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ARTICLE INFO ABSTRACT

Keywords: Vocalizations potentially encode information about physiological states, yet there is little direct evidence linking
Acoustic analysis vocal parameters to physiological stress in non-humans, including primates. We investigated whether male
Glucocorticoids

mantled howler monkey (Alouatta palliata) loud calls reflect physiological stress by analyzing the relationships
between the acoustic parameters of loud calls and fecal glucocorticoid metabolite (fGCM) concentrations. Howler
monkeys produce loud calls primarily in the context of intergroup competition, which has the potential to elicit
physiological stress responses. We expected that elevated fGCM would be associated with loud call acoustics
through changes in laryngeal tension (increasing fundamental frequency and vocal perturbations), respiratory
control (affecting call duration and temporal patterning), and vocal tract configuration (modifying spectral
properties). We analyzed 93 high-quality loud calls and assayed 242 fecal samples collected over a 10-year
period from 23 adult males across seven groups in Los Tuxtlas (Mexico). We calculated 26 loud call acoustic
measurements including spectral, temporal, and non-linear variables. Mixed-effects modeling revealed that
acoustic features collectively explained 71 % of the variation in fGCM. Loud calls produced at higher fGCM were
characterized by increased pitch, greater pitch instability, altered vocal tract resonances, increased voice
roughness, and reduced tonal clarity. Among these features, changes in pitch showed the strongest association
with fGCM. These findings establish a link between stress physiology and vocal production in howler monkeys,
suggesting that internal physiological states manifest in acoustic signals that could convey information about
caller condition.

Howler monkeys
Non-invasive monitoring
Physiological stress
Vocal communication

1. Introduction

Acoustic communication plays a critical role in the evolution, ecol-
ogy, and behavior of animals, serving as a primary means for conveying
information across diverse contexts, including mating, territory defense,
predator avoidance, and social coordination (Bradbury and Vehren-
camp, 2011; Catchpole and Slater, 2008; Wiley and Richards, 1978).
Vocal signals are particularly advantageous as they can travel over long
distances, bypass visual obstructions, and be produced in various envi-
ronmental conditions (Gerhardt and Huber, 2002; Slabbekoorn and
Smith, 2002). Understanding what information is encoded in vocaliza-
tions is essential for interpreting how animals interact with con- and
hetero-specifics in different environments (Fitch and Hauser, 2002;
Owren and Rendall, 2003; Seyfarth and Cheney, 2003). Vocal signals

often convey information about the identity, emotional state, physical
condition, and social status of the caller (Briefer, 2012; Charlton et al.,
2007; Ey et al., 2007; Taylor and Reby, 2010). Consequently, under-
standing the form and function of acoustic signals can provide insights
into the evolutionary pressures shaping communication systems and
reveal critical aspects of an animal’s ecology and social dynamics
(Endler, 1992; Freeberg et al., 2012; McGregor, 2005; Owren and
Rendall, 2003).

The physiological state of an individual can significantly influence
the acoustic properties of its vocalizations, often serving as honest in-
dicators of internal states such as experiencing an active stress response,
reproductive condition, and health (Briefer, 2012; Ey et al., 2007; Koren
et al, 2008; Nowicki and Searcy, 2004). Hormonal modulation,
particularly through glucocorticoids, can play a pivotal role in this
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process (Scherer, 2009). Glucocorticoid hormones, released in response
to various stimuli, have widespread effects on muscle systems
throughout the body by binding to receptors that alter muscle contrac-
tility, tone, and elasticity (Sapolsky et al., 2000). In the context of
vocalization production, these general muscular effects manifest spe-
cifically in the laryngeal apparatus, where glucocorticoids modulate the
tension and elasticity of intrinsic laryngeal muscles (Jiirgens, 2009;
Mukudai et al., 2015; Titze, 1994). This modulation directly impacts
vocal fold vibration patterns, leading to alterations in pitch, amplitude,
and call rate (Giddens et al., 2013; Hammerschmidt and Fischer, 2008;
Riede and Goller, 2010; Titze and Abbott, 2012). Beyond the larynx,
glucocorticoids also affect the respiratory muscles, altering breathing
patterns and subglottal pressure (i.e., air pressure below the vocal folds
that drives vocalization), which in turn influence the intensity and
duration of vocalizations (Kikusui et al., 2011; Scherer, 2003). These
combined effects result in specific acoustic signatures: elevated gluco-
corticoid levels in mammals have been associated with increased fre-
quency modulation (jitter), amplitude perturbation (shimmer), and
higher fundamental frequency (Blumstein and Chi, 2012; Briefer, 2012;
Giddens et al., 2013; Taylor and Reby, 2010; Sehrsweeney et al., 2019;
Viljoen et al., 2014). These acoustic parameters have shown particularly
consistent relationships with physiological stress across diverse
mammalian species, making them promising candidates for analysis in
primates (Briefer, 2012; Linhart et al., 2015; Scherer, 2009). Thus,
investigating the interaction between glucocorticoid function and the
acoustics of vocalizations provides valuable insights into the mecha-
nisms underlying animal communication and the ecological relevance of
vocal signals (Briefer, 2012; Ey et al., 2007).

Howler monkeys (genus Alouatta) produce distinctive roar vocali-
zations (sometimes called howls) characterized by long duration and
low fundamental frequencies, generated through their highly special-
ized vocal apparatus that includes an enlarged hyoid bone acting as a
resonating chamber (Dunn et al., 2015; Schon, 1964, 1971). Howler
monkey loud call bouts are variable in terms of duration and composi-
tion, usually including several occurrences of roars, barks, insipient
roars, and insipient barks (Baldwin and Baldwin, 1976; da Cunha et al.,
2015). Roars are the vocalization type with highest energy, and a loud
call bout usually includes one to four roar respiratory cycles, with each
cycle consisting of one exhaled and one inhaled syllable (Baldwin and
Baldwin, 1976; Fig. 1). These powerful, low-frequency roars can travel
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Fig. 1. A typical mantled howler monkey loud call. The different components
of the call can be visualized in the oscillogram (A): it starts with two insipient
barks (first blue rectangle), followed by six barks (first green rectangle), then by
four roar syllables (red rectangle), one bark (second green rectangle), and two
insipient barks (second blue rectangle). The roar component of the call is
composed of two cycles, each including one exhalation (E) and one inhalation
(I). The strongest energy is associated with roars (B) and occurs between 2.5
and 5 s. In the present study we focused on the first cycle of roars.
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over 1 km through dense forests, an essential adaptation for communi-
cation in the diverse Neotropical habitats they occupy from Mexico to
Argentina, including rainforests and dry forests where visibility is
limited (da Cunha et al., 2015; Di Fiore and Campbell, 2007).

Roars serve critical social functions, being used primarily for inter-
group spacing, territorial defense, and mate attraction, allowing groups
to communicate their location and maintain spatial relationships
without direct visual or physical contact (da Cunha et al., 2015; Kitchen
et al., 2015). The acoustic structure of these roars varies predictably
with caller characteristics including age, sex, and social context (da
Cunha et al., 2015). Several factors influence the production and use of
these loud calls, with vocal behavior varying according to group
composition, reproductive status, resource availability, and anthropo-
genic disturbances (Kitchen et al., 2015). However, despite extensive
research on the social and ecological factors affecting howler monkey
vocalizations, we currently lack data on how or whether internal states,
particularly physiological stress, contribute to acoustic variation in
these loud calls.

A widely used measure of internal state in vertebrates is circulating
glucocorticoid levels. Glucocorticoids are steroid hormones produced by
the adrenal cortex that play crucial roles in metabolism, immune func-
tion, and physiological stress responses (Sapolsky et al., 2000). Gluco-
corticoids are secreted in response to physical and psychological
challenges and in mantled howler monkeys (A. palliata), elevated fecal
glucocorticoid metabolite concentrations (fGCM) have been linked to
resource scarcity, intergroup encounters, and human-induced distur-
bances (e.g., Canadas-Santiago et al., 2020; Cristobal-Azkarate et al.,
2007; Dias et al., 2017, 2022; Rangel-Negrin, 2023; Dunn et al., 2013).
Although some studies report concurrent variation in vocalizations and
glucocorticoids (Canadas-Santiago et al., 2020; Gomez-Espinosa et al.,
2022; Rangel-Negrin et al., 2023), direct evidence of glucocorticoid-
linked modulation of acoustic parameters is lacking in this species.
Addressing this knowledge gap is critical for advancing our under-
standing of the ecological and social significance of vocal signals. From a
behavioral ecology perspective, if vocalizations reliably encode infor-
mation about an individual’s physiological state, this could influence
social interactions, mate choice, and conflict dynamics (Bercovitch and
Ziegler, 2002; Charlton et al., 2007; Creel et al., 2013; Wich and Nunn,
2002). From a conservation standpoint, non-invasive acoustic moni-
toring could serve as a cost-effective alternative to physiological sam-
pling, offering valuable tools for assessing animal welfare and habitat
quality in wild populations (Blumstein et al., 2011; Kalan et al., 2015).

We examined the relationship between physiological stress and the
acoustic properties of roar vocalizations in mantled howler monkeys.
We hypothesized that elevated physiological stress may alter vocal
production through three primary physiological mechanisms:

(1) Glucocorticoids can bind to receptors in laryngeal muscles,
altering their contractile properties (Titze, 1994; Sapolsky et al., 2000),
and stress-induced changes in vocal fold dynamics directly influence
frequency and perturbation parameters (Briefer, 2012; Giddens et al.,
2013; Herbst et al., 2025). By increasing tension in laryngeal muscles,
these changes should influence source-related parameters: mean f0, fO
range, fO standard deviation, local jitter, RAP jitter, local shimmer, APQ
shimmer, and zero crossing rate (Tables 1 & S1).

(2) Stress hormones influence respiratory muscle function and neural
control of breathing, altering subglottal pressure and respiratory drive
during vocalization (Scherer, 2003; Titze and Abbott, 2012). Therefore,
they may influence temporal and energetic features of calls: call dura-
tion, temporal centroid, spectral flatness, and peak frequency (Table 1).

(3) Stress-induced muscle tension may extend to the supralaryngeal
apparatus, modifying vocal tract shape and resonance properties (Fitch
and Hauser, 2002; Scherer, 2009; Taylor and Reby, 2010). Changes in
vocal tract configuration, should impact filter-related parameters: for-
mants (F1-F5), formant dispersion, mean formant spacing, formant
stability, coefficient stability, spectral tilt, spectral centroid, mean
dominant frequency, entropy, and frequency jumps (Table 1).
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Table 1
Variables pertaining to the roars of mantled howler monkeys analyzed in this
study.

Parameter

Description and biological significance

Mean f0 (Hz)

fO Range (Hz)

f0 standard deviation (Hz)

Local jitter

Relative average
perturbation (RAP)

Local shimmer

Amplitude perturbation
quotient (APQ)

Zero crossing rate

(crossings/s)
Duration (seconds)

Temporal centroid
(seconds)
Spectral flatness (ratio)
Peak frequency (Hz)
Formant 1 (Hz)
Formant 2 (Hz)
Formant 3 (Hz)
Formant4 (Hz)
Formant5 (Hz)
Formant dispersion (Hz)
Mean formant spacing (Hz)
Formant stability
Coefficient stability
Spectral tilt
Spectral centroid (Hz)

Mean dominant frequency
(Hz)

Entropy (bits)

Frequency jumps (count)

Average fundamental frequency. Reflects primary rate
of vocal fold vibration and correlates with body size
and hormonal status.

Range between minimum and maximum fundamental
frequencies. Indicates vocal flexibility and potential
emotional state.

Variation in fundamental frequency. Shows degree of
frequency modulation and pitch stability.

Measures the cycle-to-cycle variation in the
fundamental frequency of a vocalization.

RAP jitter is a more smoothed measure of frequency
perturbation that considers three periods at a time
Local shimmer measures the cycle-to-cycle variation
in the amplitude of a vocalization

APQ shimmer is a smoothed measure of amplitude
perturbation that considers five periods at a time.
Rate of signal polarity changes. Indicates frequency
content and signal periodicity.

Total length of the vocalization. Indicates temporal
extent of vocal production effort and energetic
investment.

Center of gravity of signal’s energy distribution over
time. Shows temporal organization of vocal energy.
Geometric mean of power spectrum divided by
arithmetic mean. Indicates tonality vs noise.
Frequency with highest amplitude. Represents most
energetic component of vocalization.

First formant frequency. Reflects first resonance of
vocal tract usually correlating with tongue height.
Second formant frequency. Related to front-back
tongue position and vocal tract constriction.

Third formant frequency. Provides additional
information about vocal tract shape and articulation.
Fourth formant frequency. Further characterizes vocal
tract resonances and articulation.

Fifth formant frequency. Highest tracked formant
providing detailed vocal tract information.

Spacing between formants. Provides information
about vocal tract size and shape.

Average distance between adjacent formants. Used to
estimate vocal tract length.

Consistency of formant frequencies over time.
Indicates articulatory precision.

Stability of LPC coefficients. Shows consistency in
vocal tract configuration.

Rate of amplitude decrease across frequency. Indicates
vocal effort and voice quality.

Weighted mean frequency of spectrum. Correlates
with perceived brightness and vocal effort.

Average of most prominent frequency throughout
vocalization. Indicates most energetic frequency
component.

Measure of spectral disorder. Higher values indicate
more noise-like signals; lower values indicate more
tonal sounds.

Number of significant frequency transitions. Shows
complexity of frequency modulation.

By examining this comprehensive set of acoustic parameters, we
aimed to identify the specific vocal signatures of physiological stress in
howler monkey vocalizations and determine which aspects of vocal
production are most related to glucocorticoid elevation.

2. Methods
2.1. Ethical note

Our study was noninvasive and adhered to the American Society of
Primatologists Code of Best Practices in Field Primatology and Principles
for the Ethical Treatment of Nonhuman Primates. Research protocols
were approved by the Secretaria de Medio Ambiente y Recursos
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Naturales of Mexico (permits SGPA/DGVS/10637/11, SGPA/DGVS/
04999/14, SGPA/ DGVS/0381/17, SGPA/DGVS/13528/19, SGPA/
DGVS/04015/21, and SPARN/DGVS/00278/22) and complied with the
legal requirements of the Mexican law (NOM-059-SEMARNAT-2010).

2.2. Study sites and subjects

We conducted the study at the Los Tuxtlas Biosphere Reserve, in
Veracruz, Mexico. The vegetation in this area was originally tropical
evergreen rainforest but has been highly fragmented due to human ac-
tivity (Dirzo and Garcia, 1992). Mantled howler monkeys live in forest
fragments throughout the area (Alcocer-Rodriguez et al., 2021;
Cristobal-Azkarate et al., 2017). We focused on 23 adult males (Table 2)
that we could easily identify through natural markings, such as patches
of yellow fur in their tails and feet, scars, and facial features.

2.3. Recording and processing vocalizations

We conducted fieldwork between January 2012 and December 2021
(Table 1). During visits, we recorded naturally occurring male loud calls
ad libitum with a Sennheiser MKE600 directional microphone and a
Marantz PMD660 digital recorder. Each time a call was recorded we
noted the time of the day, and the stimulus associated with call pro-
duction as anthropogenic (when the call was preceded by human-made
noise or human presence), intergroup (when the call was preceded by a
call from another group), or spontaneous (when no stimulus seemed to
precede the call).

Following previous research, we defined a loud call bout as a period
of loud calling separated from another one by at least 10 min (Bergman
etal., 2016; Hopkins, 2013). We recorded a total of 1725 loud call bouts,
of which 82 % corresponded to bouts in which two or more males were
involved. We focused on loud calls produced by a single male (n = 310)

Table 2
Study sites, groups, subjects, and sampling effort.
Location Group?  Male No. No. fGCM
ID calls measurements
18°26.519'N, Group 1 3 9
95°2.905 W 1
2 2 4
6 3 8
7 7 22
8 3 8
9 5 13
18°26.363' N, Group 10 4 11
95°3.165 W 2
11 5 15
12 4 15
13 7 15
14 3 9
18°26.768' N, Group 16 8 18
95°2.944 W 3
17 4 14
18°37.110'N, Group 22 7 20
95°5.128 W 4
23 4 8
24 4 9
18°38.477' N, Group 30 3 5
95°5.460 W 5
31 2 4
34 2 6
35 2 6
37 5 11
18°36.440'N, Group 39 3 12
95°4.225 W 6
40 3 9
Total 23 93 242

Sampling schedule: Groups 1 and 2 January 2012 to December 2021; Group 3
March to October 2019; Groups 4 and 5 January to October 2017; Group 6
February to August 2020.
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to be able to match call acoustic attributes and fecal glucocorticoid
metabolite concentrations at the individual level (see next section), from
which we selected 252 high-quality calls (i.e., no clipping, background
noise, or interruption by other callers). We used Audacity 3.7.1 (Au-
dacity Team, 2024) to digitize loud call recordings and isolate individual
roars as wav audio files (44.1 kHz sample rate, 16-bit resolution, mono
format). To ensure consistent comparison across analyzed roars, we
specifically isolated the first roar cycle of each loud call recording.

2.4. Glucocorticoid measurements

Mantled howler monkeys display a peak in f{GCM concentrations
approximately 20 to 30 h after experiencing an acute stressor, such as
capture, anesthesia, or handling (Aguilar-Cucurachi et al., 2010;
Canadas-Santiago et al., 2020). Based on this knowledge, we determined
fGCM concentrations in all fecal samples that could be matched to a
recorded roar during the previous two days (N = 347).

Fecal samples were collected directly from the forest floor immedi-
ately after defecation when individual male identity could be confirmed
without ambiguity. Each sample was placed in a polyethylene bag
labeled with the individual’s identity and temporarily stored in a cooler
with ice packs during fieldwork before being transferred to a freezer
maintained at —20 °C at the field station. All fecal samples underwent
freeze-drying (FreeZone 18, Labconco, Kansas City, MO) within 6
months of collection. We extracted fGCM from these dried samples using
a modified version of the Wasser et al. (2000) method. The process
involved shaking 0.6 g of homogenized, lyophilized, and pulverized
feces in 4.0-ml of analytical-grade methanol for 20 h. After centrifuging
the extracts (460 g for 30 min), we collected the supernatant. Following
complete solvent evaporation in a 60 °C water bath for 20 h, we
reconstituted the resulting pellets with 3-ml albumin buffer for {GCM
analysis.

fGCM concentrations were determined using a chemiluminescent
immunoassay with a commercial kit (Cortisol, Immulite, Siemens, Los
Angeles, CA, USA; sensitivity = 5.5 nmol/L; calibration range =
28-1380 nmol/L) and an automated immunoassay system (Immulite
1000 analyzer, Siemens, Munich, Germany). The antibody used in this
kit is highly specific for cortisol, with minimal (8.6 %) cross-reactivity
with corticosterone. Fecal samples were analyzed in 11 different as-
says during the 2012-2021 study period. Assay accuracy ranged be-
tween R% 0.93 and 0.98 (P < 0.001 in all tests; n = 5 to 8 samples),
parallelism (t) ranged from 0.9 to 1.3 (P > 0.05; n = 5 sampled for all
tests), and precision averaged between 8.2 and 12.1 % (n = 4 samples in
all tests) for intra-assay controls and between 7.5 and 13.7 % for inter-
assay controls (n = 4 samples tests). {GCM values are reported as ng/g
(dry feces).

2.5. Data organization and analysis

We used a subset of roars (n = 93 audios) for which at least two fGCM
concentrations were available (n = 242 fecal samples, mean + SD = 11
+ 5.1 samples per male, 2.7 + 0.7 samples per male per roar) to account
for variability in diverse factors know to influence glucocorticoid func-
tion and fGCM excretion (Goymann, 2012; Palme, 2019).

In the analysis of the acoustic parameters of calls we focused on a
broad set of variables related to vocal production, several of which have
consistently been related to emotional state/arousal as well as those that
are usually reported by howler monkey bioacoustics research (e.g.,
Bergman et al., 2016; da Cunha et al., 2015; Sehrsweeney et al., 2019;
Viljoen et al., 2014). Our acoustic analysis of howler monkey roars
employed three complementary approaches implemented in R: general
acoustic analysis, Linear Predictive Coding (LPC) analysis, and non-
linear acoustic analysis. We utilized specialized packages for bioacous-
tics research (tuneR, seewave) and signal processing (signal, non-
linearTseries, pracma). Audio files were loaded using ‘readWave
(tuneR) and converted to mono when necessary, using ‘mono’ (tuneR).
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Signal preprocessing included detrending with “detrend” (pracma) and
various filtering operations using “filtfilt' (signal) and “butter" (signal).
All analyses maintained the original sampling rate of the recordings
throughout processing.

For the general acoustic analysis, we examined spectral and temporal
parameters using Fourier transformations. The fundamental frequency
(f0) parameters were extracted using a self-developed function with a
specialized “howler monkey” preset (f0 range 80-150 Hz: Bergman
et al., 2016; da Cunha et al., 2015; Supplementary methods). Howler
monkey roars are noisy, broadband sounds presumably generated via
deterministic chaos, which challenges the measurement of fO0 (Dunn
et al., 2015). We therefore employed a consensus approach combining
autocorrelation, cepstral, spectral, and zero-crossing methods with
adaptive reliability scoring. This approach yielded mean f0, fO range, fO
standard deviation, and peak frequency measurements. The zero-
crossing rate was calculated as the rate of signal polarity changes. For
temporal features, we measured call duration directly from the wave
object using sample count divided by sampling rate. The temporal
centroid was calculated as the center of gravity of the signal’s energy
distribution. We assessed acoustic perturbation using custom functions
to measure both frequency modulation (jitter) and amplitude modula-
tion (shimmer). Specifically, local jitter and Relative Average Pertur-
bation (RAP) were calculated by measuring cycle-to-cycle variation in
the fundamental frequency. Similarly, local shimmer and Amplitude
Perturbation Quotient (APQ) were computed by quantifying cycle-to-
cycle variation in amplitude. Spectral flatness was determined as the
ratio of geometric to arithmetic mean of the power spectrum, indicating
the degree of tonality versus noise.

The Linear Predictive Coding (LPC) analysis provided detailed in-
formation about formant structure. We performed a frame-by-frame
approach with 4096-sample frames and 12th-order LPC models. For
optimal formant detection, we employed a two-pass approach: first
detecting formants F2-F6 with a bandpass filter using " ffilter" (seewave),
then specialized detection of F1 using enhanced low-frequency pro-
cessing. This yielded measurements of formants F1-F5, with each
formant validated against literature-based reference values (F1: 358 Hz,
F2: 712 Hz, F3: 1573 Hz, F4: 1916 Hz, F5: 2811 Hz; Bergman et al.,
2016; da Cunha et al., 2015; Dunn et al., 2015). Formant dispersion was
determined using multiple methods, primarily following Reby and
McComb (2003), with alternative approaches (Johnson, 2020) when all
formants were not available. Mean formant spacing was calculated as
the average distance between adjacent formants. Temporal stability of
the vocal tract configuration was assessed via LPC coefficient stability,
calculated as the mean of standard deviations of LPC coefficients over
time. Formant stability was measured as the mean of standard de-
viations of formant frequencies over time. Spectral tilt was calculated as
the logarithmic ratio of higher to lower formant energies, representing
the rate of amplitude decrease across frequencies.

For the non-linear acoustic analysis, we focused on characterizing
signal complexity and non-linear phenomena. This included the calcu-
lation of spectral entropy as a measure of signal complexity. The spectral
centroid was computed as the weighted mean frequency of the spectrum
using “spectro’ (seewave) for the initial spectral analysis. Mean domi-
nant frequency was calculated by averaging the frequencies with
maximum amplitude across time windows. Frequency jumps were
identified using a threshold-based approach to detect rapid, non-linear
transitions in the frequency structure (Herbst et al., 2025), counting
significant frequency changes exceeding 20 % of the mean frequency.
For this analysis, we employed smaller window sizes (256 samples) in
the “spectro” function (seewave) to capture rapid temporal variations in
the signal structure.

As an initial exploratory step to examine potential relationships and
guide subsequent modeling, we first calculated Pearson correlation co-
efficients between fGCM concentrations and each acoustic parameter,
acknowledging that this approach does not account for the repeated-
measures structure of our data. Given the large number of tests
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conducted, we adjusted significance values with the Benjamini-Yekutieli
false discovery rate correction.

Although our biological hypothesis posits that glucocorticoid hor-
mones influence vocal parameters, we modeled fGCM as the response
variable with acoustic parameters as predictors to avoid multiple uni-
variate tests and maintain statistical efficiency. This analytical approach
identifies the same associations between hormones and acoustics while
allowing us to examine all parameters simultaneously in a single model
framework, with the understanding that our results demonstrate corre-
lational relationships rather than causal directionality. We assessed
variation in fGCM as a function of acoustic parameters using mixed-
effects models. Prior to modeling, we conducted a thorough collin-
earity analysis of the acoustic parameters, employing a stepwise
approach to assess multicollinearity using Variance Inflation Factors
(VIF). The procedure started by testing individual predictors’ relation-
ships with fGCS and progressively built more complex models while
maintaining VIF values below 5, ensuring the stability and interpret-
ability of the final model. This collinearity assessment was based solely
on relationships among predictors themselves, not on their associations
with fGCM, thus avoiding selection bias that could arise from outcome-
based variable selection. The selected acoustic parameters were stan-
dardized by centering and scaling (subtracting the mean and dividing by
the standard deviation) to facilitate comparison of effect sizes across
different measurement scales. We then constructed a linear mixed-
effects model with log-transformed fGCM concentrations as the
response variable, the selected acoustic parameters as fixed predictors,
and male identity as a random effect to account for repeated measure-
ments from the same individuals.

We followed an information-theoretic approach and multimodel
inference to generate a set of models based on all combinations of
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predictors and then averaging model parameters across all resulting
models and calculating the relative importance of each predictor based
on its Akaike weights across all possible models (Burnham and Ander-
son, 2013). The marginal and conditional R? values for the averaged
model were computed as weighted averages of R? values from individual
component models, with weights corresponding to each model’s
contribution to the model averaging. We also examined the influence of
variables that have been described as potentially influential in the vocal
behavior of mantled howler monkey males on the relationship between
fGCM concentrations and acoustic parameters: group membership (e.g.,
Ceccarelli et al., 2021; Hopkins, 2013; Maya-Lastra et al., 2025), stimuli
associated with call onset (Whitehead, 1987), and time of the day
(Chivers, 1969; Whitehead, 1987). We compared models with and
without these variables using likelihood ratio tests.

3. Results

Correlation analysis of all 26 acoustic parameters with f{GCM con-
centrations revealed significant relationships for 13 parameters (Fig. 2;
Table S2). Among these, roar duration, fO range, entropy, fO standard
deviation, temporal centroid, and frequency jumps showed moderate
positive correlations with f{GCM (0.4 < r < 0.7), whereas mean f0, local
shimmer, formant 5, formant 1, local jitter, and Rap jitter had weak (0.2
< r < 0.4), although significant, correlations with fGCM.

We identified nine acoustic parameters that independently contrib-
uted to fGCM prediction through our VIF-based selection procedure:
mean f0, fO standard deviation, formant dispersion, local shimmer, en-
tropy, temporal centroid, formant 5, formant 1, and frequency jumps
(Fig. S1). The mixed-effects model incorporating these predictors
significantly outperformed a null model that included only male identity

*p<0.05 * p<0.01, ** p < 0.001 (Benjamini-Yekutieli adjusted)

Duration =

FO range -+

Entropy=

FO standard deviation=
Temporal centroid =
Fraquancy umps<
Mean FO=

Local shemmer =

0.37*

APQ shimmer=

037

-0.35"|
-0.32*|

Formant 5+

Formant 1=

Correlation
coefficient

Local per <

josn- 0.6

Rap jtter =

Jo.29*

Spectral cantrowd =

0.4

Jo2r 0.2

Formant dispersion =

Jo.2s

Formant stabllity < -023[

0.0

Spectral tilt =

Acoustic parameters

-0.2

Maan formant spacing=

Formant 4=

Zaro crossing rate <

Coefficient stability =
Spectral fatness =
Formant 3=

Paak fraguency Mean=

dominant frequency=

Formant 2+
. v

-0.25 0.00

T ¥
0.25 0.50 0.75

Correlation with fGCS

Fig. 2. Correlations (Pearson) between fecal glucocorticoid metabolite (fGCM) concentrations of mantled howler monkey males and the acoustic parameters of their

roar vocalizations. *** P < 0.001, ** P < 0.01, * P < 0.05.



A. Rangel-Negrin et al.

as a random factor (LRT X% =130.3, P < 0.001), and the small difference
between marginal (0.71) and conditional (0.78) R? values (0.07) in-
dicates that individual identity accounted for only ~9 % of the total
variance in fGCM levels. Accordingly, within-individual variation (CV =
38.2 %) was substantially larger than between-individual variation (CV
= 16.4 %). Therefore, fGCM variation was more strongly related to
acoustic parameters than to individual differences among males
(Fig. S2). The condition number for our selected acoustic parameters
was 3.55, indicating no multicollinearity. The correlation matrix among
predictors (Table S3) showed the highest correlation was r = 0.68 be-
tween frequency jumps and temporal centroid.

In the averaged model (Table 3), mean fO demonstrated the strongest
association with fGCM (estimate = 0.29) and had the highest impor-
tance among all parameters examined (3_W; = 1.00; Figs. 3 and 4). f0
standard deviation and formant dispersion also showed positive re-
lationships with fGCM (estimate = 0.20) with high importance (3>_W; =
0.99), as did local shimmer (estimate = 0.17) and entropy (estimate =
0.21) with high importance (3>_W; = 0.97 and 0.92, respectively).
Temporal centroid had moderate importance (3" W; = 0.47) but no
relationship with fGCM concentrations, as did formant 1, formant 5, and
frequency jumps. Quantification of these relationships (after accounting
for data transformations) indicates that a one standard deviation in-
crease in mean fO (15.62 Hz) was associated with a 33.7 % increase in
fGCM (141.33 ng/g), corresponding to a 1.86 % increase per 1 Hz rise.
For fO standard deviation, a one standard deviation increase (6.81 Hz)
resulted in a 22.3 % increase in f{GCM (93.35 ng/g), equivalent to a 2.95
% increase per 1 Hz. Similarly, a one standard deviation increase in
formant dispersion (39.42 Hz) was associated with a 21.6 % increase in
fGCM (90.67 ng/g), representing a 0.50 % increase per 1 Hz. Local
shimmer and entropy also showed substantial effects, with one standard
deviation increases leading to 18.5 % (77.59 ng/g) and 23.4 % (98.12
ng/g) increases in fGCM levels, respectively.

Accounting for stimulus associated with call onset (LRT X% =3,1,P=
0.211) and time of the day (LRT X% = 0.04, P = 0.857) did not signifi-
cantly improve the averaged model’s performance in predicting f{GCM,
but group identity did (LRT ¥2 = 16.9, P = 0.005).

4. Discussion

We aimed to examine whether the acoustic parameters of mantled
howler monkey roars reflect physiological stress, as indicated by fecal
glucocorticoid metabolite (fGCM) concentrations (although our statis-
tical approach modeled these associations in reverse to efficiently
examine multiple acoustic parameters simultaneously). Elevated phys-
iological stress may alter vocal production through its effects on (i)
laryngeal muscle function, (ii) respiratory muscle function and neural
control of breathing, and (iii) muscle tension in the supralaryngeal
apparatus. Our results revealed significant correlations between specific
acoustic features and fGCM levels across all three domains, supporting

Table 3

Mixed effects model results on the relationship between fecal glucocorticoid
metabolite (fGCM) concentrations and the acoustic parameters of the roar vo-
calizations of mantled howler monkey males.

Parameter Estimate SE 95 % CI >w;
Lower Upper
(Intercept) 6.039 0.049 5.942 6.136
Mean f0 0.290 0.043 0.206 0.375 1.0000
f0 standard deviation 0.201 0.040 0.123 0.279 0.9997
Formant dispersion 0.196 0.043 0.113 0.279 0.9996
Local shimmer 0.170 0.054 0.082 0.266 0.9733
Entropy 0.210 0.089 0.091 0.362 0.9281
Temporal centroid 0.066 0.083 0.018 0.266 0.4721
Formant 5 0.030 0.055 0.013 0.203 0.2803
Formant 1 0.003 0.017 —0.051 0.154 0.0583
Frequency jumps 0.002 0.015 —0.080 0.152 0.0496
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the hypothesis that physiological stress influences vocal production
through multiple physiological pathways.

Consistent with our prediction that stress influences laryngeal mus-
cle tension, we found that source-related parameters (particularly mean
f0, f0 range, fO standard deviation, local jitter, and RAP jitter) showed
significant correlations with f{GCM levels. These findings suggest that
increased physiological stress is associated with greater fundamental
frequency values (i.e., the pitch of the voice, determined by how fast the
vocal folds vibrate) and variability, as well as greater frequency and
amplitude perturbations in howler monkey roars. This aligns with pre-
vious research indicating changes to the human voice under stress, with
higher fO and greater formant spacing (e.g., Pisanski and Sorokowski,
2020; Schrader and Todt, 1998; Tolkmitt and Scherer, 1986). It is also
consistent with research on platyrrhines showing that different oscilla-
tory states of the vocal apparatus produce distinct acoustic patterns,
with laryngeal tension as a key determinant of fundamental frequency
characteristics (Herbst et al., 2025). From a biological perspective, this
is likely because glucocorticoid hormones modulate muscle tone and
respiratory patterns (Sapolsky et al., 2000), thereby influencing vocal
fold vibrations (Briefer, 2012; Riede and Goller, 2010). The physiolog-
ical pathway likely involves glucocorticoids binding to receptors in
laryngeal muscles, altering muscle tension and contractility (Jiirgens,
2009), which directly affects vocal fold vibration patterns and creates
the observed perturbations in frequency (jitter) and amplitude
(shimmer).

In line with our prediction that stress influences respiratory control,
we found significant correlations between fGCM and temporal param-
eters, particularly call duration and temporal centroid. These relation-
ships may reflect stress-induced changes in respiration rate and depth
that modify subglottal pressure, further affecting vocal production
(Giddens et al., 2013; Titze, 1994). Glucocorticoids affect respiratory
muscle function and neural control of breathing (Scherer, 2003; Titze
and Abbott, 2012), leading to alterations in the temporal organization of
vocalizations, as observed in our results.

Supporting our prediction about stress-induced changes in vocal
tract configuration, we found significant relationships between fGCM
and filter-related parameters, including formant measures (particularly
formants 1 and 5), formant dispersion, spectral centroid, entropy, and
frequency jumps. These associations reflect how stress-induced tension
extends to the supralaryngeal structures (Fitch and Hauser, 2002;
Scherer, 2009), altering vocal tract shape and resonance properties
(Linhart et al., 2015).

The modeling approach revealed differences between simple corre-
lation results and the final predictor selection in the mixed-effects
model. While some acoustic parameters displayed strong correlations
with fGCM (e.g., fO range), they were excluded from the final model due
to collinearity with other parameters. For example, some strongly
correlated measures may have shared variance with mean f0, leading to
the retention of just one of these measures in the final model to avoid
multicollinearity. This statistical necessity reflects the biological reality
that stress simultaneously affects multiple aspects of vocal production
through shared physiological pathways. Interestingly, our averaged
model included significant predictors from all three physiological
mechanisms we predicted: source-related parameters (mean f0, fO
standard deviation, local shimmer), filter-related parameters (formant
dispersion, formant 1, formant 5, entropy), and indicators of respiratory
function (temporal centroid). These acoustic changes would manifest
perceptually as roars with elevated pitch, greater pitch instability,
increased harshness (perceived as voice roughness due to irregular vocal
fold vibration), and reduced tonal clarity (higher spectral disorder).
Collectively, these modifications would produce vocalizations that are
acoustically distinct from those produced under lower stress conditions,
potentially conveying information about the caller’s physiological state
to conspecific listeners. This highlights how physiological stress can
affect multiple aspects of vocal production concurrently.

The mixed-effects modeling results showed that mean fO had the



A. Rangel-Negrin et al.

Mean FO-

Hormones and Behavior 176 (2025) 105840

Entropy - k

FO standard deviation-

Effect size

Formant dispersion -

0.75

Local shimmer - r

0.50

0.25

Temporal centrold - }

T T

Formant 5+ t . 2
Formant 1+ t L |
Frequency jJumps - k 2 2
P T T
-0.1 0.0 0.1

0.2 0.3 04

Standardized coefficient estimate

Fig. 3. Coefficient plot of the mixed-effects averaged model on the relationships between fecal glucocorticoid metabolite (fGCM) concentrations of mantled howler

monkey males and selected acoustic parameters of their roar vocalizations.

strongest association with f{GCM and had the highest importance among
all parameters examined. This finding is particularly valuable for the
field, as mean f0 is a well-established and extensively studied acoustic
parameter in the literature (Titze, 1994; Taylor and Reby, 2010; Briefer,
2012), making these results more readily interpretable and applicable
within the existing research framework. fO standard deviation and
formant dispersion also showed positive relationships with fGCM with
high importance, as did local shimmer and entropy. This combination of
parameters provides a biologically meaningful representation of how
acoustic features encode physiological stress, capturing both source
characteristics (f0 parameters), filter components (formant measures),
and spectral properties (entropy). The model thus reinforces the prop-
osition that vocal modulations reflect underlying hormonal influences
on both the source (vocal folds) and filter (vocal tract) components of
sound production (Fitch and Hauser, 2002; Hammerschmidt and
Fischer, 2008; Kikusui et al., 2011; Owren and Rendall, 2003; Titze,
1994). Even if our modeling approach may have failed to capture
complex, non-linear relationships between stress physiology and vocal
production, the robust performance of the model indicates that acoustic
parameters can provide meaningful insights into howler monkey phys-
iological state, consistent with findings in other mammalian species
(Briefer, 2012). It also supports the notion that vocalizations can serve as
honest indicators of caller condition (Charlton et al., 2007; Nowicki and
Searcy, 2004).

Several factors should be considered when interpreting the rela-
tionship between acoustic parameters and fGCMs. Biological factors
such as volitional control over vocal production may influence how
stress manifests in vocalizations, as primates demonstrate varying de-
grees of voluntary control over vocalizations within their repertoire
(Coudé et al., 2011; Hage and Nieder, 2013). Howler monkeys may
retain some ability to regulate aspects of their calls despite physiological
constraints. Additionally, alternative non-causal explanations for the
observed associations warrant consideration. While our data showed no
effect of stimulus type on the relationship between fGCM and roar

acoustic parameters, we did not measure the intensity of stimuli. It re-
mains possible that more intense intergroup encounters or severe
anthropogenic disturbances could independently trigger both physio-
logical stress responses and vocal modifications (Canadas-Santiago
et al., 2020; Cristobal-Azkarate et al., 2007), potentially creating cor-
relations without direct physiological links between hormones and vocal
production. Similarly, seasonal variation in resource availability or so-
cial dynamics could affect both physiological stress levels and calling
behavior through separate pathways (Kitchen et al., 2015). Methodo-
logical limitations in fGCM measurement, including the delay in
glucocorticoid metabolite excretion (Goymann, 2012; Palme, 2019),
could also introduce temporal mismatches between vocal recordings
and hormonal measurements. The excretion lag time of approximately
20-30 h (Aguilar-Cucurachi et al., 2010) creates inherent uncertainty in
matching vocal behavior to precise hormonal states. Future research
should address these limitations through larger sample sizes with
repeated measurements to account for individual variation and more
precise temporal matching of vocal and hormonal samples (e.g.,
measuring glucocorticoid metabolites in urine, which are excreted
quicker). Future studies could also examine whether bout duration or
other measures of calling intensity relate to acoustic properties or f{GCM
levels, providing additional insight into the relationship between
behavioral context and stress physiology.

The broader implications of these findings extend to both primate
communication and non-invasive stress monitoring. Our findings sug-
gest that in male howler monkeys, variation in roar structure is associ-
ated with physiological state, providing evidence that vocal cues can
convey information about an individual’s condition and potentially in-
fluence social interactions (Briefer, 2012; Charlton et al., 2007; Ey et al.,
2007; Muir et al., 2025). Our findings with howler monkeys also parallel
research in other primate species, including chimpanzees (Pan troglo-
dytes: Slocombe and Zuberbiihler, 2007), baboons (Papio ursinus: Fischer
et al.,, 2001), and macaques (Macaca spp.: Gouzoules and Gouzoules,
2000), which demonstrate that vocalizations carry information about
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emotional states. However, howler monkeys’ specialized vocal anatomy,
including their enlarged hyoid bone (Dunn et al., 2015; Schon, 1971),
may amplify or modify how stress manifests in their vocalizations
compared to other primates. While the degree to which stress-induced
vocal changes influence listener perception remains underexplored,
previous research suggests that primates can discriminate between vo-
calizations encoding different emotional states (Seyfarth and Cheney,
2003), raising the possibility that these acoustic changes serve as honest
signals that could influence social dynamics, including dominance in-
teractions and mating decisions (Bercovitch and Ziegler, 2002; Creel
et al., 2013; Taylor and Reby, 2010).

From a conservation and welfare perspective, our findings suggest
that acoustic monitoring could provide a valuable complementary tool
for non-invasive stress assessment in wild primates. Acoustic methods
offer advantages in accessibility and continuous monitoring capabilities
compared to traditional fecal hormone sampling (Blumstein et al., 2011;
de la Torre and Snowdon, 2002; Kalan et al., 2015). In fragmented
landscapes like Los Tuxtlas, where anthropogenic pressures create
various stressors (Dias et al., 2017; Rangel-Negrin et al., 2021; Cristobal-
Azkarate et al., 2007), remote acoustic monitoring could help identify
populations experiencing chronic stress, potentially informing conser-
vation prioritization. However, given the complexity of the relationship
between acoustic parameters and hormonal states, we recommend that
acoustic monitoring be used alongside traditional endocrine methods,
similar to approaches successfully implemented in other taxa (Nowacek
et al., 2016).

In conclusion, our study provides evidence that howler monkey vo-
calizations reflect physiological stress, with significant correlations be-
tween fGCM and specific acoustic parameters, particularly mean f0, fO

range, and various perturbation measures including shimmer and jitter.
These findings support the putative involvement of three physiological
mechanisms through which physiological stress can affect vocalization:
increased laryngeal muscle tension (revealed in fO and perturbation
measures), altered respiratory control (evident in temporal parameters),
and modified vocal tract configuration (reflected in formant structure
and spectral properties). These findings establish a link between stress
physiology and vocal production in a wild primate, expanding our un-
derstanding of how internal states manifest in communicative signals
(Endler, 1992). These results open new avenues for understanding pri-
mate communication from both evolutionary and mechanistic perspec-
tives, while also offering potential applications for non-invasive welfare
monitoring in contexts of habitat disturbance.
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