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Abstract 

The nonlinearity and fear hypothesis predicts that highly aroused vocal mammals and birds 

produce vocalizations (notably alarm calls and screams) which contain a variety of non-linear 

phenomena (NLP). Such vocalizations often sound ‘noisy’ because vocal production systems are 

over-blown when animals are highly aroused. While much is known about the conditions under 

which animals produce vocalizations containing NLP, and how species respond to them, there is 

little research about the heritability of such behavioral traits. Using the quantitative genetic 

animal model, we estimated the genetic basis of ‘noise’ in alarm calls produced by females and 

found significant heritability in call entropy—our measure of the noisiness. About 9% of 

variance in noisiness can be accounted for by genetic differences. Taken together, these findings 

suggest that the degree to which marmots produce noisy calls is modestly heritable and can be 

thus subject to further evolution via natural selection. 

 

Key words: acoustic communication, animal model, fear communication, heritability of 

vocalizations, yellow-bellied marmot 
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Vocalizations are the output from a dynamic system and, like other dynamic systems, may have 

a variety of states. The transition from a steady state creates a set of predictable sounds referred 

to as nonlinear phenomena (NLP) that may contain important information (Fitch et al. 2002). 

The nonlinearity and fear hypothesis, can be attributed to highly aroused animals overblowing 

their vocal production system and thus driving these state changes (Blumstein et al. 2008; 

Blumstein and Récapet 2009). In the acoustic domain, NLP include four classifications: limit 

cycles (periodic, self-sustained oscillations), subharmonics (energy bands below the fundamental 

and between the harmonic frequencies), deterministic chaos (irregular vibrations), and 

bifurcations (transitions between different vibratory behaviors) (Fitch et al. 2002; Wilden et al. 

1998). Screams produced in agonistic (Gouzoules et al. 1984) and predatory interactions 

(Blumstein et al. 2008) are notable in that they contain many NLP. Moreover, as an individual’s 

level of arousal increases, the structure of vocalisations often changes in predictable ways. For 

instance, when meerkats (Suricata suricatta) are exposed to higher risk predatory situations, their 

alarm calls become more ‘noisy’ (Townsend and Manser 2011). 

Individuals who hear natural sounds containing NLP enhance their response compared to 

regularly structured calls. Yellow-bellied marmots (Marmota flaviventer) decreased the 

proportion of time allocated to foraging when they heard alarms calls manipulated to contain 

white noise (used to simulate deterministic chaos (Blumstein and Récapet 2009)). In comparison, 

calls with added silence did not lead to significantly different responses from controlled and 

unmanipulated alarm calls. Additionally, meerkats had greater behavioral escape responses to 

alarm calls containing NLP than those that did not (Townsend and Manser 2011). Another study 

found that rhesus monkeys (Macaca mulatta) who emitted ‘disorderly’ screams subsequently 
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triggered an evocative response in other monkeys (Gouzoules et al. 1984). Thus, alarm calls that 

contain NLP may elicit specific responses in receivers.  

A number of studies have created synthetic NLP and found that they too increase arousal. For 

instance, great-tailed grackles (Quiscalus mexicanus), in reaction to simulated nonlinearities, 

decreased the time they allocated to relaxed behavior compared to controls (Slaughter et al. 

2013). White-crowned sparrows (Zonotrichia leucophrys) heightened their behavioral responses 

to synthesized NLP by increasing their vigilance (Blesdoe and Blumstein 2014). Even non-vocal 

skink species (Emoia impar and Emoia cyanura)  increased antipredator responses when exposed 

to white noise, compared to hearing control sounds (Kelligrew et al. 2021; Yan et al. 2019).  

Vocalizations with NLP are more difficult to habituate to (Fitch et al. 2002). Species that live 

in groups are exposed to numerous calls a day, making individuals more likely to ignore calls 

that do not provide relevant information (e.g., Hare and Atkins 2001; Blumstein et al. 2004). 

Predictable calls that are easier to habituate to may no longer serve a functional purpose, and 

therefore are ignored to potentially allow for reception of more meaningful calls. This can be 

seen when the playback of alarm calls containing NLP (vocalizations emitted in more ‘urgent’ 

situations were less structured and ‘noisy’ as illustrated by their spectrograms) prolonged the 

latency to relax in meerkats (Townsend and Manser 2011). This delay in relaxation is a finding 

consistent with a lack of habituation to the calls with NLP  (Blumstein et al. 2008; Slaughter et 

al. 2013). Thus, nonlinearities may represent a behavioral approach to prevent habituation in 

group settings.  

While much is known about the conditions under which NLP are produced (Fitch et al. 

2002), and about how animals respond to them (Blumstein and Récapet 2009; Gouzoules et al. 

1984; Townsend and Manser 2011), we know relatively little about their genetic basis. 
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Heritability can be measured at the population level and is the proportion of phenotypic variance 

that can be attributed to a set of unspecified genes (Falconer and Mackay 1998). Traits with 

significant heritability are those that can potentially respond to natural selection and evolve.  

We aimed to estimate whether the ‘noisiness’ (which we define as increased entropy) of 

yellow-bellied marmot alarm calls was heritable by capitalizing on a 22-year database of alarm 

call recordings (Blumstein 2007) and a 60-year longitudinal study at the individual level, 

including a molecular genealogy (Blumstein et al. 2013a). Marmot alarm calls function to 

communicate predation risk and encode individuality (Blumstein and Armitage 1997; Blumstein 

and Munos 2005). Individuals are sensitive to variation in caller reliability (Blumstein et al. 

2004) and this variation may reflect individual deviation in vulnerability or personality 

differences. To illustrate this point, socially isolated marmots and marmots with more parasites 

typically produce noisier calls (Fuong and Blumstein 2019; Nouri and Blumstein 2019), a 

finding that may reflect the similar vulnerability of those callers. Caller variability may also 

reflect consistent individual differences in boldness that we have identified in other behavioral 

traits (Petelle et al. 2013). In the present study, we solely focused on females because they are 

philopatric, while the majority of males disperse for mating opportunities. Additionally, while all 

animals emit alarm calls at low rates, females with newly emerged offspring increase their 

calling (Blumstein et al. 1997) and the propensity to call is associated with increased levels of 

stress (Blumstein et al. 2006). Prior work has identified significant heritable variation in other 

marmot alarm call acoustic parameters, but entropy was not quantified in the previous study 

(Blumstein et al. 2013a). Significant heritable variation in call entropy would suggest a genetic 

basis of individual variation in an acoustic trait; a phenomenon that has been identified in 

relatively few species such as zebra finches (Taeniopygia guttata, Forstmeier et al. 2009), mice 
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(Mus musculus, Thornton et al. 2005) and various insects [e.g., Mousseau and Howard 1998; 

Collins et al. 1999; Webb and Roff 1992).   

 

Materials and Methods 

We studied the heritability of alarm calls in free-living female yellow-bellied marmots in and 

around the Rocky Mountain Biological Laboratory in Gunnison County, CO, USA. Marmots 

were regularly live trapped (details in Armitage 2014) and hair was collected from each 

individual for DNA extraction to create a molecular genealogy (details in Blumstein et al. 2010). 

We set traps for marmots on mornings and afternoons when it was not excessively hot (> 24°C) 

or actively precipitating. Traps were checked within 2 hours and individuals were quickly 

processed (often ca. 5-10 min, depending on what was required). Because all females were 

trapped since they emerged from their natal burrows, trapping per se was not particularly 

stressful. However, on some occasions, marmots emitted alarm calls when we approached the 

trap. If a marmot alarm called when trapped, we attempted to record these trap-elicited calls 

using digital recorders (either DAT or solid state recorders—details in Blumstein and Chi 2012), 

the structure of which do not differ from more naturally-elicited calls (pers. obs.). While all 

recordings were digital, we note that the varied recorders may explain some of the variation in 

call entropy. Nevertheless, trap-elicited vocalizations are high quality recordings because we 

could standardize the distance to the microphone, attempt to manage environmental noise by 

angling the microphone away from rivers or other sources of noise, and adjust the microphone’s 

gain. Thus, these calls permitted us to quantify call entropy precisely. Following Fuong & 

Blumstein (2019), we edited recordings to create up to five files containing a single alarm per 

calling bout. We selected calls that had limited background noise and created a 0.1 s file that was 
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then normalized using Audacity 2.1.3 (https://www.audacityteam.org/). We quantified entropy, 

our metric of deterministic chaos, using Sound Analysis Pro (http://soundanalysispro.com/; 

settings: contrast = 50, segmentation = 50.4 dB, frequency range = 11025 Hz, FFT data window 

= 10.0 ms, advance window = 0.23 ms, and contour threshold  = 10). We also counted the energy 

bands (the fundamental plus all harmonics) in the calls, which prior work (Blumstein and Chi 

2012) has shown to be positively associated with entropy.  

We fitted a model to explain variation in alarm call entropy using a quantitative genetic 

approach, the animal model (Kruuk 2004). The animal model is a mixed effects model that 

includes an individual identity as a random effect linked to a pedigree, allowing us to estimate 

the additive genetic variance of a trait (Kruuk 2004). Given the structure of the data with 

repeated measures at the individual, bout, year, and colony level, we also included those terms as 

random effects. Bouts were nested within individuals, because some individuals were trapped 

and called more frequently than others. We included a number of fixed effects to better estimate 

the additive genetic variation in call entropy. We counted the number of energy bands which we 

defined as the fundamental plus harmonics and included the number of energy bands as a fixed 

effect because calls with more dynamic range could potentially contain more entropy. We also 

measured the call’s duration and included this as a fixed effect because longer calls could contain 

more entropy. We included age as a factor (levels: pups, 1-year olds, and adults, individuals ≥ 2 

years old), and time of day (AM or PM) because prior work has shown that age influences call 

structure (Blumstein and Armitage 1997) and prior work has shown that call entropy may vary 

by time of day (Blumstein and Chi 2012). 

The model was fitted using a Bayesian approach with MCMCglmm 2.34 (Hadfiled 2010) in 

R 4.2 (R Core Team 2023). We used a weak prior for random effects with V = 1 and nu = 0.002. 
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We ran 510,000 iterations with a thinning interval of 500 and a burning period of 10,000 

iterations. All parameters converged according to the Heidelberger and Welch's convergence 

diagnostic. Autocorrelation in the posterior was below 0.05 for all parameters. All parameters are 

reported as the mode of the posterior distribution with their associated 95% highest posterior 

density intervals (HPDI). Fixed effects were considered different from zero if the HPDI was not 

overlapping zero. Since variance components are strictly positive, we considered the parameter 

non-negligible if the lower HPDI was higher than 0.001; a criterion that has been used in similar 

studies (e.g., Wolak et al. 2018). 

 

Results 

After eliminating calls because of poor recording quality, we analyzed 1433 alarm calls from 290 

bouts of calls by 140 individuals over 17 years of observations. There were 107, 54, and 129 

bouts recorded for pups, yearlings, and adults, respectively. There were 4.9 (± 0.36 SD) calls per 

bout (range: 2-5). There were 2.1 (± 2.20 SD) bouts per individual (range: 1-14). Of the calls, 81 

bouts were recorded in the morning while 209 were recorded in the afternoon. The average 

entropy in alarm calls was 0.78 (± 0.44 SD). Alarm calls had an average of 5.5 (± 1.32) energy 

bands and averaged 37.2 (± 0.96 SD) ms long. The multigenerational pedigree is described in 

Table 1. 

Energy bands, call duration, age, and time of day had a positive effect on call entropy (Table 

2). After controlling for these variables, additive genetic, year, and bouts effects were estimated 

to be different from zero with a conditioned heritability of 0.086 (95% HPDI: 0.001-0.283) 

(Table 2). Colony and permanent environment effects were negligible and not different from 

zero (Table 2). Total individual variance (sum of additive genetic, permanent environment, and 
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bouts which were nested within individuals) was 0.224 (0.182-0.300) with a variance ratio of 

0.552 (0.429-0.635). Evolvability, the ratio of additive genetic variance, Va, by the square of the 

mean, was 0.249 (0.006-0.678).  

 

Discussion 

We quantified entropy in alarm calls to quantify call noisiness, which we then used to estimate 

the magnitude of a specific non-linear phenomena (NLP) in marmot alarm calls. By fitting a 

quantitative genetic animal model, we detected significant genetic variation in the entropy 

contained in female marmot alarm calls. Given our ability to control for permanent environment, 

and common environment, and the relatively small credible intervals, our inference of genetic 

variation in alarm call entropy is robust (Kruuk and Hadfield 2007). From this, we conclude that 

call noisiness has a moderate heritability and evolvability. Given that the nonlinearity and fear 

hypothesis (Blumstein et al. 2008; Blumstein and Récapet 2009) predicts a relationship between 

call noisiness and perceived risk, these results suggest that the way in which animals perceive 

variation in threats has a genetic component. 

At some level, this should not be surprising. Personality traits, including those that are 

associated with risk perception, in many species are repeatable (e.g., Van Oers et al. 2004; 

Mazué et al. 2015; Patrick et al. 2013), and repeatability provides an upper-limit estimate of 

heritability (Boake 1989) which suggests that there should be some heritable variation. Prior 

studies in this population have shown that marmots have significant repeatability of aggression 

(Blumstein et al. 2013b), exploration and activity (Petelle et al. 2019), and boldness and docility 

(Petellet et al. 2013). Current research has found significant repeatability and heritability of flight 

initiation distance (Scurka 2023).  
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Our heritability estimate of 0.086 for call entropy is relatively small compared to other 

behavioral traits, which average 0.24 (Dochtermann et al. 2019), and substantially smaller than 

previous heritability estimates for other acoustic traits which averaged 0.21 (range 0.01-0.48) 

(Blumstein et al. 2013a). However, since the non-genetic between-individual variance ratio (pe2) 

was 0.004, we note that apart from genetic effects, there is limited among-individual variation. 

Thus, the low observed heritability for entropy suggests that this trait might have been under 

strong selection or that alarm calls are strongly context dependent leading to extensive 

phenotypic variance. This finding is consistent with the nonlinearity and fear hypothesis, which 

expects NLP only when animals are highly aroused and lose control of their vocal production. 

However, adult calls were noisier than calls emitted from younger cohorts. In a proximate sense, 

this finding could reflect a loss of control over their vocal tract. Functionally, however, it also 

could reflect a greater benefit from warning conspecifics because adults are likely to be 

surrounded by descendant kin while pre-reproductive animals are surrounded only by collateral 

kin.  

Significant variation in call entropy was explained by our random effect of year. This could 

reflect different stresses that varied annually. Environmental factors affect many marmots’ life 

histories and demographic traits (e.g., Armitage 2014; Cordes et al. 2020; Paniw et al. 2020; 

Conquet et al. 2023). Variation in expected longevity could influence perceptions of risk. 

Furthermore, predator populations fluctuate over time, and it is possible that variation in 

exposure to predators explained some variation in how noisy calls were. Identifying the cause(s) 

of this annual variation requires more focused study. 

Taken together, we have shown that, at the population level, there is significant variation in 

alarm call noisiness that has a genetic basis. While the heritability estimate is modest, there is 
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significant evolvability in call noisiness. Heritability in the entropy of alarm calls creates the 

potential for noisier alarm calls to be favored, perhaps because calls with NLP relay more 

information. This means that, given sufficient selection, there is opportunity to evolve to a new 

average noisiness, which may result from individuals becoming habituated to more noisy calls. 

Our study has demonstrated that the sound of fear is heritable. Future studies expanding on these 

findings can focus on identifying the situations that select for modulating noisiness and other 

NLP in alarm calls. 
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Table 1. Summary statistics for the pruned pedigree used for animal models of noisiness in 

alarm calls of yellow-bellied marmots. 

 

Variable Value 

Records 260 

Maternities 214 

Paternities 191 

Full sibs 131 

Maternal sibs 305 

Maternal half sibs 174 

Paternal sibs 625 

Paternal half sibs 494 

Maternal grandmothers 172 

Maternal grandfathers 118 

Paternal grandmothers 86 

Paternal grandfathers 83 

Maximum pedigree depth 10 

Founders 45 
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Mean maternal sibship size 2.21 

Mean paternal sibship size 3.47 

Non-zero F 57 

F > 0.125 35 

Mean pairwise relatedness 0.043 

Pairwise relatedness ≥ 0.125 0.135 

Pairwise relatedness ≥ 0.25 0.078 

Pairwise relatedness ≥ 0.5 0.024 
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Table 2. Parameter estimates (posterior mode with 95% HDPI) of alarm call entropy in yellow-

bellied marmots. For Age, pups were used as the reference level. 𝑉𝐴, 𝑉𝑐𝑜𝑙𝑜𝑛𝑦, 𝑉𝑦𝑒𝑎𝑟, 𝑉𝑝𝑒, and 

Vbouts are the variance components of additive genetic, colony, year, permanent environment, 

bouts effects with their associated variance ratio h2 (heritability), pe2, bouts2, colony2 and year2. 

Vr is the residual variance and 𝑉𝑃 is the phenotypic variance (sum of all variance components). 

Variance ratio were estimated by dividing the specific variance component by VP.  

 

  95% HDP intervals 

 Estimate Lower Upper 

Fixed effects    

  Intercept -1.806 -2.209 -1.533 

  Energy Bands 0.035 0.005 0.069 

  Call Duration 0.022 0.017 0.028 

  Age: Yearling 0.389 0.228 0.568 

  Age: Adult 0.474 0.307 0.641 

  Time of Day 0.112 0.000 0.256 

Variance components    

  Va 0.049 0.001 0.135 

  Vpe 0.002 0.0002 0.068 
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  Vbouts 0.145 0.112 0.201 

  Vcolony 0.001 0.0003 0.039 

  Vyear 0.053 0.017 0.124 

  VR 0.134 0.124 0.145 

  VP 0.419 0.362 0.532 

Variance ratio    

  h2 0.086 0.001 0.283 

  pe2 0.004 0.0004 0.152 

  bouts2 0.362 0.232 0.463 

  colony2 0.002 0.001 0.084 

  year2 0.117 0.043 0.244 
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