 2). These behavioral results, in addition
to the moderate effect of stimulus type on plasma E2
concentration, therefore, provide support to the hypoth-
esis that multimodal timing and signal configuration of
courtship influence female response. The lack of post hoc
significant differences regarding stimulus type effect on
plasma E2 could be explained by an overall weak effect
or a small sample size. Some information triggering an
increase of chasing and plasma E2 appears to be present
in control stimuli, but not in modified videos.

Signal configuration, particularly regarding the timing
of constituent elements of multimodal signals, is likely
to play an important role in sexual interactions, and our
results add to existing data suggesting that signal config-
uration itself is a target of inter- and intra-sexual selec-
tion. Our results are in line with work on courtship syn-
chronization in wolf spiders (Kozak & Uetz 2016) and
túngara frogs (Taylor et al. 2011), where females were
more attracted to males displaying natural courtship tim-
ing and rejected shifted or jittered stimuli. Although ring
dove courtship is less complex and elaborated than the
displays of some tropical birds, the capacity to control the
timing of multimodal courtship could reflect good motor
and neural control and might positively affect female sex-
ual response (Barske et al. 2011; Miles & Fuxjager 2018).
Whether the by-product hypothesis or the mechanical

© 2022 The Authors. Integrative Zoology published by International Society of Zoological Sciences,
Institute of Zoology/Chinese Academy of Sciences and John Wiley & Sons Australia, Ltd.
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constraint hypothesis is relevant here is unknown. Male
doves can produce calls without simultaneously perform-
ing the bow (perch-call and nest-call (Hutchison et al.
1997), but abdominal muscles are involved in both behav-
iors (Gaunt et al. 1982). In doves, we know that esopha-
gus inflation amplifies calls (Fletcher et al. 2004; Riede
et al. 2004), and we cannot exclude that bowing further
enhances this inflation. The visual bowing component
could thereby increase call amplitude, and higher sound
pressure level is more attractive for females in many bird
species (Ritschard et al. 2010; Zollinger & Brumm 2015).

A previous behavioral study by our group showed that
tail quiver occurrence in female ring doves was asso-
ciated with lower fundamental frequency calls but had
no relation to average audiovisual timing of courtship
(Mitoyen et al. 2021). In this previous study, chasing be-
havior was not investigated, and we therefore cannot ex-
clude that it was also correlated with audiovisual tim-
ing. Our present results indicate that manipulations of
audiovisual timing also do not affect tail quiver behav-
ior. Rather, the increasing number of tail quivers during
playback along the course of the experiments could be
linked to repeated exposure to male courtship. In doves,
females’ own calls are physiologically self-stimulating
and increase E2 levels (Cheng 2008). We were not able
to measure female vocal behavior as they did not vocal-
ize during experimental sessions, but the effect of male
courtship on female stimulation was possibly mediated
by females’ own acoustic stimulation in their home cages.
However, the higher plasma E2 of females in the control
stimulus condition (even though this effect would need to
be confirmed in further experiments) supports the notion
that audiovisual synchronization enhances sexual stimu-
lation of females. The goal of the experiment was to in-
vestigate the effect of the audiovisual timing on female re-
sponse, and not the effect of the presence or absence of a
given modality. To formally test this hypothesis, we would
need to compare female response to unimodal acoustic
and visual stimuli versus multimodal stimuli in a future
playback experiment. In túngara frogs, females preferred
asynchronous multimodal signals over unimodal signals
(Taylor et al. 2017) and this could be true for doves as
well.

The moderate effects on plasma E2 levels, where we
found an effect of stimulus type but did not obtain
significant post hoc differences between stimuli, suggest
that our stimulus manipulations were possibly not suffi-
ciently large to yield strong differences in the hormonal
response between stimulus types. Indeed, E2 concentra-
tions in this experiment were lower than previous stud-
ies where average peak values of 85 pg·mL−1 were doc-

umented for females paired with a male for several days
(Korenbrot et al. 1974). It is possible that 8 min of ac-
tive courtship a day for 7 days were not enough to fully
stimulate females (Cheng et al. 1981), or that the post-
exposure blood sampling missed the typically short E2
peak. Moreover, it is possible that the noninteractive na-
ture of playback negatively impacted female sexual stim-
ulation, and that physical interaction with a live male for
the same amount of time would have triggered higher hor-
monal changes and stronger differences between displays
differing in their audiovisual configuration.

Remarkably, tail quivering was the only behavior that
occurred consistently over experimental days, suggest-
ing that it is an immediate response to courtship in ring
doves, showing momentary interest of a female. In con-
trast, chasing behavior seems to reflect increased sexual
stimulation over a longer time scale, meaning courtship
likely triggers both immediate and delayed behavioral re-
sponses. Our results also showed a peculiar increase in
chasing on the 7th day in the jittered condition. Apart
from issues related to sample size or individual differ-
ences, it could also be that jittered stimuli need a longer
period of exposure to trigger sexual response. At this time,
we do not have a convincing interpretation for this unex-
pected aspect of the study.

This study is to our knowledge the first to show that fe-
male doves respond to audiovisual playback of courtship
displays. The higher E2 concentration at the end of the
experiment, and increased behavioral response across
testing days and during courtship playback compared to
empty setup, are strong evidence that females responded
to conspecific courtship in the presented videos. In birds,
acoustic-only playback has been used extensively to suc-
cessfully trigger responses. However, the higher flicker
fusion rate of avian visual systems (Boström et al. 2016),
as well as differences between avian and human color
and polarized light perception (Muheim 2011) makes it
challenging to create natural-looking visual stimuli for
birds. As visual and auditory stimuli were systemati-
cally displayed together, the increased behavioral and
hormonal response at the end of the experimental period
could be due solely to the acoustic part of the playback.
However, visual stimuli have been used successfully in
pigeons (Partan et al. 2005), a closely related species, to
trigger natural responses to courtship, and the temporal
quality of the video is known to directly influence the
duration of sexual behavior displayed by test subjects
(Ware et al. 2015). We are therefore confident that our
videos, with even higher temporal fidelity (120 frames
per second), triggered natural responses in doves. Addi-
tionally, when males were presented with silent videos

730 © 2022 The Authors. Integrative Zoology published by International Society of Zoological Sciences,
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Role of courtship multimodal synchrony

of a female dove, they regularly displayed courtship (per-
sonal observation). Finally, and most importantly, females
from different experimental groups reacted differently
(stronger chasing behavior), confirming that both visual
and acoustic stimuli were assessed and integrated by
females.

This study provides important advances in our under-
standing of the importance of the configuration of mul-
timodal signals. Audiovisual playback was used for the
first time to study how targeted variation in male behav-
ior can influence both female sexual behavior and physio-
logical state. The demonstrated success of the playback
technique opens up many possibilities for future stud-
ies. Here, we targeted the temporal association between
sensory channels, but the spatial configuration of the sig-
nal is likely to be important and could also be investi-
gated using multimodal playback. More importantly, our
results support the hypothesis that multicomponent sig-
nals contain information that is related not only to the
presence of multiple components (“summation”) but also
to the relationship between them as they elicit different
responses depending on the way unimodal signals are
temporally configured. The nature of this integrated in-
formation is still to be determined, and further quantita-
tive studies comparing responses to differently manipu-
lated stimuli need to be performed. In the long term, our
aim is to understand if the integration of multiple sig-
nals in multimodal courtship is associated with an eval-
uation of the whole display by the receiver that relies
on mechanisms that go beyond the evaluation of single
components. This approach, initially used in controlled
laboratory conditions and for species that show relatively
simple courtship, could later be extended to the elaborate
and bizarre displays of many species of arthropods and
vertebrates.
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SUPPLEMENTARY MATERIALS

Additional supporting information may be found on-
line in the Supporting Information section at the end of
the article.

Figure S1 Experimental setup used to present audio-
visual playback stimuli to female ring doves.

Figure S2 Distribution of the audio-visual timing dif-
ferences between the start of the coo and the start of the
bow for the 2 stimulus males used in the experiment. To
plot the red curve, we used the values derived directly
from the data: stimulus male 1 had mean offset value of
−0.2753 (SD = 0.1393, n = 133); stimulus male 2 had
a mean of −0.3620 (SD = 0.1274, n = 109). The yel-
low curve depicts the distribution resulting from the mean
shift applied to create the shifted condition, whereas the
blue curve represents the random distribution that we used
for generating offsets used in the jittered condition.

Figure S3 Experimental design. We used courtship
from 2 stimulus males (1 and 2) to create the stimuli. For
each male, we recorded and extracted four courtship bouts

of 30 seconds. We then used those bouts to create 3 dif-
ferent stimulus types as in Figure 1 of the main text. A
control, a shifted and a jittered stimulus were created for
each male, resulting in 6 unique stimulus types, each con-
taining 4 videos. We created 2 female groups depending
on which week they were tested (a or b), each contain-
ing 12 females. Females from week a were tested in the
2nd week of August 2020 and females from week b in
the 3rd week of the same month. We randomly assigned
2 females from each week to each of the 6 available stim-
uli. We ran all playback sessions between 0800 and 1300.
Every day, we pseudo-randomized the order of testing so
that every female was tested in every possible time slot
during the experiments.

Figure S4 Playback timeline. Timeline of Video Stim-
uli used in the experiment. Courtship videos (green) were
alternated with empty cage videos to limit the aggres-
sive character of uninterrupted male courtship (long du-
rations, light grey) and to avoid strange effects when sub-
sequent videos had featured the male appearing in dif-
ferent screen locations (short durations, dark grey). This
resulted in a 15 minutes playback testing session, which
included 8 minutes of courtship videos.

Table S1 Results of generalized linear models
(with estimates, standard error (SE), z and P-values)
investigating the effect of playback content (PB). Fixed
effects are as follow: PB_courtship: playback displaying
courtship behavior; day2: second day of the experiment;
week_b: second group tested in August; male_2: second
male used as stimulus; origin_France: dove coming from
France

Table S2 Total number of behavioral events and mean
(SD) per female displayed by females for each of the 3
stimulus types

Table S3 Results of generalized linear models (with
estimates, standard error (SE), z and P-values) investigat-
ing the effect of stimulus type (stimulus A: control, B:
shifted and C: jittered), as well as analyses of deviance
table (with Chi-square value, degrees of freedom (df) and
P-values). Results are presented for all the investigated fe-
male number of behavioral events: (a) chasing, (b) preen-
ing, (c) steps, (d) tail quivers

Table S4 Tukey post-hoc test comparing difference in
chasing behavior between days, for each of the stimu-
lus type. (a) Estimated marginal means with their stan-
dard errors, lower and upper confidence intervals for days
and stimulus type. Results are averaged over the levels of
week, male and origin (b). Result of the pairwise compar-
isons with estimates, degrees of freedom (df), t-value and
P-values.
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Table S5Mean (standard deviation) of E2 plasma con-
centration (pg·mL−1) depending on stimulus type and
treatment.

Table S6 (a) Results of linear mixed models (with
estimates, standard error (SE), degrees of freedom (df),
t and P-values) investigating the effect of stimulus type
(A: control, B: shifted, C: jittered) on E2 plasma con-
centration. (b) Analyses of deviance table (Sum- and
mean-square values, degrees of freedom, F values and
P-values).

Table S7 Tukey post-hoc test test comparing differ-
ence in E2 plasma concentration between stimulus types
(A: control, B: shifted, C: jittered) (a) Estimated marginal
means with their standard errors, lower and upper con-
fidence intervals for stimulus type. Results are averaged
over the levels of treatment, week, male and origin.
(b) Result of the pairwise comparisons with estimates, de-
grees of freedom (df), t-value and P-values

Table S8 Correlation tables with r (corr coefficient)
and P-values with the corrplot function (corrplot pack-
age), between (a) pre-test E2 plasma concentration and

behavior displayed the first day, and (b) post-test E2
plasma concentration and behavior displayed the last day.
The coefficients and P-values from the columns “Pre [E2]
(censored)” and “Post [E2] (censored)” were obtained
taking into account the left-censored data using the func-
tion cenken from the NADA package

Video S1 Sample video of the control courtship
stimulus.

Video S2 Sample video of the shifted courtship
stimulus.

Video S3 Sample video of the jittered courtship
stimulus.

Video S4 Sample video of the female chasing
behavior.

Video S5 Sample video of the female normal step
behavior.

Video S6 Sample video of the female preening
behavior.

Video S7 Sample video of the female tail quivers
behavior.
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