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Bashing, striking of food objects on hard substrates during foraging, occurs species-wide 

in brown capuchins (Cebus apella), but may have signaling functions for brown capuchins living 

in the dense habitat of Raleighvallen in the Central Suriname Nature Reserve.  Preliminary data 

from 2000-2003 revealed that hard-husked fruits of Phenakospermum guyannense 

(Strelitziaceae) were the items most commonly bashed by male capuchins.  P. guyannense also 

accounted for the greatest number of strikes per episode by adult males (median=65; range=450). 

Impact sounds generated by strikes are perceived at estimated distances of greater than 400 

meters, raising the possibility that P. guyannense percussion allowed males to broadcast signals 

of their location, alliance size, individual strength, and skill level.  

Hypotheses that bashing events have a communicative function were tested by comparing 

acoustic features of branch sites actually bashed (primary sites) to nearby control sites, selected 

for similarity in plant structural characteristics (criterion sites).  Percussive strikes were produced 

on 18 primary sites within 16 trees located up to 6.6 meters above the ground using a custom-

built apparatus. The apparatus used a baseball bat that fell through a fixed travel path under its 

own weight, and thereby struck a horizontal substrate with standardized force.  Analyses 

indicated that trends in relative amplitude values, approach statistical significance in adult branch 
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site comparisons, supporting hypotheses related to both bashing proficiency and potential for 

acoustic signaling.  Subadult branch site comparisons produced opposite trends in relative 

amplitude values contrary to predictions, suggesting new directions for future research.  

Implications for communication and bash site selection in brown capuchins are discussed.  
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CHAPTER 1 
INTRODUCTION 

Ethologists embrace the challenge of developing natural experiments, which reveal the 

mechanisms and functions of behavior.  Determining the effects behaviors have on lifetime 

reproductive success is particularly problematic in primate studies, with complications arising 

from slow maturation rates and long life spans (Paul 2002).  Tinbergen championed an approach 

to behavioral research based in a synthesis of long-term observational and experimental data 

(1963).  Combining these two categories of data permits multiple tests for internal and external 

validity, especially suiting studies of behavioral ecology.  

This research integrates animal communication, ecology and percussion acoustics theory to 

address elaborated, high effort object use in brown capuchin monkeys (Cebus apella) in 

Raleighvallen, Suriname.  Experimental data on sound acoustics and empirical data from a well-

studied population of C. apella test hypotheses that sounds produced by object use function as 

communicative acoustic signals.  Studies and reports of production of mechanical sound that 

have communicative functions are rare in vertebrates.  Consequently, this research builds an 

empirical argument as a means for understanding the biological processes of communication by 

mechanical sounds.  Table 1-1 provides a list of defined terms used throughout this thesis.  

Cebus Bashing Behavior 

A bashing event is an observation of object use in which the capuchin strikes an object 

against a stationary substrate (Figures 1-1 & 1-2).  Bashing is classified as a simple first order 

combination observed in all species of capuchins, often in foraging contexts (Fragaszy et al. 

2004).  Object use, which includes bashing (also referred to as “pounding” or  “banging”) and 

rubbing objects together, has been studied in populations of captive (Visalberghi 1988, Fragaszy 

and Adams-Curtis 1991, Byrne and Suomi 1996) and wild capuchins (Struhsaker and Leland 
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1977, Boinski et al. 2000, Moura and Lee 2004, Waga et al. 2006).  Results of these studies 

reveal a proclivity for object use during manipulation of food, non-food and novel items across 

age and sex classes.  

A developed and elaborate trail system facilitated data collection on the behavioral ecology 

of four C. apella troops that inhabit the study area.  Standard behavior data was collected using a 

mixed sampling regime that included 15-minute group scan, focal animal, and ad libitum 

sampling methods (Fragaszy et al. 1992).  Behavioral data were collected from 1998-2007 on 

four C. apella troops in Raleighvallen.  Bashing data was collected ad libitum by observers 

following a capuchin troop.  Observers recorded qualitative and quantitative data on bashing 

bout descriptions, behavioral contexts and outcomes.  Phenological data, large mammal 

censusing, predator monitoring and quantitative descriptions of plant community structure 

provided additional means for understanding the ecological context of C. apella bashing 

behavior.  

Raleighvallen (RV) C. apella routinely bash hard-husked fruits common throughout the 

Guiana shield region (Terborgh and Andresen 1998, Chave et al. 2001).  From June 2000 to 

October 2003, 0.11 bashing events per observation hour were observed across eight C. apella 

troops in Raleighvallen. The number of strikes observed range anywhere from 1 to 452 for one 

event with durations of bashing bouts ranging from 1-90 minutes. Adult males account for 44% 

of bashing events for which the identity of the basher was known (541 events).  Juvenile (1 to 5 

years olds) and subadult males (5 to 7 years old) were the identified bashers in 48% of those 

events.  Female and infant bashers were responsible for the remaining 8% of these observed 

events.  
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Raleighvallen C. apella bash many objects, both edible and inedible.  The edible fruit most 

often bashed by RV C. apella was Phenakospermum guyannnense (Strelitziaceae), at 250 

documented events.  The next four most often bashed fruits were Maximiliana maripa 

(Arecacea, 83 events), Tabernaemontana undulata (Apocynaceae, 82 events), Strychnos 

tomentosa (Loganiaceae, 26 events), and Heteropsis flexuosa (Araceae, 25 events).  Tree 

branches were documented as bashing objects in 203 events.  

Phenakospermum guyannense is a large arborescent herb common in fallows, disturbances 

from fallen trees, savannah and forest edge habitats (Holscher et al. 1998).  P. guyannense is 

locally abundant in Raleighvallen, and dispersed heterogeneously throughout the Guyana Shield 

region.  To date, no other vertebrate or capuchin population has been documented breaking open 

immature fruits of this species (Fragaszy et al. 2004).  P. guyannense fruits are hard, loculicidal, 

woody capsules 15 cm long and 8 cm wide (Kress and Stone 1993).  One fruit contains about 

400 arillate seeds high in crude protein (11.15% dry mass) and sucrose (7.37% dry mass).  Arils 

were found to be high in lipids (46.78% dry mass).  Relative to nutritional data on other C. 

apella foods, seeds rank the highest in crude protein and arils rank second in lipids amongst 30 

important plant foods eaten by capuchins (Boinski unpublished data). 

Mechanical Sounds in Animal Communication 

Mechanically produced sounds are produced and employed for communication in many 

invertebrates (Bailey 1991, Cocroft and Rodriguez 2005, Drosopoulos and Claridge 2006).  The 

ease of replication, small body size (relative to vertebrates), and short generation time permit 

controlled experiments and frequent observations addressing research questions in invertebrate 

communication.  For example, male wolf spiders (Hygrolycosa rubrofasciata) drum dead leaves 

with their abdomen during courtship of females.  Because of the ease of rearing multiple 

generations of spiders, Kotiaho et al. (1999) demonstrated correlations between drumming rate, 
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survivorship and mobility.  Kotiaho et al. were able to perform their experiment both in 

laboratory and field settings, a luxury not afforded in most primate studies.  Courtship calls 

created by exoskeleton stridulations in many insect taxa are akin to the “pops” and “whirrs” 

created by feather stridulations in lekking male manakins.  Despite differences in anatomical and 

sensory physiology, the predictions, hypotheses and methods from invertebrate studies are useful 

in examining mechanically produced sounds in larger taxa.  

Within birds, eloquently described, feather-generated “sonations” produced by lekking 

male manakins are thought to supplement elaborate male dancing displays, evaluated by 

attracted females (Prum 1998, Bostwick 2000, Bostwick and Prum 2003, 2005, Bostwick 2006).  

Using high-speed video and acoustic analysis, Bostwick revealed an impressive form of acoustic 

display where males create a diversity of mechanical sounds by shuffling their wings, causing 

their modified, stridulated feathers to scrape together (Bostwick and Prum 2003).  

In contrast to using modified body parts specific for sound production, palm cockatoos 

(Probosciger aterrimus) produce sound by combinatorial behavior.  Male palm cockatoos strike 

dead eucalyptus tree trunks with sticks clasped in their beaks (Wood 1984).  Since the behavior 

is observed near the nesting cavity, researchers speculated that this behavior serves as a signal 

used in territory defense or for attracting females (Murphy et al. 2003). 

Branch shaking is an acoustic display reported in several primate species (see Modahl and 

Eaton 1977, for a review).  This behavior produces a tumultuous percussive sound, produced 

when individuals grasp a branch with their hands or feet and shake the branch back and forth 

with rapid contractions of arm and leg muscles.  The percussion of leaves and woody stems 

against one another causes this sound in contrast to palm cockatoo stick percussion, which is 

caused by the controlled movement of combining a stick to a tree trunk.  
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Branch shaking creates impressive visual as well as acoustic signals in territorial threat 

displays by chimpanzees (Pan troglodytes) (Whiten et al. 1999, 2001) and gorillas (Gorilla 

gorilla) (Reynolds 1965).  In capuchin monkeys (Cebus spp.), branch shaking in mobbing 

displays function to deter potential predators or other harmful animals such as tarantulas 

(Fragaszy et al. 2004, Digweed et al. 2005, Fichtel et al. 2005).  In Japanese (Macaca fuscata) 

and barbary macaques (M. sylvanus), branch breaking has been proposed as a signal used in 

female mate choice as well as in aggressive encounters (Modahl and Eaton 1977, Mehlman 

1996).  How this signal would function in sexual selection is unclear.  Further, applications of a 

natural experiment, which examine variation in acoustic features by which conspecifics could 

use in evaluations of male condition, would be confounded by the chaotic, noisy sound created 

by branch shaking.  

Buttress drumming, observed in chimpanzee (Pan troglodytes) populations, is a form of 

mechanical sound produced when individuals strike their hands against either side of a tree 

buttress (Arcadi et al. 1998, Whiten et al. 1999, 2001).  This behavior is often performed along 

with pant-hoot vocalizations creating long distance signals that are proposed to function in 

territory establishment and defense.  Acoustic analysis of temporal patterns and combinations 

with pant hoots were compared for two populations located in different geographic regions and 

found to vary between individuals within the same populations (Arcadi et al. 2004).  These 

authors suggest that the primary role of this behavior is to define male territories by warning 

intruding males with this resonant signal.  However, the specific features of the acoustic signal 

that could be evaluated by intruders remain unidentified.  

Among vertebrates, woodpecker drumming is a classic example of a behavior clearly 

beneficial in foraging for insects embedded in wood as well as for creating percussive, long 



 

16 

distance signals (Eberhardt 1997, Wilkins and Ritchison 1999).  Eberhardt (1997) compared 

yellow-bellied sapsucker (Sphyrapicus varius) drumming sites to foraging sites in order to test 

functional differences of the produced signals.  Sites where sapsuckers were observed to be 

drumming were always located on dry, dead wood.  In contrast to drumming sites, sapsuckers 

often foraged in living wood, drilling holes that cause sap to collect.  The sap attracted and 

trapped insects that where subsequently eaten by the sapsucker.  This difference in site selection 

demonstrated a dual function that was decoupled according to substrate: male sapsucker foraging 

(irregularly striking live wood) and broadcasting of percussive signals (drumming on dead 

wood).  

Eberhardt quantified the acoustic characteristics of drum sites and arbitrarily selected sites 

on neighboring trees by recording mallet device-generated strikes.  This experiment enabled 

comparison of the acoustic features of actual drum sites to randomly selected sites in neighboring 

trees that had not been drummed by sapsuckers.  Her findings indicated that drum sites had 

higher amplitude values than non-drum sites and support the hypothesis that yellow-bellied 

sapsuckers select drum sites specifically for generating an acoustic signal.  

Eberhardt’s study tested the Environmental Advertisement Hypothesis, which predicts that 

males were produce sounds that advertise the quality of their environment to potential mates.  Of 

the above examples, Eberhardt’s study (1997) of woodpecker drumming is the only vertebrate 

study that combines descriptive data with experimentation to test a hypothesis.  This does not 

compromise the scientific value of the other studies discussed, instead it emphasizes the power 

that experimental data has in deciphering the function of mechanically produced signals. 

Cebus Bashing as an Acoustic Signal 

Cebus apella produce sounds that are salient against the acoustic backdrop of the 

Raleighvallen environment by forcefully combining hard objects to woody branch substrates.  
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Many objects that Raleighvallen (RV) C. apella bash are locally abundant hard husked fruits and 

insect-filled branches (Boinski et al. 2000).  However, bashing of solid branches without a 

nutritional reward is also observed in RV C. apella, often in the context of inter-group 

encounters with neighboring capuchin troops.  The following discussion presents evidence 

relevant to our understanding of the evolution of an acoustic signal from bashing sounds 

produced during object use now co-opted from a foraging function (Daanje 1950, Tinbergen 

1952).  

If bashing functions as an acoustic signal, then percussive strikes must be perceived by a 

conspecific listener, thereby inducing a response in the listener (Owren and Rendall 2001, Owren 

et al. 2005).  Bashing can produce a loud sound, perceivable by human observers across 

distances estimated at greater than 400 meters.  The loudness and abruptness of percussive 

sounds produced during bashing (see below) justify the assumption that bashing signals are 

successfully perceived by listening conspecifics.  The nature of responses to bashing sounds 

induces changes in the affective state of the listener and qualifies the sound as an acoustic signal.  

Preliminary data collected at Raleighvallen on responses to human-generated bashing of P. 

guyannense suggested increased levels of excitement in capuchins within auditory range 

(Boinski unpublished data).  

Optimal foraging theory predicts that capuchins will bash during foraging only if energy 

benefits outweigh the costs of bashing fruits.  An estimated 1400 Newtons (approximately 315 

lbs.) are required to penetrate the husk of a P. guyannense fruit (Daegling and Boinski 

unpublished data).  An adult male C. apella weighs around 3.5 kg and will bash objects for an 

average of 65 times per event.  Capuchin bashing of an object such as a P. guyannense fruit 

would be a costly energy and time investment.  However, P. guyannense fruit is high in protein, 
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relative to other fruits in Raleighvallen, and if success is high, then it might offset the cost of 

bashing open the fruit.  RV capuchins successfully opened immature P. guyannense in 65% of 

bashing events by adult males and 47% of bashing events in juvenile males.  These rates are low, 

considering the energy investment and that even after opening the fruit, males extracted about 

20% of the contents. 

Habitat Covaries with Bashing, Predation Risk, and Foraging 

The habitat structure of the Raleighvallen forest is less conducive to visual displays alone 

because of predation risk and high incidents of foraging in liana vegetation (Boinski et al. 2000, 

Boinski et al. 2003, Frechette 2007, Gunst et al. 2007, Vath 2008).  When signalers face a 

tradeoff between increased predation risk and performing a behavior, natural selection favors 

behavioral decisions that minimize predation risk.  For example, ruffed grouse (Bonasa 

umbellus) drum fallen, hollow logs with their wings as an acoustic display, an advertisement to 

predators.  In an analysis of vegetation density surrounding drum sites, males displayed at logs 

with higher vegetation then in non-display logs and higher-than-average vegetation (Boag and 

Sumanik 1969, Buhler and Anderson 2001).  By concealing themselves, male grouse reduced the 

risks of predation while performing drum displays.   

In RV, patches of liana forest are utilized by foraging C. apella for fruits and insects 

hidden in liana tangles.  Liana forest is described as patches of low to medium stature forest (3-

25 m) forest with dense patches of liana tangles (Gerwing and Farias 2000, Perez-Salicrup et al. 

2001).  Areas of high liana density offer visual concealment and physical obstruction from two 

large aerial predators, harpy (Harpia harpyja) and crested eagles (Morphnus guianensis).  C. 

apella exploit these areas for these qualities, taking advantage of food resources and reduced 

predation risk.  
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Estimations of vegetation cover were obtained at all C. apella bash sites included in this 

study to assess predation risk at bash sites.  Observers assigned values on a scale of 0 to 3 to 

quantify the level of concealment by vegetation to estimate visibility of the basher. A mean cover 

value of 2.4 indicated that bash sites were located in areas with low visibility (Figure 1-3).  

Researchers also recorded the habitats where bash sites were located.  Every bash site (N=18) 

was located near a P. guyannense patch in or on the edge of liana forest habitats with poor lateral 

visibility.  

Bashing as a Sexual Signal 

At least three factors determine the effectiveness of sexual signals in mate choice and mate 

competition: honest or condition-dependent communication (Zahavi 1975, Andersson 1994), 

sensory biases (Ryan 1990, Endler and Basolo 1998) and rate of degradation of signal 

transmission and due to habitat structure (Marten et al. 1977, Naguib and Wiley 2001). 

Observations of capuchin bashing show potential for meeting several of these criteria, qualifying 

some consideration as a sexual signal.  

Bashing in RV capuchins was found to be a male-biased behavior with males accounting 

for 92% of bashing events in which the identity of the basher was known, supporting a role in 

male-male competition or for obtaining male-specific nutritional needs.  The amount of effort 

required to open P. guyannense fruits results in prolonged behavior by which a listening or, in 

close proximity, a viewing female could evaluate male condition.  The difficulties for qualifying 

RV C. apella bashing as a sexual signal is lack of evidence for a positive relationship between 

basher ability and either an increase in obtaining copulations or siring offspring.  Currently 

kinship data needed for testing hypotheses is not yet available for RV C. apella.  
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Signal Characteristics 

The acoustic characteristics of mechanically produced social signals vary across taxa.  

Signals can be resonant, as in the case of hollow log drumming in ruffed grouse (Dearden and 

Durham 1978) or short, broadband sounds characteristic of those produced by woodpeckers 

during drumming.  The amplitude envelope, frequency composition, duration and number of 

strikes are characteristics of percussive sound that affect listener psychology.  Physical 

characteristics of objects and substrates determine the acoustic features of percussive sounds.  In 

the case of objects struck on wood, resonances are determined by the filtering of sound 

vibrations as the sound travels through the wood after impact, concentrating and dampening 

energy at certain frequencies.  Perception of sound produced by percussion instruments in 

humans is determined by variations in amplitude envelope characteristics and the clarity of tones 

produced by vibrations through the wood or metal (Moore 1970, Suits 2001).  The following 

discussion of percussion acoustics was drawn from musicology literature on percussion 

instruments, informing hypothesis of the acoustic features of C. apella bash sites. 

Percussion Acoustics 

Idiophones (e.g. xylophones, bells, marimbas) are instruments where sound is generated by 

the contact of a mallet to a metal or wooden bar or bell.  When a rosewood bar of the marimba is 

struck, an initial sharp, noisy impact event produces vibrations that pass through the bar.  The 

vibrations in the rosewood bar concentrate sound at certain frequencies according to the 

dimensions of the bar.  The modes of vibration can cause inharmonicities, frequencies that are 

not integer multiples of the fundamental frequency as found in harmonic sounds.  In the case of 

marimba bars inharmonic sounds can be produced because of the rectangular dimensions of the 

wood struck.  Vibrations that travel across the shorter width of the bar, the transverse modes of 

vibration, are of a different energy then vibrations that travel through the length of the bar, the 
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longitudinal modes of vibration (Berg and Stork 1995).  This is a simplified description of modes 

of vibration in a rosewood bar.  The bars also contain additional longitudinal and torsional modes 

of vibration that can contribute to the inharmonicity of sounds from struck marimba bars (Suits 

2001). 

In the case of C. apella bashing, hard husks of P. guyannense fruits produce noisy sounds 

at impact analogous to the hard mallet used in percussion bar instruments.  The impact-excited 

modes of vibration in the branch are not apparent until after the noisy impact strike.  As in the 

rosewood marimba bars, bashing sounds also produce inharmonic frequencies due to the 

different modes of vibrations determined by branch dimensions.  The frequencies then pass from 

the branch into the air and can subsequently be detected by C. apella.  Therefore, the frequency 

values of bash sounds may be features that listeners perceive as differences in basher ability or 

that determine the distance the sound travels through the environment.  

Bashing sounds are produced in repetitive strikes, increasing environmental transmission 

and likelihood of detection (Richards and Wiley 1980).  Woodpecker drumming and ruffed 

grouse log drumming again are common examples of repetitious signaling.  By repeating a 

sound, the attention of the listener is established in the first couple beats and then maintained and 

allows the listener to locate the basher.  Variations inherent in signal degradation as the sound 

travels through environment convey are thought to provide acoustic cues that listeners use in 

estimating distance from and location of the signaler (Naguib and Wiley 2001).  RV C. apella 

repeatedly bash P. guyannense.  It follows that changes in degradation between repetitions of the 

sounds can be perceived by listeners and used to locate a bashing capuchin.  Acoustic analysis of 

amplitude characteristics of bash sites is fundamental for developing an understanding the 
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production and degradation of bash sounds and how this may influence capuchin bash site 

selection.  

The method and force applied by a musician playing a percussion instrument determines 

the characteristics of the percussive sound in the music (Moore 1970, Berg and Stork 1995, Suits 

2001).  The basher is one of two important factors determining the acoustic characteristics of the 

bashing sound.  The second is the physical characteristics of the substrate being struck.  In the 

case of capuchin bashing, the substrate is a location along a tree branch.  The object of this 

experiment is to determine the acoustic characteristics of sounds generated at bash (primary) 

sites and if they differ from non-bashed (criterion) sites within the same branch, an indication of 

bash site selection by males.  Analyses of amplitude envelope and resonance of generated sounds 

were compared between the two types of sites in order to test the following hypotheses.  

Hypotheses and Predictions 

This study attempts an experimental comparison of sound produced from the strike and the 

modes of oscillation of the branch similar to experiments found in Moore’s research on 

percussion instruments (1970) and Eberhardt’s woodpecker drumming research (1997).  Both 

experiments used a type of striking device to explain differences in struck materials.   Following 

similar logic, a testing apparatus generated calibrated strikes that were recorded an analyzed to 

determine the acoustic characteristics C. apella bashed and non-bashed sites.  

Male Site Selection Hypothesis 

Male C. apella bash specific sites along a branch that create mechanical sounds with 

higher saliency than other sites along a branch.   Comparisons between percussive sounds at 

bashed “primary” sites and non-bashed “criterion” sites should reveal differences in acoustic 

characteristics that favor a more salient signal being produced at primary sites.  The shape of the 

amplitude envelope, “attack” and relative amplitude values, and resonance structure of 
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percussive sounds should favor a more salient signal for transmission and for inducing an 

affective response in the listener. This comparison facilitates the study of the mechanism of 

bashing site sound production to inform speculations about the function of the sound (e.g. social 

or sexual signal). 

Predictions of the Male Site Selection Hypothesis 

Attack is defined as the amount of time from sound onset to peak amplitude present in the 

waveform of a percussion sound. Attack measurements are analogous to sound “sharpness.”  

Sound with a short time interval between sound onset and peak amplitude produces a “sharper” 

amplitude envelope that can be perceived by listening conspecifics over longer distance because 

of higher resistance to decay over time.  Attack values display an inverse relationship with 

transmission distances.  The male site selection hypothesis predicts that primary percussion sites 

produce sounds that have shorter times between sound onset and peak amplitude than tested 

criterion percussion sites along the same branch. 

Relative amplitude is defined as the difference between mean amplitude of the percussion 

event and the mean amplitude of a calibrated tone.  The calibrated tone and percussion event 

were recorded at the same recording level.  Louder amplitude percussion sounds travel longer 

distances than lower amplitude percussion sounds, which decay quicker because of lower initial 

amplitude (Marten et al. 1977).  Bash sound amplitude is also a likely acoustic measure used by 

listeners to evaluate basher location and ability.  The male site selection hypothesis predicts that 

primary percussion sites have higher relative amplitude values than criterion percussion sites 

along the same branch.   

Resonance is defined as partials, concentrations of energy around frequencies that are 

produced as a result of vibrations within the wood of the branch.  In the resulting sound spectra, 

vibration energy is concentrated at certain frequencies and dampened or filtered out at other 
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frequencies.  Richards and Wiley showed energy concentrated at frequencies between 2-7 kHz to 

minimize the effects of reverberations, signal echoes that decrease detection of the signal by 

listeners, in mixed deciduous forests (1980).  Waser and Brown found that frequencies in the 

range of a few hundred Hz transmit most efficiently from heights of 12.5 m (1984).  The male 

site selection hypothesis predicts that primary percussion sites have resonance values in 

frequency ranges that reduce reverberations and maximize transmission distances.  In contrast, 

expected resonance values at criterion sites concentrate less energy at frequencies favorable for 

transmission and reduced effects of reverberation or at frequencies that fall outside of these 

favorable frequencies. 

Age Difference Hypothesis 

Adult and subadult male capuchin percussion sites differ in their acoustic features.  These 

differences are attributed to the development of bashing behaviors and motivations in male C. 

apella.  The sample contains an equal number of sites bashed by subadult (ages between 5 and 7 

years, n=9) and alpha adult males (age greater than 5-7 years, n=9).   Acoustic trends from 

comparison of adult primary and criterion percussive sites differ from trends from comparisons 

of subadult percussive sites.  The direction of this difference shows that adult males are more 

proficient at producing a salient acoustic signal or obtaining contents of fruits than are subadult 

C. apella. 

Predictions of the Age Difference Hypothesis 

Sounds generated at adult primary sites show greater differences in acoustic features when 

compared to sounds generated at criterion sites.  These differences will correspond to male site 

selection predictions in one or more of the acoustic characteristics (attack, relative amplitude, or 

resonance).  Sounds generated at subadult primary sites show reduced or no differences in 

acoustic features when compared to sounds generated at criterion sites.  These differences do not 
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correspond or may weakly correspond to male site selection predictions in one or more of the 

acoustic characteristics (attack, relative amplitude, or resonance). 
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Figure 1-1.  Darwin, a subadult Cebus apella, bashing an immature Phenakospermum 

guyannense (Strelitziaceae) fruit in Raleighvallen.  The fruit is raised over the 
capuchin’s head and then brought down forcefully to the branch (see Figure 1-2, 
photo by Andy Dosmann). 

 
Figure 1-2.  Darwin striking a Phenakospermum guyannense fruit to the tree branch.  Notice the 

amount of foliage overhead (Photo by Andy Dosmann). 
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Figure 1-3.  Four different branch sites tested with the apparatus, demonstrating the 

density of vegetation in liana forest habitat in Raleighvallen. 
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Table 1-1.  List of terms. 
Term Definition
Bashing The action of a capuchin forcefully combining an object to a substrate

Bashing event A bashing event is the observation of a bout of bashing, starting from bout
and ending when the capuchin releases the object.  In this research, all bashing
events involved capuchins striking Phenakospermum guyannense  fruits 
against a tree branch.

Bashing site In this research, a bashing site is the location along a branch where a capuchin 
was observed striking a P. guyannense fruit against the branch.

Criterion site A percussion site located within the same branch containing a bashing site.
Bashing was not observed or there was no evidence of bashing prior to 
percussion at the criterion site.  Criterion site acoustics are compared to
primary site acoustics.

Mechanical sound A sound produced by contact of objects to other objects or fixed substrates.
Examples of objects include body parts (hands, feathers, abdomen), rocks or 
plant parts.  Fixed substrates include tree branches and trunks, or rocks.

Branch site A branch site is the location along a branch where the experimental
apparatus struck the site of interest, generating a percussie sound.  Branch
sites are divided into two categories, criterion or primary sites.

Primary site A percussion site located where a male brown capuchin was observed bashing 
P. guyannense fruit.
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CHAPTER 2 
MATERIALS AND METHODS 

Field Site Description 

Experimental and observational data was collected in an established study site located 

within the 1.6 million hectare Central Suriname Nature Reserve (CSNR) in Suriname, South 

America.  The area of the study site is approximately 3 km2 of lowland, riverine tropical forest 

located near Raleighvallen (4°42’54” N, 56°12’39” W, elevation 30 m) in the northern portion of 

the CSNR (Figure 2-1).  The banks of the Coppename River to the North and East border the 

Raleighvallen study site, while two small streams and the vast forest of the CSNR serve as 

borders to the South and West.   

Since 1998, Dr. Sue Boinski, Associate Professor in the Department of Anthropology at 

the University of Florida, has managed the Monkey-Forest Research Project at the Raleighvallen 

study site.  From 1998-2000, NSF-supported research focused on the behavioral ecology of 

squirrel monkeys (Saimiri sciureus) in Raleighvallen.  In 2000, the project expanded and began 

to focus on the behavioral ecology of brown capuchins (Cebus apella).  The Project has 

produced approximately 10 years of ecological data used in testing hypotheses related to squirrel 

monkey and brown capuchin behavioral ecology. 

Annual weather patterns in Suriname are divided into four primary seasons throughout the 

year.  Long (May to July) and short (December to January) wet seasons bring most of the 2000-

2500 mm of rain Suriname receives during one year.  During the long (August to November) and 

short (February to April) dry seasons, Suriname receives very little precipitation (Funk et al. 

2007).  The mean temperature through the year is about 27° C. 

The forest structure in Raleighvallen is a mosaic of four habitat types: high, swamp, and 

liana forest and bamboo habitats dominated by Guadua latifolia (Poaceae).  A full suite of large 
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predators, terrestrial and aerial, are found in Raleighvallen (Trail 1987). Additional detailed 

descriptions of Raleighvallen ecology can be found elsewhere in the literature (Mittermeier and 

Roosmalen 1981, Boinski et al. 2003).  

Field Data Collection 

Research Design 

A repeated-measures research design was implemented for analyzing acoustic 

characteristics at primary sites where capuchins displayed bashing behavior to criterion sites 

along the same branch where capuchin bashing had not been observed.  A custom-built apparatus 

generated eight controlled, repeated strikes at each percussion site.  Each sound produced by a 

percussion strike was recorded into an audio file and formed the eight repeated measure trials. 

Primary Branch Sites 

Field observers collected data on bashing events during routine observations of C. apella 

troops.  Primary branch sites were selected from a subset of ad libitum data of bashing events 

occurring within the Raleighvallen study site between January 2005 and March 2006.  Selected 

primary sites were located using observer sketches of bashing sites taken the day of the basing 

event.  Acoustic features of the primary branch site enable comparison to criterion site acoustics, 

forming the first of two site categories included in the statistical analysis. 

Primary sites were identified from detailed drawings of bashing event included in ad 

libitum data and, when available, video footage.  Using this information, two researchers visited 

the described location and evaluated potential for acoustic data collection.  All selected primary 

sites included in these analyses, contained evidence of a bashing event in the area indicated by 

the observer sketch.  If testing was possible at a site, it received a unique, descriptive name. 

During preliminary visits to the sites, data on site description was collected (Table 2-1).  

Measurements of branch characteristics at primary and criterion branch sites were recorded.  
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Understory vegetation density at bashing sites was estimated by assigning a value between 0-3.0 

with 0.5 intervals.  Habitat type was recorded based on the four habitat descriptions previously 

discussed in this chapter. 

Percussion data were collected for the 18 bashing sites, each with a corresponding criterion 

branch site.  Most primary branch sites were located on separate branches in different trees, 

although two sites were located along the same horizontal tree trunk and two sites and were 

located on separate branches within the same tree.  In all 18 events included in this analysis, the 

actor bashed an immature Phenakospermum guyannense fruit against a tree branch. 

Tested primary sites represent bashing events by six individual male C. apella of Troops A 

and B. The sample includes P. guyannense bashing sites of two adults, both alpha males of 

Troops A and B.  Four subadult males, three members of Troop A and one male was a member 

of Troop B, are represented within the sample.  The sample includes both immigrant and natal 

male subadult capuchins (Table 2-2).  

Criterion Branch Site 

Criterion branch sites were located along the same branch as primary branch sites, but 

showed no evidence of previous capuchin bashing events.   The purpose of the criterion site is to 

facilitate comparisons between criterion and primary branch site acoustics, forming the second of 

two site categories included in the statistical analysis.  Criterion sites were selected by measuring 

one meter along the branch from the primary site.  The original design called for two criterion 

sites, one located one meter along the branch in the direction of the terminal end of the branch 

and another located one meter along the branch on the side of the primary site in the direction of 

the tree trunk. 

In the original experimental design, percussion data was to be collected at two criterion 

sites located one meter from the primary branch site.  One criterion site was to be located along 
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the branch, on the side of the primary branch site closest to the trunk.  The second criterion site 

was to be located along the branch on the terminal branch side of the primary site.  However, 

these conditions were only met for a subset of branch sites often because the length of the branch 

was not sufficient to reliably test both criterion sites.  When data was collected for two criterion 

sites, one was randomly selected and included in the statistical analysis. 

The branch characteristics of the criterion site had to resemble those of the primary site.  

This means the characteristics of the criterion site had to be conducive for C. apella bashing 

behavior.  To this end, potential criterion sites were evaluated based on branch steepness and the 

location of vegetation that may hinder a capuchin’s ability to bash an object.  The criterion 

branch site needed to support a perched capuchin and allow enough space for the object to be 

raised and struck against the branch.  The presence of a bark scar or damage at potential criterion 

sites was considered an indication of bashing at a location prior to testing and disqualified it as a 

criterion site.  

Testing Apparatus Description 

The apparatus used to produce sounds by striking branch sites consisted of a baseball bat, a 

hinge, release wire, eyebolt, a metal bracket with a pulley, and attachment bracket that fastened 

to a tripod base (Figure 2-2).  The tripod base was built by lashing three telescoping painter’s 

poles, attached to anchor stakes (Figure 2-3).  The anchor stakes were driven into the ground to 

keep the structure from shifting during data collection.  The apparatus operates by allowing the 

baseball bat to fall through a fixed travel path under its own weight, striking the horizontal 

branch with standardized force.  Due to limitations of the apparatus, it was only possible to test 

branch sites of heights less than 7 meters.  



 

33 

Testing Apparatus Protocol 

The apparatus was positioned at a branch site by a researcher on a ladder.  This researcher 

also set the height of the apparatus so that the bat is in a horizontal position (180°) as it contacted 

the branch.  Recordings of trials were made with a Sennheiser MKH 40 cartioid microphone 

mounted to a pole, extended to the height of the percussion site and connected to a Marantz 

PMD671 digital recorder.  Trials were recorded into 16 bit Pulse Code Modulation digital audio 

Waveform (WAV) files at a sampling rate of 44.1 KHz. 

The testing of a percussion site began with the recording a 30 second section of 700 Hz 

tone emitted by the Shure tone generator.  The recording level was kept in the same position to 

be used in relative amplitude calculations (see below).  A trial was recorded when tension 

holding the bat was relieved by a researcher holding the line from below, causing the bat to fall 

and strike the branch.  Trials were recorded together in one track to a compact flashcard.  

Acoustic Analyses 

Praat version 5.0.3 installed with GSU Praat Tools version 1.5 was used to extract 

amplitude and resonance measures from each trial (Boersma and Weenink 2008, Owren 2008).  

Audio WAV files were preprocessed to remove the DC offset and 60 Hz energy.  Each audio file 

was given a unique and descriptive name, identifying as an individual trial taken at a specific 

percussion site.  

Amplitude Envelope Analyses 

Attack was analyzed from the waveform of a percussion sound using an amplitude 

envelope script.  Trial sound files downsampled to 22.05 KHz were used in this analysis.  Attack 

was quantified by selecting a 10 ms sound window beginning at sound onset and recording the 

time until peak amplitude within the window (Figure 2-4).  This measure is expressed as a 

percentage of the 10 ms window until peak amplitude.  
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Relative amplitude is defined as the difference in amplitude percussion event amplitude 

from the amplitude of the 700 Hz calibrated tone recorded at the beginning of the trial set.  The 

calibrated tone and percussion trial were recorded at the same recording level.  Trial amplitude 

measures were extracted from a selected 20 ms sound window beginning at the onset of the trial 

sounds (Figure 2-5).  Trial and tone sound files downsampled to 22.05 KHz were used in this 

analysis.  The amplitude (dB) of the calibrated tone was then subtracted from the mean 

amplitude (dB) of the 20 ms window of the trial sound.  This difference was recorded as relative 

amplitude in decibels.  

Site Resonance Analyses 

Resonance of trial files was quantified by measuring concentrations of energy across the 

acoustic spectrum using Linear Predictive Coding (LPC) analysis.  LPC is advantageous because 

it fits a smoothed line, as in linear regression modeling, to the frequency spectrum (Owren and 

Linker 1995).  This simplified frequency spectrum allows greater resolution of spectral 

frequency peaks in both tonal and noisy sounds, ideal for percussive sounds.  Trial files were 

downsampled from 44.1 to 11.025 Hz for greater frequency resolution.  Resonant parts of trial 

sound files were labeled using the Text Grid function in Praat. 

Literature from percussion instrument acoustics informed the protocol for selecting 

resonant areas in trial sound files (Moore 1970, Berg and Stork 1995).  After the noisy impact 

sound, resonances are more apparent, so we placed initial resonance labels from 3-7 ms after the 

onset of the sound (Figure 2-6).  The end labels of the resonance portion of the sound were 

placed 4-10 ms after the initial label to avoid measuring reverberation and sounds from the 

vibrations of the testing apparatus.  Visual inspection of each trial sound spectrogram (e.g. 

Figure 2-7) and consideration of the characteristics of a group of eight trials of one percussion 
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site determined resonance label positions.  Generally, the initial and final labels were consistent 

for eight trial sounds for a percussion site. 

GSU autocorrelation LPC analysis scripts produce a frequency spectrum containing a 14-

coefficient 513-bin LPC line modeling spectral peaks superimposed on a 512-bin FFT (Figure 2-

8).  Both are derived from the selected resonance segment (Figure 2-6).  The LPC reliably 

detected the first two spectral peaks representing the first (fundamental) and second modes of 

vibration.  The script prompts the researcher to highlight areas of the line corresponding to 

spectral frequency energy peaks.  The selected peak frequency values, linear regression line 

coefficients, and spectral slope are measurements saved into a text file by the script routines and 

some were included in the statistical analysis (see below).  

Statistical Analyses 

Statistical tests of acoustic and descriptive data were performed with Repeated Measures 

Multivariate Analysis of Variance (MANOVA) using the General Linear Model function in 

SPSS version 16.0 software.  Attack and relative amplitude measures provide descriptions while 

measurements of resonance are produced using LPC analysis methods (Table 2-3).  The age of 

the bashing individuals (adult or subadult) was included as a between subjects factor to allow 

grouping of within-branch effects of age could test the age-related hypothesis.  Trial was 

included as the repeated measure (8 measures) taken at each primary and criterion site.  Branch 

site served to compare within-branch effects of primary versus criterion site acoustics. 

Three site characteristics were compared individually using a Univariate General Linear 

Model to perform Analysis of Variance (ANOVA) in SPSS version 16.0 software.  Branch 

length, diameter, and site distance from the tree trunk were all tested separately as dependent 

variables, grouped by independent variables of two age categories, subadult or adult.  

Measurements for branch length were estimates of the entire length of the branch containing a 
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primary site.  Adult and subadult primary site distance from trunk, branch diameter, and branch 

length measures facilitate comparisons between sites selected by adult and subadult males.  
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Figure 2-1.  Location of Raleighvallen in the Central Suriname Nature Reserve, Suriname, South 

America 
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Figure 2-2.  Testing apparatus with labeled operating and relevant structural parts. 
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Figure 2-3.  Tripod support system for the testing apparatus.  A combination of 

modified adaptor and rope lashing fastened the testing apparatus to the stake-
anchored tripod. 
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Figure 2-4.  Example trial sound waveform illustrated with a red box indicating the 10 ms 

window used to quantify the attack characteristic of the amplitude envelope.  Peak 
amplitude is reached 7 ms from sound onset.  The attack value for this trial sound is 
70%. 
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Figure 2-5.  Example trial sound waveform illustrated with a red box outlining a 20 ms window.  

Amplitudes of data points were averaged over this part of the waveform, recorded as 
mean amplitude for the sound. 
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Figure 2-6.  Example trial sound waveform illustrated with a window demonstrating 

selection of resonance in the trial sound. 
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Figure 2-7.  Spectrogram of the same trial sound displayed in Figure 2-6 labeled with the same 

resonance window represented by the red box.  Notice the appearance of energy 
concentrated at partial frequencies due to the modes of oscillation, depicted by 
darkened areas of the spectrogram. 
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Figure 2-8.  Spectrum calculated from the resonance window shown in Figure 2-6 with the 

14-coefficient, 513-bin LPC line in red and the 513-bin FFT line in green.  The 
frequency and amplitude values from peaks 1 and 2 were recorded as the frequency 
measures resulting from modes of oscillation. 
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Table 2-1.  Description of qualitative and quantitative data related to bashing behavior. 
Data Type Field Data Collected
Descriptive:
   Behavior Sampling* Ad Libitum  (e.g. Bashing events)
   Bashing Object Ripeness
   Bashing Substrate Family and genus level identification for subset of samples
   Experimental Conditions Time

Temperature
Wind

   Percussion Tree Diameter at breast height (cm)
Quantitative:
   Behavior Sampling* Troop Behavior 15 Minute Interval Scans
   Phenology* Four Transects
   Bashing Object Success or failure in opening object

Number of strikes
   Tested Branch Sites Diameter (cm)

Distance from the trunk (m)
Direction at site (degrees)
Site angle (degrees)

Categorical:
   Identity of percussing capuchin Age and sex class

Troop membership
   Habitat Type

Cover
Spatial:
   Tree Location Geographic Positioning System (GPS)
   Branch description Sketch of tree and branch architecture

Written decription of bashing site  
Data was collected during the Raleighvallen Monkey Forest Research Project from 1998-2007.  
(*) Long-term data collected from 2000-2007.  
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Table 2-2.  List of Cebus apella males that bashed sites included in the apparatus-tested sample. 
Capuchin Age Class Troop Social Status Number of Sites
Boris Adult A Alpha male 6
Bruce Adult B Alpha male 3
Darwin Subadult A Immigrant male 5
Melby Subadult A Natal male 2
Ernesto Subadult A Natal male 1
Sri Rama Subadult B Natal male 1  
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Table 2-3.  Parameters included in the SPSS 16.0 Repeated Measures General Linear Model.  
The model includes Multivariate and Univariate statistical tests. 

N
Factor Description Subjects (Levels)
Branch Site Sites where P. guyannense was bashed by a male brown 18 (2)

capuchin (Primary) versus sites within the same branch
where bashing was not observed (Criterion)

Trial Eight repeated apparatus-generated strikes at percussion 18 (8)
sites.

Age Sites tested where Adults had percussed 18 (2)
P. guyannense versus sites where Subadults
had percussed P. guyannense.

Repeated Description Units
Measures
Attack Attack is defined as the amount of time from sound onset to %

peak amplitude in the percussion sound waveform.  This
 measure is expressed as a percentage of a 10 ms window.

Relative Relative amplitude is defined as the difference in amplitude Decibels
Amplitude between the bashing trial the calibrated tone at the beginning 

of the recording.

1st Partial The frequency of the first peak of the LPC line, fit to the Hertz
contour of a spectral slice calculated from the waveform 
of recorded percussion strikes.

2nd Partial The frequency of the second peak of the LPC line, fitted to Hertz
the contour of a spectral slice calculated from the 
waveform of recorded percussion strikes.

1st Coefficient The first coefficent of the line equation calculated during None
LPC analysis of recorded percussion strikes.

Spectral Slope The slope of the line equation calculated from the LPC None
anlaysis of recorded percussion strikes.  
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CHAPTER 3 
RESULTS 

Repeated Measures MANOVA 

Multivariate Tests 

Results of the multivariate tests display a trial effect that accounts for a significant portion 

of the variance (F=1.464, p=0.033) in the General Linear Model (GLM, Table 3-1).  Trial is the 

only factor that has a statistically significant effect, but the interaction of branch site (within-

subjects factor) with age (categorical variable) has effects on the GLM that approach statistical 

significance in the multivariate tests (F=2.189, p=0.123).  The three-way interaction between 

branch site, trial and age variables also approaches statistical significance (F=1.309, p=0.098). 

The Wilks’ Lambda (U) values for each independent variable differ slightly from one 

another, an indication that each factor contributes equally to the model (Table 3-1).  The U value 

associated with the trial effect is higher than the effects of the branch site-age factor interaction, 

but lower than the effects of the three-way interaction between branch site-trial-age factors.  

Univariate Tests 

The results of the univariate tests for each factor and measure inform which factor-measure 

interaction is most significant in the GLM (Table 3-2).  In the univariate analysis, the trial effect 

is significant for relative amplitude measures (F=4.772, p=0.003).  Exploration of mean relative 

amplitude values for each trial reveals a positive relationship (R2=0.73) between relative 

amplitude and increasing trials (Figure 3-1). The trend line shows a negative slope indicating an 

increasing trend in relative amplitude values across successive trials.  It should be noted for these 

and the following results that negative relative amplitude values result from apparatus-generated 

percussion sound mean amplitude values that were lower than the calibrated tone amplitude 
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values (see Chapter 2, “Amplitude Envelope Analysis”).  All means discussed in the section are 

negative, meaning that if an amplitude value is more negative, then it is a quieter sound. 

The univariate tests of branch site (within-age subjects factor) and age (categorical 

variable) interaction showed a significant effect on relative amplitude measures (F=8.880, 

p=0.009).  In adults, mean relative amplitude values are higher at primary sites (-0.065 ± 2.848 

dB SPL) as compared to criterion sites (-2.424 ± 4.217 dB SPL, Figure 3-2).  The opposite trend 

is present for subadults, mean relative amplitude values are higher at criterion sites (-0.569 ± 

4.336 dB SPL) as compared to primary sites (-2.89 ± 5.575 dB SPL, Figure 3-2). 

The three-way interaction that approached significance in the multivariate tests has a 

significant effect on relative amplitude (F=2.343, p=0.029) but also on the first resonance peak 

(F=2.407, p=0.025) taken from the LPC analysis.  Mean amplitude values of each trial, divided 

into age (adult and subadult) and branch site (primary or criterion) shows the similarity between 

adult criterion and subadult primary sites.  Mean first resonance peak values for each trial 

divided into age and branch site shows adult criterion sites having higher mean trial first 

resonance values, then the other age-branch site groups (Figure 3-4).  Box plots of mean 

amplitude values of each trial, divided into age and branch site groups depict higher across-trial 

variation in amplitude for subadult sites as compared to adult sites (Figure 3-5).  

Site Characteristics ANOVA 

Figure 3-6 shows means for branch length, branch diameter, and distance from bash sites 

to the tree trunk grouped by adult and subadult sites.  Mean lengths of branches containing adult 

bash sites (mean=8.13 m) were greater than subadult sites (mean=5.89 m).  This trend 

approached significance in analysis of variance (F=3.594, p=0.076).  No statistical significance 
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was found in comparisons of mean adult and subadult bash site distances to trunk (F=2.433, 

p=0.138) or bash site branch diameter (F=0.105, p=0.75).  
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Figure 3-1.  Relative amplitude means plotted by the eight repeated measure trials of apparatus-

generated strikes.  Trial 1 is the first apparatus-generated strike followed 
chronologically by trials 2-8.  The y-axis is labeled vertically from positive (bottom) 
to negative values (top).  More negative values have lower amplitude values after 
subtracting the amplitude of the calibrated tone at the same recording level.  The 
trend line was added to approximate the trend in relative amplitude values across 
successive trials. 
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Figure 3-2.  Mean values of relative amplitude for each branch site (primary 

and criterion) level grouped by adult (N=9) and subadult (N=9) age classes. Negative 
values correspond to lower amplitude values as a result of subtracting the amplitude 
of the calibrated tone at the same recording level.  Values approaching zero have 
higher amplitude values. 
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Figure 3-3.  Trial mean relative amplitude values.  Values are subdivided by 

age and branch site groups, representing both effects from branch site/age/trial 
interactions and results of the univariate tests in the General Linear Model.  
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Figure 3-4.  Trial mean first resonance values (first LPC peaks).  Values are 

subdivided by age and branch site groups, representing both interactions branch 
site/age/trial effects and results of the univariate tests in the General Linear Model. 
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Figure 3-5.  Box plots of mean relative amplitude values with adult-subadult pairs by trial, 

showing the effect of the three-way interaction of branch site, age and trial factors. 
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Figure 3-6.  Mean bash site branch length, branch diameter, and distance to the tree trunk for 

adult and subadult sites (*approaches significance in ANOVA).  
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Table 3-1.  Results of the Repeated Measures MANOVA for the repeated measures and factors. 

Factors df U F p-value
Branch Site 6, 11 0.656 0.960 0.493
Branch Site*Age 6, 11 0.456 2.189 0.123*
Trial 42, 505.3 0.584 1.464 0.033**
Trial*Age 42, 505.3 0.679 1.035 0.415
Branch Site*Trial 42, 505.3 0.651 1.153 0.241
Branch Site*Trial*Age 42, 505.3 0.616 1.309 0.098*

Multivariate Tests of Within Subject Effects 

 
The branch site factor has two levels, primary and criterion sites (refer to Table 2-3).  The trial 
factor has eight levels corresponding to the eight trials of percussion sounds created by the 
strikes of the apparatus at each site.  The age factor has two levels, sites bashed by adult 
capuchins (N=9) and sites bashed by subadult capuchins (N=9). “**” indicate statistically 
significant results (α=0.05).  “*” indicate results that approach statistical significance. 
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Table 3-2.  Univariate tests for the interaction between factors and factor interactions for each 
dependent variable or measure. 

Factor Univariate Measures df F p-value
Branch Site Attack (ms) 1 0.361 0.557

Relative Amplitude (dB) 1 0.001 0.982
Resonance 1st LPC Peak (Hz) 1 1.462 0.244
Resonance 2nd LPC Peak (Hz) 1 0.221 0.645
Resonance LPC 1st Coefficient 1 3.762 0.070
Resonance LPC Spectral Slope 1 0.942 0.346

Branch Site*Age Attack (ms) 1 0.808 0.382
Relative Amplitude (dB) 1 8.840 0.009*
Resonance 1st LPC Peak (Hz) 1 3.435 0.082
Resonance 2nd LPC Peak (Hz) 1 0.694 0.417
Resonance LPC 1st Coefficient 1 0.683 0.421
Resonance LPC Spectral Slope 1 0.012 0.915

Trial Attack (ms) 2.914 0.966 0.415 +
Relative Amplitude (dB) 3.629 4.722 0.003* +
Resonance 1st LPC Peak (Hz) 2.129 0.337 0.729 +
Resonance 2nd LPC Peak (Hz) 7 0.602 0.695
Resonance LPC 1st Coefficient 7 0.955 0.468
Resonance LPC Spectral Slope 3.518 0.928 0.445 +

Trial*Age Attack (ms) 7 1.194 0.312
Relative Amplitude (dB) 7 0.823 0.570
Resonance 1st LPC Peak (Hz) 7 0.749 0.631
Resonance 2nd LPC Peak (Hz) 7 1.284 0.265
Resonance LPC 1st Coefficient 7 0.276 0.962
Resonance LPC Spectral Slope 7 1.450 0.192

Branch Site*Trial Attack (ms) 3.69 0.643 0.622 +
Relative Amplitude (dB) 7 1.071 0.387
Resonance 1st LPC Peak (Hz) 7 1.234 0.290
Resonance 2nd LPC Peak (Hz) 7 1.922 0.073
Resonance LPC 1st Coefficient 4.28 1.040 0.396 +
Resonance LPC Spectral Slope 7 1.319 0.248

Branch Site*Trial*Age Attack (ms) 7 0.821 0.572
Relative Amplitude (dB) 7 2.343 0.029*
Resonance 1st LPC Peak (Hz) 7 2.407 0.025*
Resonance 2nd LPC Peak (Hz) 7 1.874 0.080
Resonance LPC 1st Coefficient 7 1.552 0.157
Resonance LPC Spectral Slope 7 1.230 0.293 A “+” next 

to the p-value indicates that the Greenhouse-Geisser estimate was used to correct for violations 
of sphericity for the factor effect on the dependent variable.  “*” indicates statistically significant 
results (α=0.05). 
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CHAPTER 4 
DISCUSSION  

Darwin, an emigrant subadult male Cebus apella, rips an immature fruit from a fruiting 

Phenakospermum guyannense plant.  The herb, which propagates by rhizomes, is dispersed 

amongst other large arborescent shoots, collectively forming a “patch” of P. guyannense.  

Surrounding the patch are 10-15 meter trees, draped in lianas.  Darwin moves out of the patch, 

carrying the fruit in his mouth, and heads into a liana-covered tree.  He moves onto a horizontal 

branch, wraps his tail around the branch and raises the P. guyannense fruit over his head.  Did 

Darwin choose this site for the loud sound he is about to produce, or is this just the first sturdy, 

horizontal branch he found?  Did he intentionally move to this specific site on the branch, or are 

there “better” places on the branch for bashing open a fruit? 

By using an apparatus to generate percussive strikes at these branch sites, questions about 

the bash sounds that Darwin and other male capuchins create are addressed with acoustic 

descriptions of branch sites they use as bashing substrates.  Sites one meter away from Darwin’s 

bash site on a branch were used to compare the acoustic properties produced has he strikes the 

fruit against the wood.  The hypothesis being tested here is that Darwin selected his bash site 

because it is advantageous for producing the most salient acoustic sound he could from this 

branch, like a xylophone player striking the location of a bar that produces a desired sound.  An 

alternative explanation is that Darwin went to the site not specifically because of its potential for 

producing sound, but because this was the best site within the branch for opening the fruit. 

Interactions of Branch Site and Age Factors 

Primary branch sites, locations where adult male C. apella had previously bashed P. 

guyannense, produced sounds that had higher relative amplitude values than criterion sites, 

comparative non-bashed sites located along the same branch.  In contrast, primary sites bashed 
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by subadult males tended to produce sounds with relative amplitude values that were lower than 

criterion site amplitude values (Figure 3-2).  This difference approached statistical significance 

in the MANOVA (Tables 3-1) and had a significant within branch effect on relative amplitude in 

univariate tests.  However, comparisons of criterion sites reveal an unexpected difference 

between adult and subadult sites.  While high variability between criterion sites relative 

amplitude is expected, the trend indicates that subadult criterion sites produced percussion 

sounds that are louder than adult criterion sites.  The biological relevance of these trends in 

relative amplitude is addressed in the following sections of this discussion.  

Listener Sensitivity and Response 

The biological relevance of adult and subadult amplitude differences found in primary and 

criterion sites depend on changes in sound amplitude over distance and the ability of listeners to 

hear amplitude differences between sounds.  The nature of signal degradation, including 

amplitude degradation, has been proposed as the mechanism by which listeners determine the 

location of signalers (see Naguib and Wiley 2001 for a review).  Cebus apella have been shown 

to discriminate between sounds in both laboratory tasks (Damato and Colombo 1985) and in 

experiments related to foraging (Visalberghi and Neel 2003, Phillips et al. 2004).  However, 

these studies do not show how a capuchin might specifically use different amplitudes in 

communication.  Field observations of juvenile troop members use these acoustic cues as 

stimulus enhancement for learning bamboo foraging skills.  Dominant individuals use these 

acoustic cues to displace and take the rewards of lower-ranking capuchins successful at 

extracting a larva (Gunst 2008).  Again the specific role of amplitude is unknown, but louder 

sounds would be more detectable to listeners. 

Strikes of equal force produced sounds with mean amplitudes that were 2.4 dB louder at 

adult primary sites than those of comparative criterion sites (Figure 3-2).  Whether or not this 
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difference is noticeable in capuchins is unknown.  However, this trend of mean amplitude values 

falls within the range of minimum noticeable reported changes in humans (1-3 dB, Coleman 

1963) and it is likely that it is noticeable to capuchins as well (Heffner 2004).  Sensitivity to this 

difference may have importance for short distance communication, such as intra-group 

communication and inter-group encounters with neighboring troops (IGE).  Louder bash sounds 

would be more noticeable and perhaps more startling to listening capuchins at close proximity 

and may result in perception of a more formidable opponent.  

Amplitude differences could be a means by which fellow troop members evaluate bashing 

ability.  For example, more capable bashers may display higher physical ability and proficiency 

to listeners by producing higher amplitude bash sounds.  Similarly, perception of amplitude 

could be positively correlated with basher ability that could be evaluated by capuchins of other 

troops.  Selecting a site that gives the highest potential amplitude could produce the loudest 

possible sound, allowing the basher to maximize their impact on listeners during an encounter.  

This could be a non-physical way for evaluating male ability during inter-group contests, in 

some cases, preventing costly aggressive encounters. 

Cebus apella are attentive to many acoustic cues in their environment.  RV C. apella 

produce loud ripping sounds while foraging for larvae embedded in bamboo stalks. Capuchins 

turn their attention towards bashing individuals in the distance, potentially functioning as an 

acoustic cue to the location of a conspecific (Boinski, unpublished data).  While the role of 

amplitude is not directly addressed in these studies, this shows the importance of detecting and 

interpreting acoustic cues from the environment.  C. apella appears to be sensitive to acoustic 

cues in several contexts and it is feasible that they would also be sensitive to amplitude changes 

in bash sounds. 
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The effects of amplitude variations in bash sounds on listening C. apella could be tested 

using playback protocols.  The amplitude of recordings of male bashing events could be 

manipulated and used as bashing stimuli.  The stimuli could be played over a concealed loud 

speaker and subsequent response behaviors of listeners could be observed.  Playback 

experiments that include combinations of loudspeaker placement and amplitude-manipulated 

bash stimuli could test listener response and bash sound locatability hypotheses.  Nelson 

performed a similar experiment in male rufous-sided towhees in Florida.  Towhees used 

amplitude cues in playback of conspecific songs to adjust flight distances to playback speakers.  

Towhees adjusted flight distances to male calls that differed by 6 dB SPL (Nelson 2000).  

Long-Distance Transmission of Bash Sounds 

Attenuation of a sound is expected to occur at a rate of 6 dB for every doubling of distance 

(Coleman 1963).  Based on this estimate, 2.4 dB differences between adult and subadult primary 

and criterion sites stands to significantly effect the transmission distances of signals.  The result 

is higher potential for production of salient signals at adult bash sites as compared to other sites 

along the branch.  This difference favors capuchins that distinguish and select sites that optimize 

their effort for producing percussive sounds during bashing, thereby improving their chances for 

creating a signal that reaches a wider audience of neighboring C. apella troops. 

Marten et al. (1977) measured attenuation by playing sounds through secondary tropical 

forest in Panama.  They played pure tones and white noise through the forest, discovering excess 

attenuation (attenuation greater than that expected from spherical spreading) values ranging from 

5-12 dB/100 m for tones around 1000 kHz at 3 different heights.  Assuming similar effects in 

Raleighvallen, a 2.4 dB difference could extend the distance that the bashing signal travels, 

based on the selection of site used to bash fruits.  Playbacks of white noise, pure tones, bashing 

strikes and capuchin vocalizations recorded at different distances are needed to get a better 
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understanding of the Raleighvallen acoustic environment and to understand the extend of this 

potential signal advantage from bash site selection. 

In contrast to adult males sites, equal force sounds produced at subadult male capuchin 

primary sites were 2.4 dB quieter than criterion sites (Figure 3-2).  Socially-biased learning is 

common in Cebus apella because of high tolerance of younger individuals by foraging older 

individuals and heightened curiosity in items manipulated by other capuchins (Fragaszy et al. 

2004).  Observations in RV C. apella support this mechanism for attaining proficiency in 

manipulative behaviors, such as bashing and foraging for larva embedded in bamboo stalks.  

Gunst et al. (2007) studied foraging and larvae extraction from bamboo stalks in this population 

of C. apella.  Results of the study showed subadults to be fully skilled at this behavior.  Older 

juveniles had similar body weights and dentition as subadults, but had not become fully 

proficient in locating larvae within bamboo stalks.  Searching for bamboo larvae requires 

sensorimotor coordination and perceptual learning. 

Bashing behavior in males has a similar developmental pattern.  Males show competence 

in sensorimotor coordination for bashing beginning at 3 to 4 years old, but do not bash for 

prolonged lengths of time until they are subadults (5 to 7 years old).  While subadults are 

proficient in sensorimotor skills, they may not have learned to perceive acoustic differences in 

bash sounds and as a result, select bash sites that are suboptimal for producing an acoustic signal.  

An alternative hypothesis is that subadult males bash locations that produce lower relative 

amplitude sounds to avoid aggressive encounters from alpha males due to male-male 

competition.  However, intragroup male-male aggression is not particularly high in Cebus apella, 

so the function of bashing in reducing already low rates of aggression is not corroborated by 

existing studies of male-male aggression (see Fragaszy et al. 2004 for a review). 
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Trial Factor 

Trials were conducted as a series of 8 percussive strikes in succession with about a minute 

between trials because of resetting the bat and coordinating to record the next strike.  Across 

trials, mean relative amplitude values increased after each trial (Figure 3-1).  This result was a 

statistically significant main effect in the MANOVA both in the multivariate and univariate tests.  

An explanation for this trend is presented in the following discussion then interpreted along with 

the trend in branch site-age interaction effects. 

The finding of increased mean relative amplitude values can be attributed to the anatomy 

of secondary stem growth in woody dicots.  The periderm or outer layer of a woody stem 

produces cork (commonly “bark”), a thin layer of protective cells that are dead at maturity.   

Dead cork cells crack and slough off as the cork cambium produces new cork cells.  Beneath the 

periderm is the cortex, which is composed of harder, dense tissue.  When struck by the bat or a 

hard fruit, the cork cells of the branch dampen the sound more quickly than the harder cortex 

cells.  In the process of apparatus testing or capuchin bashing, the periderm is worn off by 

repeated strikes and the object contacts the harder cortex layer of the branch.  The periderm acts 

as a softer covering that mutes impact of the strike whereas the harder, denser cortex transfers 

the force directly as vibrations through the wood.  

Interactions Among Branch Site, Age, and Trial Factors 

A synthesis of both trial and branch-site interaction effects on relative amplitude produces 

the most conclusive evidence of these data, corroborated by trial-branch site-age effect on 

relative amplitude in the MANOVA.  At this point, this discussion has addressed the trend of 

differing relative amplitude values between adult primary sites and corresponding criterion sites.  

The direction of this finding was higher relative amplitude values at adult primary sites than 

criterion sites.  The direction of the difference was opposite and lesser for subadult 
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primary/criterion site comparisons.   Repeated blows from the testing apparatus progressively 

compromised the integrity of the periderm layers of the branch at test sites were, supported by 

statistically significant trial effects in the multivariate and univariate tests.  In this section of the 

discussion, all results from the MANOVA are integrated into an inclusive explanation of results 

of the acoustic analysis of C. apella bash sites in Raleighvallen. 

Sites that produce consistent relative amplitude sounds could be significant both in 

producing an acoustic signal and as a characteristic for a good site for opening nuts.  The woody 

cortex of the branch has a higher density of cells with thick cell walls and fibers.  In contrast, 

dead cork cells of the periderm are a more irregular bashing surface because the cells are 

continuously sloughing off and have softer tissue.  Sounds created from direct contact with the 

cortex will produce sounds with more consistent amplitude values as compared to sounds 

produced by contact with the periderm.  Based on this assumption, adult male capuchins are 

either initially selecting sites with exposed cortex or, by bashing with greater force and 

proficiency, removing the periderm and exposing the cortex of the branch after repeated blows of 

the bashing object. 

Box plots of relative amplitude values grouped by the two age classes, side-by-side for 

each successive percussion trial, display more variable subadult relative amplitude values (Figure 

3-5).  Greater variation in quartile values indicate either that adult males are more adept at 

selecting branches that produce more consistent relative amplitude values, or that subadult males 

bash with less proficiency as compared to adult males, causing irregular removal of the periderm 

tissue.  Relative amplitude values at adult primary sites are less variable than subadult primary 

sites across the eight trials (Figure 3-3).  The trend in adult criterion sites supports the periderm 
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removal hypothesis.  At subadult sites the same trend is not as obvious, providing only weak 

support for periderm removal as a cause for relative amplitude values.  

Adult alpha male C. apella have larger average body mass than subadult male capuchins 

(Fragaszy et al. 2004).  Assuming that adult males generate greater force in their strikes of P. 

guyannense fruits, it follows that they are capable of inflicting more damage to the periderm of 

the branch.  Therefore, more of the cortex could be exposed at sites bashed by adult males, in 

comparison to sites bashed by subadult males, who cannot generate object strikes with as much 

force.  Since the cortex in most woody dicots is denser than the sloughing dead cork cells of the 

periderm, this could result in higher amplitude sounds, accounting for both the opposing 

directions of adult and subadult mean relative amplitude values for primary and criterion sites 

(Figures 3-2 and 3-3). 

Observations of male RV C. apella returning to the same tree and same branch to bash P. 

guyannnense fruits are numerous (Boinski, unpublished data).  Boris, an alpha male, was 

observed to bash a site that was in the same proximity of an apparatus-tested bash site included 

in this study (Anderson, personal observation).  Adults and subadults may differ in frequencies 

of revisiting bash sites.  This has potential implications for signaling and foraging as bashing the 

same site may improve the hardness of the site, beneficial for either function. 

Whether the differences in relative amplitude values are attributed to the initial selection of 

sites or to site alteration, bashing is likely a learned skill, acquired through observation and 

experience with striking objects to substrates.  The adult/subadult contrast between relative 

amplitude values of primary and criterion site sounds is a trend in these data that warrants 

attention in future research.  Revaluation of these data with proficiency ratings of bashers 

developed from ad libitum data from the last 5 years of recorded bashing events could reveal 
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additional results.  Video recordings of bashing events could be scored for basher proficiency 

and used to generate estimations of force applied during bashing.  Acoustic analysis of the audio 

track from the video footage can be employed to link acoustic features to the bashing event, 

providing a clearer picture of bashing acoustics.  

Branch Characteristics 

Bash site selection by RV C. apella may occur at between-branch or between-tree levels.  

Male C. apella may be selecting a branch or even the wood characteristics of a species of tree, 

instead of selecting sites at the within-branch level for bashing.  Characteristics such as bash site 

branch diameter, length, and distance to the tree trunk were collected for each bash site, 

facilitating a comparison between branches bashed by adults and subadults.  Of the three 

measures, branch length approached significance in ANOVA (Figure 3-4).  From this analysis, 

there is some preliminary support for the hypothesis that males are selecting longer branches 

than subadults for bashing.   

A better understanding of wood characteristics and inter-branch comparisons along with a 

larger sample could demonstrate male bash site selection on a larger scale than within-branch 

selection. Univariate tests showed that branch site-age-trial interactions have an effect on the first 

LPC peak values (Figure 3-4).  This peculiar result may support a branch selection hypothesis, 

however, the first LPC peak values for primary sites were not obviously different between 

subadult primary and criterion sites.  The advantage of bashing at these sites is not clear from 

these data, but future acoustic analyses of actual bashing event video and acoustic recordings 

could clarify how basher technique effects bashing sound resonance values.  Many of the trees in 

the sample were members of the Inga and Pourouma genera, both common species in disturbed 

areas.  However, not all of the trees in the sample were identified.  A complete analysis of tree 
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species or genera used for bashing might reveal male selection for trees that have wood qualities 

favorable for acoustic signals.  

Conclusions 

Overall, the results from bashing site analyses support using acoustic measurements as an 

acoustic proxy for evaluating changes in wood characteristics during bashing bouts and 

evaluating changes in bashing proficiency with age.  The results do not reveal a clear dichotomy 

between bashing as a signal over a foraging behavior, based on bash site acoustics alone.  

Differences between within-branch primary and criterion sites were not significant, failing to 

support the hypothesis that all males are selecting sites for salient signal production.  However, 

age interactions with trial and branch site effects in the MANOVA did reveal trends in the data 

that indicate differences in bashing proficiency and bash site selection between subadult and 

adult males. 

Several new hypotheses can be tested from this first empirical attempt at scrutinizing C. 

apella bashing behavior in Raleighvallen.  Trends in relative amplitude differences justify a 

study of listener responses to bashing stimuli of varying amplitudes.  Changes in branch anatomy 

show potential differences in bashing proficiency and perhaps signaling motivation between 

adult and subadult males capuchins. Individual cadences and comparisons of video and acoustic 

recordings of actual bashing bouts could provide clues to differences in basher proficiency.  

Further analysis of site in combination with systematic, observational data collection on male 

bashing proficiency could reveal the ontogeny of this interesting, prolific behavior of 

Raleighvallen C. apella. 
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