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Abstract. The acoustic adaptation hypothesis (AAH) is often tested between species from open and closed 
habitats. However, the acoustic differences are rather small and thus the evidence is ambiguous. We tested 
the AAH between subterranean and surface-dwelling species living in very different acoustic environments. 
Lower frequencies (<1 kHz) are transmitted best in subterranean burrows and there is a high-frequency 
cut off around 3 kHz. The other important factor influencing the frequencies of vocal signals is body size. 
Acoustic allometry – a negative relationship between body size and frequency of acoustic signals – in-
dicates that larger species tend to produce sounds of lower frequencies than smaller species, due to their 
larger vocal apparatus. The present study shows, that acoustic allometry applies to subterranean as well 
as surface-dwelling rodents and that the environment influences the main frequency of their vocalization. 
Besides, the subterranean species tend to have lower vocal signals than surface-dwelling species.
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INTRODUCTION

Acoustic communication plays a major role in many species of animals (Bradbury & Veh-
rencamp 1998). The physical properties of acoustic signals, mostly frequency and duration, 
constitute key factors in their propagation through the environment (Morton 1975, Wiley 
& Richards 1982, Padgham 2004). Usually, long low-frequency sounds are less attenuated 
during transmission than those of higher frequencies (Wiley & Richards 1982, Padgham 
2004). However, the problem is far more complicated, the explanation for the physical char-
acteristics of sounds produced by diverse species is proposed by different, and sometimes 
complementary, hypotheses: (1) the acoustic adaptation hypothesis, and (2) the morphological 
constraint hypothesis.

The acoustic adaptation hypothesis (AAH) predicts that frequencies of animal vocalization 
should be adapted to the acoustic environment to maximise the effectiveness of sound trans-
mission (Morton 1975, Hansen 1979, Richards & Wiley 1980). The sounds transmitted 
through the natural environment are subject to degradation, for example due to environmental 
absorption, reverberation and scattering. The degree of degradation depends both on the sound 
structure and on the acoustic characteristics of the environment (Wiley & Richards 1982, 
Brumm & Naguib 2009). Most papers dealing with AAH focus on the differences between open 
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and closed habitats, with higher frequencies being attenuated more strongly in closed habitats 
(Morton 1975, Marten & Marler 1977, Wiley & Richards 1978). Hence, forest species 
should display lower frequencies vocalizations compared to species living in open habitats 
(Morton 1975, Ey & Fischer 2009). However, evidence supporting this hypothesis is scarce, 
and it seems that the habitat-related adjustments of frequency parameters of acoustic signals of 
birds, anurans and mammals are not as widespread as previously thought (Ey & Fisher 2009, 
García-Navas & Blumstein 2016, Hardt & Benedict 2020, Mikula et al. 2021). 

The morphological constraint hypothesis basically states that acoustical signals produced 
by the individual are limited by its body size (Ryan & Brenowitz 1985, Bradbury & Veh-
rencamp 1998, Fitch & Hauser 2002). Acoustic allometry, the negative relationship between 
body size and frequency of acoustic signals, indicate that larger species tend to produce sounds 
of lower frequencies compared to smaller species, a general rule in animal bioacoustics that 
has been documented across various groups, including insects, fishes, amphibians, reptiles, 
birds and mammals (Wallschläger 1980, McClatchie et al. 1996, Fitch & Hauser 2002, 
Gillooly & Ophir 2010, García-Navas & Blumstein 2016, Pearse et al. 2018). Particularly 
in mammals, this limitation in the frequency range of vocalizations may be caused directly by 
the morphology of the vocal apparatus (Fitch & Hauser 1995, Taylor & Reby 2010). Both 
the frequency at which vocal folds vibrate and at which the air resonates depends on the length 
of the vocal tract, with longer ones producing sounds of lower frequencies (Bowling et al. 
2017). The duration of the vocalizations could be also limited by the size of the individual as 
well, the larger the animal is the longer the call could be due to the larger lung volume (Fitch 
& Hauser 1995, Ey et al. 2007). However, this theory was tested only interspecifically with 
mixed results (Hammerschmidt et al. 2000, Ey et al. 2007). 

One interesting aspect of the AAH is that it has usually been tested in little divergent acoustic 
habitats, commonly comparing among closed and open environments. One way to overcome 
this situation is by making comparisons between two very different acoustic locations. In this 
sense, the acoustic environment of the subterranean burrows is unique and offers an excellent 
opportunity to validate the AAH in contrasting habitats. In tunnels of subterranean rodents, 
the best propagated frequencies are around 400–800 Hz, while higher frequencies are strongly 
attenuated. This is very different from any type of aboveground acoustic environment (Heth 
et al. 1986, Lange et al. 2007, Schleich & Antenucci 2009). Another peculiarity of the sub-
terranean acoustic environment is that there is no need to localize the source of sound, since 
it can come only from the front (Heffner & Heffner 1993). Therefore, subterranean species 
should use lower frequencies than would correspond to the size of their hearing apparatus, being 
limited only by the size of their vocal apparatus (Fitch & Hauser 1995, Taylor & Reby 2010).

Alarm calls are mainly used to test AAH (but also the morphological constrained hypothesis) 
as they are used for long range communication and should be adapted to the acoustic environ-
ment (Garcia-Navaz & Blumstein 2016). Also, they can be easily recorded from numerous 
species of mammals. However, several species of subterranean rodents do not use alarm calls. 
On the other hand, mating or courtship calls are present in all subterranean species studied so 
far (Pepper et al. 1991, Credner et al. 1997, Knotková et al. 2009, Bednářová et al. 2013, 
Vanden Hole et al. 2014, Dvořáková et al. 2016, Barker et al. 2021). Variation in mating 
calls can cause genetic differences and thus speciation (Campbell et al. 2010, Puechmaille 
et al. 2011, Ahonen et al. 2018), therefore it is crucial for reproductive individuals to receive 
and evaluate information contained in them without any distortion. As a consequence, mating 
calls should be tuned to the area of best hearing, which should, on the other hand, be tuned to 
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match the acoustic environment (Charlton et al. 2019). Male mating calls are also important 
signals of the male quality and size, and in most of the species they are honest with the exception 
of several cervids and primates with descended larynx (Lieberman 1984, Fitch & Reby 2001). 

Therefore, and in order to study the probable effects of physical and environmental con-
straints on the design of rodent vocalizations, we decided to explore acoustic characteristics of 
male mating vocalizations of various species of subterranean and surface-dwelling rodents in 
relation to their body size. The comparison of mating calls, that can be considered as honest 
signals of body size, among subterranean and aboveground rodent species will enable us to 
test hypotheses dealing with the main frequency and duration of the vocalizations: (a) above 
and subterranean species will display a negative relationship between call frequency and body 
mass, (b) subterranean species will display vocalizations of lower frequencies due to the specific 
acoustic environment in their burrows, (c) duration of calls will be longer in bigger individuals 
irrespective of their habitat. 

MATERIALS AND METHODS
Acoustic properties of male mating calls from 27 species of rodents were obtained directly from our own 
recordings or from published material in scientific journals or thesis (Table 1). In particular, we obtained 
information of main frequency (MF, frequency carrying maximum energy) and note duration (D) of male 
mating vocalizations, and mean body weight for males of each species. Body weight (BW) is considered 
to be a key factor in the evolution of acoustic signaling in mammals (Fitch 2000, Martin et al. 2016). Fi-
nally, rodent species were classified according to their lifestyle, subterranean or surface-dwelling (Table 1). 

Fig. 1. Phylogenetic tree of the subterranean and surface-dwelling species used in this study.
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To evaluate relationships between BW and MF or D of male mating vocalizations, two different linear 
regression analyses were performed. First, an ordinary least squares (OLS) regression was carried out. 
Although this approach allows the comparison with other studies, it fails to account for non-indepen-
dence of taxa. Therefore, we secondly used a phylogenetic generalized least square (PGLS) regression 
implemented in the R package “caper” (Orme et al. 2013). In both cases, variables were log transformed 
before regression analyses.

To test whether phylogenetic relationships affect vocalization’s variables in subterranean and sur-
face-dwelling species, we first constructed a topological phylogenetic tree. The tree was constructed by 
subsetting the mammal tree from vertlife.org website (https://vertlife.org/phylosubsets; Upham et al. 2019). 
We downloaded 100 pseudo-posterior distribution trees, which were used to produce a single maximum 
clade credibility (MCC) tree (Fig. 1) using the TreeAnnotator utility (Rambaut et al. 2018) in BEAST 
(Drummond & Rambaut 2007). To assess the amount of phylogenetic signal for MF, D and BW, that is, 
the extent to which closely related species tend to resemble each other (Blomberg et al. 2003, Symonds 

Table 1. Body mass (g), main frequency (MF), duration (s) of male mating vocalizations for the 27 rodent 
species utilized in this study, including information on their lifestyle; W – body weight (g)

species W mf (hz) duration (s) lifestyle references

Mus musculus 15.0 62800 0.074 surface Gourbal et al. (2004)
Dicrostonyx groenlandicus 40.0 25000 0.07 surface Brooks & Banks (1973)
Heterocephalus glaber 40.2 4958 0.152 subterranean Barker et al. (2021)
Peromyscus californicus 41.0 40000 0.173 surface Briggs & Kalcounis-
        Rueppell (2011)
Fukomys anselli 92.6 2000 ND subterranean Credner et al. (1997)
Spalacopus cyanus 98.0 320 0.03 subterranean Veitl et al. (2000)
Mesocricetus auratus 104.0 32000 0.0095 surface Floody & Pfaff (1977)
Rattus rattus 133.0 48900 0.003 surface White et al. (1990)
Ctenomys talarum 140.0 400 0.029 subterranean Schleich 
        & Busch (2002)
Fukomys darlingi 158.7 1500 0.03 subterranean Dvořáková et al. (2016)
Spalax ehrenbergi 170.0 568 0.025 subterranean Heth et al. (1988)
Geomys breviceps 190.0 1828 0.275 subterranean DeVries & Sikes (2008)
Callosciurus notatus 210.0 7043 0.19 surface Tamura (1993)
Callosciurus nigrovittatus 210.0 2896 0.18 surface Tamura et al. (2018)
Heliophobius argenteocinereus 225.5 1530 0.06 subterranean Knotková et al. (2009)
Ctenomys sp. 241.0 300 0.048 subterranean Amaya (2016)
Callosciurus erythraeus 270.0 2341 0.24 surface Tamura et al. (2018)
Callosciurus fynlaisonii 278.0 2282 0.24 surface Tamura et al. (2018)
Callosciurus caniceps 280.0 3030 0.06 surface Tamura (1993)
Callosciurus prevostii 400.0 4176 0.09 surface Tamura et al. (2018)
Fukomys mechowii 432.8 680 0.04 subterranean Bednářová et al. (2013)
Urocitelus columbianus 480.0 3000 0.65 surface Manno et al. (2007)
Chinchilla laniger 500.0 387 ND surface Bartl (2006)
Cavia aperea 550.0 135 0.034 surface Monticelli (2011)
Cavia intermedia 618.0 399 0.025 surface Verzola-Olivio 
        & Monticelli (2017)
Cavia porcellus 900.0 189 0.041 surface Monticelli (2011)



179

& Blomberg 2014), Pagel’s lambda parameter (λ) was chosen (Pagel 1999). Pagel’s λ is one of the most 
commonly used quantitative measures of phylogenetic signal (Symonds & Blomberg 2014). Values vary 
from zero (independence from phylogeny) to 1 (indicating that traits among related species are more similar 
than expected as the result of phylogeny). This analysis was performed with the function “phylosig” R 
package “phytools” (Revell 2012). To evaluate if MF and D differ among rodents with different lifestyle, 
we carried phylogenetic ANOVAs to compare vocalization variables of subterranean rodents (fossorial 
species included) to that of surface-dwelling rodents. Analyses were run using “caper” package (Orme 
et al. 2018) and “ape” (Paradis et al. 2004) packages developed in R (R Core Team 2018). Normality of 
the residuals was checked through a qq-plot (Mundry 2014).

RESULTS

Ordinary least square regressions showed significant negative relationships between BW and 
MF for both subterranean and surface-dwelling rodent species, although log BW explained 
more than twice as much of the variance of log MF in aboveground species than in subterranean 
ones (subterranean: Y= –0.68X+4.47, R2=0.22; surface: Y= –1.52X+7.09, R2=0.75, p=0.01; 
Fig. 2A). Regarding log BW and logD, no relationship among both variables was found in nei-
ther subterranean nor aboveground rodents (subterranean: Y= –0.24X–0.74, R2=0.04; surface: 
Y=0.06X–1.3, R2=0.003, p>0.05; Fig. 2B). 

Regarding the phylogenetic analysis, BW, MF and D were significantly influenced by phy-
logeny, with λ values close to 1 (BW: 0.80, p=0.005, MF: 0.78, p=0.008, D: 0.70, p=0.02). 
Phylogenetic analyses displayed differences in MF between subterranean and surface-dwell-
ing rodent species (Phylogenetic ANOVA, F=8.26, DF=24, P=0.03), while no differences 
were registered for D among both groups (Phylogenetic ANOVA, F=0.55, DF=22, P=0.91). 
Similar to the results of OLS, phylogenetic regressions for subterranean and surface-dwelling 
rodents exhibit negative relationships between BW and MF with different slopes (subterranean: 
Y= –0.62X+4.34, R2=0.62, p=0.006; surface: Y= –0.77X+5.42, R2=0.30, p=0.02).

Fig. 2. A – body weight and dominant frequency of male mating calls. The base-10 logarithm of mean 
body weight plotted against the base-10 logarithm of mean dominant frequency. Lines depict ordinary 
least squares (OLS) regression. B – body weight and duration of male mating calls. The base-10 logarithm 
of mean body weight plotted against the base-10 logarithm of mean dominant frequency. Lines depict 
ordinary least squares (OLS) regression.
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DISCUSSION

Our test of morphological constraint hypothesis revealed that both groups of rodents, surface 
dwelling as well as subterranean, follow a negative acoustic allometry for size and frequency. 
Our findings are in accordance with a previous study on acoustic allometry of rodents’ alarm 
calls (García-Navaz & Blumstein 2016), as well as the study of various mammalian species 
(Charlton & Reby 2016, Bowling et al. 2017). Although the acoustic allometry in general 
seems to be an universal rule, the relationship between body size and vocalization frequencies 
can be of different strengths e.g., carnivores perform weaker relationship than primates. The 
weaker size-frequency allometry in carnivores might reflect ecological differences or more 
frequent occurrence of non-tonal vocalizations (Bowling et al. 2017). In the present study, the 
phylogenetic analysis revealed that body size explained more variation of MF in subterranean 
rodents than in surface-dwelling ones, suggesting that more diverse ecological factors may oper-
ate in determining acoustic parameters of vocalizations in aboveground environments compared 
to the more stable and uniform subterranean niche. Also, and as suggested by Bowling et al. 
(2017) for carnivores, it is possible that aboveground species display a greater variability in their 
vocal behaviour, a situation not evaluated in this work. Interestingly, and unlike the majority of 
studies that restrict their analysis to alarm calls, this pattern of negative size-frequency acoustic 
allometry was observed in a mating call, indicating that morphological properties of the caller 
can influence various types of vocalizations, irrespective of their function or tonal characteristics.

Besides the observed morphological constraints, our analysis showed that conditions for 
acoustic propagation in the habitats of the studied subterranean and aboveground rodent species 
affected the evolution of MF of male mating calls. As a general pattern, subterranean rodents 
use lower frequency vocalizations than surface ones, a situation particularly evident in smaller 
species, providing support for the existence of an acoustic adaptation in subterranean rodents. 
Although the evidence supporting the hypothesis is scarce, one of the possible explanations for 
this limited proof of environmental effect on vocalization design could be the lack of highly 
contrasting acoustic habitats in various studies (Ey & Fisher 2009, Hardt & Benedict 2020, 
Mikula et al. 2021). Moreover, the animals are able to adjust other parameters of vocal calls 
like amplitude, to overcome the environmental limitations in closed habitats (Charlton et al. 
2019). In contrast, we compared above-ground habitats with subterranean tunnels, and in the 
latter the transmission of high-frequency sounds is significantly limited, as explained earlier 
(Heth et al. 1986, Lange et al. 2007, Schleich & Antenucci 2009). Apart from this physical 
constraint, the need for small animals to hear high frequencies in order to use binaural spectral 
differences is useless in the unidimensional burrows, where its sides consist of soil which do 
not transmit the sound and the back is mostly shielded by the body of the animal. Therefore, 
they do not need to use high frequencies to localize the source of sound and are limited only by 
ability to produce low frequency vocalizations (Narins et al. 1992, Heffner & Heffner 2007). 

The assumption of a positive influence of the body size and the lung volume on the call dura-
tion was not proved for the studied species of rodents (Fig. 2B). The call duration is influenced 
by other variables like call type (agonistic calls are of longer duration compared to distress 
calls), sex (longer calls in larger sex) and age (adults have longer calls than infants) (review 
in Ey et al. 2007). Our study should not be influenced by those variables as we are comparing 
one type of the vocal signal produced by adults of one sex. The call duration is also influenced 
by arousal level, but it does not show a consistency across animal species. The dependency of 
body size on call duration was formerly studied only in individuals of one species with mixed 
results (Hammerschmidt et al. 2000). The single mating call duration might not be the best 
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proxy for the body size as the calls are quite short (0.0095–0.18 s) and often produced in bouts. 
It would be better to use duration of the bouts, where volume of the lungs can play a bigger 
role. However, this information is often lacking in published vocal repertoires.

In conclusion, the present study shows that, besides the effect of body size, acoustic diffe-
rences in terms of transmission properties between subterranean and aboveground habitats also 
exert selective pressures on the frequency characteristic of rodent vocalizations, particularly on 
subterranean species. Future studies, including more subterranean and aboveground species, 
and precise information on the acoustic properties of the diverse aboveground habitats inhabi-
ted by surface-dwelling rodents, are needed to provide more evidence of the role of acoustic 
environments in the evolution of acoustic structure in animal vocalizations. 
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