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ABSTRACT

Natural  environments  contain  different  regularities:  from  the 

daylight/darkness cycle to the use of alarm calls to signal the presence 

of predators. Different species can hence find advantage of extracting 

regularities  to  adapt  their  behaviour  to  the  physical  and  social 

environment.

In this thesis I investigate the capabilities of different species to 

process  visual  and acoustic  regularities.  The experiments  presented 

here are structured around the distinction between different types of 

regularities  that  can  work  as  predictors  –  repetitions  of  the  same 

event,  item-based  regularities,  and  abstract  regularities  –  and 

correspondent computational capabilities.

As a general  working hypothesis,  I  have investigated whether 

the processing of abstract regularities requires the capability to extract 

item-based  regularities  and  whether  the  processing  of  item-based 

regularities requires the capability to extract repetitions of the same 

events, in a hierarchical organization. Another line of research is the 

processing  of  positional  regularities.  These  patterns  refer  to  the 

specific locations of the stimuli, for instance the edges of a string, or 

the relative position of the tokens that compose a string.

In  the  first  study  I  used  a  new paradigm in  which  subjects, 

cotton-top tamarins, faced the problem of avoid auditory masking in 

the production of contact calls during intermittent background noise. 

In  order  to  vocalize  during  silent  intervals,  tamarins  could  use 

information conveyed by repeated stimuli that functioned as valuable 

predictors  of  silent  intervals.  The  results  show  that  all  subjects 

mastered the repetition of simple acoustical cues: tamarins extracted 
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predictive acoustic cues from an intermittently noisy environment and 

used this information to time vocal output and avoid masking.

Using  visual  configurations,  I  also  studied  the  computational 

capabilities  of  these  monkeys  to  process  item-based  and  abstract 

regularities  in  the  visual  domain.  Tamarins  were  first  trained  to 

discriminate between patterns consistent and inconsistent with either 

an item-base regularity – A(X)nB – or an abstract regularity – Ai(X)nAi. 

In the subsequent test phase, they had to distinguish between new 

stimuli consistent or inconsistent with the target rule. The results are 

consistent  with  a  hierarchical  organization  of  computational 

capabilities:  while  tamarins  promptly  mastered  the  item-based 

pattern,  they  were  able  to  generalize  only  partially  to  new stimuli 

consistent  with  the  abstract  regularity.  Hence,  although  this  thesis 

does  not  completely  answer  the  empirical  question  about  the 

hierarchical  organization  of  regularity  processing,  it  brings  relevant 

data to the debate. 

The  second  line  of  research  investigates  the  interspecific 

comparison  in  regularity  processing.  Using  the  habituation-

discrimination  method with  chimpanzees  and  an  analogous  method 

with human beings, I compared the strategies used in these species to 

encode positional information in acoustic sequences. Results suggest 

that both chimpanzees and humans, irrespective of the possession of 

language, have a bias in favour of the elements located at the edges of 

acoustical strings.

In  choosing  the  methods  to  study  cotton-top  tamarins, 

chimpanzees, and human beings, I have used different paradigms and 

modalities of presentation of the stimuli that take into consideration 

species-specificities (constraints and specializations). I have also paid 

close attention in designing experiments that can be used to study 
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either  positional  regularities,  repetitions  of  the  same  stimuli,  item-

based, and abstract regularities, while leaving the possibility to extend 

the study of the hierarchical organization of computational capabilities 

open.
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CHAPTER 1 INTRODUCTION

1.1. Regularities and computational capabilities

Behavioural responses often depend on the prediction of future events. 

A dog learns that his master returns home at around 6 pm, and his 

arousal increases a few minutes before this hour. The dog responds to 

the sound of the masters’  car approaching because in the past this 

sound was followed by the arrival of his master. Valuable predictions 

of future events can be based on the regularity in which certain events 

occurred  in  the  past.   In  order  to  exhibit  flexible  and  adaptive 

behaviours it is important to take into account statistical regularities 

present in the environment. For this reason we expect that organisms 

have evolved mechanisms sensitive to detecting statistical regularities 

important for their lives.

Behavioural flexibility is crucial for exhibiting adaptive behaviour 

and is based on learning mechanisms that take into account different 

regularities.  Habituation  and  sensitization  are  learning  mechanisms 

that allow individuals to detect regularities like repetitions of the same 

event (see Schwartz, Wasserman & Robbins 2002, for a review). For 

instance, if you push a snail with a stick it will rapidly retract into its 

shell, and if you continue pushing it several times the snail will retreat 

more and more slowly. This example of habituation shows that a very 

simple but pervasive phenomenon of behavioural flexibility is based on 

a statistical regularity such as repetition.

Mechanisms of associative learning can capture more complex 

relations than repetitions of events.  Research studying learning has 

also addressed the case of two or more associated events that occur in 

7



a certain spatial-temporal  relationship (see Schwartz,  Wasserman & 

Robbins  2002,  for  more  detailed  discussion  of  associative  learning 

phenomena).  Typically,  in the case of conditioning phenomena, one 

event is a reinforcer, namely an event relevant for the subject from 

the biological point of view, like water, food, an electric shock or the 

presence of a conspecific. As a consequence of associative learning the 

frequency of the occurrence of a certain behaviour or the strength of a 

reaction  are  modified.  Think  for  instance  of  the  fear  reaction  of  a 

female who takes a cab ride after recovering at the hospital from a 

serious  car  accident.  In  this  case  a  stimulus  that  was  once  of  no 

special  significance,  a  taxi,  comes  to  produce  a  strong  emotional 

response.

In  other  cases  though,  events  can  be  connected  with  one 

another in some regular way but without the presence of any apparent 

reinforcer  or  strong  emotional  stimulus.  This  is  the  case  when 

considering the sequence of notes that compose the vocalizations of 

male  Bengalese  finches  (Okanoya,  2004)  or  cotton-top  tamarins 

(Cleveland  &  Snowdon,  1982).  These  vocalizations  are  not  only 

species-specific  but  can  also  be  used  to  differentiate  between 

individuals.  Although  in  the  wild  these  patterns  are  not  often 

connected  with  reinforcers,  it  can  be  adaptive  to  reliably  associate 

these  sounds  to  the  correct  species  or  individual.  In  fact,  this 

association allows one to maintain proximity with a group, to respond 

to the presence of food and to identify different callers. Therefore we 

expect  that  natural  selection  has  molded  specific  mechanisms  that 

allow  the  prediction  of  different  types  of  relevant  regularities. 

Moreover, we expect corresponding adjustments at the neurobiological 

as well  as the behavioural  level for events that are not necessarily 

connected with immediate reinforcers. 
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The  general  premise  of  the  experiments  I  will  present 

investigates  how animals  extract  regularities  from the  environment 

and use these to guide adaptive behavioral  responses. Here in this 

thesis I will focus on the processing of regularities at the behavioural 

level in different species. This will allow comparisons between species 

that can be very different from one another but that nonetheless share 

common strategies when coping with similar problems. 

Why is the study of the processing of regularities interesting? 

First, processing regularities is a part of an organisms’ knowledge that 

is  connected  with  behavioural  responses.  In  order  to  detect  and 

process a regularity, an individual must possess a representation of its 

environment,  hence  to  understand  behavioural  flexibility  we  are 

interested  in  how  the  regularities  present  in  an  environment  are 

represented to a given individual or species. I will focus on regularities 

processed  through  computational  capabilities,  namely  operations 

performed over mental representations. Computational capabilities use 

some  mental  representation  as  input,  operate  on  it,  and  generate 

some  output  that  was  not  immediately  present  in  the  initial 

representation. While representational capabilities allow one to cope 

with features present at a given time without making any prediction 

about  future  events,  computational  capabilities,  on the  other  hand, 

allow individuals  to  extract  regularities  and make predictions  about 

events that will likely occur in the future. Computational capabilities 

are also fundamental to generalize across new stimuli and perform a 

flexible  behaviour  sensitive  to  changes  in  the  environment.  For 

example,  the  study  by  Krebs,  Erichsen,  Webber  &  Charnov  (1977) 

presented  great  tits  with  two  prey  types  on  a  conveyor  belt:  big 

(profitable) and small (unprofitable) worms. When the encounter rate 

with  both  prey  types  was  low,  the  birds  were  non-selective  and 
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selected both prey items. When prey items were presented at a higher 

encounter rate the birds selectively ignored the less profitable type, 

thereby  maximizing  energetically  profitable  intake  rates.  This 

experiment  shows that  great  tits  were able  to  adaptively  use their 

computational representations of the pattern of occurrence of different 

prey types in order to make valuable predictions of future events, and 

maximize the success of their foraging behaviour.

The processing of regularities also allows a given individual to 

compare and contrast how others differ in their knowledge and in turn 

their  representation  of  the  environment.  We  do  not  expect  that 

different species exhibit exactly the same behavioural response to the 

same  regularities,  but  we  do  expect  to  observe  differences  in 

computational  capabilities  across  different  individuals  and  species. 

Over  evolutionary  history,  different  species  have  been  exposed  to 

different regularities, in some domains individual learning can affect 

behavior and it is possible to process a regularity taking into account 

different cues/aspects of the stimuli.

Species  facing  similar  ecological  problems  can  share  similar 

mechanisms  when  processing  regularities  of  the  same  kind,  or 

represent  them  in  a  different  way.   How  can  we  evaluate  these 

hypotheses? Say for instance different species or individuals are using 

the  same  strategies  to  solve  similar  tasks,  this  can  be  used  as 

evidence  of  the  use  of  the  same  mechanisms  and  of  a  similar 

representation, whereas a different pattern of errors and successes is 

evidence of different  strategies and mechanisms. Let’s consider  the 

problem of discriminating between identical  and different  items and 

the  possession  of  the  concept  of  oddity/identity.  The  concept  of 

identity depends on the computational capability to detect a relation 

between stimuli rather than considering specific aspects of particular 
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items. How can we test whether an individual possesses the identity 

concept and then check whether different individuals share the same 

representation of this concept? First, we need to define the concept of 

identity.  For  our  purposes,  when  an  individual  gives  specific  and 

consistent responses to identical and different distinct objects, and is 

able to transfer this knowledge to new stimuli, we can argue that this 

individual represents the concept of identity. The capability to transfer 

a given response to new items is called generalization, and it is crucial 

because it shows that the behaviour is not a mere repetition of learned 

responses. Both mammals and birds (monkeys: D’Amato & Colombo 

1985,  Shyan,  Wright,  Cook  &  Jitsumori.  1987;  Wright,  1990; 

chimpanzees: Nissen et al. 1948, Oden, Premack & Thompson 1988; 

sea lion: Pack, Herman & Roitblat 1991; dolphins: Herman, Hovancik, 

Gory  &  Bradshaw,  1989;  pigeons:  Wright,  Cook,  Rivera,  Sands  & 

Delius,  1988;  Zenthall  &  Hogan,  1974;  parrots:  Pepperberg,  1987; 

Corvids,  Wilson,  Mackintosh  &  Boakes,  1985)  have  been  shown to 

possess  the  concept  of  identity,  specifically  when  generalizing  the 

discrimination of identical and different distinct objects to new stimuli. 

This arises the question of whether or not these different species have 

the same representation of the concept of identity. Considering that 

both birds and mammals are able to process oddity/identity relations 

(review in Roitblat & Von Fersen 1992), Delius (1994) proposed that 

the competence in discriminating identical and different items in both 

birds  and  mammals  is  derived  from  a  mechanism  shared 

phylogenetically. However, this idea is not well supported by data. In 

fact in simply noticing that different species can process the concept of 

identity,  we still  do not know whether they have the same kind of 

representations. When two species have the same representation they 

will  show a  similar  pattern  of  results  when  probed  with  the  same 
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stimuli.  A  closer  observation  of  the  pattern  of  results  reveals  for 

instance that pigeons (Wrigth et al. 1988) but not chimpanzees need 

exposure to a massive number of training stimuli before generalizing 

the concept of identity to new stimuli. This difference is probably due 

to  different  perceptive  capabilities.  Because  pigeons  have  an 

extraordinary capability to learn single visual items, it is likely that in 

representing  identical  objects  they  use  a  strategy  different  from 

animals that do not possess this ability. An analysis of the pattern of 

failures  and  successes  in  different  species  can  clarify  whether  the 

representation  of  the  concept  of  identity  in  species  as  different  as 

pigeons,  human  beings,  and  chimpanzees  is  based  on  the  same 

relevant  features,  but  this  specific  aspect  has  not  yet  been 

investigated.

Sequential learning is another case in which different species or 

individuals can use alternative strategies. This capability allows one to 

encode and represent the order of discrete elements occurring in a 

sequence (see Conway & Christiansen 2001 for a review). A recent 

comparative study on sequential  learning has been run by Inoue & 

Matsuzawa  (2007).  In  this  study  they  compared  chimpanzee’s  and 

human’s  performances  in  a  limited-hold  memory  task  in  which 

subjects had to touch, in the correct sequence, numerals appearing on 

a screen. Human and adult chimp accuracy fell in correspondence with 

decreased appearance time of the numerals on the screen: the shorter 

the appearance of the numerals on the screen, the worse the accuracy 

showed by humans and adult chimps. However, the performance of a 

juvenile chimpanzee remained at almost the same level, regardless of 

exposure duration, showing no decline comparable to that of the other 

subjects.  Hence,  chimpanzee subjects could memorize,  at a glance, 

(210 ms) 5 numerals and outperform human subjects both in speed 
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and accuracy. The mechanism used by the young chimp to process 

these  items  must  be  different  from the  mechanism  used  by  adult 

humans and adult chimps because the shortened duration exposure, 

210 milliseconds, does not leave human subjects with enough time to 

explore the screen by eye movement. It is likely that the young chimp 

has  not  explored  the  screen  by  eye  movement  but  retained  an 

accurate and detailed image of the screen. 

In order to clarify the importance of individual  components in 

processing specific regularities it is important to take into account the 

different  strategies  used.  In general,  when different  individuals  use 

different strategies we can argue that their own experience is more 

relevant in determining how to solve the task than a core knowledge 

mechanism. Hauser & Spelke (2004) define core knowledge as domain 

specific  and  informationally  encapsulated  systems that  develop and 

work  automatically  in  each  individual  of  a  species.  Most  core 

knowledge  capabilities  are  shared  between  philogenetically  close 

species,  and  we  expect  to  find  the  same  pattern  of  failures  and 

successes in tasks solved through shared capabilities.

1.2. Types of regularities

The representation of regularities can vary in the level of abstraction. 

Suppose that I show you two printed cards which have respectively on 

the numerals “4” and “8”. At a superficial level, you may notice that 

the  items  printed  on  the  cards  have  the  same  colour,  and  this 

observation requires you to attend only to superficial features. In order 

to recognize that these cards contain symbols that are both multiples 
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of 2, you need a more abstract representation because a perceptual 

analysis is not sufficient to detect this similarity. 

The  particular  regularity  an  individual  extracts  is  likely  to  be 

dependent on several factors such as: which regularities are available 

in the stimulus, which regularities the individual is able of computing, 

which regularities of those available in the stimulus capture reliable 

features of it,  and the ease with which this individual  can compute 

those statistics. The more abstract the regularity, the more abstract 

aspects have to be processed to detect it, and this can require more 

sophisticated computational capabilities.

The advantage of abstract representations is that they support 

flexibility in new situations because they do not crucially depend on 

specific  features.  In  particular,  mechanisms  that  take  into  account 

abstract features or rules can detect similarities across novel stimuli 

that  have  no  superficial  similarities.  For  this  reason,  abstract 

representations are fundamental to producing immediately appropriate 

responses  in  new  contexts.  Hence,  in  studying  how  knowledge  is 

represented,  and  how  different  representations  are  related  to 

behavioural  flexibility,  it  can  be  useful  to  distinguish  between 

regularities  that  vary  in  degree of  abstraction.  In  this  way we can 

distinguish  between  mechanisms  that  are  sensitive  to  different 

features,  as  well  as  between  representations  that  allow  different 

degrees  of  behavioural  flexibility.  I  will  now  propose  a  distinction 

between regularities that require different degrees of abstraction to be 

detected, and that we can use to frame the experiments that I will 

present. These regularities are: repetition of the same stimulus or set 

of stimuli, item-based regularities, abstract regularities, and positional 

regularities. 
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In order to detect the repetition of an identical stimulus or set of 

stimuli, a system needs only to take into account superficial features 

and there is no need for abstraction, like in the case of habituation 

described in section 1.1. This type of regularity is present for instance 

in Pavlovian conditioning experiments in which an event like the sound 

of a bell is followed by food, and the subject develops a conditioned 

association between these two repeated events (Pavlov, 1927). As we 

will see in Chapter 3, when different repeated stimuli are associated 

with different  possible events,  the system also needs to take apart 

each stimulus from the others to make valuable predictions of future 

events.

Item-based regularities are more abstract than mere repetitions 

because  they  involve  relations  among  items  as  predictors.  For 

instance, an A item followed by a B item is associated with food, but a 

B item followed by an A item is not. In this case a mechanism that can 

detect the presence of A and B items but not their relation will not be 

sufficient to cope with these regularities. Item-based rules have this 

name because they involve specific tokens, for instance A and B, and 

do not  specify  general  relationships  that  can be extended to  novel 

items, for instance C and D. 

Item-based regularities have also been described as  statistical 

regularities,  because  in  order  to  encode  the  relationship  between 

specific items it is necessary to experience multiple exposures to their 

co-occurrence.  Yet,  the  terms  statistical  regularity  and  statistical 

learning, connected to the notion of occurrence of events in repeated 

trials,  can be misleading because the detection of other regularities 

can also be considered a statistical regularity or statistical learning. 

An  example  of  item-based  regularities  is  the  repeated 

presentation of a particular sequence of items. Several studies have 
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investigated  item-based  regularities  in  which  the  presentation  of 

speech stimuli, visual arrays, or visual sequences followed a specific, 

statistically determined pattern. For instance, Johnson, Peterson, Yap, 

and Rose (1989) studied the extraction of the relative frequency of 

visual items (letters and digits). They presented subjects with different 

arrays of items that followed one another for a few minutes. In the 

test phase subjects correctly assigned low and high rates of frequency 

to the single items presented during the familiarization. Fiser & Aslin 

(2001) investigated the processing of shape co-occurrences.  After a 

familiarization to scenes containing six elements arranged in particular 

configurations, participants judged in a two-alternative forced-choice 

test  which  of  the  two  scenes  was  more  familiar.  One  test  scene 

contained a subset of elements in a spatial configuration identical to 

those presented during the familiarization, and the other test scene 

contained elements a novel or less predictable spatial configuration. 

Subjects  consistently  chose the familiar  spatial  configuration.  These 

results  suggest  that  human  adults  are  able  to  extract  statistical 

information about visual arrays, based on the statistics of the spatial 

configuration  of  specific  elements.  In  Chapter  4 we will  discuss  an 

analogue capability in monkeys.

Abstract  regularities  do  not  involve  specific  items,  but 

relationships between categories of items that operate as predictors. 

The representation of an abstract regularity is sufficiently general to be 

applied  to  completely  novel  items that  have not  been  encountered 

before.  An  example  of  an  abstract  regularity  is  the  oddity/identity 

relationship  that  we  have  previously  discussed:  once  an  individual 

possesses the “identity” concept it is possible to establish whether two 

items are identical or non identical to one another even if they have 

never been encountered before. Hence, knowing that identical items 
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are  associated  with  the  presence  of  food,  and  different  items  are 

associated with no food, it is sufficient to predict the presence of food 

in  front  of  identical  or  different  items  never  encountered  before. 

Marcus,  Vijayan,  Bandi  Rao  and  Vishton  (1999)  have  described 

abstract regularities such as patterns like AAB (Same Same Different) 

or ABA (Same Different Same) as algebraic. In fact, just like one can 

substitute any value for x in an equation like y= x +1, similarly in 

these patterns we can substitute A and B with any arbitrary item, as 

long as the A elements are identical to one another but not to B. These 

relationships  are  abstract  because  we can  substitute  A  and B  with 

arbitrary items. 

Positional regularities are concerned with the position of items in 

a  sequence  or  in  a  visual  array,  and  can  be  presented  in  either 

abstract or item-based regularities. A well-known example of abstract 

positional  regularity is  described  in  Marcus  et  al.  (1999).  In  this 

research,  7-month-old  infants  were  first  exposed  to  three-word 

sentences  composed  according  to  either  the  AAB  or  ABB pattern. 

These patterns differ in the position, initial or final, of the repeated 

items. During the test phase infants were able to discriminate between 

new exemplars of the pattern to which they had been familiarized and 

the  alternative  pattern,  that  they  had  not  listened  to  during  the 

familiarization.  Infants could not distinguish the test sentences based 

on transitional probabilities, because none of the test words appeared 

in the habituation phase, and other cues like prosodic traits were the 

same in all  the sentences. These results hence suggest that infants 

used an abstract template to discriminate between patterns consistent 

and inconsistent with the stimuli presented during the familiarization 

phase. 
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Research about  item-based positional  regularities has included 

the  detection  of  boundaries  between  items  (segmentation)  in  a 

continuous  stream  by  using  transitional  probabilities.  Transitional 

probabilities  are  a  statistical  index  of  conditional  events.  The 

transitional probability of observing an element Y given the presence 

of an element X, can be formalized in this way:

frequency of pair XY/ frequency of X

It follows that a high transitional probability for Y indicates that the 

presence  of  X  strongly  predicts  Y,  whereas  lower  transitional 

probabilities indicates a weaker contingency between X and Y.

In the acoustical domain, several experiments showed sensitivity 

to  transitional  probabilities  between syllables,  a  task  similar  to  the 

detection of word boundaries, or segmentation. For example, sounds 

that occur more often one after the other in a corpus of speech tend to 

have higher transitional probabilities and therefore are likely to belong 

to  the  same  word.  On  the  other  hand,  sounds  that  have  lower 

transitional probabilities are more likely to belong to different words. 

Hence,  in  a  continuous  speech  stream,  the  statistical  information 

contained in sequences of sounds can at least, in principle, define word 

boundaries. For example, given the sound sequences  early#morning 

and early#afternoon, the transitional probability from ear to ly (that is 

equal to 1) is greater than the transitional probability from ly  to mor 

(that is equal to 0.5) and in fact the word boundary occurs after ly. We 

define the sequence early a word, and the sequence lymor a partword. 

Using  transitional  probabilities  it  is  hence  possible  to  distinguish 

between speech sounds that occur in different positions, and between 

words and partwords. Saffran, Aslin & Newport (1996) exposed human 
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adults to a continuous speech stream in which the only cues available 

for  word  segmentation  were  the  transitional  probabilities  between 

syllables.  After this  phase, subjects were given a forced-choice test 

between  words  composed  with  the  syllables  arranged  in  the  same 

order  as  they  were  presented  during  familiarization,  and  words 

composed  by syllables  arranged in  a  new order  or  partwords,  that 

violated  the  positional  order  conveyed  by  transitional  probabilities. 

Subjects  were  able  to  use  transitional  probabilities  to  discriminate 

between  familiar  and  non-familiar  arrangements  of  syllables. 

Subsequent  experiments  showed  temporal-order  sensitivity  to 

syllables  in  children  (Saffran,  Newport,  Aslin,  Tunick,  &  Barrueco, 

1997), and in 8-month-old infants (Aslin, Saffran, & Newport, 1998; 

Saffran, Aslin, & Newport, 1996). These studies provide evidence that 

human  adults,  children,  and  infants,  can  extract  the  sequential 

structure of speech syllables, discriminating between syllables that are 

located in different positions within a word.

Are  these  capabilities  a  specific  adaptation  for  language? 

Evidence collected in different domains show that this is not the case. 

Saffran,  Johnson,  Aslin,  & Newport  (1999)  showed that  adults  and 

infants expressed analogue capabilities with rapid streams of tones; 

and Hauser, Newport & Aslin (2001) have extended these results to 

cotton-top  tamarins,  that  clearly  do  not  possess  language.  As  for 

memory  processes, Henson  (1998)  reviewed  and  interpreted  data 

about  positional  encoding,  observing  that  the  encoding  of  edge 

positions is easier than other positions. Is this phenomenon related to 

language? From this perspective, we might find interesting data that 

compare human and nonhuman species in different domains, related 

and unrelated to language (see Chapter 3).
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More generally, using the comparative approach we can evaluate 

and compare computational capabilities used to process different types 

of  regularities  in  different  species,  and  ask  whether  abstract 

regularities are connected with specific cognitive capabilities or not.

1.3. Methods in the study of regularities

In  the  previous  sections  we  have  seen  that  different  kinds  of 

regularities  exist  and  that  animals  can  process  and  use  these 

regularities  to  guide  their  behavior.  Now  we  will  examine  some 

methods and tasks that have been used to study these capabilities at 

the behavioural level.

In  order  to  study  how  different  species  represent  a  specific 

regularity, we may be tempted to test all subjects with the same task. 

While in reality the interspecific comparison would be easier from a 

methodological  point  of  view  because  if  the  task  is  the  same,  a 

comparison of the pattern of failures and successes in different species 

immediately shows similarities and differences. Upon reflection though, 

it is clear that there are at least some restrictions, for instance we 

cannot use language to give instructions to non-human animals. There 

is hence a trade-off between the need to use comparable tasks across 

individuals and species, and the need to take into consideration the 

distinctive features and constraints that distinguish different species 

and the effectiveness of the context.

As  an  example  of  task-specific  effects,  consider  the  foraging 

behavior of hummingbirds. In the natural environment, a hummingbird 

who returns to a flower previously visited (a win-stay strategy) would 

be less successful in foraging than a conspecific with a tendency to 

avoid blossoms from which it had recently extracted nectar (a  win-
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switch strategy). Hence, from an ecological point of view, one might 

predict a predisposition in hummingbirds to learn to switch between 

feeding  sites.  Cole,  Hainsworth,  Kamil,  Mercier,  and  Wolf  (1982) 

observed this  predicted outcome in three species  of  hummingbirds. 

Birds were first presented with a single flower to visit, and then two 

flowers were presented, one containing food and the other empty. In 

the  win-stay task hummingbirds could find food only by visiting the 

same flower they had just visited, whereas in the win-switch task they 

had  to  shift  to  the  flower  located  in  a  different  position.  Every 

hummingbird learned the shift  task in a shorter time than the stay 

task, regardless of the order of presentation.  Hence, in planning an 

experiment with hummingbirds we must take into consideration that 

win-stay or  win-switch  tasks are not equivalent. More generally, we 

must  pay attention to  aspects  of  the task that  at  first  glance may 

appear  irrelevant  and  actually  consider  species-specificities  when 

designing effective tasks.

Several  other  studies  have  shown  that  in  different  species 

learning  mechanisms  are  not  independent  of  the  particular 

combinations of cues, responses, and reinforcers involved. Evidence 

rejects the so-called equipotentiality principle, which states that stimuli 

can  be  associated  with  equal  difficulty  for  every  species.  However, 

learning  phenomena  have  been  specificity  expressed  in  different 

situations and species.  For  instance,  using a paradigm of  Pavlovian 

conditioning,  Garcia  &  Koelling  (1966)  showed  that  rats  are 

predisposed to associate food flavours more readily than visual signals 

with a subsequent illness. This is not surprising, given that also outside 

the laboratory rats forage for food using their sense of taste more than 

their  vision.  Unlike  rats  however,  quails  and domestic  fowls  in  fact 

have the tendency to associate the visual appearance of food, instead 
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of its flavour, to sickness (Wilcoxon, Dragoin & Kral, 1971). Hence it is 

clear that the same stimuli  can have different saliences in different 

species.

Species-specificities  are  also  evident  in  the  phenomena called 

biological  constraints on learning, which are experience-independent 

associative biases or inherited tendencies to learn some relationships 

quicker than others. One example in which biological  constraints on 

learning can be witnessed is in the case of imprinting (see Chapter 4). 

We  can  effectively  use  imprinting  to  investigate  computational 

capabilities  of  chicks,  but  this  method is  not convenient for human 

infants and other species in which the young must be fostered for a 

long time before being able to move independently,  as a result  we 

must take into consideration species-specificities.

Another important factor is the method of investigation, and in 

particular  the  differences  between  observational  and  experimental 

settings.  Among  the  observational  studies,  ethological  research  on 

communicative  capabilities  in  non-human  animals  has  documented 

spontaneous capabilities to process complex patterns with a syntactical 

structure, such as the songs of domesticated Bengalese finches as well 

as the hierarchical and periodical structures in which humpback whales 

combine their songs (von Frisch, 1966; Okanoya, 2004; Suzuki, Buck 

&Tyack, 2006).

The main limitation of observational methods is the difficulty in 

investigating  computational  capabilities  that  are  not  spontaneously 

expressed.  Suppose  for  instance  that  you  are  interested  in  the 

discrimination  between  two  patterns  that  produce  the  same 

behavioural response. In this case it would be extremely difficult to 

resolve  the  problem.  To  systematically  study  specific  aspects  of 

regularities we can find some aid by using an experimental setting, in 
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which  the  experimenters  manipulate  systematically  the  stimuli  and 

conditions. But how can we show that a  regularity is mastered? As 

pointed out by Delius (1994), at least two different results can show 

the capability to master a certain regularity: a performance above the 

chance level in front of new stimuli or generalization (see Ghirlanda & 

Enquist 2003 for a review) and a faster acquisition or mastery of new 

stimuli or new problems, what Ebbinghaus (1885) called savings.

It  is  possible  to  use  experimental  settings  to  measure  either 

spontaneous  or  trained  responses.  The  techniques  to  study 

spontaneous responses such as habituation-discrimination and similar 

methods like familiarization-discrimination have been used to evaluate 

the capabilities in processing item-based and abstract regularities in 

several  species  and  in  prelinguistic  infants  (Thompson  &  Newport 

2007,  Fitch e Hauser  2004; Versace et  al.  2006,  Newport,  Hauser, 

Spaepen  &  Aslin  2004).  The  habituation-dishabituation  paradigm 

consists with a former exposition of the subject to positive examples of 

a regularity, which is continued until the subject is no longer reactive 

to exemplars within this class. Subsequently, new stimuli consistent or 

inconsistent with the regularity are presented, and significantly higher 

responses  to  inconsistent  stimuli  are  considered  evidence  of  the 

extraction of the pattern. Interestingly, these procedures have been 

used to  compare  capabilities  of  different  species  to  master  specific 

patterns (Fitch & Hauser  2004; Newport,  Hauser,  Spaepen & Aslin, 

2004).  Newport  et  al.  2004 investigated  learning of  three  different 

non-adjacent regularities (languages) in tamarin monkeys: languages 

that contained words defined by non-adjacent syllables, non-adjacent 

consonants, or non-adjacent vowels. After exposure to one language, 

the  experimenters  used  orienting  responses  to  a  loudspeaker  to 

measure the capability to discriminate between acoustical sequences 
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that occurred during exposure with high probability (words) and lower 

probability (partwords). Tamarins were able to discriminate between 

words and partwords in the case of non-adjacent syllables and vowels, 

but  not  in  the  case  of  non-adjacent  consonants.  In  a  comparative 

study  with  human  adults,  targeting  the  same  set  of  exposure 

conditions as presented to tamarins, Newport & Aslin (2004) showed 

that adults failed to discriminate words from partwords in the case of 

non-adjacent syllables, but were successful in this discrimination when 

conditional  probabilities  operated over non-adjacent consonants  and 

vowels. It has been proposed that a constraint in human capabilities 

with non-adjacent syllables may account for why human languages do 

not  display  non-adjacent  regularities  among  syllables.  We  can 

conclude however, that at least in principle it is possible to process 

regularities between non-adjacent syllables because of the tamarin’s 

success with the syllables.

By studying the untrained, spontaneous responses of non-human 

animals we can begin to understand the similarities and differences 

between  species.  There  are,  however,  some  limitations  to  these 

methods. A failure in detecting a pattern can be due either to a lack of 

capabilities  (a  competence  failure)  or  to  a  failure  in  execution  (a 

performance failure). A failure with a pattern can be determined by 

motivational  reasons  in  which  an  individual  detects  the  difference 

between alternative patterns but this difference does not motivate a 

behavioural response. For this reason, in these experiments subjects 

can be less motivated than in conditioning experiments, as a result we 

must  be  very  cautious  in  interpreting  the  failures  that  occur  with 

untrained responses.

The opposite threat, namely the tendency to force subjects in 

tasks ecologically irrelevant and far related to ecological capabilities, 
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concerns measuring trained-responses and conditioning paradigms. To 

study regularities in non-human animals, researchers have often used 

operant  conditioning  procedures,  in  which  subjects  were  trained  to 

respond differently to patterns that were consistent and inconsistent 

with  a  rule  to  get  some  reward  or  reinforcement.  For  instance, 

Gentner,  Fenn,  Margoliash  &  Nusbaum  (2006)  trained  starlings  to 

discriminate  between  acoustical  stimuli  consistent  and  inconsistent 

with the  AnBn pattern. Although starlings were able to generalize to 

novel  stimuli,  the  ecological  validity  of  these  results  has  been 

questioned  because  the  subjects  were  trained  for  thousands  and 

thousands of trials before the test trials. Another limit of conditioning 

studies like the research conducted by Gentner et al.  (2006) is the 

great  effort  required  in  the  training  and  in  turn  the  few  subjects 

consequently  used.  The  small  sample  size  makes  it  unclear  how 

widespread these capabilities are; they could be at the individual level 

or  the  population  level.  More  generally,  training  methods  allow 

researchers  to  notice/establish  capabilities  in  a  highly  motivating 

setting  but  it  is  difficult  to  determine  whether  these  studies  are 

investigating  ecologically  relevant  capabilities  and  how  widespread 

these capabilities are within a species. 

Hence,  summarizing  this  brief  review,  there  is  no  single 

experimental  method  ideal  when  investigating  the  processing  of 

regularities  in  all  animal  species,  or  for  that  matter,  any  cognitive 

capacity, and as a result when evidence is collected in different species 

using different methods, it can be hard to interpret and compare the 

results. An interesting case is represented by two studies that we have 

already mentioned, about the capabilities of cotton-top tamarins (Fitch 

& Hauser 2004) and starlings (Gentner et al. 2006) to process patterns 

such as (A)n(B)n and (AB)n. It is unclear why starlings succeeded with 
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both rules, and tamarins succeeded only with (AB)n. There are several 

possible explanations for these results: the limited ecological relevance 

of  the  stimuli  used  with  tamarins  -  speech  syllables  used  in  a 

habituation-discrimination setting whereas starlings were tested with 

species-specific vocalizations and in an operant conditioning setting - a 

specific  cognitive  limitation  of  tamarins’  cognitive  capabilities,  or  a 

specific  capability  of  starlings  that  could  also  be shared  with  other 

songbirds.  Only by collecting more data from different  species with 

different methods will  it be possible to discern these results. In the 

case in which spontaneous or training methods cannot be extensively 

applied  with  efficacy,  the  picture  can  not  be  clarified.  The  small 

number of research papers about these topics reveals that it is not 

easy to collect data about the processing of regularities in non-human 

animals.

In this thesis I want to extend the study of the processing of 

regularities  in  the  comparative  perspective.  In  particular,  I  am 

interested  in  investigating  how  regularities  with  different  levels  of 

abstraction  are  processed,  and  whether  we  can  effectively  use 

behavioural measures for studying and comparing the strategies used 

by  different  individuals  and  species.  My  hypothesis  is  that 

computational  capabilities  to  extract  different  regularities  are 

organized along the same hierarchical organization that we have used 

to  describe  regularities.    According  to  this  hypothesis,  processing 

abstract  regularities  requires  the  capability  to  extract  item-based 

regularities,  and  processing  item-based  regularities  requires  the 

capability  to  detect  repetitions,  in  a  hierarchical  organization.  If 

computational  capabilities  reflect  this  hierarchy,  we  expect  that 

individuals and species able to process the more abstract regularities 

will also be able to process less abstract regularities. On the contrary, 
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the processing of repetitions and item-based regularities can dissociate 

from the extraction of abstract regularities. 

I  will  provide  evidence  consistent  with  the  hypothesis  that 

processing abstract regularities requires more sophisticate capabilities 

than  the  processing  of  item-based  regularities  and  repetitions.  For 

instance  we  will  see  that  cotton-top  tamarins  promptly  process 

repetitions, and that item-based regularities are mastered easily than 

abstract regularities. All subjects tamarins could in fact easily extract 

repetitions of the same items, half of the tested subjects could master 

an  item-based  regularity,  whereas  they  were  able  to  extract  only 

partially an abstract regularity. A more subtle question is related to the 

strategies used in processing a pattern: we can ask whether different 

species represent a regularity in the same way looking at potential 

biases and predispositions towards specific  stimuli.  The attention to 

the strategy used can help in clarifying whether different individuals or 

species  use  the  same  or  different  computational  mechanisms  and 

representations.

The  hypothesis  of  the  hierarchical  organization  of  regularity 

processing can have a strong empirical endorsement only if verified in 

several  species.  Although  this  work  is  not  exhaustive,  yet  I 

investigated different species with paradigms that leave the possibility 

to extend the research open. 
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CHAPTER 2 ETHOLOGICAL DESCRIPTION

2.1.  General  Ecology  of  the  Cotton-Top  Tamarin  (Saguinus 

oedipus)

Cotton-top tamarins (Saguinus oedipus) are an endangered species of 

New World monkeys, mainly spread throughout Colombia and Panama. 

In the 1960s-1970s more than 30,000 tamarins were exported from 

Colombia  as  pets  or  for  biomedical  research.  Together  with 

marmosets, tamarins constitute the  Callitrichidae family. They live in 

neotropical rainforests (wet and dry forest and low vine tangles) and 

are primarily arboreal (Rylands, 1993).

Cotton-top  tamarins  have  a  small  size;  these  are  their 

dimensions/measures: body length: 232 mm (206-403), tail  length: 

372 mm (333-402), weight: 430 g males, 411 g females. Monkeys in 

captivity can weigh more on average than those in the wild (Cleveland 

and Snowdon, 1984). A captive adult can range from 450-650 grams. 

On the top of their dark head they have a long, whitish crest. The back 

is brown, whereas the underparts, limbs and feet are a cream to white 

colour (Emmons, 1990), see figure 2.1. They are not sexual dimorphic.
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Figure 1 An adult cotton-top tamarin (Saguinus oedipus).

Tamarins  are  diurnal  and  arboreal.  They  spend  most  of  their  day 

foraging, resting or travelling (Neymann, 1977) being active after 1 

hour after sunrise. Tamarins’ diet is composed by fruit, seeds, gums, 

nectar and animal matter including insects, mice, birds, small reptiles 

or amphibians (Hershkovitz, 1977; Snowdon and Soini, 1988). Their 

life span has been estimated in 13.5 years (Ross 1991), yet we have 

documented cases of more than 20 year old cotton-top tamarins in 

captivity. This is in brief their life history: infant: 1-7 months; juvenile: 

7-14 months, subadult: 14-21 months; sexual maturity: 18 months, 

estrus cycle: 15 days, gestation: 140 days , age first birth: 33 months, 

birth interval: 8 months. 

Social structure

Wild tamarins live in social groups of two to ten individuals (average 

group size is 7.4 individuals) that are usually genetically related. This 

is  the  group  they  are  most  likely  communicating.  Like  other 
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Callitrichids,  cotton-top tamarins  tend to  give birth  to  non-identical 

twins. 

Every  group  contains  one  breeding  female  and  one  or  more 

breeding  males.  Groups  can  also  contain  non-breeding  adults, 

juveniles and infants that are frequently the offspring of the breeding 

pair. After maturity, both males and females migrate out of their natal 

group equally (Savage, Snowdon, Giraldo, Soto, 1996).

While  in  the  group,  non-breeding  females  are  reproductively 

suppressed by the breeding female in their group (Savage, Ziegler, 

Snowdon,  1988).  As  typical  for  Callitrichids  they  have  an  intense 

cooperative parental care. The non-breeding animals help raising the 

young of the breeding pair (Snowdon & Soini, 1988). Though there is a 

dominance hierarchy with dominance held by the breeding pair, there 

is  relatively  little  aggression  between  members  of  the  same  social 

group (Snowdon & Soini, 1988). Despite the low-level of aggression 

within the group, they tend to be highly territorial, actively monitoring 

their territory for intruders, and eventually intruders are attacked. 

At  the Cognitive  Evolution Laboratory  we attempt to replicate 

cotton-top  tamarins’  social  world  by  maintaining  family  groups  in 

which twinning and cooperative breeding take place.

Vocalizations

Living in a dense forest environment, cotton-top tamarins use a large 

array  of  vocal  signals  (Snowdon  &  Soini,  1988).  The  acoustically 

distinctive signals they produce can be classified into four main types: 

chatters,  chirps  screams,  and  whistles.  Each  unit  is  referred  as  a 

syllable. Chirps and whistles are produced in isolation or combined in 

more complex vocalizations like multiple whistles, or combination calls 

in which both chirps and whistles appear (Cleveland & Snowdon 1982).
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Tamarins  produce  alarm calls  when they detect  a  predator  (Caine, 

1993). Their alarm calls mainly consist in two types of vocalizations: 

screams and chatters. A third type of vocalization, the chirp, is used 

primarily when foraging, but also in several other contexts. They also 

use  contact  calls  of  two  main  types:  multiple  whistle  calls  and 

combination long calls (see Cleveland & Snowdon, 1982 for an analysis 

of different tamarin vocalizations and their context of use). 

Multiple  whistle  calls  are  contact  calls  composed  by  a  sequence  of 

whistles, whereas combination long calls (CLCs) are a combination of 

whistles and chirps. The average length of a CLC is 4 seconds. CLCs 

consist  of  1  or  more  introductory  chirps  (short,  usually  with  high 

frequency modulation) followed by 1-4 whistles (long with usually low 

frequency modulation), see chapter 3. CLCs usually have between 2 

and 6 syllables.  Snowdon (1993) proposed that the features of the 

units that compose a CLC are perhaps useful in decreasing attenuation 

in dense forests.

Tamarins  produce CLCs  when out  of  visual  contact  with  their 

group  members  (Cleveland  &  Snowdon,  1984;  Weiss,  Garibaldi  & 

Hauser,  2001; Miller,  Flusberg & Hauser,  2003).  Captive cotton-top 

tamarins  spontaneously  produce  this  call  whenever  separated  from 

their social group. Contact calls, including the combination long call, 

are easy to study in captivity where social context can be modified, for 

instance isolating an individual from the social group and in fact have 

been extensively studied (Weiss et al., 2001; Miller et al., 2003; Egnor 

& Hauser, 2006). Because these vocalizations are self-motivated, they 

require no reinforcement or training to be elicited. For these reasons 

we decided to study CLCs in our experiments.
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2.2. General ecology of the chimpanzee (Pan troglodytes)

The  chimpanzee  (Pan  troglodytes)  is  one  of  five  members  of  the 

primate family known as the Great Apes, or Hominidae (this group also 

includes humans, gorillas, orangutans, and bonobos).

The  World  conservation  Union  lists  chimpanzees  as  an 

endangered  species,  due  to  exploitation,  habitat  loss,  and  habitat 

degradation. With only 100,00 to 200,000 individuals left in the wild, 

IUCN predicts  a fifty  percent  reduction in  population  size by 2030. 

They live in a variety of habitats across western, central, and eastern 

Africa, such as dry savannas, evergreen rainforests,  swamp forests, 

and dry woodland-savanna mosaics (Goodall, 1986).

Chimpanzees animals have a pretty large size and are slightly 

sexually  dimorphic.  These  are  their  dimensions/measures:  body 

length: 816 mm (737-959) weight: 40-60 kg males, 32-47 kg females. 

Most of these animals are black, but some individuals are grey black. 

Both genders often have short white beard. The ears are prominent. 

Infants  have a  white tail  tuft  and pink  to  brown facial  skin,  which 

darkens by adulthood, see Figure 2.
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These animals are diurnal and arboreal. As one of the three knuckle-

walking primates, they are partly terrestrial but also partly arboreal, 

feeding,  hunting,  and sleeping in trees.  They are highly  specialized 

frugivores, feeding preferentially on fruit across all study sites. They 

also  supplement  their  diet  with  leaves,  pith,  bark,  stems,  seeds, 

honey, and a variety of animal prey, such as termites, ants, reptiles, 

busbucks, rodents, and monkeys (Goodall, 1986).

Chimpanzees have long life. Their life span has been estimated 

53 years (35-40 in the wild, about 60 years in captivity). This is in 

brief  their  life  history:  infant:  60 months;  juvenile:  60-98 months, 

subadult: 96-132 months; sexual maturity: 135 months for females, 

156 months for males, estrus cycle: 36 days, gestation: 240 days , 

age first birth: 168-180 months, birth interval: 60 months. 

Social structure

Wild chimps live in multimale-multifemale, fission-fusion social groups 

in which individuals form temporary, small subgroups that are part of 

a  larger  more  stable  community.  Groups  range  from  5  to  25 

individuals,  up  to  100.  Groups  are  organized with  clear  and stable 

linear  dominance  hierarchies  (Boesch  &  Boesch-Achermann,  2000; 

Goodall,  1986;  Nishida,  1979);  males  are  dominant  over  females. 

Females  emigrate  to  other  communities.  A  group  of  related  males 

patrol the territory boundaries of the community. Females live a more 

solitary  life,  spending  65% of  their  time  alone  with  their  offspring 

within a core area half the size of the males’.
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Communication and culture

Chimpanzees  have  an  extensive  visual  and  vocal  communication 

system. Facial expressions, body stance and position play an important 

role  in  short  range  communication  (Goodall,  1986;  Hostetter  & 

Cantero, 2001; Parr 2003). Chimpanzees are also able to convey a 

wide-range of information through their relatively large call repertoire. 

They produce at least fifteen distinct call types, including food calls, 

submissive  calls,  contact  calls,  screams,  whimpers,  barks,  squeals, 

copulation  screams,  and  the  most  notable,  pant-hoots,  given  in 

situations of social excitement (Clark, 1993; Clark & Wrangham, 1993, 

1994; Goodall, 1986; Hauser, Teixidor, Field, & Flaherty, 1993; Mitani 

&  Nishida,  1993).  To  announce  a  large  supply  of  fruit  to  other 

community members, males can drum on the buttresses of trees and 

give a long-distance food call.

Several studies (see Whiten, Goodall, McGew, Nishida, Reynolds, 

Sugiyama,  Tutin,  Wrangham  &  Boesch,  1999  for  a  review)  have 

showed that chimpanzees that live in different areas have different 

cultural  traditions  (protoculture)  that  are  passed  on  from  one 

generation to the next. Examples include cooperative hunting of adult 

western  red  colobuses  in  Ivory  Coast,  nut  cracking  in  West  Africa, 

termite fishing in Tanzania, and medicinal plant use in Uganda. Meat 

sharing by males is a coalition strategy to reward friends and allies. 

Chimpanzees frequently modify and use objects in their environment 

as  tools  especially  to  obtain  food  sources.  Some  examples  of 

documented  tool-use  include  the  following:  sticks,  stripped of  their 

leaves, to extract honey from the hives of bees (Stanford, Gamaneza, 

Nkurunungui, & Goldsmith, 2000); sticks, similarly modified, to extract 

ants or termites from ground nests (Boesch & Boesch, 1993; Goodall, 

1986); hammer and anvil tool sets made from branches or stones and 
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exposed tree roots or rocky surfaces to crack nuts open (Boesch & 

Boesch, 1993); and leaves used as sponges or spoons to drink water 

(Sugiyama, 1995).
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CHAPTER 3 INVESTIGATING ACOUSTICAL REGULARITIES

3.1. Introduction

Capabilities for processing acoustical regularities have been studied in 

both human and non-human species (see Weiss & Newport 2006 for a 

review). The paradigms used in these experiments present interesting 

analogies with linguistic tasks such as word segmentation and parsing. 

Researchers  have  tried  to  compare  the  computational  capabilities 

possibly  related  to  language  processing  in  individuals  that  master 

language  (human  adults),  that  have  not  fully  developed  language 

(infants) and that do not possess language (non-human species more 

or less closely related to us, like other primates or songbirds). The aim 

of these studies is to clarify whether humans possess species-specific 

capabilities dedicated to language processing.

Hauser, Chomsky & Fitch (2002) published a relevant theoretical 

paper  proposing  to  use  a  comparative  perspective  to  understand 

language  specificity  and  investigate  the  evolution  of  this  cognitive 

faculty.  They  did  not  advance  a  specific  hypothesis  of  language 

evolution, but a working hypothesis to study the species-specificity of 

language. According to Hauser et al. (2002), the species-specificity of 

language may lay in the capability to process recursive patterns. The 

concept  of  recursion  was  intended  in  the  linguistic  sense,  as  the 

capability  to  embed  elements  within  elements,  leading  to  patterns 

whose  components  are  connected  but  separated  by  an  arbitrary 

number of elements.

Attempting to maintain the analogy with speech, experimental 

studies to test this hypothesis focused on acoustic stimuli. Two main 
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paradigms – paradigms that I have also used in my experiments – 

have been used in this field of research: the habituation-dishabituation 

paradigm,  and  the  operant  conditioning  paradigm.  Fitch  &  Hauser 

(2004)  used  a  habituation-discrimination  method  testing  cotton-top 

tamarins  with  speech  syllables,  and  used  the  same  stimuli  testing 

human adults after a short familiarization. They showed that cotton-

top tamarins are able to compute the (AB)n rule, but not the (A)n(B)n, 

and  this  selective  difficulty  contrasts  with  the  capability  of  human 

adults  to  process  both  patterns.  A  possible  explanation  of  this 

interspecific  difference is  that language is  necessary  to process the 

(A)n(B)n pattern. Can we argue, based on this evidence, that tamarins 

have  a  specific  difficulty  with  recursive  stimuli?  First,  there  is  a 

theoretical limit in the design of this experiment: the (A)n(B)n rule does 

not generate strings that can be processed exclusively using recursive 

computations.  Hence  humans  could  process  these  patterns  without 

using  language  (Perruchet  & Rey,  2005 discussed  some alternative 

strategies such as counting). Second, tamarins may be more sensitive 

and  reactive  with  other  stimuli  than  speech,  for  instance  species-

specific  vocalizations.  Third,  this  method is  not sensitive enough to 

distinguish between a failure due to a computational limit or to the fact 

that the difference between consistent and inconsistent stimuli is not 

relevant enough for the subjects to show a behavioural response. This 

research  alone  does  not  clarify  the  picture  of  language  species-

specificity.

Gentner et al. (2006) conducted another study focused on the 

capabilities of non-human animals to process the (AB)n and (A)n(B)n 

patterns.  They  studied  starlings  using  an  operant  conditioning 

procedure.  In  these  experiments,  after  extensive  training,  starlings 

were able to master both patterns and discriminated between stimuli 
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consistent and inconsistent with the patterns. Since starlings do not 

possess language, these results show that the possession of language 

is  not  indispensible  for  processing  these  regularities.  The  massive 

training and the use of species-specific vocalizations can explain this 

success. However, neither research clarifies something about language 

processing because we do not know whether starlings and humans use 

the  same  strategies  and  mechanisms  in  the  processing  of  these 

patterns.

The main theoretical limit in these researches seems to be the 

absence of a clear connection between these tasks and language. We 

can  hypothesize  that  the  same  mechanisms  used  in  word 

segmentation  are  used  by  infants  and  tamarins  to  compute  the 

frequency of co-occurrence of syllables in speech streams, but thus far 

there is no clear evidence for this. The same is true for the analogy 

between parsing and regularities such as (A)n(B)n. It seems hard to 

progress in the understanding of language specificity in the absence of 

language-specific tasks that can be used either with human and non-

human animals. The small number of relevant papers on this topic is 

probably the clearest evidence of this methodological and theoretical 

difficulty.  Before  addressing  specific  questions  about  language 

processing,  we  need  a  more  general  understanding  of  the 

computational capabilities in different species and in particular about 

the strategies and mechanisms used in different species. In Chapter 1 

I  have  proposed  a  different  framework  to  study  computational 

capabilities, the distinction between repetitions, item-based, abstract 

and positional regularities.

In this chapter I will present several experiments where I have 

investigated  and  compared  the  capabilities  of  different  primates 

(cotton-top tamarins, chimpanzees and human beings) in processing 
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acoustical  regularities.  I  have studied the processing of  repetitions, 

item-based and positional regularities. 

In  the  first  series  of  experiments  I  studied  the  capability  of 

tamarins to use a  repeated acoustic cue  – a speech syllable – to 

avoid masking during the production of contact calls. To solve this task 

efficiently it is necessary to use the information conveyed by acoustic 

cues to adapt the behavioural responses. 

In  the  second  part  of  the  chapter  I  will  present  a  series  of 

experiments conducted on chimpanzees and human beings. Individuals 

of  these  species  have  been  compared  by  the  processing  of  the 

elements located in specific positions, with particular attention to the 

edges of acoustic strings. This research focuses on the processing of 

positional and item-based regularities.
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3.2.  Pattern  recognition  mediates  vocal  plasticity  in  a 

nonhuman  primate:  experiments  with  cotton-top  tamarins 

(Saguinus oedipus)1

Abstract

All vocalizing animals confront the problem of conveying information to 

conspecifics  in  noisy  environments.  To  maximize  transmission,  they 

have  evolved  capacities  to  avoid  the  masking  effects  of  biotic  and 

abiotic sound sources, such as changing the structure and timing of 

acoustic  signals.  Here  we  explore  this  problem from a  new angle, 

asking whether animals can extract predictive acoustic cues from an 

intermittently  noisy  environment  and  use  this  information  to  time 

vocal  output.  In  a  series  of  experiments,  we  presented  cotton-top 

tamarins with loud noise interrupted by speech syllables and silence. 

The silences were either long enough to accommodate the full length 

of their species-specific contact calls or too short. The task, in brief, 

was for tamarins to pick out the acoustic cues predicting long vs. short 

gaps  of  silence,  and  to  schedule  their  vocalizations  to  follow  cues 

associated with long gaps. Consistently, tamarins were able to extract 

the acoustic cues predicting the long gaps, using them to call in the 

1 Adapted from a draft  under review: Versace, E., Endress, A.D. & Hauser,  M.D. 

Pattern recognition mediates vocal plasticity in a nonhuman primate: experiments  

with  cotton-top  tamarins  (Saguinus  Oedipus). All  research  was  approved  by  the 

Animal Care & Use Committees at Harvard University. We thank R.S.E. Egnor for 

advice on the experimental design and for comments on the data. Funds for this 

research were provided to MDH by the McDonnell Foundation, as well as from grants 

by J.  Epstein and S.  Shuman, and to EV by the Harvard MBB Graduate Student 

Award. We also thank C. Lim and T. Gruber for help in data collection.
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long gaps and consequently, avoiding both the energetic and masking 

costs of calling in noise. We discuss these findings in the context of 

both the phylogeny of vocal plasticity and the potential methodological 

applications  of  this  technique  to  broader  questions  of  pattern 

recognition.

INTRODUCTION

Many species live in noisy environments where their vocalizations may 

easily  be  masked.  Such  masking  stimuli  can  compromise  the 

transmission of possibly important acoustical signals. Selection should 

therefore favour mechanisms that enable individuals to avoid masking, 

such as modifying the timing, amplitude or spectral structure of the 

call.  Crucially,  there  should  be  both  perceptual  mechanisms  that 

enable extraction of patterned information from the environment as 

well as production mechanisms that enable control over the timing and 

structure of the call. Here we present experiments that explore one 

possible  strategy  to  avoid  masking.  In  particular,  we  ask  whether 

animals can detect predictable patterns in the environment and use 

this information to mediate the precise timing of call production. 

It is well known that many species adjust their vocalizations in 

different ways to ambient noise. For example, a common response, 

first noted by Lombard (1911), is to increase call amplitude. Given the 

evidence  for  this  capacity  in  zebra  finches,  nightingales,  Japanese 

quails, cats, beluga whales, macaques, common marmosets, cotton-

top tamarins and humans (Potash 1972; Sinnott et al. 1975; Nonaka 

et al. 1997; Cynx et al. 1998; Brumm & Todt, 2002; Brumm et al. 

2004; Scheifele et al., 2005; Egnor & Hauser 2006), it has most likely 
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evolved  either  independently  or  by  descent  in  a  wide  range  of 

vertebrates.  In  addition  to  increasing  call  amplitude,  animals  often 

increase the number of vocalizations (e.g., king penguins; Lengagne, 

Aubin, Lauga, Jouventin, 1999) as well as their duration (e.g., whales; 

Foote, Osborne & Hoelzel, 2004); a more limited number of species 

can control the spectral content of their vocalizations to fit an open 

frequency channel (e.g., bats; Smotherman, Zhang & Metzner, 2003).

While these mechanisms allow animals to cope with continuous 

ambient noise, different, and less energetically demanding strategies 

seem more suitable in the context of discontinuous noise. For instance, 

a signaler can simply wait for the offset of the background noise and 

start to vocalize at the onset of silence, without expending energy to 

increase  the  amplitude  or  number  of  vocalizations.  Indeed,  several 

species are capable of modifying the timing of their calls in order to fit 

within the periods of silence intervening between periods of noise. For 

example, several  anuran and avian species shift  the timing of their 

calls  to  avoid  mutual  acoustic  interference  (Popp  1989;  Garcia-

Rutledge & Narins, 2001), often using noise offsets as the critical cue 

for timing call onset. Recently, similar adjustments in call timing have 

been  demonstrated  in  captive  cotton-top  tamarins  exposed  to 

playbacks  of  cyclic  and  predictable  background  noise  (Egnor  et  al. 

2007).  Most  relevant to the  present  work,  the tamarins  learned to 

adjust the amplitude and duration of their calls depending on where in 

the silent gap they started calling (R.S.E. Egnor, unpublished data). 

For example, when presented with a cycle of 8 s noise followed by 8 s 

silence, tamarins produced louder calls at the start of the silent period 

and shorter calls at the end of this period. These analyses suggest that 

tamarins  may have anticipated  both  the  onset  and duration  of  the 

silent periods; it is also possible, especially for the timing and duration 
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of their calls, that they were using the offsets to begin calling, and 

then  interrupting  their  calls  as  soon  as  noise  appeared  again. 

Independently of which interpretation is correct, these studies suggest 

that tamarins are capable of reducing the effect of background noise in 

three  ways:  increase  call  amplitude,  shorten  call  duration,  and, 

crucially, shift the timing of their calls to avoid masking.

Though virtually all species tested to date appear to use noise 

offset as a cue to avoid masking, there are conditions in which this 

strategy will fail. In particular, if the silent intervals are shorter than 

the length of the desired vocalization, initiating a call at the onset of 

the  silence  will  result  in  vocalizations  that  are  at  least  partially 

masked. For example, in environments where birds and insects engage 

in  morning  choruses,  there  will  often  be  narrow  windows  of 

opportunity  for  calling  (Green  & Marler,  1979);  these  windows  are 

defined by both temporal and spectral dimensions. In this situation, it 

is necessary not only to identify silent intervals, but also to predict 

whether these will be sufficiently long for a vocalization. If the length 

of  silent  intervals  can  be  predicted  by  reliable  cues,  an  efficient 

strategy is to extract the information given by the cues, and to use it 

to adjust the timing of the call. We designed an experiment to explore 

whether cotton-top tamarins (Saguinus oedipus) can detect acoustic 

cues that predict long as opposed to short intervals of silence and if 

so, use this information to preferentially call more often in the longer 

intervals that maximize signal transmission. 

In  one  sense,  such  abilities  would  be  surprising  in  tamarins, 

given the claim that monkeys and apes are incapable of vocal learning, 

with only limited evidence of vocal plasticity (reviews in Snowdon & 

Elowson,  1992;  Seyfarth  &  Cheney,  1999;  Egnor  &  Hauser,  2005; 

Fischer et al. 1998). That is, contrasting the pattern of vocal learning 
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in primates with that of songbirds or cetaceans, we observe several 

striking differences. First, the songbirds and cetaceans are exceptional 

vocal mimics. What they hear is readily translated into a copied vocal 

signal. Second, there are sensitive periods for the acquisition of their 

vocalizations, requiring specific acoustic experience. Third, deafening 

and  delayed  auditory  feedback  result  in  significant  deterioration  of 

signal structure. Fourth, studies of differences in call structure among 

populations of the same species reveal dialects, a clear signature of 

vocal  learning.  In contrast,  none of  these effects are noted among 

primates, leading to the conclusion that they have little to no capacity 

to alter call structure. Still, Weiss et al.’s [2001]data on group-level 

dialects  in  tamarins,  together  with  Egnor  et  al.’s  (2007)  results 

suggesting that tamarins can flexibly adjust to temporal patterns in 

the  environment,  implies  that  tamarins,  and  presumably  other 

nonhuman primates, have a greater capacity to control vocal output 

than heretofore acknowledged. Here, we follow up on these ideas by 

looking at a different kind of vocal plasticity. Specifically, we explore 

whether  tamarins  can  first  extract  acoustic  patterns  from  the 

environment  and  then  use  these  to  control  the  timing  of  their 

vocalizations.

Like  other  primates  (Marler  1968;  Waser  1982;  Waser  1977; 

Robinson 1979; Newman et al.  1978; Mitani  1985; Mitani  & Marler 

1989; Clark Arcadi 1996; Mitani & Nishida 1993), tamarins produce a 

loud  contact  call  when  they  are  visually  isolated  from other  group 

members. Their primary vocalization in this context is the combination 

long call (CLC; Cleveland & Snowdon, 1982; Weiss, Garibaldi, Hauser, 

2001; Miller et al. 2003). A CLC consists of a concatenation of at least 

two syllables:  one or  more chirps (i.e.  short  and highly  frequency-

modulated syllables) followed by one to four whistles (i.e. longer and 
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less frequency-modulated syllables); the average length of a CLC is 

2.5-3 s (Cleveland & Snowdon 1982; Weiss et al., 2001). Here we take 

advantage  of  the  natural  tendency  of  tamarins  to  spontaneously 

produce  CLCs  when  socially  isolated  to  investigate  their  ability  to 

identify  appropriate  calling  windows  on  the  basis  of  information 

conveyed by acoustical  cues.  The underlying assumption motivating 

these experiments, backed up by previous work (Egnor et al., 2007; 

Egnor  et  al.  in  preparation),  is  that  the  adaptive  function  of  CLC 

production is to provide information to other group members about the 

caller’s  location.  Consequently,  calling  in  silence  maximizes  the 

information  conveyed  which,  based  on  prior  studies  (Miller  et  al. 

2005), minimally includes as content details about caller identity, sex, 

and group membership.

In  the  experiments  reported  below,  we  exposed  tamarins  to 

sequences of loud noise, speech syllables and silent intervals. The loud 

noise was designed to mask the CLC (i.e., CLCs produced in silence 

are approximately 60 dB SPL, whereas the masking noise was 80-85 

dB SPL, Egnor et al. 2007).The speech syllables were slightly higher in 

amplitude  than  the  modal  CLC,  and  were  used  as  predictive  cues 

based on the observation that tamarins do not antiphonally call back 

to such syllables (E. Versace, unpublished data). The silent intervals 

were either long enough to fit a CLC or not, and the duration of the 

silences  was reliably  predicted  by the  particular  syllables  preceding 

them. Hence, if  tamarins can use the acoustic cues associated with 

different syllables to predict the probability of a long or short following 

gap,  we  would  expect  them  to  call  more  in  the  long  than  short 

silences. More specifically, given that the duration of the tamarin’s CLC 

ranges from approximately 2.5-3 s, we used silent intervals of 3 s and 

1.5 s, respectively. Based on the relationship between call  and gap 
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duration, only CLCs produced in the long 3s gap would completely fit, 

whereas  calling  in  the  short  1.5  s  gap  would  mask  a  significant 

proportion of the CLC. Further, given the modal duration of a CLC, 

subjects must generally start soon after the relevant predictive cue in 

order to maximize the amount of signal produced in silence. 

GENERAL METHODS

Subjects

We tested eight adult cotton-top tamarins (4 males: DD, RK, JM, and 

DW;  4  females:  RB  JG,  LG,  and  JK)  from  the  Harvard  University 

Cognitive Evolution Laboratory, ranging in age from 2 to16 years. All 

subjects  were  born  in  captivity  and  socially  housed,  with  separate 

home cages for each breeding pair and their offspring. Subjects were 

maintained on a diet of monkey chow, fruit, seeds, and mealworms, 

together with free access to water. Subjects voluntarily left their home 

cages, lured out by a piece of raisin. 

Apparatus

During the experimental sessions subjects were placed in a Plexiglas® 

playback  cage  (25  x  28  x  51  cm),  with  a  wire  mesh  front.  The 

playback cage was located inside a double-walled sound-attenuating 

chamber (Industrial Acoustics; inner dimensions: 1.75 m x 1.85 m x 

1.95 m) with a directional microphone (ME-66, Sennheiser) positioned 

10 cm from the playback cage. The microphone signal was amplified 

(Rane MS-1), and then digitized at a sampling rate of 22050 Hz and a 

precision  of  32  bit.  Data  acquisition  and  sound  presentation  were 

controlled  by  Audacity  software  (audacity.sourceforge.net);  stimuli 
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were  presented  using  an  Advent  AV570  speaker.  Subjects  were 

monitored  and  tape  recorded  with  a  video  camera  during  the 

experimental sessions. 

Stimuli: general description

In both experiments, we exposed subjects to playbacks of cyclic and 

predictable  alternations  of  white  noise  and  silence.  The  basic 

organization of the sound streams is shown in Fig. 1 and Fig. 3. White 

noise ranged between 800-10000 Hz, and had variable length (4 s, 5.5 

s, 6 or 7.5 s). Noise intervals were separated by silent intervals of 3 s 

or 1.5 s. The duration of the silent intervals was always predicted by 

either speech syllables or the absence of syllables between the noise 

and the silent interval.

In  each  session,  we  played  a  different  sound  stream.  The 

streams were semi-random sequences of trials created according to 

the following form: 

[white noise] + [100 ms silence] + [cue] + [silence of 1.5 s or 3 s]. 

Intervals  of  white  noise  were  created  using  Audacity 

(audacity.sourceforge.net), and saved in the wav file format (sampling 

rate: 44100 Hz; sample width: 16 bit, mono, signed linear encoding). 

Silent intervals were created in the same way. The speech syllables 

that were used as predictive cues were pronounced by native speakers 

of English, recorded using a Sennheiser ME-66microphone connected 

to a Sigmatel soundcard, and saved in the wav file format (sampling 

rate: 44100 Hz, sample width: 16 bit, mono, signed linear encoding) 

using Audacity. Trials of the aforementioned form were concatenated 

into sound streams. 
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Within each stream, trials were randomized with the constraint of not 

having more than 3 noises or silences of equal duration in a row. We 

then  converted  all  sound  files  to  the  raw  file  format  using  sox 

(sox.sourceforge.net),  concatenated  them  according  to  the 

randomized lists with the utility cat, and converted the concatenated 

file into the wav file format (sampling rate: 22050 Hz; sample width: 

16  bit,  mono,  signed  linear  encoding),  again  using  sox.  In  each 

stream, there were equal numbers of long and short silent intervals for 

a total of 80 silent gaps.

Experimental schedule and procedure 

There were two experimental conditions, each run for 8 consecutive 

days, with no gap between conditions. Each subject was tested once a 

day.

As  pilot  data  showed  that  different  individuals  produced 

vocalizations at different intensities, we adjusted the amplitude of the 

white  noise  according  to  each subject’s  CLC-specific  amplitude.  We 

thus ran 4 monkeys (RK, LG, RB, JK) at 80 dB SPL of white noise and 

4 monkeys (DW, JG, DD and JM) at 85 dB SPL.

We placed each subject into the playback cage inside a sound-

attenuating chamber. Stimuli were played using Audacity. We used the 

same  software  also  to  record  the  monkeys’  vocalizations,  and  to 

convert the recordings of each session to the wav file format. 
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Measures and Statistical Analyses

We analyzed the recordings of the tamarins’ vocalizations using Praat. 

For  each  session  we  located  all  calls,  and  measured  the  interval 

between the end of the syllable or noise and the beginning of the call. 

Because not all subjects produced CLCs with introductory chirps, 

we used the following criteria  for  scoring calls  in  the analyses.  We 

counted as a contact call any vocalization that contained at least two 

syllables, one of which had to last at least 400 ms; we describe the 

first syllable of at least 400 ms as the “first whistle”.  This criterion 

includes  all  prototypical  CLCs  as  well  as  contact  calls  in  which  the 

initial  chirp was omitted or  was too quiet  to be detected. Syllables 

preceding the first whistle were considered to belong to one call if the 

offset was separated by no more than 350 ms from the onset of the 

first whistle, or if the offset was separated by at most 350 ms from 

another syllable that was included in the call. We also included in the 

call  all  the  syllables  following  the  first  whistle  in  which  the  inter-

syllable interval was less than 600 ms.

Calls  produced  during  a  session  can  in  theory  start  during 

silence, during noise, or during one of the syllables. For the purposes 

of our analyses, we considered calls beginning during the syllable as 

beginning  during  noise  (because  both would  be  masked).  For  each 

session,  we counted the number of  calls  starting in noise,  and the 

number  of  calls  starting  in  the  long  and  the  short  silences, 

respectively. We also distinguished between calls starting after each 

predictive cue, that is, after a syllable or after a noise offset. 

To evaluate whether tamarins used the predictive cues to time 

their vocalizations, the most meaningful comparison is that between 

calls starting within the first half of the long gap, and those starting 

within the short gap. This is because these two periods have precisely 
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the same duration (1.5 s), and immediately follow sound offsets. Thus, 

for each subject, we contrasted the number of calls produced in the 

first half of the long gap with the number of calls produced in the short 

gap. 

These  comparisons  are  valid  only  if  tamarins  do  not  have  a 

tendency to respond to speech syllables with CLCs. If they had such a 

tendency, then they may call  more during the first half of the long 

silences simply because the corresponding cues act as a trigger for 

CLCs. It is indeed well known that stimuli other than contact calls can 

elicit responses on the part of other primates (Waser 1977, Cleveland 

& Snowdon 1982; Ghazanfar et al. 2001). In tamarins, the peak of the 

responses  occurs  in  the  first  5  s  after  the  offset  of  the  CLCs  and 

analogous stimuli (Ghazanfar et al. 2002). As a first step to rule out 

the  possibility  that  tamarins  may  respond  to  speech  syllables  with 

CLCs, we ran a pilot experiment similar to that by Ghazanfar et al. 

(2002)  where  we  analyzed  the  temporal  distribution  of  CLCs  after 

playbacks  of  speech syllables.  We found no evidence  of  antiphonal 

responses following speech syllables; moreover there were very few 

calls produced within the first 3 s after the speech syllables. Speech 

syllables thus do not seem to elicit CLCs in tamarins. Consequently, 

calls produced following a speech syllable can not be a communicative 

response to it, but rather a response that uses the acoustics of the 

syllable to predict appropriate periods of calling.
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EXPERIMENT 1

In experiment 1, each long silent interval was preceded by a speech 

syllable, whereas each short silent interval directly followed the noise. 

We asked whether tamarins can adjust the timing of their vocalizations 

according to the information conveyed by these simple cues, calling 

more in the first half of the long silences than in the short silence. 

Materials and method

In experiment 1, the syllable “ti” predicted long silences, while short 

silences were preceded by the offset of white noise. We recorded this 

syllable  from a  female  native  speaker  of  English.  The  white  noise 

preceding “ti”  was either 4 s or  6 s long;  either duration occurred 

equally often. The short silent interval was preceded, equally often, by 

5.5 s and 7.5 s long white noise.

The  stimuli  were  constructed  as  described  in  Fig.  1.  We  ran 

subjects on experiment 1 for 8 consecutive days. We aborted session 8 

for  subject  DW  because  of  signs  of  distress.  To  show  statistical 

significance at the individual level, a minimum of 6 calls is required. 

We  therefore  excluded  from  the  analyses  one  subject  (JG)  who 

produced fewer than 6 calls beginning in silence over the course of 

each experiment (i.e.,  calls  starting in silence per session: X=1.87, 

range= 0-4).
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Figure 1 Organization of the sound streams in experiment 1. Streams were 

organized into trials of the following form: [white noise] + [100 ms silence] 

+ [cue] + [silence of 1.5 s or 3 s]. (a) A 4 or 6 s long interval of white noise 

was followed by the syllable “ti”, and then by a silence of 3 s. This gap is long 

enough to contain a combination long call  (CLC). (b) A 5.5 or 7.5 s long 

interval of white noise was followed by a silence of 1.5 s. This silence is too 

short to contain a CLC. The duration of the silent intervals thus was always 

predicted by either speech syllables or the absence of syllables between the 

noise and the silent interval. 

Results

Individual results

We present the results of each subject in Table 1. For each individual 

we compared the number of calls starting in the short silent interval 

and  in  the  first  part  of  the  long  silent  interval  using  a  two-tailed 

binomial test. 
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Four out of seven subjects (DW, DD, JM, and LG) showed a statistically 

significant preference for calling in the long interval compared to the 

short interval, suggesting that they were able to discriminate between 

the long and the short intervals. These subjects showed a significant 

preference for calling in the first half of the long silent intervals. RB 

and  RK  showed  a  non-statistically  significant  trend  towards  calling 

more in the first half of the long silent intervals. JK had no preference 

for either interval type.

Table 1. Summary of the individual results in experiment 1. 

For each individual are specified: number of calls starting in the short gap 

and in the first  half  of  the long gap, P level  associated with a two-tailed 

binomial test, total number of calls, percentage of calls starting in silence
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Subject
# Calls

short gap

# Calls

long gap
P

Total

# calls

% Calls

in silence

DW 10 31 <0.01 106 70

RB 11 23 0.058 68 87
DD 11 44 <0.01 107 81
RK 29 34 0.058 148 58
JM 6 28 <0.01 110 90
JK 14 17 <0.01 92 51
LG 4 18 <0.01 59 80



Group results

For each subject, we calculated the total number of calls started in the 

short  silent interval  and in the first  part of the long silent interval, 

respectively.  We then compared  these  counts. As  shown in  Fig.  2, 

subjects called more in the first part of the long silent intervals than in 

the short silences (Wilcoxon matched pairs test: T=0, Z=2.37, N=7, 

P=0.018).

There was no difference in reaction times for initiating calls in 

the short gap ( X ± SE =0.87 ± 0.06) as opposed to the long gap (X ± 

SE = 0.89 ± 0.07).

Figure 2 Results of experiment 1: Number of calls starting in the short silent 

gap (1.5 s) and in the first  half  of  the long gap (1.5 s).  Each subject  is 

indicated  by  a  different  symbol.  The  thick  horizontal  lines  represent  the 

population  averages  in  the  two  conditions.  All  subjects  except  JK  (filled 

square) produced more calls in the first half of the long silent interval than in 

the  short  silent  interval  although  the  durations  of  these  intervals  are 

identical.
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Discussion

The  individual  and  group  results  of  experiment  1  show  that  most 

subjects called more in the first half of the long gap than in the short 

gap; the tamarins thus modified the timing of their calls such that the 

masking effect of the background noise was reduced. Results further 

showed that at the group level, subjects tended to call more often in 

the first half of the long intervals compared to the short intervals. 

Individual success in calling more in one of the two gaps can be 

accounted for by two different mechanisms: subjects either attended 

to, and used the different predictive cues (i.e., syllable  vs. noise) or 

they responded to the different noise durations preceding the silent 

intervals.  Experiment  2  was  designed  to  test  between  these 

possibilities by presented periods of noise that were always followed 

by speech syllables, and thus, the only predictive cue to gap length 

was the acoustic morphology of the particular syllables associated with 

long and both long and short silent gaps; further, the periods of white 

noise preceding the syllables were equally long in both conditions. As a 

result, to succeed on this task, tamarins would have to discriminate 

among  the  speech  syllables,  and  to  selectively  initiate  calls 

immediately following those syllables predicting the long gap.
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EXPERIMENT 2

Experiment 2 further explored the limits of the relationship between 

pattern recognition and vocal control in tamarins. As in experiment 1, 

tamarins  could  avoid the masking of  their  contact  calls  by starting 

them  in  windows  of  silence  of  sufficient  duration.  In  contrast  to 

experiment 1, however, experiment 2 presented tamarins with a more 

difficult discrimination task, requiring a distinction between two speech 

syllables associated with the long gap and a third syllable associated 

with the short gap. In this context, if tamarins call more frequently in 

the first half of the long gaps than in the short gaps, they must be 

attending to the differences between syllables associated with these 

gaps.  Moreover,  if  performance  improves  from  that  observed  in 

experiment 1, then either the additional cues provide better predictors 

of  gap duration,  or  subjects  have learned more about the principle 

underlying these experiments (i.e. that there were predictable gaps 

that  were  either  sufficiently  long  for  a  CLC  or  not),  or  some 

combination of both of these factors. 

Materials and method

As illustrated in Fig. 3, the design of experiment 2 was similar to that 

of experiment 1 with two exceptions. First, the duration of the silent 

gaps was predicted by three distinct syllables. The same syllable as in 

experiment 1 “ti” as well as “lu“ (a new syllable) predicted the long 

silence, while the syllable “ja” predicted the short silence. The syllables 

“ti” and “lu” were pronounced by a female native speaker of English, 

whereas the syllable “ja” was pronounced by a male native speaker of 
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English. Second, all noise segments were either 4 s or 6 s long; these 

durations occurred equally often with either silence duration.

Experiment  2  was  run  immediately  after  experiment  1  for  8 

consecutive days. There was a one day delay in starting DD as he 

could not be lured out of  his  homecage in day 1. Due to technical 

problems, we could not run the last session for subjects DW, JG, DD 

and  JM.  One  subject,  JG,  was  excluded  from  analysis  due  to  an 

insufficient  number of  calls  starting in silence (i.e.,  calls  starting in 

silence per session: X=1.28, range= 1-3).

Figure 3 Organization of the sound streams in Experiment 2. Streams were 

organized into trials of the following form: [white noise] + [100 ms silence] 

+ [cue] + [silence of 1.5 s or 3 s]. (a) A 4 or 6 s long interval of white noise 

was followed by either the syllable “ti” or the syllable “lu”, and then by a 

silence of 3 s. This gap is long enough to contain a combination long call 

(CLC). (b) A 4 or 6 s long interval of white noise was followed by a silence of 

1.5 s. This silence is too short to contain a CLC. The duration of the silent 

intervals thus was always predicted by different speech syllables. 
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Results

Individual results

As  revealed  in  Table  2,  all  seven  subjects  showed  a  significant 

preference  for  calling  in  the  first  half  of  the  long  silent  interval, 

indicating that they were able to discriminate between the cues and 

their predictive values. 

Table 2 Summary of the individual results in experiment 2. 

For each individual are specified: number of calls starting in the short gap 

and in the first  half  of  the long gap, P level  associated with a two-tailed 

binomial test, number of calls starting in the first half of the long gap after 

the old and the novel cue, total number of calls, percentage of calls starting 

in silence

As Table 2 also reveals, though all subjects called more in the first half 

of the long than short gap, there were individual differences in overall 

accuracy. That is, while over 50% of each subject’s calls during the 

eight experimental sessions were produced in silence, some subjects 

largely restricted their calls to silence (e.g., DW, RB, JM, and LG).
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Subject
# Calls

short gap

# Calls

long gap
P Total# calls

% Calls

in silence
DW 10 31 <0.01 106 70
RB 11 23 0.058 68 87
DD 11 44 <0.01 107 81
RK 29 34 0.058 148 58
JM 6 28 <0.01 110 90
JK 14 17 <0.01 92 51
LG 4 18 <0.01 59 80



Group results

Fig. 4 shows the group results for experiment 2. For each subject, we 

calculated the total number of calls starting in the short silent interval 

and in the first part of the long silent interval, respectively. We then 

compared these counts. As a group, the tamarins called more in the 

first half of the long silence than during the short silence (Wilcoxon 

matched pairs test: T=0, Z=2.37, N=7, P=0.018).

In experiment 2 two syllables predicted the long gap: one was 

familiar  (“ti”),  because  it  was  presented  in  experiment  1,  and  one 

(“lu”) was novel. It is possible that the effect of calling more in the 

long  gap  was  driven  by  the  familiar  syllable,  and  that  tamarins 

restricted  their  calls  to  gaps  following  this  syllable.  There  was  no 

statistically significant difference between the responses to the familiar 

and  the  novel  or  new syllable  (Wilcoxon  matched  pairs  test:  T=8, 

Z=1.01, N=7, P=0.31).

Reaction times associated with calls starting after each of these 

cues were virtually  identical  (familiar syllable before long gap: X ± 

SE=0.99 ± 0.05; new syllable before long gap: X ± SE= 0.96 ± 0.05; 

new syllable before short gap: X ± SE = 0.92 ± 0.098). 
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Fig. 4. Results of experiment 2: Number of calls starting in the short silent 

gap (1.5 s) and in the first half of the long gap (1.5 s). Each subject is 

indicated  by  a  different  symbol.  The  thick  horizontal  lines  represent  the 

population averages in the two conditions. All subjects produced significantly 

more calls in the first half of the long silent interval than in the short silent 

interval although the durations of these intervals are identical. 

Interestingly, in experiment 2 all subjects but one increased the 

proportion  of  calls  produced  in  the  long  gap  in  comparison  with 

experiment  1  (see  Fig.  4).  This  difference  was  not  statistically 

significant (signed ranks test: Z = 1.57, N=7, P = 0.12; see Table 3), 

but trended in the direction expected if subjects learned the functional 

problem set up by these experiments.
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Table 3 Percentage of calls in the first half of the long gap in experiment 1 

and 2

Subject

Exp 1

% long 

gap

Exp 2

% long 

gap
DW 75.61 76.74
RB 67.65 88.57
DD 80 82.35
RK 53.97 63.08
JM 82.35 79.41
JK 54.84 94.59
LG 81.81 81.81

Fig. 5. Percentage of calls starting in the first half of the long silent interval in 

experiment 1 and 2 (# calls in the long gap/ # calls in the long gap + # calls 

in the short gap x 100). Each subject is indicated by a different symbol. The 

thick  horizontal  lines  represent  the  population  averages  in  the  two 

experiments. Most subjects increased the proportion of calls in the long gap 

in experiment 2.
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Discussion

The results of experiment 2 show that all subjects called significantly 

more after the cues predicting the long silent interval than after the 

cue  predicting  the  short  silent  interval.  Crucially,  because  in 

experiment  2  both  the  short  and  the  long  gap  were  predicted  by 

speech syllables, the tamarins had to rely on these arbitrary cues to 

adjust the timing of their vocalizations and avoid masking. The results 

of  experiment  2  suggest  that  tamarins  were  able  to  discriminate 

between  acoustical  cues,  and  to  use  them  to  locate  appropriate 

opportunities for calling. Although not statistically significant, there is 

suggestive  evidence  that  the  tamarins  either  improved  their 

performance as a function of learning between experiments 1 and 2, 

or  that  the  cues  provided  in  experiment  2  facilitated  their 

performance.

GENERAL DISCUSSION

Non-human primates are thought to be poor vocal learners, with at 

best limited evidence for vocal plasticity (reviewed in Janik & Slater 

1997; Seyfarth & Cheney 1999; Egnor & Hauser, 2004). This contrasts 

markedly with the vocal abilities of song-birds and cetaceans, many of 

which  can  imitate  conspecific  and  heterospecific  sounds  throughout 

adulthood. Still, there is growing evidence that the vocal behaviour of 

at least some non-human primates is not as inflexible as previously 

claimed (Egnor & Hauser, 2004). For example, several studies have 

pointed  to  between  group  differences  in  call  morphology  that  are 

difficult to explain by means of ecological or genetic differences, and 
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thus,  are  likely  to  be  explained  by  learned  differences  leading  to 

dialects  (Fischer  et  al.  1998;  Weiss  et  al.,  2001;  Crockford  et  al. 

2004). Similarly, several primates exhibit the capacity for more rapid 

forms  of  vocal  modification;  specifically,  they  can  adjust  individual 

calls to match, at some level, the calls of close affiliates (e.g., Mitani & 

Gros-Louis,  1998).  More recently,  Egnor  et  al.  (2007)  showed that 

tamarins can time their calls to fit windows of silences when exposed 

to  regular  alternations  of  loud  noises  and  periods  of  silences,  and 

adjust  amplitude  and  duration  within  these  gaps  (R.S.E.,  Egnor, 

unpublished  data).  The  results  presented  here  add  to  this  growing 

literature and provide evidence for a different form of vocal plasticity 

in adult non-human primates. We show that cotton-top tamarins can 

use arbitrary acoustic cues to adaptively guide their vocal behaviour 

and avoid masking from ambient noise. Here we briefly review this 

evidence, raise alternative accounts,  and discuss the implications of 

our findings for future studies of pattern learning and vocal control.

Tamarins were exposed to alternations between periods of loud 

noise and periods of silence that were either long enough to contain a 

CLC or not. The durations of the silences could be predicted based on 

auditory cues that were inserted between the noise and the silences. 

In experiment 1, the speech syllable “ti” predicted a long silence while 

short silences were predicted by the absence of a cue, or specifically, 

the offset of white noise. In experiment 2, in contrast, the syllables “ti” 

and “lu” predicted a long silence, while the syllable “ja” predicted a 

short silence. Given that it was very hard to increase call amplitude 

above the white noise (since the noise levels were chosen to prevent 

this possibility),  the most efficient strategy to avoid masking was to 

start  calling  in  the  first  half  of  the  long silent  intervals,  and avoid 

calling during the short silent intervals. This strategy requires using 
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the acoustic cues preceding the silences (i.e., the syllables) to adjust 

the timing of the calls accordingly; that is, the tamarins would have to 

learn which cues predict the long silences, and to start their calls after 

these cues. In experiment 1, most subjects succeeded in using the 

syllable  “ti”  to  predict  the  long  intervals,  and  to  time  their  calls 

accordingly. An alternative explanation for these results is, however, 

that tamarins were using differences in noise duration to predict the 

differences in the gaps. That is, the noise duration for the long gap 

was shorter than the noise preceding the short gap, and subjects may 

have used this information for timing their calls. Experiment 2 ruled 

out this account. In experiment 2, both the short and the long gaps 

were preceded by equally long periods of noise. The crucial difference 

was the spectral structure of the particular syllable preceding long and 

short  gaps.  All  subjects  were  able  to  discriminate  between  these 

different acoustical cues, and to use this information to regulate the 

timing of their calls as evidenced by individual and group analyses. 

Hence, tamarins can use rather arbitrary cues to dynamically modulate 

their calling behaviour, and thus show a surprisingly complex form of 

vocal plasticity.

The  results  presented  here  have  potentially  interesting 

implications  for  future  studies  of  both  vocal  control  and  pattern 

recognition,  and  raise  the  possibility  that  predictive  calling  in 

intermittent noise may provide a general bioassay for exploring such 

problems  in  a  variety  of  species.  Methodologically,  and  as  briefly 

reviewed in the introduction, several studies have presented animals 

with intermittent noise, designed to explore the capacity to time the 

onset of species-specific vocalizations within periods of silence. These 

studies reveal  that a wide variety of  species are endowed with the 

capacity to use noise offsets to initiate vocal production (Popp 1989; 
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Garcia-Rutledge & Narins,  2001; Egnor  et  al.  2007).  An issue  that 

emerges from such work is the extent to which there are inter-specific 

differences  in  not  only  the  timing  of  signal  production,  but  in  the 

capacity  to  modify  other  aspects  of  signal  structure  as  well  as 

differences in the capacity to extract non-offset cues or patterns to 

efficiently guide signal output. For example, one might expect vocal 

imitators  such  as  song  birds  and  cetaceans  to  outperform  non- 

imitators such as insects, frogs, and primates in the variety of ways in 

which they can impose changes on signal structure.  One might not, 

however, expect differences in the initiation of a species-specific signal 

as this component of production may be more severely constrained by 

neural  limitations linked to the detection of  a noise offset.  Further, 

whereas the vocal imitators may show more plasticity in call structure 

than the primates, they may not show greater plasticity with respect 

to extracting patterns from the environment.  More specifically, inter-

specific differences in signal production may not align with differences 

in perception. 

The  methodological  approach  pursued  here  has  potentially 

interesting implications for exploring more complex forms of pattern 

recognition,  providing  a  natural,  non-trained assay  for  a  variety  of 

calling animals. In particular, once an animal has learned that there 

are different  windows of  opportunity  for  calling,  and that  particular 

acoustic patterns predict such opportunities, we can exploit this ability 

to ask about the limits on pattern recognition. For example, in the case 

presented  here,  we  showed  that  tamarins  can  discriminate  three 

different  speech  syllables,  recognize  that  two  of  the  three  were 

associated with the preferable long gap, and that hearing these two 

syllables provides a perfectly predictable cue to call. Given this result, 

it is now possible to ask about other perceivable cues or patterns. For 
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example, we can ask about the number of syllables (e.g., 3 syllables 

predict  long,  2  predict  short)  to  probe  issues  of  number 

representation,  the  duration  of  syllables  (2-3  s  long  vs. 4-6  s)  to 

explore issues of timing, repetitions of syllables (e.g., ti-ti vs. ti-la) to 

assess the capacity to extract identity, and even syllables arranged in 

rule-like  patterns  (e.g.,  ti-la-yu-ti vs. la-ti-ti-yu,  translating  into 

identical sounds at the edges of a string to identical sounds internal to 

the  string).  This  approach  may  thus  not  only  provide  answers  to 

questions  about  vocal  plasticity,  but  also  about  more  general 

computational capacities related to the abstractness of patterns that 

can be recognized by a variety of species.
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3.3.  The  apes’s  edge:  Spontaneous  positional  learning  in 

chimpanzees and humans12

Abstract

Language learning has to proceed from speech sequences as input, 

and thus likely necessitates different sequence-learning mechanisms. 

Artificial  language learning studies  have revealed at  least  two such 

mechanisms,  one  tracking  co-occurrence  statistics  among  items  in 

sequences (i.e., transition probabilities) and the other one tracking the 

positions  of  items  in  sequences,  in  particular  those  of  items  in 

21 Adapted from a draft under review: Endress, A.D., Carden, S.C.C., Versace, E., 

Hauser, M.D. The apes’s edge: Spontaneous positional learning in chimpanzees and 

humans.  The  chimpanzee  vocalizations  were  provided  by  K.  Slocombe  and  S. 

Townsend.   Funding for this experiment was provided by MBB grants to A.Nevins, M. 

Hauser,  A. Endress, E. Versace and S. Carden, as well  as additional funds to M. 

Hauser  from  Wenner-Gren  Foundation,  McDonnell  Foundation,  and  gifts  from  J. 

Epstein and S. Shuman. We are grateful to L. Pharoah, R. Atencia, K. Brown, and the 

Jane Goodall Institute USA and staff of Tchimpounga Sanctuary for their help and 

enthusiasm with our research.  In particular,  we appreciate the hard work of  the 

animal  caregivers:  J.  Maboto,  B.  Moumbaka,  A.  Sitou,  M. Makaya,  B.  Bissafi,  C. 

Ngoma, W. Bouity, J. Tchikaya, L. Bibimbou, A. Makosso, C. Boukindi, G. Nzaba, B. 

Ngoma. We also appreciate permission from the Congolese Ministère de la Recherche 

Scientifique et de l'Innovation Technique for allowing us to conduct our research in 

their country. Lastly, we thank Brian Hare for his efforts in coordinating the logistical 

aspects of the work, and Andrew Nevins for helpful comments on an earlier version 

of this manuscript.
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sequence-edges.  The  latter  mechanism  seems  to  dominate  the 

encoding of sequences after limited exposure, and to be recruited by a 

wide  array  of  grammatical  phenomena.  Here  we  compare  how 

chimpanzees  (Pan  troglodytes)  and  human  adults  spontaneously 

encode sequences after short exposure.

Both species primarily encoded positional information from the 

sequences; that is, they kept track of the items that occurred in the 

sequence-edges. In contrast, the sensitivity to co-occurrence statistics 

was much weaker.  Our results  suggest  that a mechanism encoding 

positional information from sequences is present in both chimpanzees 

and humans. This mechanism may derive from the basic organization 

of  memory  for  sequences,  and  may  then  have  been  recruited  by 

language for diverse grammatical phenomena.

INTRODUCTION

Speech, as the primary input to language learners, is fundamentally a 

sequence  of  sounds;  mechanisms  that  analyze  and  organize  such 

sequential  input  are  thus  of  primary  importance  to  language 

acquisition. Although the representations learners build are certainly 

not  limited  to  such  surface  sequences,  everything  that  is  learned 

during language acquisition has to be derived from this primary input. 

Hence, at some level, language learners have to employ mechanisms 

that can process sound sequences. Speech, however, is clearly not the 

only  domain  where  sequential  organization  is  important.  Sounds  in 

general, as well as actions and physical events, all unfold over time. As 

these domains require mechanisms that process sequential input, it is 

possible  that  language  may  have  recruited  such  mechanisms  from 
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other domains for its own purposes, and that these mechanisms may 

be  shared  with  nonhuman  animals.  Here,  we  start  addressing  this 

possibility  by studying a sequence-learning mechanism that plays a 

prominent role in many artificial grammar learning studies, as well as 

in various linguistic phenomena. Specifically, we contrast the capacity 

of human adults and our closest living relatives, the chimpanzees (Pan 

troglodytes), for marking positions of items in sequences, and to use 

this mechanism for extracting positional regularities from sequences. If 

they share this capacity, then it evolved most likely independently of 

language,  and  may  not  require  language-input  for  developing 

ontogenetically in our own species.

Artificial grammar learning experiments have identified several 

distinct  sequence-learning mechanisms.  For  example,  human adults 

use  different  mechanisms  for  tracking  the  positions  of  syllables  in 

fluent speech, and for tracking relations among syllables (Endress & 

Bonatti,  2007).  The  latter  mechanism  is  usually  characterized  in 

statistical terms as transitional probabilities (Aslin, Saffran, & Newport, 

1998; Saffran, Aslin, & Newport, 1996). As a mechanism, it is clearly 

not restricted to speech in its application. Indeed, it works equally well 

on visual stimuli or musical tones (e.g., Fiser & Aslin, 2002; Saffran, 

Johnson,  Aslin,  &  Newport,  1999),  and  it  has  been  observed  in 

different  nonhuman animals  (e.g.,  Hauser,  Newport,  & Aslin,  2001; 

Toro  & Trobalon,  2005).  On the other  hand,  while  this  mechanism 

operates well on speech input, its precise role in language processing 

is presently unclear (e.g., Yang, 2004).

Positional  regularities,  in contrast,  are ubiquitous in  language. 

Take morphology as  an example. In English, one can add morphemes 

to  the  final  edge  of  a  word  (as  in  appear-ed,  where  the  /ed/ 

morpheme is added to a word stem to signal the past-tense) or to the 
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first  edge of  a word (such as dis-appear);  morphemes,  with a few 

exceptions, are not added in other positions. This is not specific  to 

English: across the languages of the world, prefixes and suffixes are 

frequently  used  for  grammatical  purposes,  while  infixes  (where 

morphemes  are  added  to  other  positions  than the  edges)  are  rare 

(Greenberg,  1957).  The  same  is  true  for,  say,  stress  assignment. 

Stressed syllables are either word-initial (as in Hungarian), or word-

final (as in French), or at another position counted from one of the 

edges; no language assigns stress relative to other positions than the 

edges  (e.g.,  Halle  &  Vergnaud,  1987;  Hayes,  1995;  Kager,  1995). 

These and other examples suggest that, when grammatical regularities 

appeal to positions of items in sound sequences such as words, they 

tend to use the edges of these sequences as anchor points.

These  grammatical  phenomena  are  mirrored  in  artificial 

grammar learning

experiments. When participants have to extract regularities appealing 

to the positions of items, they can do so if the crucial positions are at 

the edges of sequences, but not when they are in middles (Endress, 

Scholl,  &  Mehler,  2005;  Endress  &  Mehler,  in  preparation).  For 

example, learners notice that a syllable occurs in a particular position 

in  a  sequence when that  position  is  at  a  sequence-edge,  but  have 

greater difficulty determining the position of a syllable when it is in 

another, non-edge position. Note that these results are not just due to 

the salience of  the edges,  as  learners  can process middle  syllables 

perfectly  well  when they can rely  on cues other  than the positions 

(Endress  et  al.,  2005).  Rather,  in  analogy  to  results  in  memory 

research, only edge positions may be encoded precisely, while all other 

positions may be encoded relative to the edges, and thus less precisely 

(e.g., Henson, 1998). Moreover, research on both sequential memory 
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and  artificial  grammar  learning  suggests  that  these  edge-based, 

positional  mechanisms  are  distinct  and  independent  from  other 

sequence-learning mechanisms tracking relations among items such as 

transition probabilities (e.g., item 1 predicting item 2 in what we will 

call chaining regularities), and have fundamentally different properties 

(e.g., Endress & Bonatti, 2007; Henson, 1998).

While  the  aforementioned  linguistic  observations  such  as 

suffixation  and  stress  assignment  suggest  that  language may have 

recruited  a  basic  memory  mechanism  for  specific  grammatical 

regularities,  it  is  also  possible  that  we  are  particularly  good  at 

encoding  positions  in  edges  because  they  are  used  by  many 

grammatical  regularities.  In  other  words,  these  positions  may  be 

prioritized  in  humans  because  they  know  (consciously  or 

unconsciously)  from their  experience  with  language  that  these  are 

positions to “watch out" for. Another possibility is that edge effects 

appear in other, non-linguistic domains, and act as constraints on the 

structure  of  language.  From  this  perspective,  we  might  expect 

evidence for edge effects in nonhuman animals.

Here, we present chimpanzees with a situation in which they can 

encode  both  chaining  regularities  among  items,  and  regularities 

involving  the  positions  of  items.  While  it  is  highly  plausible  that 

chimpanzees can process chaining dependencies among items, given 

that species as distant as humans, cotton-top tamarins and rats can 

do so (Hauser et al.,  2001; Saffran et al.,  1996; Toro & Trobalon, 

2005),  it  is  unknown  whether  they  also  share  a  mechanism  for 

encoding  positions  of  items.  That  is,  we  know  from  experiments 

targeting serial learning abilities that different nonhuman animals have 

some  sensitivity  to  positional  information  (e.g.,  Chen,  Swartz,  & 

Terrace, 1997; Hailman & Ficken, 1987; Orlov, Yakovlev, Hochstein, & 
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Zohary,  2000;  Terrace,  Son,  &  Brannon,  2003).  From  work  with 

human adults, however, one would expect that the first information 

participants encode is of positional nature, while dependencies among 

items take more time to build up (Endress & Bonatti, 2007). In the 

following  experiments  we  therefore  present  chimpanzees  with 

materials that consist of both kinds of regularities, and ask whether 

subjects  are  more  likely  to  learn  about  edge-based  positional 

information  than  about  the  dependencies  among  items.  In  other 

words, initially they should notice which items occur in the sequence-

edges,  while  their  sensitivity  to  other  regularities  should  be  much 

weaker. If chimpanzees show this pattern of results, the mechanisms 

used to  encode positional  regularities  in  language may derive from 

basic  memory  mechanisms  that  have  evolved  independently  of 

language, and that are shared at least in the primate lineage.

EXPERIMENT 1: Sequence-learning in chimpanzees

Experiment  1  asks  what  kinds  of  information  chimpanzees  extract 

spontaneously from sequences containing both positional and chaining 

regularities.  Since  these  regularities  are  tracked  by  independent 

mechanisms  in  humans,  chimpanzees  may  extract  either  of  these 

regularities or both. More specifically, subjects could learn that certain 

items occurred in the sequence-edges (i.e., a positional regularity), 

and that some items predicted others (i.e., a chaining regularity).

 Based on previous experiments with human adults (Endress & 

Bonatti,  2007), we expected that edge-based, positional information 

would initially dominate; to increase the chance of observing chaining 

information  as  well,  we  decided  to  make  the  items  carrying  the 
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chaining  information  stand  out.  We  thus  used  six-item  sequences 

comprising only three unique items labelled X, B and C. The positional 

regularity  prescribed  that  X  always  occurred  in  the  edges  of  the 

sequences,  while  the  chaining  regularity  ensured  that  B  always 

preceded C. The remaining four slots in the sequence were filled with X 

items. Participants were first habituated to such sequences, and then 

tested  on  new  sequences  that  either  respected  or  violated  the 

aforementioned chaining and positional regularities.

Materials and method

Participants

Twenty-seven  adult  chimpanzees  (20  females,  mean  age  5.37  y, 

range1-21 y) were tested from the Tchimpounga sanctuary, Republic 

of Congo.

Stimuli

To  explore  the  learning  of  chaining  and  positional  regularities,  we 

created  sound  sequences  with  three  unique  items:  a  grunt  (X),  a 

scream  (B)  and  a  copulation  call  (C),  all  recorded  from  wild 

chimpanzees unfamiliar to the test population.

Apparatus

Stimuli were played using an iPod Hi-fi speaker. Prior to testing, the 

speaker  was  placed out  of  the  subject'  sight,  and operated by the 

experimenter by means of a laptop computer. The experimenter was 

always  positioned  in  the  opposite  direction  of  the  speaker.  Infant 

chimpanzees were kept on a keeper's lap facing 180o away from the 

speaker.  Animals too big to be kept on a keeper's lap were tested 
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alone in cages.  Keepers  directed subjects'  attention  away from the 

speaker by approximately 90o, either by playing with subjects or using 

food items; none of the keepers were aware of the goals or design of 

the experiments, and therefore were blind to our hypotheses.

Procedure 

Subjects  were  tested  using  a  habituation/discrimination  paradigm. 

Once an individual looked away from the speaker, a sound was played, 

and  their  orientation  response  recorded  onto  video  (see  below). 

Subjects  were  habituated  to  a  series  of  auditory  sequences  that 

adhered to two patterns: (1) B preceded C and (2) X was located in 

the sequence-edges. There were four habituation sequences: XBCXXX, 

XBXCXX, XBXXCX, and XXXBCX. These sequences were presented in 

random order until habituation was reached. We defined habituation as 

a  failure  to  respond  on  three  consecutive  trials  but  also  required 

subjects to hear a minimum of 10 habituation trials; in cases where 

subjects  produced  three  no-response  trials  before  listening  to  10 

habituation trials, we continued to present subjects with habituation 

trials until they had fulfilled both requirements.

Following habituation, we presented subjects with the six new 

test sequences indicated in Table 1. As we could not control the length 

of  time subjects  would  remain attentive,  we used a  pseudorandom 

counterbalancing design. Specifically, the first four test trials consisted 

of  two  sequences  that  involved  manipulations  of  the  chaining 

regularity  and  two  that  involved  manipulations  of  the  positional 

regularity  (sequences  1-4  in  Table  1),  respectively;  these  test 

sequences were presented in random order, and were

then followed by two additional test sequences exploring the internal 

chaining  relationships.  As  the  data  showed  that  participants  kept 
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responding at  similar  levels  when reaching the last  two sequences, 

these sequences were also included in the analyses1
.
3

Table 1 Summary of the test item types used. Participants were tested on six 

unheard  sequences.  These  could  violate  both  the  chaining  regularity 

(sequences 2, 4, and 6) and the positional regularity (sequences 1 and 2).

Data acquisition and analysis

Upon completion  of  the experiment,  SC blind-coded the final  three 

habituation trials and all test trials, each in separate video clips with 

no  sound.  Due  to  the  different  positions  of  the  speaker,  different 

criteria were used to establish an orienting response in infants and 

adults,  namely  a  turn  toward  the  speaker  of  at  least  90o or  45o, 

respectively.  Trials  not  fulfilling  these  criteria  were  coded  as  non-
31 If subjects stopped responding on the last two trials, they should respond less than 

on  earlier  trials  with  the  same properties,  namely  to  items  respecting  the  edge 

regularity and manipulating the chaining regularity. This, however, was not the case, 

p=0.48 (Fisher's exact).
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responses.  Trials  were  excluded  from  analysis  if  subjects  left  the 

camera view, were significantly  distracted by another  subject,  or  if 

there was a significant noise disturbance.

We  assessed  inter-observer  reliability  by  having  a  second 

experienced coder (MH) analyze, blind to condition, a randomly chosen 

subset of 35 habituation and test trials. The two coders'  judgments 

coincided on 34 of the 35 trials. Unless otherwise stated, p-values are 

two-tailed and based on Fisher's exact test.

Results and discussion

On average, participants habituated in 16.6 trials (SD=6.0, range 10-

27). As shown in Figure 1, evidence of successful discrimination from 

the habituation material is revealed by a relatively stronger response 

to sequences violating the positional  regularity (percentage of trials 

responded  to:  46.7%)  than  to  sequences  respecting  it  (20.0%), 

p(N=80)=0.022.  In  contrast,  subjects  did  not  respond  more  to 

sequences violating the chaining relation (33.3%) than to sequences 

respecting it (26.3%), p(N=80)=0.628, ns.

Hence, when given the opportunity to learn a chaining regularity 

and  positional  regularities,  chimpanzees  initially  and  spontaneously 

extract  the  positional  dependencies  under  the  test  conditions 

presented.
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Figure 1. Results of Experiment 1. Bars represent (from left  to right) the 

percentage  of  dishabituations  to  sequences  conforming  to  the  positional 

regularity, violating it, conforming to the chaining regularity and violating it. 

While chimpanzees dishabituated more to sequences violating the positional 

regularity than to sequences conforming to it, there was no such difference 

for the chaining regularity.
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EXPERIMENT 2: Sequence-learning in humans

Experiment  2  asked  whether  adult  learners  would  show  the  same 

signature  of  responses  as  chimpanzees  when  tested  under  similar 

conditions. Thus, although certain aspects of the experimental design 

were necessarily different, we controlled for the amount of exposure 

and  the  particular  details  of  the  input  to  determine  whether  adult 

subjects  would  preferentially  detect  violations  at  the  edges,  while 

being  much  less  sensitive  to  violations  concerning  chaining 

regularities.

Materials and method

Participants

Thirty native speakers of English (20 females, mean age 23.1) took 

part in this experiment.

Stimuli 

Instead  of  using  chimpanzee  vocalizations,  X,  B  and  C  were  the 

(human)  syllables  /faU/,  /hOI/  and  /SEI/,  respectively  (in  SAMPA 

notation).  The  syllables  were  synthesized  using  the  us3  voice  of 

mbrola (Dutoit, Pagel, Pierret, Bataille, & Vreken, 1996) with a pitch of 

150 Hz and a syllable duration of 400 ms.

Apparatus.  The  experiment  was  run  using  Psyscope  X  software 

(psy.ck.sissa.it). Stimuli were presented over headphones; responses 

were collected from pre-marked keys on a keyboard.
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Procedure 

Participants  were  told  that  they  would  hear  a  sequence  of  Martian 

words, and were instructed to listen to these words. Then they were 

presented with the structurally identical  familiarization sequences as 

the chimpanzees, each played four times; the number of presentations 

was thus the same as the mean number of  trials  to habituation in 

chimpanzees. Sequences were presented in random order with a 1 s 

inter-sequence interval.

After  this  familiarization,  participants  were informed that  they 

would  hear  six  new  words,  and  that  they  would  have  to  decide 

whether these were in Martian. Then they were presented with the six 

test sequences (again using human syllables instead of chimpanzee 

vocalizations),  and  had  to  indicate  with  key  presses  whether  they 

thought the sequences were Martian or not.

Results and discussion

As  shown  in  Figure  2,  participants  endorsed  more  sequences  as 

grammatical when these respected the positional regularity (sequences 

3-6  in  Table  1;  endorsement  percentage  81.7%)  than  when  these 

violated  the  positional  regularity  (sequences  1  and  2;  31.7%), 

p(N=180)=6.30e-11.  In  contrast,  participants  did  not  show  a 

difference in endorsement rates depending on whether the sequences 

respected  the  chaining  regularity  (68.9%)  or  not  (61.1%), 

p(N=180)=0.349, ns.
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Figure  2.  Results  of  Experiment  2.  Bars  represent  (from left  to  right)  the 

percentage  of  endorsements  of  sequences  conforming  to  the  positional 

regularity, violating it, conforming to the chaining regularity and violating it. 

While  humans  endorsed  more  the  sequences  conforming  to  the  positional 

regularity than those violating it, there was no such difference for the chaining 

regularity.

The human results thus paralleled the chimpanzee results in that both 

species predominantly extracted positional information from sequences 

after  short  exposure.  This does not imply that chaining information 

cannot be extracted. Rather, in line with previous results (Endress & 

Bonatti, 2007), it is possible that chaining information may initially be 

less  strongly  represented.  In  Experiment  3,  we  thus  used  a  more 

sensitive  method  to  assess  whether  also  chaining  information  had 

been learned.
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EXPERIMENT 3: Sequence-learning in humans

Materials and methods

The  familiarization  phase  in  Experiment  3  was  identical  to  that  of 

Experiment 2.

Then the six test sequences of Experiment 2 were arranged into 

the five test pairs shown in Table 2. Participants had to decide which of 

the items in a pair was a Martian word.

Table 2  Test pairs used in Experiment 3. Participants were presented with 

two  test  pairs  testing  the  positional  regularity  and  three  test  pairs 

investigating the chaining regularity, respectively.

In two test pairs, sequences differed in whether they conformed to the 

positional regularity; in the remaining three test pairs, they differed in 

whether  they respected the  chaining regularity.  Each test  pair  was 

presented twice with different item orders. Test pairs were presented 

in random order. 30 new native speakers of English (19 females, mean 

age 22.1) took part in this experiment.

81



Results and discussion

As shown in Figure 3, participants chose sequences conforming to the 

positional regularity more often than sequences not conforming to that 

regularity (percentage of correct responses: M=85.8%, SD=20.4%), 

t(29)=9.61,  p=1.63),  and  sequences  conforming  to  the  chaining 

dependency  more  than  sequences  not  respecting  it  (M=64.4%, 

SD=21.8%),  t(29)=3.63,  p=0.001.  Moreover,  the  preference  for 

correct  items  was  higher  for  “positional"  trials  than  for  “chaining" 

trials, F(1,29)=17.51, p<0.0002 (repeated-measure ANOVA). Hence, 

participants extracted both the chaining and the positional regularities, 

but  the  positional  regularity  predominates  their  choices  after  short 

exposures.

Figure 2 Results of Experiment 3. Bars represent the percentage of correct responses 

when participants had to choose between sequences that conformed to or violated 

the positional regularity (left) or the chaining regularity (right). Error bars represent 

standard errors from the mean. Participants had a preference for legal sequences 

both  for  the  positional  regularity  and  the  chaining  regularity.  However,  this 

preference was stronger in the case of the positional regularity.
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GENERAL DISCUSSION

As speech sequences are the primary input to language acquisition, 

language  learners  need  to  process  and  memorize  such  sequences. 

Recent  artificial  grammar  learning  experiments  have  revealed  two 

distinct kinds of sequence-learning mechanisms. One tracks chaining 

relations among items in a sequence, for example that one syllable 

predicts another one with a certain probability. The other mechanism 

tracks  the  positions  of  items in  a  sequence.  That  is,  it  memorizes 

which items occur in the first and the last position of sequences. The 

latter mechanism seems both to be the predominant mechanism to 

encode sequences from limited input, and to be extensively used for 

different  grammatical  regularities.  Possibly,  learners  may  rely  on 

positional information to encode sequences when little input is given 

because  they  know  from  their  experience  with  language  that  the 

sequence-edges  are  structurally  important  positions.  Alternatively, 

language may have recruited an evolutionarily more ancient sequence-

learning  mechanism  for  grammatical  purposes.  Here,  we  start 

addressing this issue by comparing the performance of chimpanzees 

and human adults on a sequence-learning task where both positional 

and chaining regularities can be learned. After limited exposure to the 

sequences,  both  chimpanzees  and  humans  tracked  the  positional 

regularity  but  showed  no  sensitivity  to  the  chaining  regularity.  A 

follow-up experiment, using a more sensitive methodology, revealed 

that at least humans had learned also the chaining dependency, but 

that the sensitivity to the positional regularity was much stronger; it is 

possible  that,  with  some variant  of  a  two-alternative  forced  choice 

method for chimpanzees, comparable patterns would have emerged. 

These  results  suggest  that  humans  and  chimpanzees  share  a 
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mechanism encoding positions in sequences, and that language has 

recruited this mechanism for different grammatical purposes.

This conclusion is reminiscent of previous discussions about the 

specificity  of  language mechanisms to  humans.  Clearly,  non-human 

animals  do  not  speak.  Still,  some  mechanisms  used  for  speech 

perception may have predated its inception. For example, categorical 

perception of speech sounds, the perception of prototypical vowels and 

the compensation for co-articulated phonemes were all initially thought 

to be special to speech (e.g., Eimas, Siqueland, Jusczyk, & Vigorito, 

1971; Kuhl,  1991; Liberman & Mattingly,1989, 1985; Mann, 1986), 

but turned out to be shared with an array of non-human animals (e.g., 

Kuhl  &  Miller,  1975;  Kluender,  Diehl,  &  Killeen,  1987;  Kluender  & 

Greenberg, 1989; Lotto, Kluender, & Holt, 1997). Hence, while these 

capacities are recruited for clearly different purposes in humans and 

other  animals,  some  basic  underlying  mechanisms  appear  to  be 

shared. Here we suggest that the same is true for more grammatical 

aspects of language. While other animals almost certainly do not share 

our full-blown syntactic machinery, at least some basic computational 

mechanisms  may  be  shared.  In  this  paper,  we  suggest  that 

chimpanzees share with humans the ability to track items that occur in 

sequence-edges.  This  mechanism  may  be  due  to  the  basic 

organization  of  memory  for  sequences,  but  may  be  recruited  in 

humans  for  different  grammatical  regularities  ranging  from  stress 

assignment to affixation to the coordination of different components of 

grammar. Such an evolutionarily ancient mechanism may thus explain 

why edge-based, positional regularities are learned particularly easily, 

and why such regularities appear to be a universal feature of human 

languages.
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CHAPTER  4 INVESTIGATING VISUAL REGULARITIES

4.1. Introduction

I will now turn to experiments that study pattern recognition in the 

visual  domain in  cotton-top tamarins.  As we will  discuss,  regularity 

processing in the visual domain is particularly relevant for species that 

possess a developed visual system like primates and birds (Avian Brain 

Nomenclature Consortium, 2005). 

The first study focused on the item-based regularity A(x)nB This 

rule defines as consistent all and only the A(X)nB strings in which an A 

token is located to the left of a B token in a visual configuration. This 

regularity  is  item-based  because  it  specifically  applies  to  seven 

predefined A and B tokens, and is positional because specifies specific 

locations for the A and B tokens.

In the second study I explored the processing of the  abstract 

regularity Ai(X)nAi. This rule characterizes a string in which there are 

two  identical  elements  at  the  edges  and  n-number  of  different 

elements  in  between.  Ai(X)nAi is  an  abstract  regularity,  because 

involves the abstract concept of identity, and because, in contrast with 

item-based grammars, can be applied to an infinite number of tokens. 

The experiments about A(X)nB and Ai(X)nAi, described in Section 

1, have been conducted with a similar methodology in individuals of 

the same species. We can hence use these data to test the hypothesis 

introduced  in  Chapter  1,  according  to  which  processing  item-based 

regularities is  a prerequisite for processing abstract  regularities and 

not vice-versa. In particular, we predict that a success in processing 

item-based  regularities  does  not  imply  the  capability  to  process 
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abstract regularities, but a success in processing abstract regularities 

requires the capability to process item-based regularities.

4.2.  Positional learning in the visual domain: item-based and 

abstract  regularities  in  cotton-top  tamarins  (Saguinus 

oedipus)4 

INTRODUCTION

Computing  statistical  regularities  is  a  problem  shared  by  different 

species. For example, animals must compute the patterns of fruiting or 

flowering cycles,  detect rates  of  food return,  recognize  associations 

between  various  visual  and  auditory  cues  and  the  presence  of 

predators. After an extensive training, rhesus monkeys can arrange a 

sequence of pictures in the correct order (Terrace, Son & Brannon, 

2003) learning which sequences will be rewarded, cotton-top tamarins 

recognize the members of their social group recognizing the regularity 

of  individual-specific  vocalizations  (Ghazanfar,  Flombaum,  Miller  & 

Hauser,  2001),  chicks  learn  to  use  the  global  geometry  of  the 

environment  to  find  food  rewards  (Tommasi  &  Vallortigara,  2000). 

4 I  have conducted this  research  at  the  Cognitive  Evolution  Laboratory  (Harvard 

University) together with professor Marc D. Hauser, Jessica R. Rogge, and Natalie J. 

Shelton. We thank the students and RAs of the Cognitive Evolution Laboratory for 

valuable help in data collection, and Cyprian Laskowski for help with data analyses.
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These  examples  show  that  extract  visual  patterns  and statistical 

regularities  is  a  problem  shared  among  many  species.  From  an 

evolutionary stand point, we expect that because statistical regularities 

can  be  exploited  to  make  valuable  predictions  of  future  events, 

organisms have evolved mechanisms sensitive to statistical regularities 

in  domains  relevant  to  their  lives.  As  a  result,  in  various  species 

individuals  that  are  repeatedly  exposed  to  regularities  can  extract 

them and modify their behaviour to use this information in planning 

future behaviour.

Comparative research has focused on the capacity of different 

species to extract statistical regularities from artificially constructed, 

patterned input, focusing primarily on auditory material. For example, 

Saffran,  Aslin  &  Newport  (1996)  showed  that  following  passive 

exposure  to  a  continuous  stream  of  speech  syllables,  that  human 

infants  were  able  to  extract  the  transitional  probabilities  across 

syllables to determine which trigrams (three syllable sequences) were 

part  of  the  initial  stream  and  which  were  anomalous.  Subsequent 

experiments  have shown that adults  and infants  can compute non-

adjacent dependencies, and can do so with musical tones and visual 

flashes (Saffran,  Newport,  Aslin,  Tunick,  &  Barrueco,  1997;  Aslin, 

Saffran, & Newport, 1998; Saffran et al., 1996).

More recently,  studies  using nonhuman animals,  including the 

same  spontaneous  methods  as  well  as  operant  conditioning 

techniques, have revealed parallel capacities. Cotton-top tamarins can 

extract both transitional probabilities (Hauser, Newport & Aslin 2001) 

and non-adjacent dependencies (Newport, Hauser, Spaepen & Aslin, 

2004) from a continuous stream, whereas rats can extract transitional 

probabilities Toro & Trobalon (2005).  A few studies with non-human 

animals  have  investigated  an  individual’s  ability  to  extract  more 
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complex regularities. Using a familiarization-discrimination paradigm, 

Fitch & Hauser (2004) showed that tamarins can detect violations of 

the (AB)n rule,  but  not  AnBn,  where A and B were speech syllables 

produced by different speakers (a male and a female speaker). Also, 

studies by Gentner, Fenn, Margoliash & Nusbaum (2006) showed that 

starlings with the (AB)n and the AnBn rules were instead presented with 

species-specific  vocalizations.  These  birds  were  able  to  discriminate 

between stimuli consistent and inconsistent with either of these two 

patterns.

Here  we  want  to  address  the  study  of  positional  regularities, 

which concern the specific  position of tokens in a sequence or in a 

visual array. In a serial presentation the position of a token is specified 

by the  serial  order  of  the  presentation,  whereas  in  a  simultaneous 

presentation  the  position  of  a  token  is  the  spatial  location. 

Experimental evidence shows that the position of a token is important 

in determining how it will be processed. For instance, studying short-

term memory in humans, Henson (1998) showed that stimuli located 

on the edges of sequences are processed more accurately than stimuli 

located  in  the  middle  of  a  sequence.  A  recent  comparative  study 

showed that chimpanzees and humans exhibited the same bias toward 

the  edges  of  acoustic  stimuli  presented  serially  (Endress,  Carden, 

Versace & Hauser, submitted), suggesting that in this domain, human 

and  non-human  primates  are  subject  to  similar  constraints,  even 

though they differ fundamentally in their capacity to acquire language. 

Capabilities  of  serial  ordering have been found  in  non-human 

primates and birds. Pigeons, cebus monkeys and rhesus monkeys can 

be trained to learn a serial order task using a simultaneous chaining 

paradigm (Straub & Terrace, 1981; Terrace, Son & Brannon, 2003). In 

this paradigm all  list items are displayed throughout each trial,  and 
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their  spatial  configuration  varies  from  trial  to  trial.  Subjects  can 

produce the correct serial order, typically selecting item by item on a 

touch screen.

Many experiments on statistical regularities have used material 

presented serially,  and almost  all  of  it  has been carried out  in  the 

auditory domain. It is therefore important to assess whether similar 

computations over invariant features are also crucial in the analysis of 

visual  scenes,  whose  components  are  presented  simultaneously 

(Gibson, 1969; Hochberg, 1981; Fiser & Aslin, 2001). 

The  first  systematic  investigation  of  positional  regularities 

presented simultaneously was conducted by Smith (1966) using verbal 

material with human adults. Subjects were exposed to two classes of 

letters, A and B, in which A letters always occurred first and B letters 

second.  Subjects  were first  exposed  to  a  subset  of  all  possible  AB 

combinations.  Subsequently,  during  a  free  recall  task,  subjects 

produced significantly more AB pairs than expected by chance. This 

result  showed that subjects  encoded the positional  role of  A and B 

tokens, in fact intrusions of BA, AA and BB form occurred very rarely, 

as if subjects had generalized that A letters could appear only in first 

position and B letters only in second position. In these experiments 

though,  it  is  possible  that  subjects  first  read the letters  presented, 

recoding the verbal material in an acoustical and/or serial form. In this 

case we could not draw any conclusion about the processing of visual 

regularities.

More  recently  however,  Fiser  &  Aslin  (2001,  2002,  2005) 

investigated the capabilities of human adults and infants to process 

statistical  regularities  over  non-verbal  visual  stimuli.  After  a 

familiarization  phase,  subjects  were  able  to  discriminate  between 

familiar  and  unfamiliar  configurations  of  visual  arrays,  using  the 
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frequency  of  occurrence  of  single  shapes,  the  shape position  in  an 

array, and the arrangement of shape pairs. These results suggest that 

for humans the kinds of computations that operate with serial stimuli 

are equally available in the visual domain.

Thus far though, similar experiments have not been conducted 

on  non-human  animals.  Experiments  on  visual  categorization  (see 

Freedman & Miller,  2008 for  a  recent  review)  suggest  that  several 

species  are  sensitive  to  statistical  regularities  also  in  the  visual 

domain. Here we want to extend research of regularity processing to 

other species with visual arrays. With this modality of presentation in 

fact it is possible to study possibly complex patterns without imposing 

high  working  memory  loads.  Moreover,  expand  research  from  the 

serial stimuli to the simultaneously presented stimuli can help to clarify 

the extent to which regularity processing is amodal or domain specific. 

It  is  not  yet  clear  whether  the  same  mechanisms  are  involved  in 

processing either simultaneous and serially presented patterns.
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4.2.1. EXPERIMENTS 1-3

In  Experiments  1-3  we  investigated  the  item-based  regularity 

A(x)nB, where A is the set of three A tokens (A1, A2, A3), B is the set of 

four B tokens (B1, B2, B3 and B4), and X are tokens of the X set. This 

regularity  is  item-based because it  specifically  applies  to the seven 

predefined A and B elements. 

This rule defines as consistent all and only the A(X)nB strings, 

where the A element is located to the left of the B element in a visual 

configuration.  Hence  the  A(X)nA,  B(X)nA and  B(X)nB  strings  are  all 

inconsistent because they are inconsistent with the A(X)nB rule. The 

position of the X elements and of elements that do not belong to sets 

A and B is irrelevant in determining whether a pattern is consistent or 

not with the A(X)nB rule.

We  trained  subjects  to  distinguish  between  consistent  and 

inconsistent  strings,  presenting  them a  subset  of  stimuli  generated 

using  this  regularity  and  a  subset  of  violations.  There  are  several 

possible  strategies  that  subjects  can  use  to  succeed  during  the 

training, for instance:

- memorize exactly the strings presented during the training. In 

this case we expect subjects to fail when presented with novel stimuli;

- encode the absolute position of elements As and Bs: A on the 

left edge, B on the right edge. In this case we expect subjects to fail 

when probed with novel strings in which the relative position of As and 

Bs  is  maintained  but  their  absolute  position  within  the  string  has 

changed;

- encode the absolute position of As and Bs with respect to the 

central Xs. In this case we expect subjects to fail when probed with 

novel strings in which the relative position of As and Bs is maintained 
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but their absolute position with respect to the Xs has changed;

- encode the relative position of As and Bs. This strategy can use 

the relative position of As and Bs with respect to one another (A to the 

left of B) or with respect to the string (A in the first half of the string 

and B in the right half of the string). In this case we expect subjects to 

succeed when probed with novel strings in which the relative position 

of As and Bs is maintained but their absolute position within the string 

has changed.

Hence,  to  fully  extract  the  A(X)nB rule  from  a  subset  of 

exemplars,  and  generalize  it  to  novel  combinations  of  a  and  b 

elements, subjects have to distinguish between the different A and B 

elements composing a stimulus, and assign the correct positional role 

to each element (A elements on the left, B elements in the right).

GENERAL METHODS

Subjects

We tested four adult cotton-top tamarins, one male (RK) and three 

females (RB, SH and EM), housed at the Harvard University Cognitive 

Evolution Laboratory. All subjects were born in captivity and socially 

housed, with separate home cages for each breeding pair and their 

offspring. Subjects were maintained on a diet of monkey chow, fruit, 

seeds, and mealworms, together with free access to water. Subjects 

voluntarily left their home cages, lured out by a piece of raisin.

Apparatus

During the experimental sessions subjects were housed in a wire mesh 

box (31x31x25 cm). They could access two pulling tools presented on 
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a Plexiglas apparatus (40x50x6 cm) through two small holes. Each tool 

consisted of a pulling stem and a card covering a tray at the end of the 

stem. When subjects pulled one of the stems the tool advanced, the 

card flipped back, and the tray revealed, presenting either the food 

reinforcer (a small piece of a Froot Loop cereal) or nothing at all. 

Stimuli  were presented on a plastic  laminated sheet (6x9 cm) with 

different, linearly arranged shapes corresponding to the consistent or 

inconsistent strings.

Stimuli 

Experimental  stimuli  were  printed  on  the  cards  located  on  the 

apparatus. The tokens present on each card and the order in which 

they  were  arranged  determined  if  the  card  was  consistent  or 

inconsistent with the target rule. There were three types (A, B and X), 

each type with a distinctive number of tokens (A=3, B=4, and X= 2). 

Consistent  strings  followed  the  A(X)nB  rule,  whereas  inconsistent 

strings consisted of three violations: B(X)nA, A(X)nA and B(X)nB, see 

Figure 1. X tokens, irrelevant 

in determining the consistency of the stimuli vis a vis the target rule, 

always appeared in the central position.
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Figure 1.

a)
consistent

A3(X1)4B2

b)
inconsistent

B3(X2)4A2

c)
inconsistent

B4 (X2)4B2

d)
inconsistent

A2 (X1)2A1

Figure 1. Examples of stimuli: a) consistent A3 (X1)4 B2; b) inconsistent B3 

(X2)4
 A2 ; c) inconsistent B4 (X2)4B2 ; d) inconsistent A2(X1)2A1
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Table 1 shows all the patterns used (X tokens do not appear). This is 

the list of the 12 patterns consistent with the AXB rule: A1B1, A1B2, 

A1B3, A1B4, A2B2, A2B3, A2B4, A3B1, A3B2, A3B3, A3B4. We used 6 of them 

during the training, holding out 6 for the experimental phases.  There 

are 37 patterns inconsistent with the AXB rule: B1A1, A1A1, B1B1, A2A1, 

etc. Inconsistent patterns can be distinguished in three categories of 

the following types:  identity (meaning identical  A or B token in the 

string, for example A3A3 and B1B1), different type (meaning an reversal 

of  the  consistent  rule,  such  as  B1A3)  and  same  type (meaning 

repetition of the same type with different tokens, for instance A3A1 for 

set A and B1B4 for set B).  During the training we used 7 inconsistent 

stimuli (A2A2, B3B3, B1A1, A1A1, B2B2, B2A1, B4B4) holding out the others 

for the experimental sessions.

In Experiments 2 and 3 we introduced some distracter tokens 

(D) that had not been previously presented, and that were irrelevant 

in  determining the rule-consistency  of  the stimuli.  Distracters  could 

appear internally or at the edges of the stimuli. 

During the training we never used the same type stimuli, and we 

presented only 2 inconsistent stimuli of the different type, namely B1A1 

and B2A1. Hence there was no direct evidence that different type cards 

with A2, A3, B3 and B4 elements were inconsistent. 
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Table 1. This table shows all the patterns used in the training (shaded gray) 

and  experimental  phases,  including  the  following  categories  of  stimuli: 

consistent (A(X)nB patterns), inconsistent with identity (Ai(X)nAi and Bi(X)nBi 

patterns), inconsistent with different type (B(X)nA patterns), and inconsistent 

with same type (either Bi(X)nBj and Ai(X)nAj).

Consisten

t

A(X)nB

Inconsistent

identity

Ai(X)nAi , Bi(X)nBi

different 

type

B(X)nA

same 

type 

Ai(X)nAj

same 

type

Bi(X)nBj

A1B1 A1A1 B1A1 A1A2 B1B2

A1B2 A2A2 B1A2 A1A3 B1B3

A1B3 A3A3 B1A3 A1A4 B1B4

A1B4 B1B1 B2A1 A2A1 B2B1

A2B1 B2B2 B2A2 A2A3 B2B3

A2B2 B3B3 B2A3 A3A1 B2B4

A2B3 B4B4 B3A1 A3A2 B3B1

A2B4 B3A2 B3B2

A3B1 B3A3 B3B4

A3B2 B4A1 B4B1

A3B3 B4A2 B4B2

A3B4 B4A3 B4B3
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Procedure

Both  training  and  test  sessions  involved  the  following  steps.  The 

experimenter first prepared the test room, which included turning on 

the  video  camera  and  setting  up  the  cards  for  the  appropriate 

condition. The target subject was then lured with a piece of raisin or 

grape  into  a  transport  box  from  its  home  cage  and  then  moved 

individually  to  the  experimental  room for  an  experimental  session. 

Prior to a trial, the experimenter prepared the appropriate cards (out 

of  view  from  the  subject)  based  on  a  predetermined  and 

counterbalanced  order  (side  and  string  type).  The  apparatus  was 

presented for 3 seconds in a position out of reach from the subject at a 

distance  of  approximately  40  cm,  and  then  subsequently  pushed 

towards the subject; in cases where the subject did not look at the 

setup within 3 seconds, the experimenter drew the subject’s attention 

to the tray by pointing, and then moved the tray forward. The subject 

was  only  allowed  to  pull  one  of  the  two  tools;  following  its  first 

selection, the alternative tool was retracted, out of reach. 

When the subject pulled the tool with the consistent card, the 

food reward was immediately available. If the subject pulled the tool 

with the inconsistent card, the experimenter revealed the hidden food 

under  the  consistent  card.  In  both  training  and  testing  sessions, 

correct choices were rewarded in the same way. Soon after the subject 

completed  its  choice,  the  apparatus  was  removed  and  the 

experimenter prepared a new trial out of view. If the subject did not 

make any choice in 8 seconds, the apparatus was removed and the 

trial discarded as aborted.

Each session consisted of 2 to 6 warm-up trials followed by 12 or 

16  experimental  trials.  Warm-ups  continued  until  two  consecutive 
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correct choices were made (the session was aborted when more than 6 

warm-ups were necessary). The number of experimental trials was 12 

during training and 16 during tests. 

Warm-up trials were designed to make sure that on each day the 

subject was attentive and motivated and consisted of strings that the 

subject successfully discriminated in the previous condition; as such, if 

a subject was attending to the material and motivated to pull the tool, 

it should succeed on these warm up trials.  

After  two  consecutive  correct  choices  in  the  warm-ups  (i.e., 

selecting the card with the consistent string, and thus, receiving food 

reward), the experimenter next turned to the experimental trials. 

During the experimental trials the right/left position of each card on 

the apparatus was randomized between trials, with the constraint that 

no more than two consistent cards were presented on the same side 

consecutively.  For  each  session  half  of  the  consistent  cards  were 

presented on the right side and half on the left side of the apparatus. 

The sequence in which different stimulus pairings were presented in 

each session was randomized.

In  general,  each  subject  ran  on  average  two  experimental 

sessions per day. To guarantee an appropriate level of motivation, the 

inter-session interval within a day was at least 3 hours. 

Monkeys’  responses  were  coded  in  terms  of  which  card 

(consistent or inconsistent) was selected in each trial.  To move from 

the  training  to  the  test  phases  we  required  subjects  to  achieve  a 

certain  criterion in 4 consecutive sessions (48 trials). To determine 

whether  subjects  successfully  discriminated  between  consistent  and 

inconsistent strings, we used a two-tailed binomial test considering the 

first 48 experimental trials, namely the first 4 sessions, presented in 

Experiments 1, 2, and 3.
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Experimental design

The  experimental  design  included  the  training  phase  and  three 

subsequent experimental stages. 

Training: We maintained each subject on the training phase until 

a criterion of 83% correct was achieved in 48 consecutive trials. In this 

phase subjects experienced all the A and B tokens but only a subset of 

all the possible combinations of them. In Table 1, we highlight the 13 

combinations of A and B tokens presented during the training phase (6 

consistent cards and 7 inconsistent cards). We never presented the 

remaining 37 combinations during the training, holding them out for 

the tests. As previously stated each training session consisted of 12 

trials.

Experiment 1: Stimuli included combinations of tokens held out 

during the training. We presented a total of 40 sessions. Each session 

consisted  of  16  experimental  trials  randomly  interspersed  with  4 

training trials. Subjects that responded significantly better than chance 

in Experiment 1 moved on to Experiment 2

Experiment 2: Stimuli included the combinations of tokens held 

out during the training, and contained two distracters located on the 

edges. Distracters were never adjacent to the x tokens. We presented 

a total of 40 sessions. Each session consisted of 16 experimental trials 

randomly interspersed with 4 training trials.

Experiment 3: Stimuli included the combinations of tokens held 

out  during  the  training  and  two  distracters.  Unlike  Experiment  2, 

however, at least one distracter was located within the string, adjacent 

to the X tokens. We presented a total 22 sessions per subject. Each 

session consisted of 16 experimental trials randomly interspersed with 

4 training trials.
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There  are  several  possible  strategies  that  subjects  could  use  to 

discriminate  between  consistent  and  inconsistent  stimuli  during  the 

training.  Only  some  of  these  allow  for  a  correct  response  to  new 

combinations of the A and B tokens:

- memorize exactly the templates presented during the training.  In 

this case we expect subjects to fail when presented with novel stimuli;

- encode the absolute position of the A and B elements: A on the left 

edge, B on the right edge. In this case we expect subjects to fail when 

probed with novel strings in which the relative position of A’s and B’s is 

maintained but their absolute position within the string has changed;

- encode the absolute position of the A and B elements with respect to 

the central X’s. In this case we expect subjects to fail when probed 

with  novel  strings  in  which  the  relative  position  of  A’s  and  B’s  is 

maintained  but  their  absolute  position  with  respect  to  the  X’s  has 

changed;

- encode the relative position of A’s and B’s. This strategy can use the 

relative position of A’s and B’s with respect to one another (A to the 

left of B) or with respect to the string (A in the first half of the string 

and B in the right half of the string). In this case we expect subjects to 

succeed when probed with novel strings in which the relative position 

of  A’s  and  B’s  is  maintained  but  their  absolute  position  within  the 

string has changed.

Experiment 1

After  having  reached  an  83% response  criterion  on  4  consecutive 

training sessions, we moved subjects to Experiment 1. Experiment 1 

investigated  the  extent  to  which,  after  a  successful  training  on  a 
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subset of stimuli consistent and inconsistent with the positional A(X)nB, 

tamarins  could  generalize  the  distinction  between  consistent  and 

inconsistent stimuli to new strings composed with the same tokens, 

but arranged in a different order.

Results and discussion

Figure 2 shows the results that each subject obtained in the first four 

sessions.  We calculated  the  percentage  of  correct  choices  for  each 

subject  and  used  a  two-tailed  binomial  test  to  check  whether  the 

number  of  correct  choices  was  significantly  different  from  chance 

(number of correct choices/total number of presentations). Two out of 

four  subjects  performed significantly  better than chance:  RB: 67%, 

32/48  correct  choices,  p=0.015;  RK:  67%,  32/48  correct  choices, 

p=0.015; EM: 48%, 23/48 correct choices, p = 0.67; SH: 56%, 27/48 

correct choices, p = 0.24. 

These results license the conclusion that RB and RK were able to use 

the experience gained during the training to successfully distinguish 

between novel consistent and inconsistent stimuli. Conversely, EM and 

SH did not perform significantly better than expected by chance. Thus, 

at least some cotton-top tamarins can learn a positional rule of the 

A(X)nB  form  and  generalize  this  regularity  to  novel  strings.  The 

positive  performance  of  RB  and  RK  is  noteworthy  considering  that 

during the training, subjects had experience with a small set of stimuli 

(n=13),  while  in  Experiment  1 we increased the number  of  stimuli 

presenting a set of 24 novel exemplars.
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Experiment 1

0

5

10

15

20

25

30

35

40

45

N
um

be
r o

f c
or

re
ct

 c
ho

ic
es

* *

RB RK SHEM

* signif icantly dif ferent from chance, p <0.05

Figure  2.  Results  obtained  by  each  subject  in  the  first  4  sessions.  As 

confirmed  with  two-tailed  binomial  tests  (number  correct  choices/total 

number  of  presentations)  two  out  of  the  four  subjects  performed  above 

chance: RB: 32/48 correct  choices,  p= 0.015; RK: 32/48 correct  choices, 

p=0.015; EM: 23/48 correct choices, p= 0.67; SH: 27/48 correct choices, p= 

0.24.

We ran further analyses to investigate the strategy used by the two 

subjects who succeeded in Experiment 1. Because A3 never appeared 

in an inconsistent stimulus during the training, we wanted to check 

whether  subjects  were  more  likely  to  choose  inconsistent  cards 

containing A3. Table 2 shows the results for each subject.
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Table 2. This table shows for each subject the percentage of correct choices 

for stimuli inconsistent with same category and with different category, the 

number of correct choices/total number of presentations and the probability 

associated with this score calculated with a two-tailed binomial test

The results presented in Table 2 show that each subject  chose the 

consistent  cards  more  than  expected  by  chance  in  the  case  of 

inconsistent stimuli without A3. They showed a different pattern with 

stimuli  inconsistent  with  A3:  two  subjects  were  not  different  from 

chance, and two subjects chose inconsistent stimuli with A3 more than 

expected by chance.

We analysed the overall percentage of choices for inconsistent 

cards  with and without  A3 tokens  (see Table  1).  Using a t-test  for 

dependent samples, we found an overall significant difference in favour 

of inconsistent cards with A3 (Meanwithout A3 ± SE=75.9 ± 6.4; Meanwith A3 

± SE=46 ± 5; t3=9.86, p=0.002). Hence subjects were more likely to 

choose inconsistent cards containing A3 than other inconsistent cards. 

Since  A3 never  appeared  in  an  inconsistent  stimulus  during  the 

training, it is possible that subjects were more likely to choose cards 

containing  A3 as  a  result  of  a  perseverative  problem,  choosing  the 

token that was always associated with a reward during the training.

Since  there  was  a  bias  with  inconsistent  cards  that  contained  A3 

tokens, in the following analysis we excluded cards with A3 tokens. We 
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Subject With A3 Without A3

% (score) p % (score) p
EM 40 (63/158) <0.01 62 (205/333) <0.01
SH 35 (53/151 <0.01 69 (219/317) <0.01
RK 54 (84/155) 0.29 86 (280/325) <0.01

RB 55 (86/157) 0.26 84 (261/311) <0.01



checked whether  there was a  difference between the proportion  of 

correct  choices  with  inconsistent  cards that  presented two different 

tokens of the same type (Ai(X)nAj and Bi(X)nBj – inconsistent with same 

type)  and  inconsistent  cards  with  two  different  tokens  of  different 

types  (B(X)nA  –  inconsistent  with  different  type).  During  training, 

subjects were not presented with strings inconsistent with same type, 

therefore this comparison contrasts novel stimuli arranged according 

to an old pattern (inconsistent with different type) and according to a 

new pattern (inconsistent with same type). Table 3 shows the results 

for each subject.

Table 3. This table shows for each subject the percentage of correct choices 

for stimuli inconsistent with same category and with different category, the 

number of correct choices/total number of presentations and the probability 

associated with this score calculated with a two-tailed binomial test

All four subjects showed a similar trend, performing better with 

inconsistent  stimuli  with  different  type.  As  revealed  by  a  t-test  for 

dependent  samples,  there  was  no  significant  difference  in  the 

proportion of correct choices with same and different type (Meansame type 

±SE=73.32  ±  6.5;  Meandifferent  type ±  SE=78.08  ±  4.79;  t4=1.82, 

p=0.165). We can hence argue that subjects responded equally well to 

the old and the new pattern of inconsistent stimuli.
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Subject same category different category
% (score) p % (score) p

EM 58 (107/186) 0.047 70 (88/126) <0.01
SH 68 (120/177) <0.01 70 (84/120) <0.01
RK 84 (156/185) <0.01 88 (106/120) <0.01
RB 84 (143/171) <0.01 84 (101/120) <0.01



Experiment 2

Subjects that succeeded in Experiment 1 (RK and RB) were moved on 

to Experiment 2. In Experiment 2 we investigated the strategy used to 

discriminate between consistent and inconsistent stimuli through the 

insertion  of  distracters  (D).  Stimuli  consisted  of  combinations  of 

elements held out during the training and two distracters added at the 

edges  of  the  stimuli.  For  instance, all  A(X)nB,  B(X)nA,  A(X)nA,  and 

B(X)nB stimuli were reconfigured as DA(X)nBD, DB(X)nAD, DA(X)nAD, 

and DB(X)nBD (see Figure 3). 

a)
consistent

DA3 (X1)2
 B3D

b)
inconsistent

DB3 (X1)2A1D

Figure 3. Examples of stimuli: a) consistent DA3 (X1)2
 B3D; b) inconsistent DB3 

(X2)2A1D.

In this experiment we investigated in particular whether subjects used 

the position of the A and B elements with respect to the edge to solve 

the task. We hypothesized that if tamarins used the absolute position 

of the A and B tokens with respect to the edges, they would fail in 
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discriminating between consistent and inconsistent strings presented 

in  Experiment  2.  That  is,  subjects  would  reject  with  the  same 

probability  consistent  stimuli  such  as  DA(X)nBD,  and  inconsistent 

stimuli such as DB(X)nAD.

Results and discussion

We report the results obtained by each subject in the first 48 trials. 

Both subjects performed significantly above chance: RB: 35/48 correct 

choices, p=0.002; RK: 33/48 correct choices, p=0.002. Both subjects 

were therefore able to use the experience gained during the training to 

distinguish  successfully  between  novel  consistent  and  inconsistent 

stimuli containing distracters at the edges.

We calculated the percentage of correct choices for inconsistent 

cards  with  and  without  A3 tokens  in  each  subject,  and  tested  the 

number  of  correct  choices  against  chance  level  with  a  two-tailed 

binomial  test:  RK  scored  62% (93/151,  p<0.01),  with  inconsistent 

cards  containing  A3 and  80% (274/341,  p<0.01)  with  inconsistent 

cards without A3; RB scored 67% (96/142, p<0.01), with A3 and 75% 

(245/326, p<0.01) without A3. Both subjects hence performed better 

with  inconsistent  cards not  containing  A3,  paralleling  the pattern  in 

Experiment 1. In contrast to the results from  Experiment 1, however, 

both subjects selected correct stimuli more than expected by chance 

with inconsistent cards containing A3. These results show that tamarins 

were able modify the representation constructed during the training to 

generalize to new material. 

We also checked the difference between stimuli inconsistent with 

same  type and  inconsistent  with  different  type.  Paralleling  our 

analyses of Experiment 1, we excluded stimuli containing A3 tokens: 

RK scored 48% (58/120, p=0.78 ) with different type stimuli and 98% 
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(216/221, p<0.01) with same type stimuli; RB scored 74% (89/120, 

p<0.01) with different type stimuli, and 76% (156/206, p<0.01) with 

same type stimuli. Both subjects hence performed better with same 

type stimuli. It is interesting to notice that RK’s performance did not 

differ from chance with inconsistent stimuli with different type.

Experiment 3

After completing Experiment 2, RK and RB moved to Experiment 3. In 

this  experiment  we  further  investigated  the  strategy  used  to 

discriminate between consistent and inconsistent stimuli using stimuli 

that contained distracters located in different positions with respect to 

Experiment 2. 

Experiment 3 investigated whether subjects used the absolute 

position of the A and B elements with respect to the X tokens to solve 

the  task.  Paralleling  Experiment  2,  stimuli  consisted  of  the 

combinations held out during the training and two distracters (D); in 

contrast  with  Experiment  2,  at  least  one  distracter  was  located 

internally to the string, as in the stimulus DA(X)nDB (see Figure 4). We 

hypothesized that if tamarins used the position of A and B with respect 

to the X tokens, they would reject both the consistent stimuli such as 

DA(X)nDB and the inconsistent stimuli such as DA(X)nDA with the same 

probability.
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Figure 4.

a)
consistent

A3 D(X1)2
 B4D

b)

inconsistent

A3D (X1)2
 A2D

Figure 4. Examples of stimuli: a) consistent A3 D(X1)2
 B4D; b) inconsistent A3D 

(X2)2
 A2D

Results and discussion

In  the  first  four  sessions,  both  RK  and  RB  performed  significantly 

above chance: RB: 36/48 correct choices, p< 0.001; RK: 34/48 correct 

choices, p=0.003. The overall score for each subject was consistent 

during  over  the  entire  experiment:  RB:  208/276  (23  sessions); 

RK=190/264  (22  sessions).  Both  subjects  therefore  succeeded  in 

discriminating  between  stimuli  consistent  and  inconsistent  with  the 

Ai(X)nBi rule in the presence of distracters adjacent to X tokens. These 

results  show that  they  did  not  base  their  choices  on  the  absolute 

position of the A and B tokens with respect to the X tokens. 
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We calculated the percentage of correct choices for inconsistent 

cards with and without A3 tokens in each subject: RK scored 67% with 

inconsistent  cards  containing  A3 (62/92,  p<0.01),  and  74%  with 

inconsistent cards without A3 (128/172, p<0.01); RB scored 67% with 

inconsistent cards containing A3 (58/86, p<0.01) and 79% (150/190, 

p< 0.01) with cards without A3. Both subjects hence performed better 

with  inconsistent  cards  not  containing  A3,  as  in  Experiment  1  and 

Experiment 2, and performed better than chance with both types of 

stimuli.

We also checked the difference between stimuli inconsistent with 

same type and  inconsistent  with  different  type.  Paralleling previous 

analyses, we excluded stimuli containing A3 tokens and calculated the 

percentage  of  success;  RK  scored  78% with  different  type  stimuli 

(32/41, p<0/01) and 73% with same type stimuli (96/131, p<0.01); 

RB scored 80% with same type stimuli (110/137, p<0.01), and 75% 

with different type stimuli (40/53, p<0.01). There was also a trend to 

perform better with same type stimuli, in spite of the absence of this 

pattern during the training. In contrast with results from Experiment 2, 

RK performed significantly  above  chance  in  Experiment  3,  for  both 

stimuli inconsistent with different type.

These results license the following conclusion: tamarins are able 

to  extract  a  positional  regularity  like  A(X)nB.  Both  subjects  used  a 

similar strategy to discriminate between new combinations of A and B 

tokens. That is, neither subject used the absolute position of A and B 

tokens with respect to the edges (as shown in Experiment 2), nor the 

absolute position of A and B tokens with respect to the X tokens (as 

shown in Experiment  3).  The present results  suggest that tamarins 

based their choices on the relative position of A and B tokens.
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Another similarity is the pattern of results with inconsistent cards 

containing  the  A3 token.  During  training,  this  token  was  never 

presented as an inconsistent - and hence unrewarded – stimulus. All 

subjects in Experiment 1 failed systematically with inconsistent cards, 

showing that they were at least partially restricted in their capability to 

generalize  to  novel  stimuli.  This  bias  though,  progressively 

disappeared in subsequent experiments.

EXPERIMENT 4

In  Experiment  4  we  explored  the  processing  of  the  abstract 

regularity Ai(X)nAi in cotton-top tamarins. This rule generates strings 

with identical tokens at the edges and n different tokens in between. 

Given its formal structure, A and X can assume any kind of identity as 

long as A and X are different within a string. Violations of this rule 

would include for instance: A(X)n,(X)nA, A(X)n, and (X)n. 

Ai(X)nAi is an abstract regularity, because it entails the abstract 

concept  of  identity  and  because,  in  contrast  with  item-based 

grammars,  applies  to  an  infinite  number  of  tokens.  It  is  also  a 

positional regularity because it specifies that identical tokens must be 

located at the edges. The presence of tokens identical to one another 

at  the  edges  of  the  string  is  the  only  relevant  cue  to  judge  the 

consistency of the string with the rule.

In this experiment, training stages alternated with probe stages. 

Subjects were presented with new tokens consistent and inconsistent 

with  the  target  rule.  Only  the  choice  of  the  grammatical  card  was 

reinforced with food.

In the training stage, rewarded stimuli  consistent with Ai(X)nAi 

were also compatible with alternative patterns. In training stage 1, for 
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instance, subjects experienced only one A token, a red triangle, and 

thus,  could  focus  specifically  on  red  triangles.  In  order  to  allow 

subjects to extract rules at the level of abstraction of Ai(X)nAi, further 

stages  provided  evidence  inconsistent  with  this  hypothesis,  for 

instance stimuli without red triangles.

To extract the Ai(X)nAi rule, and generalize to completely novel 

stimuli, the discrimination between novel consistent strings and novel 

inconsistent  strings,  subjects  had to  recognize  identical  tokens  and 

detect their position, differentiate between elements that were located 

at the edges and in other positions within the string, compute non-

adjacent relationships between identical edge elements.

General methods

Subjects

We  tested  four  adult  male  cotton-top  tamarins  (DW,  JM,  PJ,  SD) 

housed and maintained as described in 2.1.1.

Apparatus

We used the same apparatus described in 2.1.2

Stimuli 

Experimental  stimuli  were  printed  on  the  cards  located  on  the 

apparatus.  Cards  contained  different  linearly  arranged  shapes.  The 

presence  and  the  position  of  identical  tokens  with  respect  to  the 

edges,  determined whether  the card was consistent  or  inconsistent 

with the Ai(X)nAi rule. Stimuli consisted of two element types: A and X.
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Consistent strings followed the rule Ai(X)nAi, in which elements 

located at the edges are identical to one another. Inconsistent strings 

presented several possible violations, for instance: A(X)n (absence of 

identical tokens at the edges), (X)nA(X)nA (identical tokens not at the 

edges), Ai(X)nAj (different A tokens at the edges), see Figure 5. 
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a) Consistent b) Inconsistent

Figure 5. Examples of stimuli consistent, a), and inconsistent, b), with the 

A(X)nA rule.
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As  shown  in  Table  3,  the  experimental  design  included  alternate 

phases of training sessions and test sessions. 

In  order  to  move  from one  training  session  to  the  next,  we 

required that a subject choose correctly on at least 9/12 trials for two 

consecutive  sessions  (at  least  18/24  consecutive  right  choices,  i.e. 

75% correct choices).

Table 4 lists the features manipulated in each stage.
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Table  4.  This  table  lists  the  training  and  probe  stages  of  Experiment  4, 

arranged  in  order  of  presentation.  Each  stage  specifies  the  features 

manipulated. X tokens are different in each stage unless specified.
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Stage Features

Training 1 A1 

Probe1 A1, Xs different from Training 1

Probe 2 A2

Probe 3 A1 same size as Xs

Probe 4 A1, A2, Xs smaller than As

Training 2 A1, A2, previously presented Xs

Probe 5 (figura come 6) A3 asymmetrical

Probe 6 (come7) A4 same size as Xs

Porbe 7 (come 8) A5 asymmetrical

Training 3 Stimuli used in probes 5-6

Probe 8 A6 

Training 4 Stimuli used in probe 8

Probe 9 A6 smaller than Xs

Probe 10 A7

Probe 11 A8 same size as Xs

Probe 12 A9, A10 

Probe 13 A11

Training 5 Stimuli used in probes 9-13

Probe14 A12-A36 , no Xs

Probe 15 A37, A38 

Probe 16 A39

Probe 17 A40 same size as Xs

Probe 18 A40, A41

Probe 19 A42, same size as Xs



Procedure

Both training and test sessions were conducted as described in 2.4, 

except that all sessions consisted of 12 trials. Probe sessions contained 

8  probe trials (novel stimuli) randomly interspersed with 4 training 

trials  (stimuli  presented  in  the  previous  training  stage).  Training 

sessions contained 12 training trials.

To  move  from  a  training  stage  to  the  next  test  phase  we 

required subjects to achieve a score of at least 75% correct choices in 

two consecutive sessions. To move from one probe stage to the next 

we required subjects to complete two sessions of each probe stage. 

Monkeys’  responses  were  coded  in  terms  of  which  card 

(consistent or inconsistent) was selected in each trial.

Results and discussion

To  determine  whether  subjects  successfully  discriminated  between 

novel  consistent  and  inconsistent  strings,  we  used  a  two-tailed 

binomial test (p< .05).

Table  5  shows  the  individual  results  for  each  probe  session 

(number  of  correct  choices/total  number  of  trials  presented),  the 

associated probability and the overall result for each subject.
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Table 5. This table shows for each subject (SD, JM, PJ, and DW) the 

number  of  corrected  choices  in  each  probe  stage  (Px),  and  the 

associate probability calculated with a two-tailed binomial  test. Bold 

numbers indicate performances significantly different from chance.

SD JM PJ DW

Stage score p score p score p score p

P1 14/16 0.004 11/16 0.143 9/16 0.629 11/16 0.143

P2 11/16 0.143 9/15 0.607 11/16 0.143 10/16 0.332

P3 14/16 0.004 11/16 0.143 8/16 1 13/16 0.021
P4 11/16 0.143 10/16 0.332 6/16 0.454 8/16 1

P5 11/16 0.143 11/16 0.143 5/16 0.332 9/16 0.629

P6 10/16 0.332 10/16 0.332 5/16 0.332 6/16 0.454

P7 13/16 0.021 9/16 0.629 12/16 0.049 7/16 0.803

P8 11/16 0.332 11/16 0.143 11/16 0.143 8/16 1

P9 9/16 0.629 10/16 0.332 11/16 0.143 7/16 0.803

P10 6/16 0.454 7/16 0.803 11/16 0.143 5/16 0.21

P11 10/16 0.332 10/16 0.332 11/16 0.143 7/16 0.803

P12 8/16 1 10/16 0.332 8/16 1 8/16 1

P13 12/16 0.049 9/16 0.401 8/16 1 10/16 0.332

P14 11/16 0.332 12/16 0.049 10/16 0.332 9/16 0.629

P15 9/16 0.629 3/8 0.726 8/16 1 10/16 0.332

P16 11/16 0.332 11/16 0.332 9/16 0.629 10/16 0.332

P17 9/16 0.629 10/16 0.332 8/16 1 10/16 0.332

P18 10/16 0.332 8/16 1 7/16 0.803 7/16 0.803

P19 13/16 0.021 10/16 0.332 8/16 1 9/16 0.629

Total 203/304 <0.01 182/296 <0.01 166/304 0.12 174/304 0.01
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Three out of four subjects – SD, JM and DW – had a score significantly 

different  from  chance.  This  result  suggests  that  subjects  have 

extracted some information to cope with novel stimuli. However, there 

are two lines of evidence that prevent us to conclude that tamarins can 

fully master the abstract regularity Ai(X)nAi. First, analyzing the score 

in each single probe stage, we find a result significantly different from 

chance in very few cases (only 6 out of 76 probe sessions). Second, 

we  expected  tamarins  to  improve  their  performance  over  time,  as 

result of the experience gained with new stimuli. Each probe stage was 

in  fact  designed  to  exclude  regularities  that  are  inconsistent  with 

Ai(X)nAi. As shown in Figure 6 though, this does not seem to be the 

case: tamarins did not improve their performance over time.

Experiment 4
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Figure  6. Results  obtained  by  each  subject  in  the  19  probe  stages  as 

percentage of correct choices. Dotted line indicates chance level.
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GENERAL DISCUSSION

Capabilities to process regularities over serially presented stimuli have 

been  found  in  both  human  and  non-human  species  (see  Weiss  & 

Newport, 2006 for a review). One way to understand whether these 

computational capabilities are limited to serial stimuli, or whether they 

are  more  general,  is  to  investigate  the  processing  of  different 

regularities in different modalities and ways of presentation. Studies 

on  human  beings  showed  that  the  same  kinds  of  computations 

available for computing serial acoustical stimuli can be available also 

for visual configurations (Fiser & Aslin 2001). Here we extend this line 

of  research  to  cotton-top  tamarins,  studying  the  processing  of  two 

patterns: the item-based positional regularity A(X)nB and the abstract 

regularity Ai(X)nAi.

In  the  first  series  of  experiments  we  trained  subjects  to 

discriminate between a subset of strings consistent and inconsistent 

with the A(X)nB pattern. Only strings in which A elements are located 

to the left of B elements are consistent with this rule. Subsequently we 

probed subjects in three experiments using novel stimuli.

In  Experiment  1,  two  out  of  four  subjects  successfully 

discriminated  between  consistent  and  inconsistent  novel  strings. 

During the test we presented strings composed with familiar elements 

arranged in novel combinations, and hence subjects could not make 

their choices simply referring to the particular patterns seen during the 

training. Since the first trials, these subjects chose novel consistent 

stimuli significantly more than inconsistent stimuli. These data show 

that tamarins were able to extract the A(X)nB regularity and apply it to 

new stimuli. This result is particularly remarkable considering that the 
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set  of  test  stimuli  was  much  larger  than  the  set  used  during  the 

training.

In order to clarify which strategy tamarins used to succeed in 

Experiment 1, in subsequent experiments we probed them with stimuli 

that contained distracters located in different positions. In Experiment 

2 distracters were located at the edges of the strings, in Experiments 3 

distracters  were  adjacent  to  the  central  X  tokens.  Tamarins  also 

succeeded  in  discriminating  between  consistent  and  inconsistent 

stimuli in these experiments. These results suggest that they have not 

used the absolute position of A and B tokens with respect to the edges 

(as  shown  in  Experiment  2)  nor  the  absolute  position  of  A  and  B 

tokens with respect to the X tokens (as shown in Experiment 3).  On 

the contrary, these data suggest that tamarins based their choices on 

the  relative  position  of  A  and  B  tokens.  There  are  two  possible 

strategies that might allow for success with relative position: either 

considering the relative position of each A token with respect to each B 

token, or the relative position of the A type with respect to B type. 

Further research is needed to clarify whether tamarins encoded the 

positional  information with  respect  to single  tokens or  to types.  To 

evaluate the biases and the flexibility of tamarins, we analysed the 

responses to specific stimuli. In Experiment 1 all tamarins presented a 

bias  in  the  selection  of  stimuli  containing  the  A3 token, showing  a 

partial limitation in their capability to generalize to novel stimuli. This 

token in fact was the only one that during the training was presented 

only in rewarded stimuli. In the following stages this bias progressively 

decreased, showing a capability to modify behaviour in response to 

new evidence.

In contrast to the training phase, during the tests we used as 

inconsistent  strings stimuli  containing two different  elements  of  the 
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same type, such as A1(X)nA2 and B4(X)nB2. Subjects responded equally 

well  to  these  patterns  and  to  inconsistent  cards  containing  two 

different elements of different types, like in B(X)nA. This result shows 

that subjects were able to respond correctly in the presence of stimuli 

arranged according to a pattern completely different from those seen 

during the training. 

In Experiment 4 we investigated the capability of  tamarins to 

process the abstract regularity Ai(X)nAi. In this experiment we trained 

subjects  and  probed  them  with  novel  stimuli,  alternating  several 

training and test stages. With novel stimuli, three out of four subjects 

had  an  overall  performance  significantly  different  from  chance. 

Subjects have hence extracted some information to cope with novel 

stimuli. However, there are two lines of evidence that prevent us from 

concluding  that  tamarins  mastered  the  abstract  regularity  Ai(X)nAi. 

First,  there  were  only  a  few  probe  conditions  in  which  subjects 

performed above chance. Second, their performance did not improve 

over time.

Since we have used a similar methodology in all experiments we 

can tentatively  compare the results  obtained for  each of  the rules. 

While in the first three experiments two subjects promptly mastered 

the item-based regularity A(X)nB, in the last experiment no subject 

fully mastered the abstract regularity Ai(X)nAi. This result, although not 

conclusive, aligns with the hypothesis that abstract regularities, that 

allow  to  generalize  to  completely  novel  stimuli,  require  more 

sophisticate  computational  capabilities  than  item-based  regularities. 

According  to  this  hypothesis  in  fact,  the  processing  of  item-based 

regularities is  a prerequisite to extract  abstract  regularities.  Further 

research on different  species and different  regularities  is  needed to 

validate this hypothesis.
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CHAPTER V CONCLUSIONS

Extracting regularities from the environment is a problem shared by 

different  species:  animals  must  compute  the patterns of  fruiting  or 

flowering cycles,  detect rates  of  food return,  recognize  associations 

between  various  visual  and  auditory  cues  and  the  presence  of 

predators. Less clear is which aspects of these regularities different 

species  take  into  account,  and  whether  different  species  share 

common mechanisms to deal with similar problems.

Thus  far,  research  has  mainly  focused  on  serially  presented 

stimuli.  The  use  of  serial  presentations  stems  from the  interest  in 

capabilities   possibly  involved  in  language  processing,  such  as  the 

segmentation  of  speech  streams  or  the  discrimination  between 

patterns consistent  or  inconsistent  with simple  rules  (Saffran et  al. 

2006, Fitch & Hauser, 2004, Gentner et al. 2006). A recent study on 

putty-nosed monkeys (Arnold &  Zuberbühler, 2008) has investigated 

reactions of free-ranging monkeys to combinations of species-specific 

vocalizations,  stressing  similarities  between  these  stimuli  and 

language.

The basic idea of these studies is that the mechanism involved in 

processing  these  regularities,  often  called  grammars,  potentially 

provide  some  of  the  necessary  evolutionarily  and  ontogenetically 

building  blocks  to  realize  linguistic  competence.  For  this  reason, 

research has investigated also non-human animals.

Capabilities  to  extract  statistical  regularities  from  artificially 

constructed patterned input have been found in both human and non-

human species  (see  Weiss  & Newport,  2006 for  a  review).  Among 

other findings, researchers have shown that non-human animals are 
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able  to  compute  transitional  probabilities  and  dependencies  across 

non-adjacent items (Hauser et al. 2001; Newport et al., 2004). The 

present work extends this line of research. In Chapter 2 of this thesis I 

have  showed  that  cotton-top  tamarins  can  extract  and  use  as 

predictors speech syllables repeated over time (Versace et al., under 

review) and that chimpanzees, as well as human adults, are sensitive 

to the position of items in an acoustic stream (Endress et al., under 

review). 

All  these  studies  on  non-human animals  have shed  light  into 

computational  capabilities  of  different  species.  We can  draw also  a 

more general conclusion, namely that language is not a prerequisite to 

process acoustical regularities. Given the analogies between the tasks 

used and language processes we may ask whether these studies have 

a shed light into the understanding of language. Since the relationship 

between these tasks  and linguistic  processes  such as segmentation 

and parsing, is based on analogy, we do not know whether the same 

mechanisms used in language have been used also in the processing 

of  other  acoustical  regularities.  Moreover,  other  species  may 

comprehend such regularities through mechanisms different from ours. 

The studies that I have conducted on chimpanzees and human 

adults with acoustical stimuli follow a different endeavour. Instead of 

testing  the  ability  to  process  a  specific  regularity  neglecting  the 

strategy used, I studied the preference for alternative strategies. In 

these experiments in fact, the stimuli presented were consistent with 

either a positional, and a chaining regularity. With this approach I have 

revealed a similarity between chimpanzees and human beings in the 

strategy used in a sequence-learning task: both species tracked the 

positional  regularity  but  showed  less  sensitivity  to  the  chaining 

regularity. These results suggest that humans and chimpanzees share 
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the  same  mechanism  to  encode  positions  in  sequences,  and  in 

particular to track items that occur in sequence-edges. 

This  approach seems hence to  be promising,  considering that 

these experiments show that it is possible to test different species with 

the same stimuli and compare the strategies used. However, it seems 

hard to draw any conclusion specific to language processing through 

non-linguistics  tasks.  Put  in  perspective  the  role  of  language  in 

regularity  processing,  I  have  proposed  a  different  framework.  The 

experiments  presented  here  are  structured  around  the  distinction 

between different types of regularities that can work as predictors – 

repetitions of the same event, item-based regularities,  and abstract 

regularities – and correspondent computational capabilities.

As a general  working hypothesis,  I  have investigated whether 

computational  capabilities  are  structured  around  a  hierarchy  that 

mirrors the degree of abstraction of correspondent regularities.  In this 

case the processing of abstract regularities would require the capability 

to extract  item-based regularities and the processing of  item-based 

regularities would require the capability to extract repetitions of the 

same  events.  Evidence  from  the  different  studies  that  I  have 

conducted confirms this hypothesis.

In  the  first  study  I  used  a  new paradigm in  which  subjects, 

cotton-top tamarins, faced the problem of avoiding auditory masking 

in the production of contact calls during intermittent background noise. 

In  order  to  vocalize  during  silent  intervals,  tamarins  had  to  use 

information conveyed by repeated stimuli that functioned as valuable 

predictors  of  silent  intervals.  All  subjects  promptly  mastered  the 

repetition  of  simple  acoustical  cues:  tamarins  extracted  predictive 

acoustic cues from an intermittently noisy environment and used this 

information to time vocal output and avoid masking. Subjects had no 
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difficulties in processing repetitions used as predictors. Tamarins were 

able to master also an item-based regularity, but less efficiently than 

repetitions. Differently from what happened with repetitions, only half 

of the subjects fully mastered the item-based regularity A(X)nB. In the 

case of the abstract regularity  Ai(X)nAi, tamarins showed even more 

difficulties: no individual  was able to consistently generalize to new 

stimuli. 

These results are consistent with a hierarchical organization of 

computational  capabilities  that  reflects  the  hierarchy  of  repetitions, 

item-based and abstract regularities. Research on different species and 

different regularities will  help clarifying the grounding of this line of 

research.

In the present work I have also introduced some methodological 

novelties.  First,  I  have  introduced  a  new  method  to  study 

computational capabilities in animals that produce contact calls when 

isolated from their social group. The methodological approach pursued 

here  has  potentially  interesting  implications  for  exploring  more 

complex forms of pattern recognition, providing a natural, non-trained 

assay for a variety of calling animals. In particular, once an animal has 

learned that there are different windows of opportunity for calling, and 

that  particular  acoustic  patterns  predict  such  opportunities,  we  can 

exploit this ability to ask about the limits on pattern recognition. 

This  work  has  also  clarified  the  possibility  to  investigate 

potentially  sophisticate  patterns,  such as A(X)nB and Ai(X)nAi,  using 

visual  configurations.  There  are  significant  advantages  in  extending 

the  study  of  regularity  processing  to  the  visual  modality,  and  in 

particular  to visual  configurations.  The simultaneous presentation of 

visual  elements  allows  to  study  potentially  sophisticate  patterns 
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without  a  dramatic  increase  in  working  memory  load.  This  feature 

seems to be particularly suitable for pursuing comparative studies.

Moreover,  extending  our  knowledge  from  acoustical  to  visual 

regularities we will be able to better understand the interface between 

systems such as visual cognition, animal communication and language. 

In  studies  conducted  on  humans,  several  results  suggest  that  the 

kinds of computation that operate in the acoustic domain are equally 

available in the visual domain (Fiser & Aslin 2001, 2002).  However, 

several  matters  still  need  to  be  addressed: whether  regularity 

processing  involves  a  single  mechanism,  or  multiple,  modality-

constrained,  mechanisms;  whether  serially  and  simultaneously 

presented stimuli are processed in a similar way; whether human and 

non-human species share common mechanisms to process regularities 

and  which  ones;  whether  language  processing  is  supported  by 

dedicated and species-specific mechanisms or not. 

I  have  hence  suggested  two  lines  of  research  to  investigate 

regularity  processing:  compare  the  strategies  used  in  different 

individuals  and species,  and extend research to different  modalities 

and ways of presentation.
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