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Abstract 40 

Variation in formant frequencies has been shown to affect social interactions 41 

and sexual competition in a range of avian species. Yet, the anatomical bases of this 42 

variation are poorly understood. Here, we investigated the morphological correlates of 43 

formants production in the vocal apparatus of African penguins. We modelled the 44 

geometry of the supra-syringeal vocal tract of 20 specimens to generate a population 45 

of virtual vocal tracts with varying dimensions. We then estimated the acoustic response 46 

of these virtual vocal tracts and extracted the centre frequency of the first four predicted 47 

formants. We demonstrate that (1) variation in length and cross-sectional area of vocal 48 

tracts strongly affects the formant pattern, (2) the tracheal region determines most of 49 

this variation, and (3) the skeletal size of penguins does not correlate with the trachea 50 

length and consequently has relatively little effect on formants. We conclude that in 51 

African penguins, while the variation in vocal tract geometry generates variation in 52 

resonant frequencies supporting the discrimination of conspecifics, such variation does 53 

not provide information on the emitter’s body size. Overall, our findings advance our 54 

understanding of the role of formant frequencies in bird vocal communication. 55 

 56 

Keywords: bioacoustics, formants, source-filter theory, Spheniscus, vocal tract 57 

modelling  58 
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Introduction 59 

Vocal communication is ancient and widespread in vertebrates [1] where it plays 60 

a crucial role in speciation, sexual selection [2], and the evolution of complex societies 61 

[3]. Numerous studies investigating the function of vocal communication in vertebrates 62 

have shown that bird and mammal vocal signals often support individual discrimination 63 

or even recognition [4], although in mammals with unstable acoustic cues to identity 64 

(e.g., ruminants: [5,6]; felids: [7]; rodents: [8]), updating vocal individuality of social 65 

partners can be necessary over time. Individual vocal recognition is also important for 66 

developing and mediating social relationships [9-11]. For example, human listeners can 67 

recognise familiar individuals by processing the spectral features of their voices [12,13]. 68 

More generally, in primates, small differences in the length, volume, and shape of the 69 

supra-laryngeal cavities of the vocal tract can lead to small variation in formant patterns 70 

that contribute to the encoding of individual identity [14-17]. Such biomechanical and 71 

physiological sources of acoustic diversity are broadly shared among mammals [18,19] 72 

and have been shown to determine individual spectral signatures in a variety of different 73 

species [20,21]. Similarly, formant frequencies have been demonstrated to allow 74 

individual recognition in many birds [22,23], although the vocal tract regions involved 75 

in filtering the sound source typically differ from those involved in mammalian vocal 76 

production [24]. 77 

Vocal tract resonances in mammals have also been shown to play a role as cues 78 

to body size in the context of sexual selection. While selection pressures appear to 79 

favour the emergence of anatomical or behavioural adaptations for size exaggeration, 80 

anatomical constraints can ultimately render the vocal signal honest by forcing the 81 

length of the resonating cavities to correlate with skeletal size [25]. As a consequence, 82 

in mammals, these spectral features have been shown to mediate intersexual 83 

competition and facilitate mate choice [26]. In contrast, recent investigations have 84 

failed to find similar correlation between formant frequencies and body size [27-29] in 85 

birds, suggesting that different anatomical constraints or functional pressures may 86 

operate in the Aves class. 87 

When looking at the proximate causes of vertebrate vocal communication, 88 

several studies have shown genetic, neural, and anatomical parallels in vocal production 89 

between birds and mammals. These include homologies in the brain circuits involved in 90 
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the auditory–vocal control [30] and the presence of universal mechanisms for sound 91 

production in the bird syrinx and mammalian larynx [31]. However, explorations of the 92 

anatomy of bird vocal tracts have revealed a remarkable diversity in morphologies, 93 

including elongated and sound-filtering tracheas [32-34] and a complex system of aerial 94 

sacs [35]. Such findings suggest that the observed diversification of the bird vocal 95 

apparatus has happened since the taxon divergence within the Tetrapod superclass. 96 

Comparative studies focussing on the selective forces behind the evolution of the 97 

mechanisms involved in generating the format frequencies in birds and mammals might 98 

therefore contribute to a broad understanding of the evolution of vertebrate vocal 99 

communication. 100 

Penguins are a monophyletic family of seabirds that diverged from the main bird 101 

lineage more than 60 Mya [36,37]. Members of this family are philopatric, colonial, and 102 

monogamous [38]. Their vocal repertoire is made of four discrete vocal types [39,40], 103 

mediating individual recognition and mate choice [41,42]. Penguin calls are produced 104 

by vibrating membranes in the syrinx, which generate a complex acoustic signal 105 

characterised by a fundamental frequency (corresponding to the rate of vibration of the 106 

membranes) and its associated harmonic overtones. The tracheal tube, larynx, and oro-107 

pharyngeal cavity subsequently filter the source signal and generate the formants [43]. 108 

Within penguins, the African penguin (Spheniscus demersus) is an ideal model species 109 

to study the extent to which the resonances of the vocal tract encode meaningful 110 

biological information in the avian taxon. Indeed, individuals of this species are highly 111 

territorial [39], and because of the selective pressures of the colonial and territorial 112 

lifestyle [44], their contact calls and ecstatic display songs (breeding vocalisations) have 113 

been found to encode acoustic cues to individual identity in the pattern of the formants 114 

[23,24]. Such spectral features of vocalisations are also stable throughout adulthood 115 

[45]. 116 

Here we investigated how variability in the dimensions of the vocal apparatus of 117 

the African penguin may generate cues to identity in the formant patterns of 118 

vocalisations. To do this, we collected morphological data from the vocal apparatuses 119 

of wild specimens to characterise inter-individual variation and used this data to derive 120 

a virtual population of thousands of different vocal tracts. We then modelled the 121 

resonances within these computer-generated vocal tracts to identify the regions 122 

responsible for generating most of the variability in the acoustic resonances observed 123 
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in living penguins. Finally, we investigated the relationship between vocal tract regions 124 

and body size, and we discussed whether formant characteristics in vocalisations could 125 

also provide reliable information regarding the caller’s body size in this species. 126 

 127 

Methods 128 

Acoustic recordings and analyses  129 

African penguin vocalisations were recorded in April 2019 in the captive bird 130 

exhibit at the Southern African Foundation for the Conservation of Coastal Birds 131 

(SANCCOB) in Cape Town, South Africa. Recordings were collected from outside the 132 

area at 5-8 m from the vocalising individuals with a Sennheiser MKH 416 P48 directional 133 

microphone (frequency response 20 Hz to 20 kHz) covered with a Rycote Classic Softie 134 

Windshield and connected to a ZOOM H5 handy recorder (48 kHz sampling rate). Audio 135 

files were saved in RIFF-WAVE format (16-bit amplitude resolution) and stored on a 136 

32GB secure digital (SD) memory card. 137 

Visual examination of the spectrograms allowed the identification of 95 ecstatic 138 

display songs (i.e., loud sequences combining three types of syllables [40]) showing a 139 

good signal-to-noise ratio and emitted by 12 adult individuals (11 males and one 140 

female) to mediate mate choice and territorial defence.  The individuals were sexed by 141 

genetic analyses and then identified with flipper bands already provided by SANCCOB. 142 

The contribution of each penguin to the final dataset is provided in the Supplementary 143 

Material (Table S1). 144 

The contour of the first four formants (F1– F4) of the first type-B syllable (i.e., the 145 

longest vocal units within a sequence [46]) of each display song was extracted in Praat 146 

(V. 6.1.40) [47] using a Linear Predictive Coding analysis (maximum number of 147 

formants = 5, maximum formant = 4000 Hz, time step = 0.045 s). The accurate tracking 148 

of the formants was ensured by comparing the output of the LPC with a visual 149 

examination of the spectrograms and correcting for octave jumps when necessary. For 150 

each of the first four formants (F1– F4), we calculated the interindividual coefficient of 151 

variation (CV = 
𝐹𝑛 SD 

𝐹𝑛 mean ⁄ ). 152 

 153 

Specimens and casting of the vocal tracts 154 

We investigated the vocal apparatus of 20 adult African penguins (4 males and 155 

16 females) found dead in April and May 2019 along the coasts of the South African 156 

province of the Western Cape. Although there was no precise way to accurately 157 
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determine the date of death of individuals, at the time of collection, all cadavers were 158 

in a good state of preservation with no signs of scavenging or secondary predation 159 

present. All post-mortems examinations were conducted at the SANCCOB within 48 160 

hours after being collected from the wild, ensuring that all samples were in the best 161 

state possible. Cadavers were sexed by visual inspection of the gonads (ovaries or 162 

testes). However, in the African penguin, no sexual dimorphism has been documented 163 

in vocal anatomy that could affect EDS's spectral characteristics. Thus, we did not use 164 

the sex of individuals as a variable in subsequent analyses. We obtained a silicone cast 165 

of the vocal apparatus of each penguin by injecting high-speed catalysed silicone rubber 166 

(Bluestar Silicones Rhodorsil® RTV) through the larynx while closing, with surgical 167 

clamps, the bronchial tubes shortly after the syrinx. Once the entire supra-syringeal 168 

vocal tract was filled with the silicone solution, we filled in the oral region, placing the 169 

bird in the natural position observed during the emission of the ecstatic display songs. 170 

This procedure gave us a reliable cast of the entire vocal apparatus during phonation 171 

[48] that we extracted after solidification in that precise position (approximately 5 hrs 172 

later) as a single piece through the mouth (Figure 1a). In the silicon cast the 173 

laryngopharyngeal region is not visible because in cadavers the laryngeal opening is 174 

closed as it has collapsed (Suppl. Figure S1). To use it in the models and in all 175 

computational aspects of the work, we manually placed the structures in the natural 176 

phonatory position and extracted the relevant measurements with a calliper. Finally, for 177 

each bird, we measured the inter-skull length (ISL) as a proxy of the skeletal dimension 178 

[49,50]. All the measurements were taken by the same person (A.S.) using a digital 179 

calliper accurate to 0.005 mm. 180 

 181 

Computed tomography scan and calculation of the cross-sectional area 182 

Silicone casts of the vocal apparatuses were shipped to the Department of 183 

Veterinary Science of the University of Turin (Italy) for Computed Tomography (CT) 184 

imaging. All CT images were acquired in a 16-slice helical scanner (SOMATOM Emotion 185 

16) with slices of 2 mm thickness. Later, the DICOM files were visualised and post-186 

processed as multi-planar reconstruction (MPR) with the processing software Osirix 187 

(version 6.0, 64bits for Mac, www.osirix-viewer.com). Using the '3D curved path' 188 

feature on the midsagittal plane, we measured the cross-sectional area of each vocal 189 

tract at 2 mm slices along its length from above syringeal constriction until the beak 190 

http://www.osirix-viewer.com/


8 

 

opening (Figure 1). We did not include the beak length in the length of the vocal tract 191 

because the EDS is produced with a fully opened beak [40]. 192 

 193 

Computational modelling of the vocal tracts 194 

We used a multi-tube model to generate the vocal tract models that simulated 195 

the vocal tract as a series of cylindrical tubes concatenated end-to-end [51]. For all 196 

calculations, we considered a single tracheal pipe from the syrinx until the double 197 

trachea septum ended into a uniform tracheal region [52]. Once we identified portions' 198 

cross-sectional areas for each of the penguins, we estimated formants for each 199 

specimen using the anatomical measurements of its vocal tract, and we calculated inter-200 

individual coefficient of variation (CV) for each of the first four formants (F1– F4). 201 

Furthermore, in order to estimate the fit of the formant patterns predicted by our vocal 202 

tract models, we performed a regression analysis with the formants estimated from the 203 

vocal tract geometries as a predictor variable and the formants measured in the actual 204 

EDS recordings as the predicted variable. The slope of this regression gives a fit for the 205 

scaling (the “formant density” as determined by vocal tract length), and the Pearson’s 206 

coefficient provides a fit for the pattern (the relative position of the formants 207 

independent of vocal tract length).  208 

Having verified that the vocal tract models yielded results within the range of 209 

variation of natural formants, we automatically increased or decreased lengths and 210 

areas of those portions belonging to a particular region of the vocal tract. We did these 211 

changes within the overall variation of that specific region, as measured from the 212 

specimens (5% to 10% for the single tracheal pipe, 5% to 20% for the trachea, 5% to 213 

20% for the laryngopharyngeal region, and 5% to 15% for the oral cavity). We 214 

generated a virtual population of 1160 penguin vocal tracts using these vocal tract area 215 

functions as input for a customised version of VTAR modelling software [53,54]. We 216 

calculated the acoustic response of each model and collected formants F1, F2, F3, and 217 

F4, total length, and total volume, of the region whose measurements were changed 218 

[55,56]. 219 

 220 

Statistical analyses 221 

Following the approach proposed by Reby and co-authors [19], we confirmed the 222 

reliability of the computational models in predicting the resonances of the penguins' 223 
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vocal tracts by fitting a linear regression between the resonances of the vocal tracts 224 

observed in the ecstatic display songs of living African penguins and those predicted for 225 

the original silicone casts subjected to CT scan. 226 

Subsequently, to investigate whether region variation was responsible for 227 

generating most of the variability in the formant model, we ran eight separate Linear 228 

Mixed Models (LMMs [57]) in R (version 4.1.2 [58]). We considered the effect of regions' 229 

length and area variation separately, keeping the natural cross-sectional areas for the 230 

former (model 1a, 2a, 3a and 4a) and the natural lengths for the latter (model 1b, 2b, 231 

3b and 4b). In each group of models, the response variables were the logarithmic 232 

transformation of F1 (models 1a and 1b), F2 (models 2a and 2b), F3 (models 3a and 3b) 233 

and F4 (models 4a and 4b). We scaled the length and the area variation for each region, 234 

the total length, and volume, thus creating z-scored variables. We built the models 235 

using the z-scored total length and the interaction between the z-scored length variation 236 

and the relative region as fixed factors when considering only the length variation. 237 

Likewise, the interaction between the z-scored area variation and the relative region 238 

were the fixed factors of the models considering only the area variation. We used the 239 

z-scored total volume as a control predictor for all the models and the penguin identity 240 

as a random factor. 241 

We applied the logarithmic transformation to the vocal tract length and the 242 

formant values to obtain a normal distribution and homogeneity of the residuals after 243 

looking at the qq-plot and plotting the residuals against the fitted values [59]. We 244 

estimated multicollinearity with generalised variance inflation factors (GVIF [60]; R-245 

function 'vif' [61]). We excluded the collinearity between fixed factors and any 246 

parameter estimation issue (all VIFs < 4.8 [62]). We tested the models' significance by 247 

comparing each full model against a control model, including only the control predictor 248 

and the random factor [63], using a likelihood ratio test (Anova with the 'Chisq' test 249 

argument [64]). Then, through likelihood ratio tests between the full model and the 250 

respective control model, we calculated p-values for each predictor (R-function' drop1' 251 

[65]). We performed post hoc pairwise comparisons using the 'lstrends' and the 'pairs' 252 

functions ('lsmeans' R-package [66]) to identify whether the regions' length and area 253 

variation produced a significant effect on the formant pattern. 254 

Finally, to investigate whether the regions responsible for generating most of the 255 

variability in the formant pattern were unconstrained by the skeletal dimension, we 256 

performed Pearson's correlation test ('cor.test' R-function) between the inter-skull 257 

length (mm) and each region's length measured from the original silicon cast of the 258 
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cadavers’ vocal tracts. Then, we also tested the correlation between the inter-skull 259 

length (mm) and the original Fn values measured from the silicon cast of the cadavers’ 260 

vocal tracts. 261 

 262 

Results 263 

Formants in actual penguins’ vocalisations vs predicted from modelled vocal tracts 264 

Our results confirmed that the formants observed in living birds fitted well with 265 

those obtained by simulating the acoustic resonances in the modelled vocal tracts. 266 

Indeed, both the slope of the regression line (indicating a better fit of the scaling of the 267 

resonances) and R2 (indicating a better fit of the pattern of the resonances) were close 268 

to 1 (Figure 2). In particular, the formants values measured for the ecstatic display 269 

songs were, on average, F1=812 Hz (CV=8.67%), F2=1309 Hz (CV=4.33%), F3=1851 270 

Hz (CV=4.52%), and F4=2733 Hz (CV=5.99%), while formants predicted from the vocal 271 

tract geometries were, on average, F1=617 Hz (CV=4.71%), F2=1390 Hz (CV=5.96%), 272 

F3=2192 Hz (CV=6.46%), and F4=2908 Hz (CV=9.01%), showing an average variation 273 

of less than 10% in frequency. 274 

 275 

Vocal tract length variation 276 

The models we built to investigate whether, using the natural cross-sectional 277 

areas, the length variation of the vocal tract regions influenced the formant pattern 278 

significantly differed from the control models (Table 1). We found a negative effect of 279 

the vocal tract total length on formant frequencies (Figure 3a). By examining the impact 280 

of each region length variation on the formants, we found that the elongation of the 281 

single tracheal pipe region lowered F1 and F2 and raised F3 but did not impact F4. The 282 

lengthening of the laryngopharyngeal region and of the trachea decreased the formants. 283 

The elongation of the oral cavity increased only F2, F3, and F4 (Figure 3c; Table S2a). 284 

The pairwise comparison between the length variation of the regions revealed that, 285 

across all regions, the elongation of the single tracheal pipe produced the most 286 

substantial change in formant frequencies. To a minor extent, lengthening the 287 

laryngopharyngeal region also led to a more pronounced change of formants than the 288 

trachea and the oral cavity (Figure 3c). We reported estimates, standard error, and p-289 

values for all the comparisons in Table S3a. 290 
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 291 

Vocal tract cross-sectional area variation 292 

The models we built to investigate whether, using the natural lengths, the area 293 

variation of the vocal tract regions influenced the formant pattern significantly differed 294 

from the control models (Table 2). By testing the effect of the variation of each region 295 

area on the formant frequencies, we found that a widening of the single tracheal pipe 296 

region lowered F1, F2, and F3 but raised F4. Widening the laryngopharyngeal region 297 

increased all the formants, while widening the trachea increased F1 and F2 and 298 

decreased F3 and F4. Widening the oral cavity area increased only F3 and F4 (Figure 3c; 299 

Table S2b). The pairwise comparison between the area variation of the regions revealed 300 

that, across all regions, the widening of the single tracheal pipe produced the most 301 

substantial change in formant frequencies, for the exclusion of F4. To a minor degree, 302 

widening the laryngopharyngeal region also led to a more pronounced change of 303 

formants than the trachea and the oral cavity (Figure 3c). We reported estimates, 304 

standard error, and p-values for all the comparisons in Table S3b. 305 

 306 

Vocal tract length, formants, and body size 307 

When testing the correlation between the inter-skull length (mm) and the regions' 308 

length, we found that this proxy of body size correlated only with the length of the oral 309 

cavity (Pearson's correlation: cor = 0.55, t = 2.767, df = 18, p-value = 0.012). For all 310 

the other regions, we did not find a significant correlation with the inter-skull length 311 

(ISL vs. single tracheal pipe: t = 1.814, df = 18, p-value = 0.08; vs. trachea: t = 1.029, 312 

df = 18, p-value = 0.31; vs. laryngopharyngeal region: t = -0.303, df = 18, p-value = 313 

0.76). In addition, there were no significant correlations between the inter-skull length 314 

and any formant (ISL vs. F1: t = -1.445, df = 18, p-value = 0.16; vs. F2: t = -1.655, df 315 

= 18, p-value = 0.11; vs. F3: t = -1.690, df = 18, p-value = 0.10; vs. F4: t = -1.293, 316 

df = 18, p-value = 0.21).317 
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Table 1. Effect of the length variation of the vocal tract regions on the formant pattern F1-F4, using the natural cross-sectional 318 

areas (NA). Full vs. Control: Model 1a: Chisq = 3180.721, df = 8, p-value < 0.0001; Model 2a: Chisq = 2847.599, df = 8, p-value 319 

< 0.0001; Model 3a: Chisq = 1889.097, df = 8, p-value < 0.0001; Model 4a: Chisq = 1230.825, df = 8, p-value < 0.0001. a Not 320 

shown as having a meaningful interpretation. b Estimate ± SE refers to the difference in response between the reported level of 321 

this categorical predictor and the reference category of the same predictor. c These predictors were dummy coded, with the 'single 322 

tracheal pipe x z length variation' being the reference category. "-" denotes a missing value. 323 

   Model 1a Model 2a Model 3a Model 4a 

  response variables log10(F1) log10(F2) log10(F3) log10(F4) 

 
NA 

fixed factors estimate SE p-value estimate SE p-value estimate SE p-value estimate SE p-value 

z total length -0.011 0.001 <0.0001 -0.017 0.001 <0.0001 -0.030 0.002 <0.0001 -0.023 0.003 <0.0001 

z total volume 0.003 0.000 a 0.004 0.001 a 0.000 0.001 a -0.027 0.002 a 

laryngopharyngeal 
region 

-0.001 0.000 a -0.001 0.000 a -0.001 0.000 a -0.001 0.000 a 

oral cavity -0.001 0.000 a -0.001 0.000 a -0.001 0.000 a -0.001 0.000 a 

trachea -0.001 0.000 a -0.001 0.000 a -0.001 0.000 a -0.001 0.000 a 

z length variation -0.036 0.001 a -0.022 0.002 a 0.007 0.003 a 0.006 0.005 a 

region x z length 
variation 

- - <0.0001 - - <0.0001 - - <0.0001 - - <0.0001 

laryngopharyngeal 
region x z length 
variationb,c 

0.035 0.001 - 0.021 0.002 - -0.009 0.003 - -0.008 0.005 - 

oral cavity x z length 

variationb,c 0.036 0.001 - 0.022 0.002 - -0.005 0.003 - 0.000 0.005 - 

trachea x z length 
variationb,c 0.036 0.001 - 0.022 0.002 - -0.008 0.003 - -0.007 0.005 - 

 324 

 325 
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Table 2. Effect of the vocal tract region's area variation on the formant pattern F1-F4, using the natural lengths (NL). Full vs. 326 

Control: Model 1b: Chisq = 1230.268, df = 7, p-value < 0.0001; Model 2b: Chisq = 1364.831, df = 7, p-value < 0.0001; Model 327 

3b: Chisq = 1002.692, df = 7, p-value < 0.0001; Model 4b: Chisq = 488.873, df = 7, p-value < 0.0001.) a Not shown as having a 328 

meaningful interpretation. b Estimate ± SE refers to the difference in response between the reported level of this categorical 329 

predictor and the reference category of the same predictor. c These predictors were dummy coded, with the 'single tracheal pipe x 330 

z area variation' being the reference category. "-" denotes a missing value. 331 

 332 

   Model 1b Model 2b Model 3b Model 4b 

  response variables log10(F1) log10(F2) log10(F3) log10(F4) 

 fixed factors estimate SE p-value estimate SE p-value estimate SE p-value estimate SE p-value 

NL 

z total volume 0.002 0.001 a 0.002 0.001 a 0.001 0.001 a -0.010 0.001 a 

laryngopharyngeal 
region 

0.000 0.000 a 0.000 0.000 a -0.001 0.000 a 0.000 0.000 a 

oral cavity 0.000 0.000 a 0.000 0.000 a 0.000 0.000 a 0.000 0.000 a 

trachea 0.000 0.000 a 0.000 0.000 a 0.000 0.000 a 0.000 0.000 a 

z area variation -0.004 0.000 a -0.005 0.000 a -0.003 0.000 a 0.003 0.000 a 

region x z area variation - - <0.0001 - - <0.0001 - - <0.0001 - - <0.0001 

laryngopharyngeal 
region x z area 
variationb,c 

0.006 0.000 - 0.007 0.000 - 0.006 0.000 - -0.001 0.000 - 

oral cavity x z area 
variationb,c 

0.004 0.000 - 0.005 0.000 - 0.004 0.000 - 0.001 0.000 - 

trachea x z area 
variationb,c 

0.005 0.000 - 0.005 0.000 - 0.002 0.000 - -0.005 0.000 - 

333 
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Discussion 334 

Using an integrated approach combining anatomical investigations, vocal tract 335 

modelling and acoustic analyses, we examined how variation in the geometry (length 336 

and cross-sectional areas) of the vocal tract generates variability in formant patterns of 337 

the EDS vocalisations of African penguins. Our results provide the first evidence in a 338 

seabird species that 1) the variation in the length and cross-sectional area of the vocal 339 

tract affects formant frequency patterns and 2) this variation is better described 340 

considering the independent contribution of the different vocal tract regions, rather than 341 

the overall volume of the vocal tract. When looking at the models simulating random 342 

variation in the morphology of the penguins' vocal tracts, we found that an increase in 343 

the length of the whole tracheal tube (i.e., single tracheal pipe + trachea + 344 

laryngopharyngeal region) lowers most of the formant frequencies. This is consistent 345 

with the results of a study modelling the acoustic resonances in the vocal tract of the 346 

house sparrow (Passer domesticus), where decreasing the tracheal length was found to 347 

increase the harmonic resonance [67]. However, in the African penguin, when 348 

considering the length variation of specific regions, we found that the elongation of the 349 

oral cavity increased formant frequencies, although the effect is minimal (TABLE S2a). 350 

Moreover, we found that widening the single tracheal pipe in the African penguin lowers 351 

the formants, but the same variation applied to the other regions determines an overall 352 

increase in the resonant frequencies. Also in this case, our findings support what has 353 

been described in songbirds' vocal system, where the oropharyngeal-oesophageal 354 

cavity strongly influences sound filtering [67-69]. 355 

Formant frequencies have been shown to provide acoustic cues to caller identity 356 

in several non-passerine birds [23,24,27-29]. However, the anatomical determinants 357 

of the formant patterns have never been investigated in detail. Here, we report that, in 358 

the African penguin, slight variations (i.e., 5% to 20%) of the length and cross-sectional 359 

area of the tracheal regions - either in the portion where it is divided by the longitudinal 360 

septum [52] or in the proximity of the laryngopharyngeal cavity - cause a broad shift 361 

(i.e., up to 40%; Figure 3) in the formants of the vocalisations. We thus conclude that 362 

these regions can play a crucial role in determining the formant pattern of penguins’ 363 

calls and, thus, in encoding the acoustic cues to individual identity in this species [24]. 364 

Previous studies demonstrated that humans perceive shifts in formant frequency 365 

spacing in speech of 4% or less [70,71], while non-human mammals are sensitive to 366 
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shifts of 8–10% variation in their species-specific calls [72-74]. Although further 367 

investigations are needed to precisely determine most bird species' sensitivity to 368 

variation in formant frequencies, experimental evidence suggests that a variation of 369 

±20% of the formant spacing allows African penguins to perceive variation between 370 

conspecific vocalisations [75]. This species lives in relatively dense colonies, but each 371 

pair has a defined nest and only interacts with direct neighbours. For this reason, a 372 

small Potential of Individual Coding (PIC: the ratio between the within-individual 373 

variation and the between-individual variation) is necessary [24], unlike species that 374 

live in large colonies but do not nest [39].  375 

Importantly, we also found that the lengths of most of the regions of the vocal 376 

tract do not correlate with the birds' skeletal dimension (i.e., inter-skull length - ISL) 377 

and that ISL does not correlate with formants predicted for their vocal tracts. The only 378 

portion of the vocal tract that was significantly correlated with inter-skull length was 379 

the oral cavity, which only contributed to ~20% of the formant variability of the spectral 380 

envelope (Figure 3c). Together, our results show that, in the African penguin, the 381 

anatomical regions of the vocal tract affecting formant correlates of individual identity 382 

are not determined by the body dimension of the caller. Formant frequencies are known 383 

to provide cues to caller body size in several non-human mammals, including ungulates 384 

[25], non-human primates [76,77], and even marsupials [78]. In these taxa, the length 385 

of the vocal tract is constrained to various extents by the skeletal size, including the 386 

neck, head, and sternum. However, in cases where the vocal tract development is 387 

relatively free from skeletal size constraints, such as in humans, where the larynx is 388 

descended from the normal mammal position as an adaptation for speech, only a weak 389 

relationship is observed between formant frequencies and body dimension when 390 

examining individuals from the same sex and age class [77,79,80]. Similarly, we found 391 

that a lack of correlation between format frequencies and skeletal size is observed in 392 

the African penguin, where the bird's skeleton does not anatomically constrain the 393 

trachea. Indeed, while it has been found that in the King penguin (Genus Aptenodytes) 394 

the trachea lies straight in line with the thorax [81] in the African penguin, the trachea 395 

and oesophagus form a slight loop as they exit the interclavicular air sac and are 396 

laterally displaced towards the right-hand side of the neck (Suppl. Figure S2). To the 397 

best of our knowledge, the lack of correlation between formant frequencies and skeletal 398 

dimension has been reported for four other bird species, including the Humboldt 399 
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(Spheniscus humboldti) and Magellanic (S. magellanicus) penguins [29], two 400 

congeneric species of the African penguin, the herring gull (Larus argentatus [28]), and 401 

the phylogenetically distant corncrake (Crex crex [27]). Our findings, combined with 402 

this previous research, suggest that this anatomical condition in birds may be ancestral 403 

and widespread also beyond species with “exaggerated” trachea elongation [33]. 404 

Overall, our results also broaden our knowledge of the role of homologous anatomical 405 

regions of bird and mammal vocal apparatuses in shaping the spectral envelope of the 406 

vocalisations [82,83]. 407 

More generally, our results indicate that, in the African penguin, the filter-related 408 

information encoded in the spectral envelope of the callers' vocalisations is likely to 409 

support the ability of receivers to discriminate conspecifics and recognize their 410 

reproductive partner [24]. However, the lack of clear correlation between body size 411 

indexes and formant frequencies may explain why the animals do not appear to use 412 

formant frequency scaling to assess the size of potential mates or rivals. Further 413 

investigations should be directed toward understanding whether the source-related 414 

vocal parameters (determined by the dimension of the syringeal membranes) or the 415 

temporal characteristics of the vocal displays (determined by the lungs and air sacs 416 

capacity) might instead convey honest information about the emitter's body size and 417 

thus mediate intrasexual competition and intersexual mate choice. 418 
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Figure Legends 441 

 442 

Figure 1. Silicon cast of an African penguin vocal tract. Lines crossing the cast indicate 443 

the position of three slices of CT scans represented in the panels: (a) oral cavity, (b) 444 

trachea, (c) tracheal pipes. The trachea is divided into two pipes starting just below 445 

slice b (i.e., approx. 1 cm below the larynx). The laryngopharyngeal region is not visible 446 

in the silicon cast because in cadavers the laryngeal opening is closed. 447 

 448 

Figure 2. Correlations between the resonances measured in African penguin ecstatic 449 

display songs (y-axis) and those predicted for the CT scanned vocal tracts (x-axis). 450 

 451 

Figure 3. (a) Effect of the variation of the vocal tract regions on formant frequencies 452 

when using natural cross-sectional area measurements. (b) Impact of the vocal tract 453 

region volume on formant frequencies when using natural length measurements. (c) 454 

Percentage of Fn variation [-25<ΔFn(%)<+25] when lengthening and widening each 455 

region of the vocal tract. Purple circles represent the variation range of ΔFn (minimum 456 

ΔFn - maximum ΔFn) under the region length variation condition; Blue circles represent 457 

the variation range of ΔFn (minimum ΔFn - maximum ΔFn) under the region area 458 

variation condition. 459 

 460 

 461 
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