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Abstract
The principle of acoustic allometry—the larger the animal, the lower its calls’ fundamental frequency—is generally observed 
across terrestrial mammals. Moreover, according to the Acoustic Adaptation Hypothesis, open habitats favor the propagation 
of high-frequency calls compared to habitats with complex vegetational structures. We carried out playback experiments in 
which the calls of the Guizhou snub-nosed monkey (Rhinopithecus brelichi) were used as stimuli in sound attenuation and 
degradation experiments to test the hypothesis that propagation of Guizhou snub-nosed monkey calls is favored above vs 
through the forest floor vegetation. We found that low-pitched Guizhou snub-nosed monkey vocalizations suffered less attenu-
ation than its high-pitched calls. Guizhou snub-nosed monkeys were observed emitting high-pitched calls from 1.5 to 5.0 m 
above the ground. The use of high-pitched calls from these heights coupled with the concomitant behavior of moving about 
above the understory may provide a signal for receivers which maximizes potential transmission and efficacy. Our results 
support the Acoustic Adaptation Hypothesis and suggest that by uncoupling its vocal output from its size, this monkey can 
produce a high-pitched call with a broad spectral bandwidth, thereby increasing both its saliency and the frequency range 
over which the animal may more effectively communicate in its natural habitat.

Keywords Acoustic adaptation hypothesis · Principle of acoustic allometry · Rhinopithecus brelichi · Snub-nosed monkey · 
Sound propagation

Abbreviations
HPC  High-pitched call
RMS  Root mean square
SPL  Sound pressure level
GLMM  Generalized Linear Mixed Model

Introduction

Non-human primates frequently use vocalizations to com-
municate with conspecifics (Todt et al. 2012; Zuberbühler 
et al. 1997). For arboreal group-living species, vocalizations 
may be especially important because transmitting visual sig-
nals can be limited by vegetation (Altmann 1967; Waser 
and Waser 1977). The role played by vocal communication 
can reflect peculiarities in a single signal of a species’ vocal 
repertoire that are prerequisites for species and individual 
recognition (Waser 1977; Snowdon and Cleveland 1980; 
Rendall et al. 1996; Gamba et al. 2012a, b). Thus, under-
standing a species’ vocal repertoire is important because it 
provides researchers with insights into an animal’s social 
behavior and sets the basis for a broad range of comparative 
studies (Fischer and Hammerschmidt 2002). For instance, 
knowledge of the vocal repertoire allows studying the con-
textual occurrence of specific vocalizations, determining the 
role of vocal individuality in regulating social interactions 
within a species, and it is crucial to decoding the biological 
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relevance of communication (Gamba and Giacoma 2005; 
Favaro et al. 2014).

Studies of vocal behavior can also reveal specific adapta-
tions of an animal’s communication signal to its environ-
ment (Morton 1975; Wiley and Richards 1978; Richards and 
Wiley 1980; Forrest 1994; Ziegler et al. 2011). According to 
the Principle of Acoustic Allometry for terrestrial mammals, 
the larger the animal, the lower the fundamental frequency 
of its calls (Charlton and Reby 2016). Moreover, the Acous-
tic Adaptation Hypothesis predicts that open habitats favor 
the propagation of high-frequency calls with wider band-
widths, distinct frequency modulation and shorter notes, 
compared to habitats with complex vegetational structures 
(Ey and Fischer 2009).

Acoustic communication in the odd-nosed colobines, a 
group of monkeys comprising the genera Rhinopithecus, 
Pygathrix, Nasalis, and Simias is relatively poorly under-
stood. Snub-nosed monkeys (genus Rhinopithecus) com-
prise five species of large and unusual leaf monkeys found 
in forests of central and western China and northern Viet-
nam. They are colobine monkeys with a broad, short face 
with wide-set eyes and a short, flat nose with forward-facing 
nostrils. Snub-nosed monkeys are unique in their biology, 
increasingly endangered, and they show morphophysiologi-
cal adaptations to a wide range of habitats and climates unu-
sual for primates, such as temperate and high-altitude forests 
(Liedigk et al. 2012; Yanqing et al. 2020). Previous studies 
have reported that the communication in these primates is 
universally characterized by the presence of high-pitched 
signals (Li et al. 1993; Grüter 2003; Srivathsan and Meier 
2011; Erb et al. 2013; Röper et al. 2014).

The observations by one of us (IR) that the relatively 
large Guizhou snub-nosed monkey (Rhinopithecus brelichi) 
(a) produces an extremely high-pitched call, and (b) that it 
often calls from 1.5 to 5.0 m above the ground in its natu-
ral habitat were the impetus and inspiration for the present 
study. We therefore sought to compare the call frequency of 
R. brelichi with those of other primates, and carry out acous-
tic playback studies in the field to determine the effect of the 
animals’ natural habitat on the attenuation and degradation 
of both the high-pitched calls (HPC) and the low-pitched 
(UHM) calls.

Materials and methods

Study animals

The Guizhou snub-nosed monkey (R. brelichi; females: 
mean: 7.8 kg; Kirkpatrick and Grueter 2010; males: mean: 
14.5 kg, min 13.3 kg, max 15.8 kg, n = 4; Bleisch et al. 1993; 
Xie et al. 1982) is a member of the odd-nosed colobine group 
with a species distribution limited to Fanjingshan National 

Nature Reserve (27°46′ − 28°01′ N; 108°45′ − 108°48′ E) in 
Guizhou Province, People’s Republic of China (Kirkpatrick 
1998; Yang et al. 2002). The global population of this spe-
cies numbers approximately 750 individuals (Yang et al. 
2002). They inhabit habitats from 1000 to 2200 m above sea 
level (hereafter, a.s.l.) but feed and travel in the forest can-
opy and on the ground (Yang et al. 2002; Niu et al. 2014). 
R. brelichi exhibits a daily altitudinal movement pattern; the 
monkey sleeps at lower but forages at higher elevations (see 
Niu et al. 2010). Previous studies have shown that R. brelichi 
may prefer to range in the mixed evergreen and deciduous 
broadleaf forest; frequently, the monkeys were observed in 
areas between 1350 and 1870 m a.s.l. (Yang et al. 2002; Niu 
et al. 2010). Here, the majority of their diet comprised 4–5 
species of deciduous trees (Bleisch and Xie 1998), which 
are leafless from October to April in the following year (Tan 
et al. unpublished data).

Study site

In Fanjingshan, the vegetation between 1300 and 
2200 m.a.s.l. consists of an assemblage of evergreen and 
deciduous broadleaf trees (Zhu and Yang 1990; Yang et al. 
2002, 2010). Because these areas contain the majority of 
plants comprised in their diets, R. brelichi are more likely to 
occur in this altitudinal range (Bleisch and Xie 1998; Yang 
et al. 2002). The field study site was located in the northeast 
of Fanjingshan National Nature Reserve, in the Yaogaoping 
area, where the Guizhou snub-nosed monkey has been most 
frequently observed. The study area comprises both primary 
and secondary forest. For this study, we conducted acous-
tic playback experiments along five transmission transects, 
located between 1619 and 1710 m a.s.l. At these altitudes, 
the primary forest contains mixed evergreen and deciduous 
broadleaf trees (Zhu and Yang 1990). The crown of woody 
trees in the lower layer consisted of species such as Rhodo-
dendron spp. and Camellia spp. and can be 3–8 m in height 
(Yang et al. 2002). The woody trees in the secondary forest 
were usually below 5 m in height and mainly consisted of 
Dendrobenthamia japonica and Litsea elongata. The for-
est floor vegetation mainly comprised bamboo communities 
(e.g., Fargesia sp. and Indocalamus sp.) in the primary forest 
with some surface shrubs (e.g., Litsea sp.) and grasses in the 
secondary forest (Yang et al. 2002; Niu et al. 2014).

We recorded vocalizations from captive individuals at 
the Wildlife Rescue Center of Fanjingshan National Nature 
Reserve, in Panxi. We focused attention on five individu-
als (two adult males, two adult females, a subadult female) 
housed in two separate enclosures. All subjects were main-
tained on a natural light/dark diel cycle. We recorded mon-
key calls from November 26th to December 13th, 2009, 
between 07:00 h and 10.30 h and from 13.30 h to 17:00 h.
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Acoustic recordings and vocalization analysis

Vocalizations of the Guizhou snub-nosed monkey were 
recorded using a high-resolution digital recorder (Sound 
Devices, model 702) equipped with a directional micro-
phone (G.R.A.S. 40 BE). To increase the number of vocali-
zations we could record, we used both all-occurrence 
and focal animal sampling methods (Altmann 1974). We 
recorded spontaneously occurring vocalizations without 
playbacks, at a maximum distance of 10 m from the vocal-
izing animal. After a preliminary qualitative analysis of the 
entire recorded dataset, we selected and saved into separate 
files those recordings in which vocalizations could be quan-
titatively analyzed.

We submitted a set of 274 UHMs, 125 HPCs, and 2448 
segments of environmental noise recordings in which snub-
nosed monkeys’ vocalizations were specifically excluded 
to a one-third-octave band spectrum analysis. We traced a 
line representing the average energy in the one-third-octave 
bands for the UHMs, HPCs, and noise level and then com-
puted the area between the spectral profiles for each vocali-
zation and the noise level as a saliency metric for each of 
these calls to be detected by the monkeys.

Environmentally related adaptations of vocal signals may 
become evident when considering the body length versus the 
call fundamental frequency (Garcia et al. 2017; Garcia and 
Ravignani 2020). We selected a set of six maximally spaced 
vocalizations (sensu Bowling et al. 2017) from the vocal 
repertoire of the Guizhou snub-nosed monkey and plotted 
the mean of their f0s (f06) against the f06 values for various 
primate species (Bowling et al. 2017; Fig. 2g).

Acoustic playback experiments: attenuation

The transmission experiments were conducted from 26 
August to 6 December 2013. During playback experiments, 
diurnal humidity and temperature ranged from 20 to 76% 
and 5–28 °C, respectively. Within the Fanjingshan National 
Nature Reserve, we transmitted the test sequence along five 
32-m transects, all in relatively flat areas without significant 
physical obstacles between the loudspeaker and the micro-
phones, and located within an elevational range spanning 
about 90 m. We carefully selected five transmission transects 
with similar vegetation structures. We restricted the tran-
sects to the deciduous/semi-deciduous zone, with a maxi-
mum underbrush vegetation height of 1.4 m. We performed 
transects in low underbrush vegetation (about 0.5–0.7 m) 
across the 32 m whenever possible. We referred to “through 
the forest floor” when we recorded the transmitted signal 
at a height lower than the maximum underbrush vegetation 
(namely, at 0.5 m), and “above the forest floor” when the 
microphone we used for the recordings was higher than the 
underbrush namely, at 1.5 m.

Sound attenuation experiments were performed within 
and above the forest underbrush in the natural habitat of the 
Guizhou snub-nosed monkey using high-quality recordings 
of both the UHM and the HPC vocal types as playback stim-
uli. Playback stimuli were emitted using Avisoft-SASLab 
Pro (Avisoft Bioacoustics, Version 5.2) from a PC laptop 
and delivered to the loudspeaker (Avisoft Bioacoustics, 
UltraSoundGate Player BL Light) placed at 1.5 m above 
the ground level. To standardize the speaker’s output level, 
before each session, we emitted a 5-kHz pure tone (30-s 
duration) with a root-mean-square (RMS) level of 90 dB 
SPL measured with a sound level meter [MiteK MK5350, 
using time weighting Fast (τ = 125  ms)] placed 0.5  m 
directly in front of the loudspeaker.

Along each of the transects, we recorded the playback 
signals with a directional microphone (G.R.A.S., 40 BE) at 
distances of 4, 8, 16, and 32 m from the loudspeaker (Avisoft 
Bioacoustics, UltraSoundGate Player BL Light). After the 
calibration procedure, and during each recording session, 
the level of the loudspeaker was kept constant at 90 dB SPL. 
Experiments were performed between 08:30 h and 18:30 h.

For the attenuation experiments, the call broadcast 
sequence was recorded on channel 1 of a high-resolution 
digital audio recorder (Sound Devices, model 702) equipped 
with two directional microphones (G.R.A.S. 40 BE) placed 
on a stand at 0.50 m and 1.50 m above the ground, at four 
recording stations located along a linear transect at 4 m, 8 m, 
16 m, and 32 m from the loudspeaker stand (Fig. 1). We 
adjusted the microphone input level for each recording to 
be the maximum possible to utilize the full dynamic range 
of the recorder and still avoid input overload. Then, for each 
microphone at each recording station, we broadcast [using 
a Multi-Track Linear PCM Recorder (Olympus LS-100)] 

Fig. 1  Setup for the acoustic attenuation and degradation experi-
ments. A schematic view of the experiment layout showing the loud-
speaker and microphone placements on their respective stands. All 
distances are in meters
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a pure calibration tone (5 kHz) at 0.10 m from the micro-
phones, and we recorded its SPL using a portable sound 
level meter (Mitek MK5350) placed at the microphone tip. 
This signal, recorded on channel 2 of the high-resolution 
digital audio recorder, was used during the acoustic analy-
ses as a calibration reference to evaluate the absolute SPL 
of each UHM and HPC calls recorded on channel 1 of the 
same recorder. For all recordings, the sampling rate was 
96 kHz; each recording was stored as a.wav file. Follow-
ing Castellano et al. (2003) and Halfwerk et al. (2016), we 
calculated the absolute dB SPL of the broadcast signal using 
the formula

where Ls, absolute dB SPL of the signal; Lc, absolute dB SPL 
of the calibration tone measured with the sound pressure 

Ls = Lc + 20 ∗ LOG10

(

SQRT
(

R
2
s
− R

2
n

)

∕Rc

)

level meter; Rc, digital RMS of the pure calibration tone; 
Rs, digital RMS of the recorded sound, and  Rn = digital RMS 
of the environmental noise. For the reference lines in Fig. 4a, 
we used the formula

where  SPLs, the sound pressure level at point 2;  SPLLS, the 
sound pressure level at point 1 (0.1 m from the loudspeaker), 
d1 is the distance from the sound source to point 1 (0.1 m), 
and d2 is the distance from the sound source to point 2 (4, 
8, 16, or 32 m).

Because the loudspeaker was fixed on its stand at 1.50 m 
above the ground, the distance from it to the tip of the 
higher microphone was less than the distance to the tip of 
the lower microphone for all stand separations. It follows 
that due to the path length difference from the speaker to 

dB SPLs = SPLLS − 20 ∗ LOG10(d2∕d1)

Fig. 2  Vocalization analyses, expected call frequencies and high-
pitched calls. a Guizhou snub-nosed monkey (Rhinopithecus brelichi) 
in its natural habitat (Photo: Duoying Cui, with permission). b Wave-
form of a high-pitched call. X-axis same as d. c Waveform of an Uhm 
call. X-axis same as e. d Sound spectrograms of a high-pitched call 
from an adult female and e an UHM call emitted by an adult male. 
Vocal signals in b–e were recorded at a captive facility in Fanjin-
gshan National Nature Reserve (Guizhou Province, China). f Average 
profiles of one-third-octave band spectra for low-noise recordings of 
the high-pitched calls (red) and UHM (blue). The gray area shows the 
average one-third-octave band spectra of environmental noise in the 
home range of R. brelichi. Using this linear scale, the HPC area above 
the noise is 5.6 times the Uhm area. Plotting these data, a log scale 

(not shown), the HPC area above the noise would be 1.6 times the 
Uhm area. g Log–log plot of average body length vs. average funda-
mental frequency (‘f06’) for 41 primate species using data from Sup-
plementary Table S3 of Bowling et al. 2017. The dashed line shows 
the ordinary least squares (OLS) regression from the original analy-
sis (see Supplementary Table S2 of Bowling et al. 2017 for details). 
Primate families are color-coded; colored circles are the data for the 
original 41 species, the triangle represents the value for R. brelichi. 
The inset shows a box plot of the vertical distances between each data 
point above the regression line to the regression line for the original 
21 species; for comparison, the triangle indicates this distance for R. 
brelichi 
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each microphone, the theoretical signal attenuation will be 
less at the high microphone than at the low microphone. 
However, this difference diminishes with increased speaker-
microphone separation. Thus, in our analysis, we have only 
considered those speaker-microphone separations for which 
the difference in the theoretical attenuation to the two micro-
phones is less than 1 dB, i.e., 4, 8, 16, and 32 m.

Acoustic playback experiments: degradation

We also performed sound degradation experiments within 
and above the forest underbrush in the natural habitat of the 
Guizhou snub-nosed monkey using high-quality recordings 
of both the UHM and the HPC vocal types as playback stim-
uli. The setup for the degradation playback experiments was 
identical to that for the attenuation playback experiments 
(see Fig. 1). For these studies, we also recorded the signals 
at distances of 4, 8, 16, and 32 m from the speaker. We per-
formed digital cross-correlations between waveforms of both 
HPC and UHM calls recorded at distances of 8, 16, and 32 m 
and the same calls recorded at 4 m (reference signal) using 
Praat (Boersma 2001). The maximum cross-correlation 
coefficient at each distance was a metric for sound similar-
ity; using these allowed us to determine signal degradation 
as a function of the distance from the source. We present 
these coefficients as values between 0 and 1; the higher the 
value, the greater the similarity between the sounds, thus 
less degradation.

Statistical analysis

We ran the General Linear Mixed Models (GLMMs) 
using the lme4 package in R (R Core Team 2015, version 
3.2.0; Bates et al. 2015). The model we used to investigate 
attenuation variation across distances included the log-
transformed SPL of the recorded signal as the response vari-
able, the vocal type (UHM, or High-Pitched Call) and the 
microphone at which the signal was recorded (high at height 
1.5 m, or low at height 0.5 m) as fixed factors. We used 
z-transformed average humidity, average temperature, and 
distance (including four values: 4, 8, 16, 32 m) as covariates. 
We used transmission transect as a random factor and also 
added all other necessary random slopes (Barr et al. 2013), 
namely microphone height, vocal type, humidity, tempera-
ture, and speaker–mic distance within transmission transect. 
For the degradation analysis, the same fixed and random fac-
tors were used, but in this case, the cross-correlation value 
was deemed to be the response.

We verified the assumptions that the residuals were 
homogeneous and normally distributed by checking the 
qqplot and the distribution of the residuals plotted against 
the fitted values using a function written by R. Mundry (Esti-
enne et al. 2017). We excluded collinearity among predictors 

by examining the variance inflation factors (vif package; Fox 
and Weisberg 2011). We compared each model against a 
null model (Forstmeier and Schielzeth 2011) comprising 
the random factors exclusively using a likelihood-ratio test 
(Anova with argument test “Chisq”; Dobson 2002). If the 
model differed from the null model, we calculated the p val-
ues for each predictor using the R-function “drop1” (Barr 
et al. 2013). We used a multiple contrast package (mult-
comp in R) to perform all pairwise comparisons for the lev-
els of each factor with a Tukey test (Bretz et al. 2010). We 
reported estimate, standard error (S.E.), z- and adjusted p 
values for the Tukey tests that we used to identify a signifi-
cant effect of distance on the attenuation and degradation of 
the vocalizations.

Results

Call description

Rhinopithecus brelichi (Fig. 2a) produces a high-pitched call 
(HPC, Fig. 2b, d), which serves as a distress vocalization 
often made by individuals exhibiting an elevated emotional 
state in response to fear (separation or rejection from the 
mother) or hunger. We observed wild and captive animals 
emitting this vocalization while either dangling from or 
moving through tree branches at heights from 1.5 to 5.0 m. 
Adults and juveniles emitted this call which was usually 
directed to individuals at close range within the social unit. 
In captivity, we have observed that conspecifics at a distance 
of 25–45 m could detect the HPC and reacted by emitting 
the same call type. The fundamental frequencies of these 
signals are surprisingly high, given the large size of these 
animals (Fig. 2g) and can exceed 15 kHz in juveniles of R. 
brelichi and R. roxellana (Fig. 3). Moreover, adults of both 
sexes produce UHM calls, which is a low-frequency contact 
call with a fundamental frequency of 0.8 kHz (Fig. 2c, e) 
that functions to maintain group cohesion in this species. 
This vocalization is used between members of the same unit 
and between members of different units in the same troop; 
it signals the location of the caller and often elicits the same 
response from other members. Individuals can either be sta-
tionary (during resting or feeding) or moving while making 
the call (IR, CLT, pers. observations).

The Guizhou snub-nosed monkey vocal repertoire com-
prises several call types, including the high-pitched call 
(HPC)—a markedly FM emission (N = 152; fundamental 
frequency (hereafter, f0) = 6765 ± 175 Hz; Fig. 2b, d)—and 
the relatively low-pitched UHM (contact) call (N = 591; 
f0 = 788 ± 163 Hz; Fig. 2c, e). The area of the HPC spec-
trum above the ambient noise level was 598% greater than 
the corresponding area of the UHM call (Fig. 2f).
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The f06 value of R. brelichi is clearly shifted upwards, 
away from the regression line through the data for the other 
primate species (Fig. 2g). In fact, the HPC of R. brelichi is 
produced at frequencies more than 2 octaves higher than 
the average calculated for the calls of the other 21 primate 
species above the regression line (Fig. 2g inset).

Attenuation of the transmitted vocalizations

As expected, the model showed that the sound amplitude 
decreased significantly with distance (GLMM, p < 0.001; 
see Fig. 4a and Table 1). The model also indicated that the 
attenuation of UHM and HPC calls differed significantly 
(GLMM, p < 0.001, Fig. 4a), and that the test sounds reach-
ing the low microphone attenuated significantly more than 
those reaching the high microphone (GLMM, p < 0.001, 
Fig. 4b). We did not find a significant effect of temperature 
(GLMM, p = 0.081) or humidity (GLMM, p = 0.108) on the 
attenuation of the transmitted sounds.

Degradation of the transmitted vocalizations

The degradation of R. brelichi calls increased with distance 
from the loudspeaker (GLMM, p < 0.001; see Fig. 4b and 
Table 2). The model indicated that UHM calls and HPC 
calls degraded similarly (GLMM, p = 0.278) and the sig-
nals recorded at the high microphone were significantly 
less degraded than those at the low microphone (GLMM, 
p = 0.012, Fig. 4c). Neither temperature (GLMM, p = 0.969) 

nor humidity (GLMM, p = 0.279) had a significant effect on 
the degradation of the transmitted sounds.

In summary, we observed that when broadcast through 
the Guizhou snub-nosed monkey’s natural forest habitat: (1) 
the high-pitched calls attenuated more over distance than 
low-pitched calls (p < 0.001, Fig. 4a, b) but (2) the degrada-
tion (p = 0.278, Fig. 4c) of high-pitched calls (HPCs) and 
low-pitched UHM calls did not differ, and (3) calls recorded 
through the understory suffered significantly more attenua-
tion (p < 0.001), and (4) degradation (p = 0.012) than calls 
broadcast and recorded at 1.5 m above the forest understory.

Discussion

In this study, we investigated the relation between the 
Guizhou snub-nosed monkey vocalizations and the local 
environmental noise. As expected, the results from the trans-
mission experiments showed that the effect of attenuation 
and degradation on signal propagation was greater (1) with 
increasing distance from the source along the transect; and 
(2) for signals recorded with the microphone through the 
forest floor vegetation relative to those recorded above the 
forest floor.

As expected from previous research on acoustic propaga-
tion through forest habitats, we found that transmission of 
high-pitched vocalizations suffers more attenuation than that 
of low-pitched calls (Wiley 2015). In our study, attenuation 
of low-pitched (“UHM”) calls was significantly less than 
high-pitched calls (p < 0.001) over the distances tested.

Fig. 3  a Waveforms and b sound spectrograms of high-frequency 
calls emitted by juvenile odd-nosed monkeys: Rhinopithecus brelichi 
juvenile (left), and a R. roxellana infant (right). X-axis in a same as b. 
vocal signals were recorded in captivity at the Fanjingshan National 
Nature Reserve (Guizhou Province, China) and Beijing Zoo (Bei-

jing, China), respectively. Spectrograms were generated using Praat 
with the following parameters: frequency range: 0–48  kHz; maxi-
mum: 100 dB/Hz; dynamic range: 40 dB; pre-emphasis: 6.0 dB/Oct; 
dynamic compression: 0.0. Photos by K. Niu (R. brelichi adult male) 
and C. L. Tan (R. roxellana adult male)
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Given the absence of an audiogram for any snub-
nosed monkey species, we searched for evidence that the 
Guizhou snub-nosed monkey can respond to high-fre-
quency sounds. We observed that juveniles of this species 
produce the HPC to maintain contact with their mothers. 
Since the HPC emitted by juveniles of both R. brelichi and 
a congeneric species, R. roxellana, contain fundamental 
frequencies > 20 kHz (Fig. 3; Fan et al. 2018), it is likely 
that adult females of these species are capable of detect-
ing these frequencies. Nevertheless, audiograms of these 
species are needed to definitively confirm their hearing 
ranges.

As in the case of Guizhou snub-nosed monkey, where 
dense vegetation prevents the use of visual cues, the 
exploiting of a wider frequency span can dramatically 
increase the informational repertoire of a species. Our 
high-frequency propagation results are particularly inter-
esting when compared with the observations of other spe-
cies living in China (Holman and Seale 1991; Narins et al. 
2004; Feng et al. 2006; Shen et al. 2011). These studies 
hypothesized that the presence of high-pitched calls may 
be the result of selective pressure to avoid masking by the 
wideband, predominantly low-frequency environmental 
noise (Feng et al. 2006). Our results are consistent with 

Fig. 4  Changes in the attenu-
ation of the HPC and UHM 
calls during the transmission 
experiments. a The amplitude of 
the transmitted HPC and UHM 
decreased significantly with 
distance both when recorded 
by the high (first two panels) 
or the low microphone (last 
two panels). Reference line 
shows the expected attenuation 
(geometric spreading of sound, 
i.e., 6 dB/doubling of distance) 
with increasing distance from 
the sound source. b Varia-
tion in the attenuation of the 
HPC and UHM calls during 
the transmission experiments. 
Signals recorded at the low 
microphone were significantly 
more attenuated than those at 
the high microphone. Higher 
values of dB SPL indicate less 
attenuation. Excess attenuation 
of HPC and UHM calls is pro-
vided in Table S1, Supplemen-
tary Information. c Variation in 
the degradation of the HPC and 
UHM calls during the transmis-
sion experiments. These plots 
show the cross-correlation 
indices between the emitted 
signals recorded at 8 m, 16 m, 
and 32 m, and the emitted refer-
ence signal recorded at 4 m. 
Higher cross-correlation indices 
indicate lower degradation (the 
highest cross-correlation index 
is 1, meaning no degradation). 
The cross-correlation index of 
the transmitted HPC (orange 
curves) and UHM (blue 
curves) decreased significantly 
with distance. Signals recorded 
at the high microphone were 
significantly less degraded than 
those at the low microphone
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this apparent behavioral adaptation for successful com-
munication. Indeed, we observed snub-nosed monkeys 
often emitting HPCs from 1.5 to 5.0 m above the ground, 
thus avoiding excess attenuation. This behavior is often 
found in birds and insects emitting high-frequency signals 
(Brenowitz 1982; Arak and Eiriksson 1992; Römer and 
Lewald 1992). Our results suggest that by uncoupling its 
vocal output from its size, the Guizhou snub-nosed mon-
key is able to produce its broad-spectrum HPC, thereby 
increasing the frequency range over which the animal may 
more effectively communicate in its natural habitat. This, 
coupled with the concomitant behavior of moving above 
the understory to emit this call, may act together to provide 
a particularly salient signal for receivers which maximizes 
potential transmission and efficacy.

Our findings emerging from the comparison between 
Guizhou snub-nosed monkey vocalization profiles and envi-
ronmental noise profiles support the Acoustic Adaptation 
Hypothesis. Indeed, we observed that the energy of the HPC 
was concentrated in the high-frequency bands that are less 
affected by environmental noise. Our results are in agree-
ment with the model proposed by Charlton et al. (2019) that 
suggested that animals living in forests have greater hearing 
sensitivity for high frequencies and produce vocalizations 
showing higher frequency components. Indeed, vocaliza-
tions and sensory systems in forest mammals are likely to 
have coevolved and this is likely the case of the Guizhou 
snub-nosed monkey. Our results suggest that the Guizhou 
snub-nosed monkey represents an example of allomet-
ric escape (Tonini et al. 2020) in which its vocal output is 
uncoupled from the animal’s size (its expected position on 
the Size-Call Frequency allometry curve, Fig. 2g). This is 
consistent with a recent study showing that primate larynges 
exhibit a pattern of wide deviation from expected allometry 
with body size (Bowling et al. 2020). Large size variation 
in primate larynges has been used, for example, to explain 
the large laryngeal apparatus in howler monkeys (Alouatta 
sp.) as an adaptation for using low-frequency signals for 
long-distance communication through the forest (Bowling 
et al. 2020).

This feature enables this primate to raise its f0 and widen 
the bandwidth of its high-pitched call to increase its local 
signal-to-noise ratio to more effectively communicate in its 
natural environment. Previous studies showed that being 
able to produce calls containing frequencies that effectively 
exploit the frequency range available for communication can 
be critical for primates and other mammals to provide con-
specifics with essential information (e.g., threats, territorial 
occupation; Clarke et al. 2006; Furrer and Manser 2009; 
Torti et al. 2017).

We have shown that the use of high-frequency signals 
(HPC) by the Guizhou snub-nosed monkey—a relatively 
large primate—may also be adaptive in certain forests. 
Future studies will need to investigate the morphophysi-
ological bases of phonation in Rhinopithecus to verify if 
its high-frequency vocal output is the result of laryngeal 
neoteny as recently described for the bonobo (Grawunder 
et al. 2018), adaptations of the nasopharyngeal cavity, or a 
combination of these with additional factors.

Supplementary Information The online version contains supplemen-
tary material available at https ://doi.org/10.1007/s0035 9-021-01465 -7.

Acknowledgements We thank the Fanjingshan National Nature 
Reserve Administration for permission to carry out this study. Field 
assistants J. Li, X. Dong and Y. Feng helped with the experiments 
while H. Wang and J. Chen provided critical support for the vocal data 
collection. We thank A. Cobo-Cuan for help with producing Fig. 1, 
O. Friard for assistance with the cross-correlation calculations, and 

Table 1  (ATTENUATION) Influence of the fixed factors on log-
transformed SPL (dB); results of the reduced model (full vs. null: chi-
sq = 63.475, df = 5, p < 0.001)

a Not shown, as not having a meaningful interpretation
b Estimate ± SE refer to the difference of the response between the 
reported level of this categorical predictor and the reference category 
of the same predictor
c These predictors were dummy coded, with the “Vocal type (High 
pitched call)”, and “Microphone (High)” being the reference catego-
ries

Estimate SE df χ2 p

(Intercept) 54.062 1.165 a a a

Vocal type (Uhm)b, c 6.755 0.736 1 15.545  < 0.001
Distance − 5.764 0.396 1 19.994  < 0.001
Microphone (Low)b, c − 8.736 0.465 1 22.457  < 0.001
Temperature − 0.451 0.254 1 3.047 0.081
Humidity 0.515 0.319 1 2.577 0.108

Table 2  (DEGRADATION) Influence of the fixed factors on the 
cross-correlation index; results of the reduced model (full vs. null: 
chi-sq = 23.850, df = 5, p < 0.001)

a Not shown, as not having a meaningful interpretation
b Estimate ± SE refer to the difference of the response between the 
reported level of this categorical predictor and the reference category 
of the same predictor
c These predictors were dummy coded, with the “Vocal type (High 
pitched call)”, and “Microphone (High)” being the reference catego-
ries

Estimate SE df χ2 p

(Intercept) 0.324 0.007 a a a

Vocal type (UHM)b, c 0.038 0.037 1 1.179 0.278
Distance − 0.119 0.013 1 15.145  < 0.001
Microphone (Low)b, c − 0.068 0.022 1 6.346 0.012
Temperature 0.001 0.017 1 0.002 0.969
Humidity 0.015 0.014 1 1.174 0.279

https://doi.org/10.1007/s00359-021-01465-7


335Journal of Comparative Physiology A (2021) 207:327–336 

1 3

S. Castellano, M.J. Ryan and W. Halfwerk for helpful discussions of 
the analysis of the attenuation experiments. We would like to thank 
two anonymous reviewers for their suggestions and comments. Sup-
ported by grants from the Margot Marsh Biodiversity Foundation and 
the Offield Family Foundation to C.L.T., the Fanjingshan National 
Nature Reserve Project of China’s Ministry of Foreign Affairs Fund-
ing (Guizhou), and a Senior Scientist Research Fellowship from the U. 
Torino International Program to P.M.N. I.R., M.G., C.L.T., K.N. and 
C.G. carried out the field work and contributed to the design and data 
collection for this study. Y.Y. facilitated the study by obtaining proper 
authorizations from the Guizhou Forestry Dept., I.R., M.G., C.G. and 
P.M.N. drafted the manuscript, and all authors revised it for accuracy 
and content. All procedures were performed in agreement with the 
regulations of the Fanjingshan National Nature Reserve Administra-
tion. All authors agreed to be held accountable for the content and 
approved the final version of the manuscript.

Compliance with ethical standards 

Conflict of interest The authors declare that they have no conflict of 
interest.

Ethical standards All applicable national and/or institutional guidelines 
for the care and use of animals were followed.

References

Altmann SA (1967) The structure of primate social communication. 
In: Altmann SA (eds) Social communication among primates. 
University of Chicago Press, Chicago

Altmann J (1974) Observational study of behaviour: sampling methods. 
Behaviour 49:227–267

Arak A, Eiriksson T (1992) Choice of singing sites by male bush-
crickets (Tettigonia viridissima) in relation to signal propagation. 
Behav Ecol Sociobiol 30:365–372

Barr DJ, Levy R, Scheepers C, Tily HJ (2013) Random effects struc-
ture for confirmatory hypothesis testing: keep it maximal. J Mem 
Lang 68:255–278

Bleisch WV, Xie JH (1998) Ecology and behaviour of the Guizhou 
snub-nosed langur (Rhinopithecus brelichi), with a discussion 
of socioecology in the genus. The natural history of the doucs 
and snub-nosed monkeys. World Scientific Press, Singapore, pp 
217–241

Bleisch W, Cheng AS, Ren XD, Xie JH (1993) Preliminary results from 
a field study of wild Guizhou snub-nosed monkeys (Rhinopithecus 
brelichi). Folia Primatol 60:72–82

Boersma P (2001) Praat, a system for doing phonetics by computer. 
Glot Int 5:341–345

Bowling DL, Garcia M, Dunn JC, Ruprecht R, Stewart A, Frommolt 
K-H, Fitch WT (2017) Body size and vocalization in primates and 
carnivores. Sci Rep 7:41070

Bowling DL, Dunn JC, Smaers JB, Garcia M, Sato A, Hantke G, Hand-
schuh S, Dengg S, Kerney M, Kitchener AC, Gumpenberger M, 
Fitch WT (2020) Rapid evolution of the primate larynx? PLoS 
Biol 18:e3000764

Brenowitz EA (1982) The active space of red-winged blackbird song. 
J Comp Physiol A 147:511–522

Bretz F, Hothorn T, Westfall P (2010) Multiple comparisons using R. 
Chapman & Hall/CRC Press, Boca Raton

Castellano S, Giacoma C, Ryan MJ (2003) Call degradation in diploid 
and tetraploid green toads. Biol J Linn Soc 78:11–26

Charlton BD, Reby D (2016) The evolution of acoustic size exaggera-
tion in terrestrial mammals. Nat Commun 7:12739

Charlton BD, Owen MA, Swaisgood RR (2019) Coevolution of vocal 
signal characteristics and hearing sensitivity in forest mammals. 
Nat Commun 10(1):2778

Clarke E, Reichard UH, Zuberbühler K (2006) The syntax and meaning 
of wild gibbon songs. PLoS ONE 1(1):e73

Dobson AJ (2002) An introduction to generalized linear models, 2nd 
edn. Chapman & Hall/CRC Press, Boca Raton

Erb WM, Hodges JK, Hammerschmidt K (2013) Individual, contextual, 
and age-related acoustic variation in Simakobu (Simias concolor) 
loud calls. PLoS ONE 8:e83131

Estienne V, Stephens C, Boesch C (2017) Extraction of honey from 
underground bee nests by central African chimpanzees (Pan trog-
lodytes troglodytes) in Loango National Park, Gabon: Techniques 
and individual differences. Am J Primatol 79:e22672

Ey E, Fischer J (2009) The “acoustic adaptation hypothesis”—a review 
of the evidence from birds, anurans and mammals. Bioacoustics 
19:21–48

Fan P, Liu X, Liu R, Li F, Huang T, Wu F, Yao H, Liu D (2018) Vocal 
repertoire of free-ranging adult golden snub-nosed monkeys (Rhi-
nopithecus roxellana). Am J Primatol 80:e22869

Favaro L, Ozella L, Pessani D (2014) The vocal repertoire of the Afri-
can penguin (Spheniscus demersus): structure and function of 
calls. PLoS ONE 9(7):e103460

Feng AS, Narins PM, Xu CH, Lin WY, Yu ZL, Qiu Q, Xu ZM, Shen JX 
(2006) Ultrasonic communication in frogs. Nature 440:333–336

Fischer J, Hammerschmidt K (2002) An overview of the Barbary 
macaque, Macaca sylvanus, vocal repertoire. Folia Primatol 
73:32–45

Forrest TG (1994) From sender to receiver: propagation and environ-
mental effects on acoustic signals. Am Zool 34:644–654

Forstmeier W, Schielzeth H (2011) Cryptic multiple hypotheses testing 
in linear models: overestimated effect sizes and the winner’s curse. 
Behav Ecol Sociobiol 65:47–55

Fox J, Weisberg S (2011) An R companion to applied regression, 2nd 
edn. SAGE Publications Inc, Thousand Oaks

Furrer RD, Manser MB (2009) The evolution of urgency-based and 
functionally referential alarm calls in ground-dwelling species. 
Am Nat 173(3):400–410

Gamba M, Giacoma C (2005) Key issues in the study of primate acous-
tic signals. J Anthropol Sci 83:61–87

Gamba M, Colombo C, Giacoma C (2012a) Acoustic cues to caller 
identity in lemurs: a case study. J Ethol 30:191–196

Gamba M, Friard O, Giacoma C (2012b) Vocal tract morphology 
determines species-specific features in vocal signals of lemurs 
(Eulemur). Int J Primatol 33:1453–1466

Garcia M, Ravignani A (2020) Acoustic allometry and vocal learning 
in mammals. Biol Lett 16:20200081

Garcia M, Christian T, Herbst CT, Bowling DL, Dunn JC, Fitch WT 
(2017) Acoustic allometry revisited: morphological determinants 
of fundamental frequency in primate vocal production. Sci Rep 
7:10450

Grawunder S, Crockford C, Clay Z, Kalan AK, Stevens JMG, Stoessel 
A, Hohmann G (2018) Higher fundamental frequency in bonobos 
is explained by larynx morphology. Curr Biol 28:R1188–R1189

Grüter CC (2003) Social behaviour of Yunnan snub-nosed monkeys 
(Rhinopithecus bieti). Dissertation, University of Zurich

Halfwerk W, Lea AM, Guerra MA, Page RA, Ryan MJ (2016) Vocal 
responses to noise reveal the presence of the Lombard effect in a 
frog. Behav Ecol 27:669–676

Holman SD, Seale WTC (1991) Ontogeny of sexually dimorphic 
ultrasonic vocalizations in Mongolian gerbils. Dev Psychobiol 
24:103–115

Kirkpatrick RC (1998) Ecology and behaviour in snub-nosed and douc 
langurs. In: Jablonski NG (ed) The natural history of the doucs 



336 Journal of Comparative Physiology A (2021) 207:327–336

1 3

and snub-nosed monkeys. World Scientific Publishing, Singapore, 
pp 155–190

Kirkpatrick RC, Grueter CC (2010) Snub-nosed monkeys: multilevel 
societies across varied environments. Evol Anthropol 19:98–113

Li B, Chen F, Luo S, Xie W (1993) Major categories of vocal behaviour 
in wild Sichuan golden monkey (Rhinopithecus roxellana). Acta 
Theriol Sin 13:181–187

Liedigk R, Yang M, Jablonski NG, Momberg F, Geissmann T, Lwin 
N et al (2012) Evolutionary history of the odd-nosed monkeys 
and the phylogenetic position of the newly described Myanmar 
snub-nosed monkey Rhinopithecus strykeri. PLoS ONE 7:e37418

Morton ES (1975) Ecological sources of selection on avian sounds. 
Am Nat 109:17–34

Narins PM, Feng AS, Schnitzler H-U, Denzinger A, Suthers RA, Lin 
W, Xu C-H (2004) Old World frog and bird vocalizations contain 
prominent ultrasonic harmonics. J Acoust Soc Am 115:910–913

Niu K, Tan CL, Yang Y (2010) Altitudinal movements of Guizhou 
snub-nosed monkeys (Rhinopithecus brelichi) in Fanjingshan 
National Nature Reserve, China: implications for conservation 
management of a flagship species. Folia Primatol 81:233–244

Niu K, Tan CL, Cui D, Shi L, Yang M, Qui Y, Zhang W, Yang Y (2014) 
Utilization of food on snow-covered ground by Guizhou snub-
nosed monkeys (Rhinopithecus brelichi) in Fanjingshan National 
Nature Reserve, China. Chin J Wildl 35:31–37

Rendall D, Rodman PS, Emond RE (1996) Vocal recognition of indi-
viduals and kin in free-ranging rhesus monkeys. Anim Behav 
51:1007–1015

Richards DG, Wiley RH (1980) Reverberations and amplitude fluc-
tuations in the propagation of sound in a forest: Implications for 
animal communication. Am Nat 115:381–399

Römer H, Lewald J (1992) High-frequency sound transmission in 
natural habitats: implications for the evolution of insect acoustic 
communication. Behav Ecol Sociobiol 29:437–444

Röper KM, Scheumann M, Wiechert AB, Nathan S, Goossens B, 
Owren MJ, Zimmermann E (2014) Vocal acoustics in the endan-
gered proboscis monkey (Nasalis larvatus). Am J Primatol 
76:192–201

Shen J-X, Xu Z-M, Feng AS, Narins PM (2011) Large odorous frogs 
(Odorrana graminea) produce ultrasonic calls. J Comp Physiol 
197:1027–1030

Snowdon CT, Cleveland J (1980) Individual recognition of contact 
calls by pygmy marmosets. Anim Behav 28:717–727

Srivathsan A, Meier R (2011) Proboscis monkeys (Nasalis larvatus 
(Wurmb, 1787)) have unusually high-pitched vocalizations. Raf-
fles J Zool 59:319–323

Todt D, Goedeking P, Symmes D (eds) (2012) Primate vocal commu-
nication. Springer Science & Business Media, New York

Tonini JFR, Provete DB, Maciel NM, Morais AR, Goutte S, Toledo LF, 
Pyron RA (2020) Allometric escape from acoustic constraints is 
rare for frog calls. Ecol Evol 10:3686–3695

Torti V, Bonadonna G, De Gregorio C, Valente D, Randrianarison 
RM, Friard O, Gamba M, Giacoma C (2017) An intra-population 
analysis of the indris’ song dissimilarity in the light of genetic 
distance. Sci Rep 7:1–12

Waser PM (1977) Individual recognition, intragroup cohesion and 
intergroup spacing: evidence from sound playback to forest mon-
keys. Behaviour 60:28–74

Waser PM, Waser MS (1977) Experimental studies of primate vocali-
zation: specializations for long-distance propagation. Z für 
Tierpsychol 43:239–263

Wiley RH (2015) Noise matters. Harvard, Cambridge
Wiley RH, Richards DG (1978) Physical constraints on acoustic com-

munication in the atmosphere: Implications for the evolution of 
animal vocalizations. Behav Ecol Sociobiol 3:69–94

Xie JH, Liu YM, Yang YQ (1982) Preliminary survey of the ecological 
conditions of the Guizhou golden monkey. Scientific Survey of 
the Mt Fanjing Reserve, pp 215–221

Yang YQ, Lei XP, Yang CD (2002) Fanjingshan Research: ecology of 
the wild Guizhou Snub-nosed monkey. Guizhou Science Press, 
Guiyang

Yang H-L, Li D-Q, Duo H-R, Ma J (2010) Vegetation distribution in 
Fanjing Mountain National Nature Reserve and habitat selection 
of Guizhou golden monkey (in Chinese with English abstract). 
Forest Res 23:393–398

Yanqing G, Baoping R, Qiang D, Jun Z, Garber PA, Jiang Z (2020) 
Habitat stimates reveal that there are fewer than 400 Guizhou 
snub-nosed monkeys, Rhinopithecus brelichi, remaining in the 
wild. Glob Ecol Conserv 24:e01181

Zhu SQ, Yang YQ (1990) Fanjingshan forest types. In: Zhou ZX, Yang 
YQ (eds) Research on the Fanjing mountain. Guizhou People’s 
Publishing House, Guiyang, pp 95–252

Ziegler L, Arim M, Narins PM (2011) Linking amphibian call structure 
to the environment: the interplay of phenotypic flexibility and 
individual attributes. Behav Ecol 22:520–526

Zuberbühler K, Noë R, Seyfarth RM (1997) Diana monkey long-dis-
tance calls: messages for conspecifics and predators. Anim Behav 
53:589–604

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Allometric escape and acoustic signal features facilitate high-frequency communication in an endemic Chinese primate
	Abstract
	Introduction
	Materials and methods
	Study animals
	Study site
	Acoustic recordings and vocalization analysis
	Acoustic playback experiments: attenuation
	Acoustic playback experiments: degradation
	Statistical analysis

	Results
	Call description
	Attenuation of the transmitted vocalizations
	Degradation of the transmitted vocalizations

	Discussion
	Acknowledgements 
	References




