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Abstract 
Many animals produce long-distance acoustic signals to mediate a variety of social interactions, and the efficacy of 
transmission depends in part on environmental attenuation. Vocalizing from positions that optimize transmission is one 
key solution to minimizing attenuation, though few studies assess the magnitude of this effect in relation to receiver 
position. In this study, we assessed how transmission of high-frequency vocalizations produced by pinyon mice (Pero-
myscus truei) varied based on the position of senders and receivers. Pinyon mice are semi-arboreal rodents that produce 
sustained vocalizations to advertise to conspecifics. Synthesized signals derived from a population-sample-average of 
fundamental frequency, duration, and amplitude were broadcast and recorded at different heights (0, 1, and 2 m) and 
distances (1, 2, 4, and 8 m) in a full factorial design to mimic hypothetical senders and receivers. We also measured 
receiver hearing sensitivity using auditory brainstem responses (ABR) to quantify the audible distance (active space) of 
vocalizations at different heights. Vocalizations showed less attenuation when emitted and received from an elevation 
compared to the ground if the signal was received at least 4 m from the sender. Vocalizations emitted from a 1 m height 
had an approximately 3 times greater audible distance compared to the ground. Additionally, less attenuation occurred 
when both senders and receivers were elevated at the same height and when receivers were elevated, regardless of sender 
height. Our results highlight the importance of considering receiver position in animal communication, especially when 
senders produce highly directional signals.

Significance statement
Vocalizing animals often position themselves in locations that maximize sound transmission. However, the magnitude of this 
effect is not often quantified, especially in relation to the position of intended receivers. In this study, we combined acoustic 
recording, hearing experiments, and modelling of sound attenuation to quantify how sending and receiving vocalizations 
from trees impacts sound transmission in a semi-arboreal mouse. We found that vocalizations produced from 1 m above 
the ground could be heard by receivers at 3 times the distance compared to ground level. We also found that no matter the 
sender position, receivers benefitted from being at elevated positions. Finally, we found that the least attenuation occurred 
when senders and receivers were elevated at the same height. Our results highlight the importance of considering receiver 
position in animal communication, especially when senders produce highly directional signals.

Keywords Acoustic communication · Environmental attenuation · Active space · Hearing · Peromyscus · Pinyon mice

Introduction

Many animals produce long-distance acoustic signals to 
mediate a variety of social interactions (Ryan and Kime 
2003). The efficacy of acoustic signal transmission depends 
on the environment (Marten and Marler 1977). Atmospheric 
absorption, ground attenuation, and deflection of sound by 
vegetation contribute to signal attenuation (Marten and 
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Marler 1977; Waser and Brown 1986). Coping with envi-
ronmental attenuation is therefore a major factor shaping the 
evolution of long-distance acoustic signaling (Römer and 
Lewald 1992; Boncoraglio and Saino 2007). Two key solu-
tions to minimizing attenuation involve producing signals 
that are resistant to degradation (i.e. sensory drive or acous-
tic adaptation and associated receiver adaptations; Obrist 
et al. 1993; Ey and Fischer 2009; Römer 2020), or signaling 
at times and/or positions that optimize transmission (Waser 
and Waser 1977; Barker and Mennill 2009). Although stud-
ies on acoustic adaptation are numerous (e.g. Boncoraglio 
and Saino 2007; Goutte et al. 2018), comparatively fewer 
studies have explored the behavioral mechanisms used to 
minimize attenuation.

Animals can minimize signal degradation by advertis-
ing during times when climatic conditions are optimal 
for sound propagation (Wiley and Richards 1978; Hayes 
and Huntly 2005). For example, the dawn chorus of birds 
and primates and the evening chorus of insects and frogs 
are hypothesized to occur due to favorable atmospheric 
conditions; low temperatures and high relative humid-
ity during these periods are presumed to reduce energy 
loss via absorption (Marten and Marler 1977; Wiley and 
Richards 1978). Similarly, animals may position them-
selves in a manner that increases signal propagation (Blu-
menrath and Dabelsteen 2004). Among taxa as diverse as 
crickets (Arak and Eiriksson 1992), treefrogs (Schwartz 
et al. 2015), and monkeys (Riondato et al. 2021), senders 
advertise from elevated positions to minimize attenua-
tion from the ground and understory vegetation. Receiv-
ers may also benefit from adjusting their position relative 
to senders to improve signal detection. Indeed, playback 
of birdsong indicates that receivers benefit from selection 
of high perches to optimize signal reception (Dabelsteen 
et al. 1993; Holland et al. 1998; Mathevon et al. 2005). 
However, few studies have quantified the magnitude of 
signal efficacy sender and receiver position in tandem, 
especially in species that produce directional signals 
that characterize high-frequency vocalizations of many 
rodents (Richards and Wiley 1980; Fernández-Vargas 
et al. 2022).

Deer mice (genus Peromyscus) are a widespread and 
diverse group of rodents that exhibit a wide range of social 
behaviors, mating systems, and habitat use (Smartt 1978; 
Kalcounis-Rueppell et al. 2018a, c). Pinyon mice (P. truei) 
of the southwestern United States are among the most 
specialized species in the genus due to their reliance on 
pinyon (Pinus spp.) and juniper (Juniperus spp.) trees for 
food (Ribble and Samson 1987) and nest sites (Hall and 
Morrison 1997). Of particular importance, pinyon mice 
possess morphological adaptations thought to be suited for 
a semi-arboreal lifestyle, including long tails to facilitate 
balance (Horner 1954; Smartt and Lemen 1980; Kingsley 

et al. 2017; Hager and Hoekstra 2021) and larger brains 
to navigate spatially complex environments (Lemen 1980; 
Camargo et al. 2019; but see Mace and Eisenberg 1982). 
Similar to other congeners, pinyon mice produce a variety 
of vocalizations for social communication, including ca. 
20 kHz sustained vocalizations (SVs) that function over 
long distances (> 1 m; Kalcounis-Rueppell et al. 2018b, 
c). SVs appear to function as general advertisement sig-
nals that help maintain territories (e.g. P. boylii; Petric and 
Kalcounis-Rueppell 2013) and/or spatial cohesion between 
mated pairs (P. californicus; Briggs and Kalcounis-Ruep-
pell 2011). In pinyon mice, both sexes produce SVs in 
social isolation to advertise their presence to conspecifics, 
but females call more often (Kobrina et al. 2022a). Given 
that SVs operate over large spatial scales, quantifying how 
the geometry of senders and receivers influences signal 
transmission is fundamental to understanding the ecology 
and evolution of communication in rodents.

In this study, we investigated if signaling and receiving 
from trees confers benefits for acoustic communication in 
pinyon mice. Specifically, if arboreality confers an advan-
tage for acoustic signal transmission, then SVs produced and 
received at heights within trees should experience less atten-
uation than vocalizations produced and received at ground 
level. We broadcast and recorded synthesized vocalizations 
in pinyon mouse habitat at different heights and distances 
to test these predictions and contextualized our findings by 
incorporating receiver hearing sensitivities at ecologically 
relevant distances.

Materials and methods

Animals

Twenty pinyon mice (9 females (F), 11 males (M); aver-
age mass: F = 30.90 ± 3.92 g, M = 32.85 ± 3.11 g) were 
captured near Deadman Flat, 28 km north of Flagstaff, 
AZ, using Sherman live traps baited with peanut butter 
and oats. Mice were transferred to standard mouse cages 
and maintained in animal facilities at Northern Arizona 
University, Flagstaff, AZ, USA. Mice were housed indi-
vidually in the vivarium, maintained on a 14:10 dark:light 
cycle (21 ± 2 °C), and provided rodent chow and water 
ad libitum. Mice were used for both acoustic recording 
and hearing experiments (below).

Acoustic recording

Individually-housed mice were placed in a semi-anechoic 
sound cubicle lined with acoustic foam and recorded over 
3–7 days within their home cage. Calibrated microphones 
(1/4′′ Type 40BE, G.R.A.S.) connected to preamplifiers 
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(Type 26CB, G.R.A.S.) placed 33.3 cm above the center of 
the cage were used to record mice. Microphone response was 
flat within ± 1.5 dB from 10 Hz—50 kHz, and pre-amplifier 
response was flat within ± 0.2 dB from 2 Hz—200 kHz. 
Microphones were connected to a National Instruments 
DAQ (USB 4431) sampling at 102.4 kHz to a desktop com-
puter running MATLAB (v. 2018a).

Acoustic signal generation

To generate a signal for use in sound transmission experi-
ments, all SV vocalizations (mean ± SD = 193 ± 427, range: 
1–1310; n = 5 F, 3 M; see Kobrina et al. 2022a) were ana-
lyzed for average fundamental frequency (F0; kHz), average 
duration (s), and average amplitude (dB SPL re: 20 μPa). 
Frequency and duration measures were extracted using the 
automated parameter measurements function in Avisoft 
SASLab Pro (v. 4.2.27, Avisoft Bioacoustics, Germany; 
1024-point Fast Fourier Transform, Hann window, 75% 
frame size, 94 Hz bandwidth, 47 Hz frequency resolution, 
1.333 ms with 93.75% overlap temporal resolution). Ampli-
tude measures from calibrated microphones were extracted 
using the Sound Pressure Level Calculator (Greene 2021) 
in MATLAB (v. 2018a). To correct amplitude values for 
the distance between the microphone and calling mouse 
(33.3 cm), we applied a standard equation that accounts for 
sound energy dissipation via spherical spreading (A.2 in 
Brumm and Zollinger 2011) to standardize playback SPL 
levels at 1 m (72.1 dB) for sound attenuation experiments 
(see below).

To avoid pseudo-replication (McGregor et  al. 1992; 
Kroodsma et  al. 2001), we calculated a species grand 
mean (F0 = 19.8 ± 1.5 kHz; duration = 0.14 ± 0.07 s; dB 
SPL = 81.6 ± 4 dB) from averaged parameters within indi-
viduals to synthesize a signal for use in sound transmission 
experiments using Avisoft SASLab Pro (48 kHz sampling 
rate, 16-bit resolution,.wav format). To improve signal to 
noise ratios, the file contained 50 replicates of the synthe-
sized signal with 0.5 s silent gaps between each replicate.

Sound attenuation experiments

We conducted sound transmission experiments at Dead-
man Flat between March–May 2022 around dusk 
(18:00–22:00 h), coincident with times that mice become 
active. Twenty trees > 4 m (min. distance between trees 
50 m) in height were selected randomly at the study site 
where mice were originally captured. At each site, we 
set a 4 m transect outward from the perimeter of the fur-
thest live branch of the focal tree in a random direction. 
At 0 m, we placed a microphone (Sennheiser MKH 8060, 
50 Hz – 25 kHz flat frequency response) 9 cm above the 
ground to mimic the height of a hypothetical mouse receiver. 

The microphone was connected to a field audio recorder 
(Sound Devices 702 T) to record stimuli at a sampling rate 
of 48 kHz and 16-bit resolution. We broadcast synthesized 
stimuli through a speaker (Ultrasonic Dynamic Speaker, 
ScanSpeak, Avisoft Bioacoustics, flat frequency response 
within ± 1.5 dB from 10–45 kHz) connected to an Avisoft 
Ultrasound Gate Player 416H connected to a laptop running 
Avisoft RECORDER (v. 5.2.14). We calibrated the ampli-
tude of the playback file using a recorded 93.7 dB 1 kHz 
tone from a sound level calibrator (Brüel and Kjaer Type 
4230) and input the resultant recording into Avisoft SASLab 
Pro to calibrate all subsequent recordings. We modeled the 
vertical position of senders (ground; 0 m, 1 m, 2 m) and 
receivers (ground; 0 m, 1 m, 2 m) in a full factorial design 
and recorded stimuli at 4 horizontal distances (1, 2, 4, and 
8 m) per treatment. For example, to mimic a mouse calling 
from a 2 m height in a tree and a receiver at ground level, 
we mounted the speaker on a tripod 2 m above the ground 
and broadcast stimuli to a microphone placed on the ground 
iteratively at 1, 2, 4, and 8 m.

Prior to the analyses, all recordings were bandpass filtered 
between 18.73–20.73 kHz (Hamming window, 128 taps) in 
Avisoft SASLab Pro. The root mean square (rms) amplitude 
(20 ms averaging time) of each of the 50 replicates was then 
measured using automated detection in Avisoft SASLab Pro. 
We randomly selected a silent period between signal rep-
licates to quantify the amplitude of background noise and 
subtracted noise values from signal amplitude values using 
a standard equation (equation A1 in Brumm and Zollinger 
2011). Researchers were blind to treatment when attenuation 
data were analyzed to minimize observer bias.

Hearing sensitivity

Auditory brainstem responses (ABRs) (n = 9 F, 8 M; a subsam-
ple of mice from the acoustic recording experiment) were con-
ducted in a semi-anechoic chamber (ETS Lindgren SD-1; inter-
nal dimensions 91.4 cm × 91.4 cm × 91.4 cm) lined with acoustic 
foam. We administered ketamine/dexmedetomidine (75/0.5 mg/
kg) intraperitoneally to anesthetize animals. Occasionally, we 
injected an additional dose of ketamine (< 0.01 mL) 15 min after 
the initial dose to maintain an anesthetic plane. Anesthetized ani-
mals were transferred to a gel heating pad (32 ± 5 °C) to main-
tain a stable body temperature for the duration of the experiment. 
Monaural (randomly assigned ear; right n = 10, left n = 7) ABR 
measurements were obtained by placing three subdermal needle 
electrodes (27 gauge, 12 mm; Rochester Electro-Medical Inc., 
Lutz, FL, USA) on the mastoid of ear receiving the stimulus 
(reference), the vertex of the skull (active channel), and in the 
dorsum close to the base of the tail (ground). Electrodes were 
connected to a head stage (RA4LI, Tucker Davis Technologies 
(TDT), Alachua, FL, USA) and a preamplifier (RA4RA, TDT) 
attached to a processor (RZ6, TDT) via a fiber optic cable.
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We generated and presented test stimuli, and collected 
responses using SigGenRZ and BioSigRZ (v. 5.7.0, TDT), a 
TDT Multi I/O processor RZ6, and a PC. ABR experiments 
were controlled by a PC Windows computer running an Optibit 
interface on a TDT driver using BioSigRZ. The stimuli were 
generated by the RZ6 and played through a speaker (MF1, 
TDT) located 10 cm away from the pinna of the pinyon mouse 
at 0-degree azimuth. Digitized data were recorded to the RZ6 
processor through the RA4LI preamplifier. Stimuli consisted of 
clicks (0.1 ms square wave pulse of alternating polarity, obtained 
from the TDT root click file) and 5-ms single-channel cosine-
squared gated tone bursts at frequencies of 4, 8, 16, 20, 24, 32, 
and 42 kHz (Cos2 (10%—90%) gating type, obtained from the 
TDT root tone file) presented 21 times per second for a total set 
of 512 repetitions. Test frequencies were selected to examine 
hearing abilities of both low and high-frequency communication 
signals previously recorded in P. truei (Kobrina et al. 2021) and 
typical of rodent audiograms (Dent et al. 2018). However, in this 
study, we only use sensitivities derived from the 20 kHz stimu-
lus that was most similar to the F0 of SVs (19.8 kHz; above). 
The click stimulus has more spectral energy below 10 kHz and 
usually elicits a more robust ABR response than pure tones. 
Each stimulus was presented at descending levels starting at 
90 dB until a threshold was reached. Step sizes were 10–15 dB 
at suprathreshold levels, and then decreased to 5 dB bracketing 
the threshold. The system was calibrated prior to each experi-
ment using a microphone (Brüel and Kjær, Type 2670, Nærum, 
Denmark) connected to a microphone supply (Brüel and Kjær, 
Type 5935 L, Nærum, Denmark).

Attenuation statistical analyses

To assess how SVs were affected by distance and height, we 
used a generalized linear mixed model (GLMM) with the lme4 
package in R studio, v. 3.3.3 (Bates et al. 2015; R Core Team 
2017). The GLMM included the log-transformed synthesized 
stimuli SPL as the response variable and microphone distance 
(1 m, 2 m, 4 m, 8 m), speaker height (0 m, 1 m, 2 m), and micro-
phone height (0 m, 1 m, 2 m) as main effects, and all 2- and 
3-way interactions. ANOVA and posthoc Tukey models revealed 
background noise was variable among sites  (F1,19 = 3.29, 
p < 0.0001). Therefore, we included site as a random effect in 
the GLMM to control for background noise variation. We veri-
fied assumptions of normality and homoscedasticity by visual 
inspection of q-q and residual plots. Finally, we computed η2 and 
confidence intervals (CI) as effect sizes for significant results in 
the effectsize package for R (Ben-Shachar et al. 2020).

ABR statistical analyses

We used the visual detection method (Green et al. 2019; 
Kobrina et al. 2021, 2022b) to determine the lowest stimu-
lus level (dB) per stimulus that evoked an ABR response. 

Thresholds were operationally defined as the dB level half-
way (2.5 dB) between the last detectable ABR response 
and next lowest stimulus level (see Kobrina et al. 2022b for 
details). A two-way repeated-measures mixed ANOVA was 
used to determine whether hearing sensitivity varied across 
stimuli and between ears (lsr package in R; Navarro 2013). 
Paired Tukey’s t-test post hoc analyses were conducted to 
assess significance. We computed η2 and confidence inter-
vals (CI) as measures of effect sizes for significant results 
(effectsize package in R; Ben-Shachar et al. 2020).

Audible distance estimation

Finally, we assessed the audible distance of pinyon mouse 
SVs produced from the ground (height = 0 m) and from a tree 
(height = 1 m). To do so, we first calculated sound attenuation 
via spherical spreading of SV amplitude at 0 m and 1 m heights, 
using the attenuation function in the Seewave package (Sueur 
et al. 2008). All factors held equal, sound is expected to attenu-
ate 6 dB for every doubling of distance (Brumm and Zollinger 
2011). We then modelled excess attenuation for our observed 
amplitude values at each height by fitting a logarithmic decay 
model in R at 1 m, 2 m, 4 m, and 8 m distances, and extrapolated 
amplitude values beyond 8 m using the line of best fit equation. 
Finally, to estimate the audible distance of pinyon mice SVs, 
we used the line of best fit equation to calculate the distance at 
which sound attenuation intersected receiver hearing sensitivity 
(41.7 dB at 20 kHz; see Results) measured from ABRs.

Results

Sound attenuation

Attenuation of synthesized stimuli were influenced by 
sender (speaker) height (β = -19.859, df = 1, 663, p < 0.0001, 
η2 = 0.36; CI [0.31, 0.41]), receiver (microphone) height 
(β = -24.483, df = 1, 663, p < 0.0001, η2 = 0.43; CI [0.38, 
0.48]), receiver (microphone) distance (β = -4.230, df = 1, 
663, p < 0.0001; η2 = 0.22; CI [0.17, 0.27]), and all 2- and 
3-way interactions (Table 1). SVs produced and/or received 
from the ground were more attenuated than above ground. 
At all distances beyond 1 m, attenuation was greater when 
both the sender and receiver were on the ground than at 
any elevation (Fig. 1). On average, trials where both the 
sender and receiver were elevated 1 m experienced the least 
attenuation (Fig. 1). When the sender was on the ground, the 
1 m receiver height trials experienced the least attenuation 
at longer distances (4 m and 8 m; Fig. 1). The interaction 
between speaker and microphone height was the strong-
est effect in our model (β = 20.97, df = 1.363, p < 0.0001; 
η2 = 0.50; CI [0.45, 0.54]), indicating amplitude was loudest 
when the sender and receiver height was matched (Fig. S1). 
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When heights were mismatched, amplitude was optimized 
if the receiver height was within 1 m of the sender height 
(Fig. S1). Site, as a random effect, accounted for a relatively 
large amount of variation (σ2 = 2.83, SD = 1.68).

Hearing sensitivity

In general, pinyon mice were able to detect all stimuli. 
ANOVA revealed a significant main effect of stimulus 
(F7,96 = 69.76, p < 0.001, η2 = 0.82; CI [0.75, 0.86]) and a 
non-significant main effect of ear (F1,96 = 0.07, p = 0.79). 
Paired Tukey’s post-hoc analyses indicated that pinyon 
mice had lower thresholds (i.e. were more sensitive) to 
click stimuli than to 4, 8, 20, 24, 32, and 42 kHz tones 
(p < 0.004). Pinyon mice were most sensitive to 16 kHz 
tones than to all other frequencies (p < 0.02) with the 
exception of 8 kHz (p > 0.05). Mice were least sensi-
tive to 32 and 42 kHz tones than to all other frequencies 
(p < 0.001). Hearing sensitivity for 20 kHz tones were 
41.67 ± 6.69 dB and were not significantly different from 
4, 8, or 24 kHz tones (p > 0.05; Fig. 2).

Audible distance estimation

We assessed the audible distance of SVs on the ground 
and in a tree by integrating our ABR results with sound 
attenuation models based on spherical spreading and excess 

Table 1  The effects of speaker height, microphone height, and microphone distance on attenuation of pinyon mouse (P. truei) sustained vocali-
zations based on full factorial playback experiments. Results are from a generalized linear mixed model

Effect Estimate SD t df P η2 CI lower CI upper

Speaker Height (m) -19.86 1.20 -18.1 1, 363  < 0.0001 0.36 0.31 0.41
Microphone Height (m) -24.48 1.20 -22.4 1, 363  < 0.0001 0.43 0.38 0.48
Microphone Distance (m) -4.23 0.31 -13.8 1, 363  < 0.0001 0.22 0.17 0.27
Speaker Height * Microphone Height 20.97 0.85 24.7 1, 363  < 0.0001 0.50 0.45 0.54
Speaker Height * Microphone Distance 3.19 0.24 13.4 1, 363  < 0.0001 0.23 0.17 0.28
Microphone Height * Microphone Distance 3.62 0.24 15.2 1, 363  < 0.0001 0.25 0.20 0.30
Speaker Height * Microphone Height * Micro-

phone Distance
-3.00 0.18 -16.3 1, 363  < 0.0001 0.29 0.24 0.35

Fig. 1  Attenuation of pinyon 
mice sustained vocalization 
(SVs) amplitude (SPL) vary 
based on the position of the 
sender and receiver. Heat 
map shows relative amplitude 
values of SVs from relatively 
quiet (yellow hue) to relatively 
loud (red hue), produced from 
a speaker at 0 m, 1 m, and 
2 m heights (“sender height” 
in gray), and recorded from 
a microphone height at 0 m, 
1 m, and 2 m heights (“receiver 
height” secondary y-axis) at 
distances of 1 m, 2 m, 4 m, and 
8 m. Amplitude values were 
interpolated between distances

Fig. 2  Audiogram of pinyon mice (n = 17). Error bars represent ± SE
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attenuation. Attenuation curves indicated stimuli produced 
from the ground experienced greater excess attenuation rela-
tive to spherical spreading (Fig. 3). From this model, the 
audible distance, or active space, of SVs was 4.35 m (Fig. 3); 
beyond this distance, amplitude fell below the estimated 
41.67 dB hearing threshold of pinyon mice. In contrast, 
stimuli produced from trees at 1 m height was predominantly 
affected by spherical spreading and had little excess attenu-
ation. Under this scenario, the audible distance of SVs was 
3 times farther than the ground (12.4 m; Fig. 3).

Discussion

Our findings indicate both senders and receivers of acous-
tic signals benefit from positioning themselves at elevated 
heights. Vocalizations emitted and received at 1 m off the 
ground had an active space that was approximately 3 times 
larger compared to on the ground, in part due to ground 
and vegetation effects that increase acoustic attenuation, 
especially at high frequencies (Brenowitz 1986; Marten 
and Marler 1977). We discuss our findings in relation to the 
ecology and evolution of acoustic communication in animals 
in general and rodents in particular.

Our results concur with studies in other taxa that exploit 
elevated heights to minimize attenuation and thereby extend 
the communication range of acoustic signals (Arak and 
Eiriksson 1992; Mathevon et al 2005; Schwartz et al. 2015; 
Riondato et al. 2021). Benefits to elevated heights include 
increasing the probability of detection, reducing search costs 
associated with localizing mates and/or competitors, and/
or increasing the number of receivers (Richards and Wiley 
1980; Ryan and Kime 2003). In some birds, both senders 
and receivers exploit elevated perches to optimize produc-
tion and reception (Dabelsteen et al. 1993). For example, 
in Rufous-and-white wrens (Thryophilus rufalbus) and 

Blackcaps (Sylvia atricapilla), certain perch locations extend 
communication range, especially if senders and receivers 
are at the same height (Holland et al. 1998; Mathevon et al 
2005). Similarly, our results indicate that both senders and 
receivers benefit at elevated heights, particularly when each 
party is on a similar plane. However, benefits wane at higher 
heights (2 m), likely because most attenuation is caused by 
ground effects.

Although a growing body of literature exists on acoustic 
communication in mice (Kalcounis-Rueppell et al. 2018c; 
Rieger and Marler 2018; Fernández-Vargas et al. 2022; 
Kobrina et al. 2022a, b), few studies are contextualized eco-
logically. In closely related California mice (P. californicus), 
SVs appear to facilitate spatial contact and territorial defense 
between monogamous pairs (Briggs and Kalcounis-Rueppell 
2011). Our estimate of audible distance of SVs at ground 
level (4.35 m) concur with values reported in P. californicus 
(3.12 m; Timonin et al. 2018) that occupies denser vegeta-
tion, adding support to their utility over long distances. In 
polygynous to promiscuous brush mice (P. boylii; Ribble 
and Stanley 1998; Kalcounis-Rueppell and Spoon 2009), 
SVs are implicated in territorial advertisement, especially 
among females (Petric and Kalcounis-Rueppell 2013). 
Similar to brush mice, pinyon mice are promiscuous (Rib-
ble and Stanley 1998) and SVs are produced primarily by 
females (Kobrina et al. 2022a). Given their large home range 
sizes (0.4—1.6 ha; Ribble and Stanley 1998), female SVs 
likely facilitate advertisement of their position to neighbors 
throughout the year and roaming males during the mating 
season (Emlen and Oring 1977). Our findings suggest that 
elevated advertisement and reception increases the probabil-
ity of signal efficacy to mediate intra- and inter-sexual inter-
actions. Notably, varying levels of arboreality are reported in 
different species of Peromyscus (e.g. P. boylii, P. californi-
cus, P. leucopus, P. maniculatus; Meserve 1977; Harney and 
Dueser 1987; Kalcounis-Rüppell and Millar 2002) that use 

Fig. 3  Attenuation curves based 
on spherical spreading (open 
circles) and excess attenuation 
(black circles) of synthesized 
pinyon mouse stimuli emitted 
and received on the ground 
(left panel) vs. emitted and 
received at 1 m height (right 
panel). Horizontal dashed lines 
represent the hearing sensitivity 
(41.67 dB) of pinyon mice at 
20 kHz. Vertical dashed lines 
and the corresponding value 
represent the maximum audible 
distance (m) of vocalizations
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SVs in similar long-distance contexts (Kalcounis-Rueppell 
et al. 2006; Petric and Kalcounis-Rueppell 2013; Rieger and 
Marler 2018). While the origins of arboreal behavior may be 
due to food availability (Holbrook 1978) and/or interspecific 
competition (Stah 1980), the communicative benefits real-
ized from the reduction of acoustic attenuation at ground 
level may help maintain arboreality. Comparative studies 
that assess the geometry of vocal behavior across this diverse 
genus (Kalcounis- Rueppell et al. 2018a, c) would provide 
important insight and resolution.

The tendency for higher frequencies (≥ 20 kHz) that 
characterize SVs to be highly directional and attenuate 
rapidly in the environment requires novel adaptations 
in both senders and receivers to increase signal efficacy 
(Richards and Wiley 1980). In bats, active control (Yovel 
et al. 2011) of high-amplitude echolocation calls (Jakob-
sen et al. 2013) produced by unique laryngeal mecha-
nisms (Metzner and Schuller 2010) are accompanied 
by morphologically diverse (Leiser-Miller and Santana 
2020) and positionally dynamic (Müller et al. 2017) pin-
nae to facilitate reception of high frequencies. Peromys-
cus similarly have unique laryngeal anatomy to produce 
SVs (Fernández-Vargas et al. 2022), but mechanisms of 
reception are less studied (Dice and Barto 1952; Ralls 
1967; Capshaw et al. 2022). In pinyon mice, large, con-
spicuous pinnae are hypothesized to facilitate detection 
of low-frequency predator cues (Hoffmeister 1951, 1981), 
not higher frequency conspecific vocalizations. Indeed, 
broader and larger pinnae are associated with lower fre-
quency echolocation calls in bats (Obrist et al. 1993; Hui-
hua et al. 2003). Furthermore, we did not find secondary 
peaks in pinyon mouse audiograms as is expected when 
pinnae morphology is involved in high frequency hearing 
(Heffner et al. 2001). Although more studies are needed 
on rodent hearing, such patterns further implicate the 
importance of studying relative positions of senders and 
receivers.

Our inferences come with minor caveats. Playback of 
synthesized signals highlight theoretical benefits gained 
by senders and receivers if they attended to spatial loca-
tions when producing or evaluating signals. Although 
pinyon mice are agile climbers and commonly observed 
in trees (Bailey 1931; Horner 1954), assessment of real-
ized benefits will require simultaneous tracking and 
vocal recording of animals in three-dimensional space. 
In addition, we focused our study on quantifying signal 
attenuation of a single note of SVs, which represents only 
one aspect of signal degradation. Pinyon mouse SVs are 
typically composed of multiple rapidly repeated notes 
(Kobrina et al. 2021) that likely serve to facilitate detec-
tion and recognition (Bradbury and Vehrencamp 2011). 
Studies that integrate other measures of degradation (e.g. 
distortion of temporal and frequency patterns; Mathevon 

et al. 2005) can help clarify the robustness of our find-
ings. Finally, our estimates of signal active space are 
conservative because electrophysiological methods of 
hearing sensitivity (e.g. ABRs) are typically less sensi-
tive (10–30 dB) than behavioral paradigms (Heffner and 
Heffner 2003; Dent et al. 2018). Thus, the ecological 
validity of the spatial extent of acoustic interactions may 
be greater than reported herein.

From a basic perspective, our study extends the taxo-
nomic scope of positional advertisement and contributes to 
our understanding of behavioral mechanisms used to facili-
tate animal communication. From an applied perspective, 
consideration of the environment where signaling behaviors 
occur is critical. For example, pinyon mice rely on pinyon-
juniper woodlands (Hall and Morrison 1997) that are reced-
ing in their southern ranges due to drought (Clifford et al. 
2011; Redmond et al. 2012; Whipple et al. 2019). Given 
the importance of elevated heights for sound propagation, 
reductions in tree densities may not only negatively impact 
food (Hall and Morrison 1997) and nest sites but indirectly 
influence demographic rates that rely on behaviors reliant on 
acoustic communication. Integrating signaling and sensory 
ecology will be key to understanding species-specific resil-
ience (Srivathsa et al. 2019) in response to environmental 
change.
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