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Humans, as do most vertebrate species studied, exhibit a limb preference for unimanual activities. However,
two characteristics of the human limb preference are thought to distinguish it from that of other vertebrates: (a)
The preference is the same across a variety of manual tasks that have few task demands or motor skills in
common (handedness consistency); and (b) the handedness consistency is unevenly distributed in the population
with a distinct right-handed skew. Thus, depending on the criteria used to define a preference, 70%-90% of
humans exhibit a consistent right-hand preference for manual activities (Annett, 1985). This sharp population
bias in the distribution of hand preference has been prevalent for much of the natural history of humans
(Corballis, 1991) and is present in all cultures (Annett, 1985). Anthropological evidence suggests a population
bias toward right-handedness in the hominid ancestors of humans that dates back at least 1.8 million years
(McManus, 2002; Toth, 1985). The evidence shows both a right-hand dominance in the construction of tools
and an asymmetry in form of tools such that their use would be much more manageable with the right hand.
Thus, the right bias in human handedness seems to be an evolutionary extension of a right bias in hominid
handedness.

Several theorists have proposed that the human hand, brain, upright posture, and pattern of locomotion
coevolved (cf. McManus, 2002). There is no evidence from human or hominid anatomy that the right and left
hands evolved differently (McManus, 2002). Therefore, the population bias in handedness must involve
evolutionary changes in brain and posture. Indeed, given the cross-lateral pattern of innervation of the hands,
the right bias in human handedness is another aspect of the human pattern of cerebral lateralized asymmetry of
function and is most closely associated with the hemisphere specialization for language functions. Although
handedness and other forms of lateralized brain functions (e.g., control of speech) are only mildly associated,
patterns of atypical individual handedness, particularly left-handedness, seem to be associated with many types
of human pathological (e.g., dyslexia, autism, schizophrenia) and nonpathological conditions (e.g., artistic
skills, athletic prowess). Such associations have led many to seek among primates a nonhuman model for
human handedness (e.g., Hopkins, Cantalupo, Wesley, Hostetter, & Pilcher, 2002; Westergaard, Kuhn, &
Suomi, 1998a).

Many different species of vertebrates show evidence of handedness (i.e., individuals show a preference to use
one limb more than the other for particular tasks involving the use of one limb), which may reduce cognitive
load (Flowers, 1975). Each time a single limb action is to be initiated and there is no bias in the situation (an
asymmetry of the individual's posture or an asymmetry in the spatial coordinates of the goal of the action), there
is a time delay and information-processing cost associated with the decision of which limb to use. A
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“preference” (typical use of one limb) greatly reduces such cost across a large number of mundane unilimb
tasks (e.g., initiation of locomotion, “pawing” an object). However, for many species, although a preference is
exhibited for many different tasks, it is not consistent across tasks within an individual. Moreover, unlike
humans, the handedness for most species is evenly distributed in the population (Annett, 1985; McManus,
2002).

Some species do demonstrate a population skew or bias in handedness (e.g., some toad species prefer to use the
right leg to scratch the snout, chickens prefer to use the right foot to scratch the ground, some parrot species
prefer to use the left foot to hold food, and 75% of humpback whales prefer to use their right flipper to slap the
surface of the water). However, the bias in human hand-use preference exhibits individual consistency across a
variety of rather distinctive manual skills. Moreover, either the phylogenetic distinctiveness among these
different species with a bias in limb-use preference points to a general vertebrate characteristic, or such
evidence does not reflect a gradual evolutionary sequence leading to the right bias in human handedness (cf.
Crow, 2004; Rogers & Andrew, 2002).

In 1987, MacNeilage, Studdert-Kennedy, and Lindblom proposed that because right-handedness and language
seem uniquely human, investigation of the evolution of handedness (via the comparison of handedness among
different species of primate) might reveal something about the evolution of language. Their review of the
evidence from 75 studies of primate handedness led them to propose that the ancestral, arboreal primate
necessarily used one hand (the right) to cling to trees. Consequently, the left hand was used for visually guided
reaching for and grasping of food. If it is presumed that the right hemisphere (controlling the left hand) is
adapted to function more effectively than the left hemisphere for visuospatial skills, then the left-hand
preference for the manual acquisition of food in a visuospatial field may be expected. Unfortunately, there is no
evidence of which we are aware that the right hemisphere of prosimians is more efficient at visuospatial
processing.

MacNeilage et al. (1987) proposed further that as terrestriality evolved, opportunities for bimanual manipulation
occurred and the left hand continued to be used for reaching. Because the reaching hand typically is the hand
that first obtains the object, the reaching left hand is preadapted to provide support for the right-hand
manipulations during bimanual manipulation. Similarly, MacNeilage et al. proposed that right-hand gripping
skills preadapted it for manipulation. Thus, the right hand came to dominate in bimanual manipulation.
Eventually this evolved into a generalized right bias for all hand use, including reaching. Thus, according to the
proposal of MacNeilage et al., the evolution of handedness may be identified by comparing various suborders of
primates for their hand use when reaching for food.

One peculiarity of the MacNeilage et al. (1987) proposal is that the generalized right bias results in reaching
shifting from a left preference to a right preference. This creates the more cumbersome action pattern of
obtaining an object with the right hand and then transferring it to the left hand so that right hand dominance in
role-differentiated bimanual manipulation can occur. Such a pattern is not typical of humans or other apes.
However, this cumbersome pattern is exhibited by human infants during the latter part of their first year. It is
then replaced at 13-14 months of age with the more efficient pattern of reaching for and obtaining an object
with the nonpreferred hand (typically the left hand) so that role differentiated bimanual manipulation occurs
more immediately, with the preferred hand (typically the right) dominating that action (Michel, 1998).

The MacNeilage et al. (1987) postural origins theory (POT) for the evolution of the right bias in human
handedness proposed that in prosimian primates, the left hand became preferred for reaching while the right
hand was used mainly for postural support (holding onto trees). Because some New World and Old World
monkey species do not feed in the trees, they spend more time on the ground and subsequently, the right hand
was freed from its postural support duties and was able to accomplish manipulation activities while the left hand
remained dominant for reaching. Because there was little data on handedness in apes in 1987, the POT was not
as specific as to how the more generalized bias to right-handedness occurred in the transition from monkeys to
apes and from apes to humans. MacNeilage et al. did suggest that the handedness of apes was an “intermediate
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between monkey and man” (p. 248); that is, the left hand reaching preference disappears and the right hand
becomes dominant for all tasks, as is the case for humans.

MacNeilage et al. (1987) proposed that the right hand manipulation skills and postural control provided the left
hemisphere with the structures needed for the sensorimotor control of the speech apparatus and that this led to
the left hemisphere specialization for language. Although intended to be a theory of the evolution of
hemispheric specialization for language, a major effect of the POT was to stimulate research on primate
handedness.

One criticism of the MacNeilage et al. (1987) review is that it interpreted nonsignificant results as
demonstrating a leftward bias in prosimians and New World primates. Another criticism of the theory is that it
is simply a restatement of what the researchers' interpretation of the data seemed to show. It does not really give
a testable model of why the earlier primates would prefer the left hand over the right hand for visually guided
reaching or why the right hand would then be better suited for manipulative actions than would the left hand
(McGrew & Marchant, 1997). Indeed, the “gripping” support actions of the left hand become essential for
effective and efficient role-differentiated bimanual manipulation in humans for which the right hand typically is
preferred for manipulating the object (Michel, 1998)—that is, the left hand grasps and grips the objects while
the right hand manipulates it.

Of course, POT is not the only theory of primate handedness. In 1977, Warren proposed that hand-use
preference in primates was a consequence of specific experiences and would be both task and situation specific
(cf. Warren, 1987). Thus, there should be no population-level lateral bias in handedness for any species of
primate that was not a result of some bias in the experience of the members of that population. In contrast,
Fagot and Vauclair (1991) proposed that low-level manual tasks (familiar, well-practiced, simple actions with
undemanding cognitive aspects—e.g., reaching) would not manifest a hand-use preference, whereas high-level
manual tasks demanding more neural activity (novel, finely coordinated actions involving complex cognitive
abilities) would exhibit not only handedness but also a population bias in handedness distribution reflecting
underlying cerebral hemisphere specialization. Papademetriou (2003) reviewed the evidence both in support of
and against the Fagot and Vauclair proposal. One problem with the theory is a lack of an a priori definition of
what constitutes a cognitively demanding manual task (cf. McGrew & Marchant, 1997).

Since the publication of the POT, reports of a population bias in primate handedness have been mixed (McGrew
& Marchant, 1997). In part, this ambiguity derives from the interpretation of studies that do not precisely define
how handedness is assessed or specify how a population-level bias is determined. Therefore, one purpose of the
current study is to reevaluate the evidence of primate handedness by using meta-analytic statistical techniques
for the individual data collected by studies of primate handedness, especially for those conducted since 1987.

In 1997, McGrew and Marchant published a meta-analysis of primate handedness that did not analyze data from
the articles statistically. Rather, they reviewed articles that met their criteria for evaluation and presented the
results from those studies in order to form a conclusion about primate handedness and its relation to human
handedness. Of the 241 published studies that they identified, only 48 met the seven criteria for evaluation (i.e.,
independence of data points, data from adults, sufficient data points per subject for binomial analysis of
lateralization, well-defined manual task, raw data, identification of species, and data from more than 6 subjects).
They concluded that the 12 acceptable studies of prosimian handedness provided evidence for individual
handedness but no evidence of any asymmetry of handedness within any species or for the group as a whole.
They argued that the 19 acceptable studies of New World monkeys also failed to show anything more than
individual handedness. Only 11 studies of Old World monkeys were acceptable for evaluation, and again there
did not appear to be any evidence of a population bias in handedness. Eighteen studies of apes met the criteria
with nearly half reporting only about chimpanzees. Although there was some evidence, especially from
chimpanzees, of a population bias in ape handedness, this only occurred with captive animals. Wild-living apes
seemed not to manifest a population bias in handedness, even for such tasks as “termite fishing” and “nut
cracking.” McGrew and Marchant (1997) concluded that their meta-analysis did not reveal evidence in support
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of the POT or of any “human-like laterality of hand function” (p. 227) and that laterality of hand preferences in
Homo sapiens may be uniquely associated with our specific evolution and self-domestication.

Although useful as a thorough review of the literature, the McGrew and Marchant (1997) version of the meta-
analytic technique does not provide the same information as a statistical meta-analysis. Thus, the current study
will examine the empirical data statistically. Similar to McGrew and Marchant, we searched the literature for
data sets with individual data. Papademetriou (2003) provided a detailed review of 142 studies of nonhuman
handedness published since 1987. Of these 142 studies, 62 met our criteria for statistical analysis.

In his review, Papademetriou (2003) noted that many studies use a handedness index (HI) as a measure of
laterality. This index is calculated by the formula (R — L)/(R + L), where R = number of right-hand responses
and L = number of left-hand responses. This index ranges from —1 to 1 and is taken to measure strength of hand
preference along a continuum, with positive values indicating a right bias and negative values indicating a left
bias. However, it is unclear whether this index actually captures significant hand-use preference as opposed to a
simple difference in proportion of hand use. That is, with the HI index it is difficult to classify individuals
according to their handedness because an individual could be classified as right-handed whether the HI is 0.1 or
1.0. Despite the continuous nature of handedness, most researchers and others are generally interested in the
number of right- and left-handed individuals. Consequently, some other technique must be used if individuals
are to be classified as right- or left-handed, and this technique must permit identification of whether an
individual's proportion of left- or right-hand use differs significantly from 50%. Thus, many researchers use HI
only as a measure of the continuum of lateralization, with the absolute value of the HI interpreted to reflect
strength or degree of lateralization. Unfortunately, it is unlikely that this index, or any measure, can validly
quantify strength of lateralization. The frequency data on which it is based essentially translate into an ordinal
number series in which relative difference in score reflects relative position (first, second, third, etc.) rather than
degree of difference between positions. 1

Moreover, there is no theory or even consensus about what constitutes stronger lateralization or even what
stronger lateralization might mean. Does lateralization mean that one hand (or hemisphere) exclusively
performs certain tasks and the other does not; that one hand (hemisphere) performs certain tasks more
efficiently than the other; that one hand (hemisphere) typically performs certain tasks and the other does not and
hence, they differ in skill; or that one hand (hemisphere) is more prepared to perform certain tasks for which the
other is not? Might individuals differ on some or all of these lateralization distinctions and hence show greater
or lesser lateralization? Using a numerical difference that is the consequence of a simple relative frequency of
use is not a substitute for an evaluation of the meaning of strength of lateralization. Hence, as yet the validity of
the absolute value of HI as a measure of strength of lateralization cannot be determined. However, a higher
index number can make one more confident in the classification of the individual as left- or right-handed (see
Footnote 1).

In past research (cf. Michel, 1998), Michel, Sheu, and Brumley (2002) proposed that a more appropriate way to
classify individuals might be with a z-score equivalent of a binomial test of the relative frequency of left- and
right-hand use. If the frequency of observations for each individual is sufficient (~25), this score provides an
estimate of the likelihood of misclassification of an individual's hand-use preference based on a Fisher's normal
approximation of a binomial distribution. The z score has been used in many studies of this type in both human
and primate research (cf. Michel et al., 2002). Unlike HI, the size of the z score provides a conventional means
of specifying the confidence with which one can classify individuals into three categories: ambiguous
preference, right preference, and left preference (i.e., conventional levels of significance, such as.05, may be
used to create these categories). Thus, the z score is one of the few classification techniques that permit
specification of the probability of misclassification. This use of the z score has been shown to be very
illuminating about the hand-use preferences of human infants (Michel et al., 2002). There is no evidence that
the z score indicates degree or strength of laterality.
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For the current study, neither z scores nor HI scores were used as the unit of analysis for the meta-analyses. We
used the z scores to classify subject's handedness for presentation in tables, and we derived the scores from the
raw data available from the articles. Thus, the classification of subjects in the tables as left-, right-, or
ambiguously handed was based on a z test (with an alpha level of.05) calculated from each individual's number
of left- and right-hand reaches. For the meta-analyses, in contrast, all data were analyzed by using the
proportion of left-hand use for each subject. Because instances of use of both hands were removed from the
analysis, the proportion of left-hand use is the complement of the proportion of right-hand use. Thus, we
conducted a meta-analysis of the reaching data (proportion of left-hand reaches) for all four nonhuman primate
suborders to determine whether any group exhibited a population bias in handedness and, if so, whether the
direction of bias was consistent with the predictions of the POT.

Method

Three different methods were used to obtain articles concerning primate hand-use preferences for reaching. The
computer-based literature search (PsycINFO, PrimateLit, Medline, Anthropological Index Online, and
EBSCOhost) used the following search terms: primate handedness, primate laterality, primate hand preference,
primate hand use, and nonhuman primate. The second method was to examine the references of relevant articles
and to attempt to obtain those references. A third method involved contacting researchers to request their raw
data and any other sources they might recommend.

Criteria for Inclusion

From the body of articles obtained, articles that met three inclusion criteria were chosen for meta-analysis. First,
some form of reaching task had to have been used (e.g., reaching for food on the ground, from a box, or from a
string), but no distinctions were made among these tasks. Reaching typically is not assessed in studies of
handedness in adult humans; rather, their handedness is assessed by questionnaires that query hand use for role-
differentiated bimanual manipulation tasks. When adult handedness is assessed by actual action, the skills
examined usually involve accuracy and speed of picking up and placing pegs in holes or marking dots in the
center of circles. However, reaching is a very reliable task for identifying handedness in human infants and
young children.

Because it has been shown that different manual tasks can elicit differences in hand preference (Ward &
Cantalupo, 1997), manual tasks were separated into reaching (food and nonfood reaching) and nonreaching
(holding, probing, stone striking, carrying, performing joystick tasks, nut cracking, etc.) tasks in two different
analyses. Our criterion for reaching did not include tasks that required bipedal reaches or multicomponents to
the task (e.g., haptic searching—that is, tactually discriminating which item to retrieve). Most studies included a
simple reaching task, but some studies had additional tasks that required the individual to adopt an unusual
bipedal posture in order to reach or that did not permit the individual to see the object to be obtained by the
reach. These tasks occasionally yielded results different from those involving a simple reach. Because most
studies were not consistent in the type of more complicated reaching tasks used, we decided not to analyze data
collected by unusual reaching tasks. We do not believe that our choice of simple reaching as a dependent
measure weakens the evaluation of the POT because that theory relates more directly to simple reaching.

A second criterion used for including data from a study was that species type must have been provided with
enough specificity that the subjects could be classified according to their taxonomic group. Third, individual
data must have been reported in the study or obtained by contacting the author. The individual data that were
relevant were the number of left- or right-hand reaches and the total number of reaches for each individual. If it
was possible to derive this information from what was reported, then the study was included. Although sex
differences have been reported in some studies of primate handedness (Dodson, Stafford, Forsythe, Seltzer, &
Ward, 1992; Milliken, Forsythe, & Ward, 1989), this has not been observed consistently (McGrew & Marchant,
1997). A preliminary analysis of the data revealed no sex difference for any dependent variable; therefore, those
studies that failed to report on the sex of their subjects were included in the analysis.
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Authors occasionally reported using some of the same subjects in separate studies. Therefore, if repeated
subjects were identified by name or ID number, then only data from the subject's earliest publication were used
in the present analysis. This increased the likelihood of independence of the data. Because the literature review
revealed many studies that reported on several different types of handedness tasks, a separate meta-analysis was
conducted on the data from all of the nonreaching tasks (most involved tool use such as termite fishing or nut
cracking), including bimanual manipulation tasks (e.g., extracting paste from a tube or sliding panels
horizontally or vertically in order to extract food). Again, the individual hand-use data from all of these
different tasks was combined into a single score of proportion of left-hand use.

Data Analysis

In contrast to conventional meta-analyses, which code effect sizes from different studies and compare them by
using various statistical methods (Lipsey & Wilson, 2001), this study analyzed individual data. This change
permitted modeling the variability among the individuals across studies by treating them as a random sample.
The scope of inference then encompasses the population from which these individual primates were drawn.
The basic observation and unit of analysis is the frequency of left-hand use in a total number of trials for an
individual primate. It was assumed that the relative frequency (or proportion) of left-hand use follows a
binomial distribution with an unknown probability of a primate making a right-hand use. A logistic link was
used to relate the unknown probability to the known taxonomic characteristic of the primates—in this case, a
fixed effect. Thus, a mixed-effect logistic regression model was used to analyze the data (Agresti, 2002; Sheu,
2002). The fixed effect in this analysis is a taxonomic type (e.g., suborder), and the random effect is the
between-subjects variation, which is assumed to follow a normal distribution.

A mixed-effect analysis provides information on both the variability between individual primates sampled and
the trial-to-trial variability within the same individual. That is, instead of estimates of individual variability
being incorporated into the error term of a traditional fixed-effects analysis, the mixed model approach allows
this variability to be modeled and a more reliable estimate to be attained. For a review of this method of meta-
analysis involving normal data, see Sheu and Suzuki (2001). The data were analyzed with the SAS statistical
package (Version 8.2). The NLMIXED procedure was used to fit the models to data (Wolfinger, 2001).
Results

The Literature Review

The literature search identified 142 articles that investigated handedness in nonhuman primates. Of these, 24
were review articles or abstracts for which raw data were not obtainable. Of the 118 remaining articles, 62
(53%) met the inclusion criteria (marked with an asterisk in the reference list), with 42 of these articles (35%)
providing data on reaching actions and 20 articles (17%) providing data on some other aspect of manual
behavior. (One article provided data for both reaching and nonreaching behaviors.) The primary reason for the
relatively small proportion of articles meeting criteria was a failure to obtain the individual data needed for the
meta-analysis.

We classified the 56 articles that did not have individual data by using the direction of bias that each article
reported in its results section separately for each of the tasks measured (see Table 1). Fifty articles reported
evidence for no population-level bias in handedness, whereas 15 reported evidence for a population-level right-
hand bias and 15 reported evidence for a population-level left-hand bias (see Table 2). Some articles reported
evidence for different combinations (right, left, and/or no bias) of population biases depending on the task
(Hopkins, 1993; Hopkins, Bennett, Bales, Lee, & Ward, 1993; Spinozzi & Cacchiarelli, 2000; Spinozzi,
Castorina, & Truppa, 1998; Spinozzi & Truppa, 1999; Westergaard, Kuhn, & Suomi, 1998b), the species
(Hopkins, Stoinski, Lukas, Ross, & Wesley, 2003; Olson, Ellis, & Nadler, 1990; Westergaard & Suomi, 19964,
1996b), and the age of subjects (Westergaard & Lussier, 1999). Because the same article can be counted as
reporting evidence for no, right, and left bias, no statistical analyses were performed.
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Table 1

Handedness Bias Reported in the 56 Articles Thar Did New Provide Individual Deva

Source Species Task N Reported bias
Prosimians
Daodson et al. (1992) Galago maololi Food reaching 16 Mo bias
Sanford et al, (1984) Cialago senegalensis Bipedal reaching 25 Lefi
Sanford et al, (1984) Galago senegalensis Quadrupedal reaching 12 Mo bias
Ward et al. (1990) Lemur spp. Food reaching 194 No bias
Ward & Cantalupo ( 1997) Chedemar garneltii Bipedal reaching X7 Mo hias
Ward & Camalupo ( 1997) Ohralemur garnennii Cuadrupedal reaching 27 Mo bias
Cantalupo & Ward (2000} (Medemiir garnertii Food reaching 20 No bias
Dodson et al. (1992) Microcelns murinns Food reaching & Mo bias
Mew World monkeys
Hook & Rogers (20007 Callithrix jacchus Food halding 15 No bias
Cameron & Rogers (1999) Callishrix jacchus Food reaching X Mo hias
Hook-Costigan & Rogers (1998) Callithrix jacchus Food holding 15 Mo bias
Bicca-Marques et al, (1998) Saguinus fuscicollis Food reaching 11 Mo bias
Bicca-Marques ¢t al, (1998) Saguinus imperator Food reaching 11 Right
King i 1945) Saguinus oedips Multiple grasping measures 30 Right
Ronev & King (19493) Saguinus oedipus Food reaching 14 Mo hias
Spinozzi & Troppa (1999) Cebus apelfla Food reaching 25 Right
Spinozzi & Truppa (1999) Cebus apella Horizontal panel task 25 Right
Spinozzi & Truppa (1999) Cebus apella Vertical panel task 25 No bias
Anderson et al. {19%6G) Celus apella Multiple hand-use measures 10 No bias
Westergaard & Suomi (1993h) Celus apella Food reaching 21 Right
Westergaard & Suomi (1993a) Cebus apella Sponging task 14 Mo bias
Lacreuse & Fragaszy {1999) Cefus apelia Haptic reaching task ] Lefi
Lacreuse & Fragasey {19949) Cebus apella Reaching task l& Mo bias
Westergaord et al. (2000) Cebus apelfa Aimed throwing 25 Mo bias
Parr et al. (1996) Cebus apella Haptic reaching ask 22 Left
Parr e1 al. (1996) Cebus apella Food reaching 22 N bias
Westerzaord & Suomi (1994) Cebus apelfla Tool use 13 Mo bias
Westergaord & Suomi (1996a) Cebus apella Bimanual feeding 45 Mo bias
Spinozet & Cacchiarelli (20040 Cebns apella Haptic reaching task 26 Lefi
Spinoezi & Cacchiarelli (200400 Cebus apelio Food reaching 26 Right
Christel & Fragasey (2000) Cebus apella Food reaching 5 Mo bias
Westergaord et al. (1998a) Cebus apella Bipedal reaching 16 Right
Westerzaard et al. (1998a) Cebus apelio Cuadrupedal reaching 16 Mo hias
Westergaard et al. (1998a) Cebus apella Tool use 16 Mo bias
Panger (1W9E) Celius capricins Reaching task 48 Mo hias
Laska ( 1996a) Areles geoffrovi Multiple hand-use measures 13 Lefi
Bicca-Marques et al. {19498) Callicebus cupreus Food reaching Unknowmn Mo bias
Ronev & King (1993) Saimiri scinrens Food reaching 30 No bias
Laska { 1996b) Saimiri sciurens Multiple hand-use measures 12 No bias
Old World monkeys

Harigel (1991) Macaca fuscata Food reaching 14 No bias
Kubota (19941 Macaca fuscata Food reaching 44 Mo hias
Devel & Dunlop ( 1980) Muacaca mlatie Multiple hand-vse measures [ill] Mo bias
Drreas et al. (1995) Macaca mdatia Food reaching 16 Lefi
Fagot et al. (1991) Macaca wilatia Haptic reaching task 29 Lefi
Harigel (1991) Macaca midaite Food reaching 12 Mo bias
Hopkins et al, (1992) Macaca midatia Joystick task 15 Mo hias
Westerzaard ( 1999) Macaca mlatie Cuadrupedal reaching 27 Lefi
Westergaard & Suomi (1996a) Macaca nidarte Bimanual feeding 55 Right
Westergaard et al. (1997) Macaca mdartico Food reaching 19 Left
Westergaard et al. (1997) Macaca widatie Bimanual feeding 19 Left
Westergaard & Lussier {1 909) Macaca miulatia Cuadrupedal reaching 34 Lefi
Westergaard & Lussier (1999) Macaca mndatio Quadrupedal reaching 30 Right
Westergaard, Lussier, & Higley (2001} Muacaca mndatie Cuadrupedal reaching T0 Mo bias
Brooker et al. (1981) Macaca roadiata Food reaching 60 No bias
Brinkman {Z001) Muacaca fascicalariy Food reaching 200 Mo bias
Westergaord, Lussier, & Higley (2001} Muacaca fascicwlariy Quadrupedal reaching ik} Mo bias
Martinol et al. (1995) Macaca nemesiring Multiple hand-use measures 13 No bias
Rigamonti et al. { 1998) Muacaca nemestring Food reaching 10 No bias



Table | (continued)

Source Species Tuask N Reported bias

Old World monkeys (conrinied)

Westergaard, Lussier, & Higley (2001) Macaca nentesiring Quadrupedal reaching 10 Mo bias
Beck & Baron (1972) Macaca speciosa Multiple hand-use measures 10 No bias
Aruguete et al. (1992) Papaio spp. Face touching 18 Mo bias
Yauclair & Fagot (1987) Papie spp. Food reaching 18 Mo bias
Teichroeh (1999 Ervthrocelus palas Food reaching 5 Mo bias
Apes

Rogers & Kaplan (1996) Paonge pyemaens Self-touching 43 Left
Rogers & Kaplan (19846 FPango prgmaeis Food reaching 43 Mo bias
Byrne & Byrne (1949%3) Gorilla gorilla Food reaching EE] Mo hias
Byrne & Byrne {19%1) Gorilla gorilla Food reaching 44 No bias
Hopkins & Pearson (2000) Pae troglodvie Multiple hand-use measures 187 Right
Hopkins { 19%95b) Pan reoglodyie Bimanual feeding 110 Right
Colell et al. (1995b) Pam traplodvie Food reaching 24 Mo bias
Tonooka & Matsuzawa (1995) P traglodyite Food reaching a0 No bias
Hopkins et al. (1994) Pan traglodyie Bipedal reaching 76 Right
Hopkins et al. (1994) Pan troglodyte Cuadrupedal reaching 6 Mo bias
Kirby (19492) Pan rroglodyie Food reaching 4 No hias
Hopkins et al. (2000) Pan traglodyte Bimanual feeding 165 Right
Hopkins { 19949) Pan troglodyte Bimanual feedi | B8 Right
Lacreuse et al. { 1999) Pan troglodyte Haptic reaching task 20 Right
Lacreuse et al. (19949 Pan traglodyte Food reaching 16 Mo hins
Lacreuse e al, (199493 Pan rroglodyte Bimanual feeding 19 No hias
De Vieceschouwer et al. (1995) Peam paniscus Food reaching 5 Lefi

Table 2

Distribution of Handedness Bias Reported in Arvicles

Primate group Right bias Left bias Mo bias

Individual data not provided (n = 56)

Ape 6 2 10
New World monkey 7 4 13
Old World monkey 2 b3 15
Prosimian L 1 T

Total 15 15 50

All articles (M = 118)

Prosimian 3 a 7
Mew World monkey 15 9 19
Old World monkey 4 10 12
Ape 17 & 27

Total ig 33 65

Of the 56 articles, the number that reported a bias in handedness distribution, regardless of direction, is lower
than the number that did not report a bias (Table 2). With the exception of Old World monkeys and apes, the
difference in the direction of bias also appears rather similar. A left-hand bias was reported for 80% of those
articles reporting a hand-use bias in Old World monkeys. In contrast, a right-hand bias was reported for 75% of
those articles reporting a hand-use bias for apes. However, as Table 2 shows, in each case there were more
reports of no bias in hand use than of a left or right bias, respectively.

Table 2 also shows the direction of bias reported in the results section of all 118 articles on primate handedness.
Again, the number reporting a bias does not appear to be strikingly different from the number that did not report
a bias. The number reporting a right bias is lower than the number reporting no bias, but the number of articles
reporting a right bias is not much different from those reporting a left bias. However, the number of articles
reporting a left bias appears to be much smaller than those reporting no bias. Of the four primate suborders,
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only the articles on apes showed more reporting of a right bias than of a left bias and more reporting of no bias
than of a left bias. However, the number of articles reporting no bias was not strikingly different from those
reporting a right bias. More articles on Old World monkeys reported a left bias than a right bias. It should be
noted that these differences could not be assessed statistically because some articles were counted for two or
more of the population-level bias categories (right, left, or no), depending on species or task differences (e.g.,
bipedal vs. quadrupedal reaching).

Mixed-Model Analysis—General Handedness Data

We used the mixed-model method to analyze the proportion of left-hand reaches for each individual from the 62
articles that met the criteria. Tables 3 through 7 show the distribution of hand preferences as reported in each
article (i.e., not from our analysis) of different primate infraorders and representative taxonomic subgroups
within those suborders. (Chimpanzees are reported separately from other apes because of their high
representation in the sample.) We used the z score estimate of the binomial to compute an individual's hand
preference for articles in which preference was not categorized. Note that although this estimate was calculated
as a way of classifying individual handedness for representation on these tables, the data used for our meta-
analyses were coded as individual binomial proportions of left-hand use.

Table 3
Prosimians: Distribution of Hand Preference and Task Used in Mera-Analvsis

Proportion Proportion Proportion  Proportion

right-handed  lefi-handed  Toal right left

Source Species Task N subjects subjects actions reaches reaches

Ward (1998) Cianlage maholi Food reaching 3 A0 L0 720 a3 37
Larson et al, {1984%) Cutlaage sencgalensis Food reaching 10 L) 0 4,563 A Ml
Mason et al. (1995) Propithecus verreaniyi Food reaching 15 27 A6 1,500 A6 34
Milliken et al. (1991) Chedemninr garmerii Food reaching 23 T A0 4,182 33 47
Forsythe & Ward (1988)  Lemur macaceo Food reaching 33 il Ml 3924 29 Ml
Stafford et al. {1993 Hapalenr griseis Food reaching 13 .38 b2 1,020 33 67
Milliken et al. (1989) Lemur calta Food reaching 13 23 54 520 37 63
Forsythe et al. (1988) Varecia variegale Food reaching 3 A 20 517 Ao 54
Feisiner et al. {1994)" Daybentonia madagascariensis . Hold 11 A 27 1,023 50 50

" Used simple food-reaching sk, " Article was used in the nonreaching task analysis,
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Table 4
New World Monkevs: Disteibution of Hand Preference and Task Used in Meta-Analvsis

Proportion  Proportion Propontion  Proportion
right-handed  lefi-handed  Total right left
Source Species Task N subjects subjects actions reaches reaches
Singer & Schwibbe {1999) Callithrix jocchns  Novel simple reaching 14 29 Tl A44 A3 &7
Box {(1977) Callithriv jocchns  Combined 3 reaching tasks 3 A3 .30 2363 A6 54
Matoba et al. (1991) Callithrix jocchns  Food reaching G et Al 3450 47 23
Hook-Costigan & Rogers (1995)  Callitheiv jocchus  Simple visuospatial reaching 8 25 3 1.468 34 b
de Sousa et al. (2001) Caflithrix jocchns  Food reaching 46 A3 34 4,600 A8 a2
Singer & Schwibbe (1999) Seagerieis Movel simple reaching 10 60 30 352 Sl Al
Diamond & MeGrew (1994) Sageeieins oedipns Reaching 2 s 00 3,121 0 30
Singer & Schwibbe (1999) Leontopithecis Movel simple reaching 15 60 A3 3835 H4 el
Westergaord & Suomi (1996b)"  Cebuy apella Stone striking 10 70 10 648 &4 N
Westergaard et al. (1998h) Cebus apella Food reaching 35 .29 11 1.319 53 AT
Lacreuse & Fragasey (1996) Celnis apella Food reaching 17 24 24 1.360 52 AR
Spinozz & Truppa (2002 Celwes apella Multcomponent food 2 1.0 A 20} B3 15
reaching

Spinozzi et al. (1998) Cebus apefla Quadrupedal food reaching 26 A2 31 2,636 55 A3
Masataka (199 Celws apella Food reaching 31 81 A3 3100 67 33
Fragaszy & Miichell {1990)" Cehus apella Food reaching T 14 A3 1,508 A5 S5
Westerzaard (1991 Cebus apella Probing 3 20 0 G4 W20 B0
Westergaard, Haynie, &

Lundguist ( 1999)%* Cebus apella Carry k) 33 37 1.6010 i} A4
Westergaard & Suomi (1993b)" Cebus apella Stone striking 5 30 38 495 Tl 29
Westergaard, Wagner, & Suomi

(1999) Cebwis albifrons Quadrupedal food reaching & 38 .15 400 53 AT
Panger & Wolfe (20007 Cebny capucinus Carry 25 AE a4 213 56 A

* Article was used in the nonreaching 1ask analysis. " Feeding condition used.

Table 5
Old World Menbkevs: Distribution of Hand Preference and Task Used in Meta-Analvsis
Proportion Proportion
right-handed lefi-handed Total

Source Species Task N subjects subjects DCLIOns
Haolder (1999)" Colobus badius Multiple hand-use measures 30 47 A0 1,973
Mittra ¢t al, (1997) Presbyiis ensellus Retrieve objects 10 20 el 1,242
Watanabe & Kawai (1993)° Macaca fuscata Food reaching B0 20 AR 16,939
Itakura (1992) Mucaca fuscaa Food reaching 2 A0 1.0 BN
Westergaard et al. (1998c) Micaca mcdaita Quadrupedal food reaching 28 25 g1 140K
Westergaard, Lussier, Suomi, &

Higley (20017* Mucaca mclaria Quadrupedal food reaching 27 A3 67 1,350
Andrews & Rosenblum {1994 Macaca radiare Joystick task ] ¥r 2 23,444
Fragaszy & Adams-Curtis (19938 Macaca fascicilaris Bimanual actions 4 A0 .25 6,956
Fragaszy & Adams-Curtis (1993) Macaca fascicularis Pick up objects 4 a3 00 4(K)
Westergaard (1991 Mucaca sifenus Probing 4 25 30 427
Haolder { 19949y Cercocebns alligena Multiple hand-use measures 13 S8 31 1.424
Holder (19949)" Cercopitfiecus ascaniing Multiple hand-use measures 16 JE A4 1,557
Harrison & Byrne (20007 Cercopitfecus aethiops Bimanual actions 24 A0 00 546

* Article was used in the nonreaching 1ask analysis. " Wheat-reaching condition used.  * Because there was no table of raw data in this article, daa were exira



Table &

Gireal and Lesser Apes (Except for Chimpanzees): Distribution of Hand Preference and Task Used in Meta-Analvsis

Proportion  Proportion Proportion  Proportion
right-handed  lefi-handed  Total right left
Source Species Task N subjects subjects  actions reaches reaches
Olson et al. (1990) Hylobates lar Food reaching ] 25 15 2,000 32 it
Stafford et al, (199 Hylobaie lar Food reaching 4 75 25 511 60 Al
Stafford et al, (199H)) Hyilobaie syndacovlus Food reaching b A8 35 1.255 Sl A9
Stafford et al. (199H)) Hylobaie concolor Food reaching 7 A3 A4 TR il | 20
Olson et al, (1990° Pongo pygmaeis Food reaching 12 a3 25 1. 500 51 A9
Cunningham et al, (1989)  Pongo pyemacis MNonfood and food reaching 1 M2 62 et
Colell et al. (1995a) Pongo pygmaeis Food reaching 3 57 A0 315 63 a7
Hopkins et al. (2003) Pongo pygmaeis Food reaching 12 A a2 1.361 A0 70
Hopkins {19493) Pongo pygmaeis Quadrupedal reaching 9 22 A4 373 Al o4
Byrne et al. (2001 Gorilla gorilla Thistle leafl procurement 31 19 A3 1.418 53 A7
Olson et al. (194905 Crovilla gorilla Food reaching 12 A2 A7 1. 500 54 Ao
Hopkins et al. (2003) Gorilla gorilla Food reaching 3l A5 42 3,055 52 A8
Fagot & Vauclair (1988)  Gorilla gorilla Food reaching 10 30 30 1.203 S50 50
Haolder (19949)" Crorilla gorilla Multiple hand-use measures 4] S0 5 460 42 58
Parnell (2001)" Gorilla gorilla Plant processing i3 A0 24 1,213 A9 51
*Used Moor-retdeval sk, ™ Article was used in the nonreaching ask analysis.
Table 7
Chimpanzees: Distribution of Hand Prefevence and Task Used in Meta-Analysis
Proportion  Proportion Proportion  Proportion
right-handed  lefi-handed  Total right left
Source Specics Task N subjects subjects  actions  reaches reaches

Jones-Engel & Bard (19%96) Pan frog.  Food reaching 13 e 23 470 A3 57
Haopkins et al. (2002) Pan trog.  Food reaching 94 A6 A7 5,003 S A4
Hopkins { 1995b) Pan trog.  Food reaching 39 54 A3 1.505 60 A0
Hopkins { 1994)° Pai trog.  Bimanual feeding 108 A0 19 3,368 56 A4
Hopkins {1993) Pan trog. Quadrupedal reaching 40 28 A0 2,121 49 Al
Boesch (1991) Pan trog.  Food reaching 20 25 20 1.133 A6 54
Finch {19417 Pan trog.  Manipulative reaching 30 37 A7 24,000 A7 53
Colell et al. (1995a) Pan trog.  Food reaching 3l A8 32 3,196 53 47
Sugiyama et al. (1993)" Pan trog.  Nut cracking Il 55 37 756 36 .54
Marchant {1983: from MoGrew &

Marchant, 1994) Pan trog. Reaching 26 38 42 16,390 49 51
Moms et al. (1993) Pan trog.  Reaching 2 50 50 re 53 AT
Fernandez-Camiba & Loeches

(2001 Pan trog.  Fruit smearing [¥] a7 JAH) 10r A0 20
MeGrew & Marcham (2000)* Pan trog.  Multiple hand-use measures 44 A5 A8 12,838 A9 51
MeGrew & Marcham {1999 Pan trog,  Nut cracking 14 30 A6 353 Kt} A
MeGrew & Marcham (1992)° Pan trag,  Termite fishing 15 A3 A0 442 A5 a5
Marchant & McGrew (1996)% Pan frog.  Muliiple hand-use measures 38 A3 a1 8,345 51 A9
Haolder { 19949)" Pan trog, Multiple hand-use measures 20 A0 A5 2868 53 AT
Colell et al. (1995a) Pan pan.  Food reaching 2 1.00 LK) 134 A5 25
Hopkins et al. (1993) Pan pan.  Food reaching Il b1 A0 1,804 Sl A
Shafer (1997) Pan pan.  Food reaching 14 a7 21 13,840 Bt 42
Nete,  trog. = troglodyie: pan. = paniscus.

* Article was used in the nonreaching task analysis. " Proporion of right and lefi subjects hased on 80% one-hand use in the article.



Table 3
Prosimians: Distribution of Hand Prefervence and Task Used in Meta-Analvsis

Proportion Proportion Proportion  Proportion
right-handed  lefi-handed  Total right left
Source Species Task N subjects subjects aclions reaches reaches

Ward (1998) Galago moholi Food reaching 3 A0 A0 T30 63 A7
Larson et al, (198%) Calago senegalensis Food reaching 10 30 70 4,563 A0 L0
Mason et al. (1995) Propithects verreai Food reaching 15 27 AG 1,500 A6 54
Milliken et al. (1991) Chrelermnr garneni Food reaching 23 57 30 4,182 B33 A7
Forsvthe & Ward (1988)  Lemir mudcaeo Food reaching 33 36 Ml 390 39 a1
Stafford et al. {1993)° Hapalemur grisews Food reaching 13 38 b2 1.020 33 &7
Milliken et al. (1989) Lemur catta Food reaching 13 2 54 520 a7 63
Forsythe et al. (1988) Varecia variegale Food reaching 5 00 L0 517 Ak 54
Feistner et al. { 1994)" Dabentonia madagascariensis Hold 11 00 27 1,023 50 50

" Used simple food-reaching task. " Article was used in the nonreaching task analysis.



Table 4

New World Monkevs: Disteibution of Hand Preference and Task Used in Meta-Analvsis

Proportion  Proportion

Propontion  Proportion

right-handed  lefi-handed  Total right left
Source Species Task N subjects subjects actions reaches reaches
Singer & Schwibbe {1999) Callithrix jocchns  Novel simple reaching 14 29 Tl A44 A3 &7
Box {(1977) Callithriv jocchns  Combined 3 reaching tasks B A3 .30 2363 A6 54
Matoba et al. (1991) Callithrix jocchns  Food reaching G et Al 3450 47 23
Hook-Costigan & Rogers (1995)  Callitheiv jocchus  Simple visuospatial reaching 8 25 3 1.468 34 b
de Sousa et al. (2001) Caflithrix jocchns  Food reaching 46 A3 34 4,600 A8 a2
Singer & Schwibbe (1999) Seagerieis Movel simple reaching 10 60 30 352 Sl Al
Diamond & MeGrew (1994) Sageeieins oedipns Reaching 2 s 00 3,121 0 30
Singer & Schwibbe (1999) Leontopithecis Movel simple reaching 15 60 A3 3835 H4 el
Westergaord & Suomi (1996b)"  Cebuy apella Stone striking 10 70 10 648 &4 N
Westergaard et al. (1998h) Cebus apella Food reaching 35 .29 11 1.319 53 AT
Lacreuse & Fragasey (1996) Celnis apella Food reaching 17 24 24 1.360 52 AR
Spinozz & Truppa (2002 Celwes apella Multcomponent food 2 1.0 A 20} B3 15
reaching

Spinoezi ¢t al. (1998) Celnis apella Cuadmupedal food reaching 26 A2 .31 2636 S5 A5
Masataka (199 Celws apella Food reaching 31 81 A3 3100 67 33
Fragaszy & Miichell {1990)" Cehus apella Food reaching T 14 A3 1,508 A5 S5
Westerzaard (1991 Cebus apella Probing 3 20 0 G4 W20 B0
Westergaard, Haynie, &

Lundguist ( 1999)%* Cebus apella Carry k) 33 37 1.6010 i} A4
Westergaard & Suomi (1993b)°  Cebus apella Stone striking & A0 38 4495 71 29
Westergaard, Wagner, & Suomi

(1999 Cebnes allbifrons Cuadrupedal food reaching 3 38 15 B 53 A7
Panger & Wolfe (20007 Cebny capucinus Carry 25 A a4 213 56 A

Tabl 5 Article was used in the nonreaching task analysis. " Feeding condition used.
aple
Hd World Monkeys: Distribution of Hand Prejerence and Task Used in Mera-Analvsis
Proportion Proportion Proportion Proportion
right-handed left-handed Total right left
Source Species Task N subjects subjects actions reaches reaches

Haolder { 1999)" Colobus badius Multiple hand-use measures 30 A7 A0 1,973 50 .50
Mittra et al. (1997) Preshyris entellus Retrieve objects 10 20 00 1,242 A5 55
Watanabe & Kawai (1993)° Macaca fuscata Fomd reaching 80 .20 A8 16,939 A3 a7
Ttakura (1992) Muacaca fuscata Food reaching 2 .00 1.00 600 1] 96
Westergaard et al. (1998c) Muacaca mulatia Quadrupedal foed reaching 28 :25 ri | 1,400 35 .65
Westergaard, Lussier, Suomi, &

Higley (20013 Macaca mulatia Quadrupedal food reaching 27 33 .67 1,350 38 62
Andrews & Rosenblum (1994 Macaca radiare Joystick task 8 By 25 23,444 63 37
Fragaszy & Adams-Curtis (1993 Macaca fascicilaris Bimanual actions 4 [ 25 6,986 A7 53
Fragaszy & Adams-Curtis (1993) Muacaca fascicilars Pick up objects 4 75 00 400 62 38
Westergaard (19915 Macaca silenus Probing 4 25 50 227 33 67
Holder (1999)* Cercocebus albigena Multiple hand-use measures 13 38 31 1,424 53 A7
Haolder ( 19949)" Cercopithecus ascanins Multiple hand-use measures |13 38 Ad 1,557 A7 53
Harrison & Byme (20000 Cercopithecus aethiops Bimanual actions 24 .00 00 546 A6 54

* Anticle was used in the nonreaching task analysis. " Wheat-reaching condition used.

“ Because there was no table of raw data in this article, daia were extrapolated from a graph in the aricle.



Table &

Gireal and Lesser Apes (Except for Chimpanzees): Distribution of Hand Preference and Task Used in Meta-Analvsis

Proportion Proportion Proportion  Proportion
right-handed  lefi-handed  Total right left
Source Species Task N subjects subjects actions reaches reaches
Olson et al, {19905 Hylobaies lar Food reaching 8 25 15 2 0000 32 6
Stafford et al, (19940) Hyiobate lar Food reaching 4 By 25 sl 60 A
Stafford et al, (199H)) Hyilobaie syndacovlus Food reaching b A8 35 1.255 Sl A9
Stafford et al. (199H)) Hylobaie concolor Food reaching 7 A3 A4 TR il | 29
Olson et al, (1990° Pongo pugmaeits Food reaching 12 a3 25 1. 500 51 A9
Cunningham et al, (198%)  Pongo pygmacies MNonfood and food reaching 1 W2 i S
Colell et al. (1995a) Pongo pygmacis Food reaching 3 kY KD 35 % 37
Hopkins et al. (2003) Pongo pygmaeis Food reaching 12 A a2 1.361 A0 70
Hopkins { 1993) Pongo pygmaeis Quadrupedal reaching 9 By . A4 373 Al o4
Byrne et al. (2001} Gorilla gorilla Thistle leafl procurement 31 19 A3 1.418 53 A7
Olson et al. (194905 Crovilla gorilla Food reaching 12 A2 A7 1. 500 54 Ao
Hopkins et al. (2003} Gorilla gorilla Food reaching 3l A5 42 3,055 52 A8
Fagot & Vauclair (1988)  Gowilla gorilla Food reaching 10 30 30 1.203 S50 50
Holder (1999)" Crorifla gorilla Multiple hand-use measures 6 S0 5 466 A2 58
Parnell (2001)" Gorilla gorilla Plant processing 33 A0 24 1,213 A9 .51
*Used Moor-retdeval sk, ™ Article was used in the nonreaching ask analysis.
Table 7
Chimipanzees: Disteibution of Hand Prefevence and Task Used in Meta-Analvsis
Proportion  Proportion Proportion  Proportion
right-handed  lefi-handed  Total right left
Source Specics Task N subjects subjects  actions  reaches reaches

Jones-Engel & Bard (19%96) Pan frog.  Food reaching 13 A8 23 470 A3 57
Hopkins et al. (2002) Pan trog.  Food reaching 94 A6 A7 3,003 i A4
Hopkins {1995b) Pan treg.  Food reaching 39 o4 A3 1,305 A} A0
Hopkins { 1994)° Pai trog.  Bimanual feeding 108 A0 19 3,368 56 A4
Hopkins {1993) Pan trog.  Quadrupedal reaching 40 28 A0 2,121 49 Al
Boesch (1991 Pan trog.  Food reaching 20 25 20 1,133 A6 et
Finch {19417 Pan trog.  Manipulative reaching 30 37 A7 24,000 A7 53
Colell et al. (1995a) Pan trog.  Food reaching 31 AR 32 3196 53 AT
Sugiyama et al. (1993)" Pan trog.  Nut cracking 11 55 a7 Ti6 36 Jad
Marchant {1983: from MceGrew &

Marchant, 1996) Pan trog. Reaching 26 3R A2 16,390 A9 51
Moms et al. (1993) Pan trog.  Reaching 2 50 50 re 53 AT
Fernandez-Camba & Loeches

(2001 Pan trog.  Fruit smearing 10 57 A 10 B0 20
MeGrew & Marchant (2001)" Pan trog.  Multiple hand-use measures 44 A5 A8 12,838 A9 51
MeGrew & Marchant (1999)° Pan trog,  Nut cracking 14 50 A6 353 Kt} A
MeGrew & Marcham (1992)° Pan trag,  Termite fishing 15 A3 A0 442 A5 a5
Marchant & McGrew (1996)" Pan trog.  Multiple hand-use measures 38 13 A1 8,345 Sl A0
Holder (19" Pan treg.  Multiple hand-use measurgs 20 A0 A3 2,868 a3 47
Colell et al. (1995a) Pan pan.  Food reaching 2 1.00 JAH) 134 a3 3
Hopkins et al. (1993) Pan pan.  Food reaching Il b1 A0 1,804 Sl A
Shafer (1997) Pan pan.  Food reaching 14 57 21 13,340 S8 42

Neste,

trag. = troglodvie. pan. = pantscus.
* Article was used in the nonreaching task analysis.

" Proportion of right and left subjects based on 80% one-hand vse in the article.

Table 8 shows the results of the mixed-model analysis when handedness was assessed by any hand-use measure
(i.e., reaching, tool use, haptic searching, as reported in 62 articles). The prosimian species showed a significant

population bias toward the preferred use of the left hand (.60, p =.01). However, Table 8 shows that the

proportion of individuals (.48) with statistically significant left-hand use preferences (defined as z < —1.65) was
not that much different from the proportion (.40) with significant right-hand use preferences (defined as z >
1.65). It should be noted that the last two columns (proportion left- and right-hand subjects) in Tables 8-11 are
simply an aggregate of the number of left- and right-handed subjects as defined by the z score and as reported in
each of the articles used. These z scores were not used in the mixed-model analysis. The Old World monkeys
also showed a significant left-hand bias with an average of.61 with a left-hand use (p <.0001). However, the


http://web.ebscohost.com/ehost/detail?vid=4&hid=106&sid=de9becf2-3332-48e3-826f-61278b6f6a53%40sessionmgr111&bdata=JnNpdGU9ZWhvc3QtbGl2ZQ%3d%3d#tbl8
http://web.ebscohost.com/ehost/detail?vid=4&hid=106&sid=de9becf2-3332-48e3-826f-61278b6f6a53%40sessionmgr111&bdata=JnNpdGU9ZWhvc3QtbGl2ZQ%3d%3d#tbl8
http://web.ebscohost.com/ehost/detail?vid=4&hid=106&sid=de9becf2-3332-48e3-826f-61278b6f6a53%40sessionmgr111&bdata=JnNpdGU9ZWhvc3QtbGl2ZQ%3d%3d#tbl8

proportion of individuals (.44) with significant left-hand use preference (as defined by z) was nearly twice as

large as the proportion (.23) with significant right-hand use preference. New World monkeys (p =.07), lesser

apes (p =.99), and greater apes (p =.06) did not show a significant population bias for the preferred use of one
hand. In addition, subject variability, as tested by the mixed-model approach, was also significant (p <.0001),
suggesting a great deal of individual variability of handedness for all primate species (see Table 8).

Table 8
Proportion of Preferrved Lefi-Hand Use
Proportion Proportion Proportion
left-hand left-handed right-handed
Test and parameter Estimate SE [ use subjects subjects

Complete handedness

Fixed effects
Prosimian 039 A AN Kl 48 Al
Mew World monkey -0.17 R 07 Ab 5 Ab
d World monkey 043 A1 < AWM A1 44 23
Lesser ape 0.02 34 6 .5l A A4
Greater ape =0.12 07 06 A7 28 37
Ramdom effect
Subject variability 1.72 4 =
Reach handedness
Fixed effects
Prosimian 043 16 A1 61 S0 42
Mew World monkey =012 A 22 47 el A4
Old World monkey .66 A4 < W b 52 A7
Lesser ape 0.02 A3 96 S0 A4 A4
Gireater ape 0.12 RI 16 47 .28 AD
Random effect
Subject variability 1.70 A5 < AWM
Monreaching
Fixed effects
Prosimian =008 A3 A4 A8 Ll A2
Mew World monkey =037 22 A8 A1 A2 !
d World monkey 0,08 Nk K i} By a2 32
Cireater ape -0.13 A 19 47 27 33
Random effect
Subject variability 1.76 A7 < JHHI

Note, Boldface indicates that results are significant at p < 035,


http://web.ebscohost.com/ehost/detail?vid=4&hid=106&sid=de9becf2-3332-48e3-826f-61278b6f6a53%40sessionmgr111&bdata=JnNpdGU9ZWhvc3QtbGl2ZQ%3d%3d#tbl8

Table 9
Reach Handedness Data

Proportion Proportion Proportion
lefi-hand left-handed right-handed
Test and parameter Estimate 3E n use subjects subjects
Prosimian
Fixed effects
Galago 0.05 g9 59 51 39 61
Lemur 0.76 )] m 0 58 1
Sifaka 0.30 61 62 58 AT A
Random effect
Subject variability 24 19 < 0001
Old World monkey
Fixed effects
Japanese macagque 0.68 16 < 0001 Kl 52 21
Rhesus macague 0.74 W20 < .01 68 53 A1
C. Macague ={.53 73 AT A7 iV H 75
Langur 0.23 A6 62 56 0 00
Random effect
Subject variahility 144 A0 < 0001
Mew World monkey
Fixed effects
Capuchin = (.33 A8 07 42 23 A4
Tamarin =0,90) ] | < A1 29 A8 il
Marmoset 0.30 A7 08 58 .52 34
Random effect
Subject variability 1.949 A < J0HmN
Note, Boldface indicates that results are significant at p < 035,
Table 10
Grrearl Apes Reach Handedness Dara
Proportion Proportion Proportion
left-hand lef-handed right-handed
Test and parameter Estimate SE P use subjects subjects
Fixed effects
Cirangutan (.36 21 A8 59 A 27
Giorilla =012 A4 i) A7 A0 42
Chimpanzee =i.l6 A a4 A 27 A1
Bonobo =31 24 i) 42 A1 A8
Random effect
Subject variability 1.22 A5 < (MW

Note, Boldface indicates that results are significant at p < (035,



Table 11

Neonreaching Handedness Data

Proportion Proportion Proportion
left-hand left-handed right-handed
Test and parameter Estimate SE [ use subjects subjects
Old World monkeys
Fixed effects
Vervet monkey 012 .25 63 53 A A
Red-tailed monkey 008 27 T4 S2 A4 3B
Red colobus monkey =(L0] 20 A S Al A7
Lion-tailed macaque 211 b5 = .01 B9 S50 25
Crab-gating macague 013 33 Bl 53 T4 A0
Bonmel macaque =047 38 22 39 .25 5
Grey-cheeked mangabey =008 3o T8 AR 38 38
Random effect
Subject variahility 106 A8 < .00
Great apes
Fixed effects
Giorilla 019 28 A9 55 .33 21
Chimpanzee =17 Bl 9 A6 .26
Ramdom effect
Subject variability .68 g < W

Note, Boldface indicates that results are significant at p < (035,

Mixed-Model Analysis—Reaching Data

Because the POT hypothesizes specifically about hand preferences for reaching, we conducted an analysis of
hand preference on the individuals that performed reaching tasks as reported in 42 articles. Again, the different
primate species used for the analysis of reaching data are presented in Tables 3 through 7. Table 8 shows the
results of the analysis of reaching. Prosimians showed a significant population bias toward left-hand preference
with an average left-hand use of.61 (p <.01). However, the proportion of individuals who exhibited significant
left-hand use preference (.50) was not that strikingly different from the proportion that exhibited a significant
right-hand use preference (.42).

Table 3
Prosimians: Distribwtion of Hand Preference and Task Used in Meta-Analvsis
Proportion Proportion Proportion  Proportion
right-handed  lefi-handed  Todal right left
Source Species Task N subjects subjects actions reaches reaches

Ward (1993) Gialago moholi Food reaching 3 A L0 720 63 a7
Larson et al. {198%) Cialago senegalensis Food reaching 10 30 0 4,563 A0 Sl
Mason et al. (1995) Propithecus verreanxi Food reaching 15 ad A 1,500 Al o4
Milliken et al. (1991} Oelemnr garmeiti Food reaching 23 57 30 4,182 33 A7
Forsvthe & Ward (1988)  Lemur muacaco Food reaching 33 36 Ml 3924 39 4l
Stafford et al. {1993)" Hapalemur grisews Food reaching 13 38 M2 1.020 33 a7
Milliken et al. {1989) Lemiur catia Food reaching 13 .23 54 520 a7 A3
Forsythe et al. (1988) Varecia variegale Food reaching 3 A0 20 517 A 54
Feistner et al. (1994)" Daubentonia madagascariensis Haold 11 00 27 1.023 50 50

* Used simple food-reaching task. " Article was used in the nonreaching task analysis.


http://web.ebscohost.com/ehost/detail?vid=4&hid=106&sid=de9becf2-3332-48e3-826f-61278b6f6a53%40sessionmgr111&bdata=JnNpdGU9ZWhvc3QtbGl2ZQ%3d%3d#tbl3
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Table 4

New World Monkevs: Disteibution of Hand Preference and Task Used in Meta-Analvsis

Proportion  Proportion

Propontion  Proportion

right-handed  lefi-handed  Total right left
Source Species Task N subjects subjects actions reaches reaches
Singer & Schwibbe {1999) Callithrix jocchns  Novel simple reaching 14 29 Tl A44 A3 &7
Box {(1977) Callithriv jocchns  Combined 3 reaching tasks 3 A3 .30 2363 A6 54
Matoba et al. (1991) Callithrix jocchns  Food reaching G et Al 3450 47 23
Hook-Costigan & Rogers (1995)  Callitheiv jocchus  Simple visuospatial reaching 8 25 3 1.468 34 b
de Sousa et al. (2001) Caflithrix jocchns  Food reaching 46 A3 34 4,600 A8 a2
Singer & Schwibbe (1999) Seagerieis Movel simple reaching 10 60 30 352 Sl Al
Diamond & MeGrew (1994) Sageeieins oedipns Reaching 2 s 00 3,121 0 30
Singer & Schwibbe (1999) Leontopithecis Movel simple reaching 15 60 A3 3835 H4 el
Westergaord & Suomi (1996b)"  Cebuy apella Stone striking 10 70 10 648 &4 N
Westergaard et al. (1998h) Cebus apella Food reaching 35 .29 11 1.319 53 AT
Lacreuse & Fragasey (1996) Celnis apella Food reaching 17 24 24 1.360 52 AR
Spinozz & Truppa (2002 Celwes apella Multcomponent food 2 1.0 A 20} B3 15
reaching

Spinozzi et al. (1998) Cebus apefla Quadrupedal food reaching 26 A2 31 2,636 55 A3
Masataka (199 Celws apella Food reaching 31 81 A3 3100 67 33
Fragaszy & Miichell {1990)" Cehus apella Food reaching T 14 A3 1,508 A5 S5
Westerzaard (1991 Cebus apella Probing 3 20 0 G4 W20 B0
Westergaard, Haynie, &

Lundguist ( 1999)%* Cebus apella Carry k) 33 37 1.6010 i} A4
Westergaard & Suomi (1993b)" Cebus apella Stone striking 5 30 38 495 Tl 29
Westergaard, Wagner, & Suomi

(1999 Cebus allvifrons Cuadrupedal food reaching 8 38 TI5 EILL 53 A7
Panger & Wolfe (20007 Cebny capucinus Carry 25 AE a4 213 56 A
* Article was used in the nonreaching 1ask analysis. " Feeding condition used.

Table 5

Old Waorld Monkevs: Distribution of Hand Preference and Task Used in Meta-Analysis
Proportion Proportion Propaortion Proporion
right-handed left-handed Total right left

Source Species Task N subjects subjects actions reaches reaches

Holder (1999)" Colobus badius Multiple hand-use measures 30 47 Al 1,973 Sl .50
Mittra et al, (1997) Preshytis entellus Retrieve objects 1] 20 0 1,242 A5 55
Watanabe & Kawai (1993)° Macaca fiscata Food reaching &0 20 AR 16,939 A3 57
Itakura (1992) Macaca fiuscata Food reaching A0 1.0 600 A4 96
Westergaard et al. (1998c) Muacaca mulaita Quadrupedal food reaching ] 25 Tl 1,400 A5 .65
Westergaard, Lussier, Suomi, &

Higley (2001) Macaca mulanta Quadrupedal food reaching 2 33 .67 1,350 AR 62
Andrews & Rosenblum (19%d4)* Muacaca radiare Joystick task 75 25 23,444 63 37
Fragaszy & Adams-Curtis { 19935 Macaca fascicularis Bimanual actions A 25 6.4986 47 53
Fragaszy & Adams-Curtis (1993) Macaca fascicularis Pick up objects T3 A0 400 62 38
Westergaard (19911 Mucaca silenus Probing 25 S50 227 A3 67
Haolder (19949) Cercocebns albigena Multiple hand-use measures 13 3B 3l 1424 53 A7
Holder (19949)* Cercopithecus ascaning Multiple hand-use measures 16 38 A4 1.557 A7 53
Harrison & Byre (2000)* Cercopithecus aethiops Bimanual actions 24 .00 A0 546 A6 54

* Article was used in the nonreaching task analysis.

" Wheat-reaching

condition used.

* Because there was no table of raw data in this article, daa were extrapolated from a graph in the article.



Table &

Gireal and Lesser Apes (Except for Chimpanzees): Distribution of Hand Preference and Task Used in Meta-Analvsis

Proportion Proportion Proportion  Proportion
right-handed  lefi-handed  Total right left
Source Species Task N subjects subjects actions reaches reaches
Olson et al, {19905 Hylobaies lar Food reaching 8 25 15 2 0000 32 6
Stafford et al, (19940) Hyiobate lar Food reaching 4 By 25 sl 60 A
Stafford et al, (199H)) Hyilobaie syndacovlus Food reaching b A8 35 1.255 Sl A9
Stafford et al. (199H)) Hylobaie concolor Food reaching 7 A3 A4 TR il | 29
Olson et al, (1990° Pongo pugmaeits Food reaching 12 a3 25 1. 500 51 A9
Cunningham et al, (198%)  Pongo pygmacies MNonfood and food reaching 1 W2 i S
Colell et al. (1995a) Pongo pygmacis Food reaching 3 kY KD 35 % 37
Hopkins et al. (2003) Pongo pygmaeis Food reaching 12 A a2 1.361 A0 70
Hopkins { 1993) Pongo pygmaeis Quadrupedal reaching 9 By . A4 373 Al o4
Byrne et al. (2001} Gorilla gorilla Thistle leafl procurement 31 19 A3 1.418 53 A7
Olson et al. (194905 Crovilla gorilla Food reaching 12 A2 A7 1. 500 54 Ao
Hopkins et al. (2003} Gorilla gorilla Food reaching 3l A5 42 3,055 52 A8
Fagot & Vauclair (1988)  Gowilla gorilla Food reaching 10 30 30 1.203 S50 50
Holder (1999)" Crorifla gorilla Multiple hand-use measures 6 S0 5 466 A2 58
Parnell (2001)" Gorilla gorilla Plant processing 33 A0 24 1,213 A9 .51
*Used Moor-retdeval sk, ™ Article was used in the nonreaching ask analysis.
Table 7
Chimipanzees: Disteibution of Hand Prefevence and Task Used in Meta-Analvsis
Proportion  Proportion Proportion  Proportion
right-handed  lefi-handed  Total right left
Source Specics Task N subjects subjects  actions  reaches reaches

Jones-Engel & Bard (19%96) Pan frog.  Food reaching 13 A8 23 470 A3 57
Hopkins et al. (2002) Pan trog.  Food reaching 94 A6 A7 3,003 i A4
Hopkins {1995b) Pan treg.  Food reaching 39 o4 A3 1,305 A} A0
Hopkins { 1994)° Pai trog.  Bimanual feeding 108 A0 19 3,368 56 A4
Hopkins {1993) Pan trog.  Quadrupedal reaching 40 28 A0 2,121 49 Al
Boesch (1991 Pan trog.  Food reaching 20 25 20 1,133 A6 et
Finch {19417 Pan trog.  Manipulative reaching 30 37 A7 24,000 A7 53
Colell et al. (1995a) Pan trog.  Food reaching 31 AR 32 3196 53 AT
Sugiyama et al. (1993)" Pan trog.  Nut cracking 11 55 a7 Ti6 36 Jad
Marchant {1983: from MceGrew &

Marchant, 1996) Pan trog. Reaching 26 3R A2 16,390 A9 51
Moms et al. (1993) Pan trog.  Reaching 2 50 50 re 53 AT
Fernandez-Camba & Loeches

(2001 Pan trog.  Fruit smearing 10 57 A 10 B0 20
MeGrew & Marchant (2001)" Pan trog.  Multiple hand-use measures 44 A5 A8 12,838 A9 51
MeGrew & Marchant (1999)° Pan trog,  Nut cracking 14 50 A6 353 Kt} A
MeGrew & Marcham (1992)° Pan trag,  Termite fishing 15 A3 A0 442 A5 a5
Marchant & McGrew (1996)" Pan trog.  Multiple hand-use measures 38 13 A1 8,345 Sl A0
Holder (19" Pan treg.  Multiple hand-use measurgs 20 A0 A3 2,868 a3 47
Colell et al. (1995a) Pan pan.  Food reaching 2 1.00 JAH) 134 a3 3
Hopkins et al. (1993) Pan pan.  Food reaching Il b1 A0 1,804 Sl A
Shafer (1997) Pan pan.  Food reaching 14 57 21 13,340 S8 42

Neste,

trag. = troglodvie. pan. = pantscus.
* Article was used in the nonreaching task analysis.

" Proportion of right and left subjects based on 80% one-hand vse in the article.

Old World monkeys also were skewed significantly toward left-hand use with an average of.66 using their left
hand more than their right (p <.0001). In contrast to the prosimians, the proportion of Old World monkeys with
significant left-hand use (.52) was three times larger than the proportion with significant right-hand use (.17).
New World monkeys, lesser apes, and greater apes did not show a significant bias in hand use for reaching. As
in the analysis of general handedness, subject variability was significant (p <.0001). Given the relatively small
sample sizes and the relatively large variety of tasks used to assess simple reaching, it is not possible to model
the amount of individual variability that is due to differences in task, age, and species. Nevertheless, the highly
significant amount of variability associated with individuals indicates that these and other factors contribute

more to differential hand use than does gross taxonomic grouping.



Because the POT assumes an evolutionary gradation of reaching hand preference over time, we tested the
regression coefficients of prosimians, New World monkeys, and Old World monkeys for differences. A
significant difference between prosimians and New World monkeys was found, (p =.004), as well as between
New World monkeys and Old World monkeys (p <.001). No difference was found between the regression
coefficients of prosimians and Old World monkeys. Also, the differences observed do not reflect the type of
gradation predicted by POT or any other notion about the relation between primate evolution and suborder
taxonomic groupings.

We conducted another analysis to discern whether any particular taxonomic group was responsible for the
results for that primate suborder. Of the three taxonomic groups of prosimian data (see Table 9), only lemurs
showed a significant bias toward the left-hand preference (p =.01), with an average of.68 preferring to use the
left hand and nearly twice as many exhibiting a statistically significant classification (as defined by z) of left-
hand preferring (.58) as compared with a classification of significant right-hand preferring (.31). Of the four
taxonomic groups of Old World monkeys, both Japanese (p =.0001) and rhesus macaques (p <.0003) were
responsible for the left-hand bias in hand-use preference, with an average of.68 and.66 respectively preferring to
use the left hand. More than twice as many Japanese macaques exhibited a significant classification as left-hand
preferring (.52) compared with a significant classification as right-hand preferring (.21). For rhesus macaques,
the proportion with a significant left-hand preference classification (.58) was more than five times greater than
the proportion with a significant right-hand preference classification (.11).

Table 9
Reach Handedness Data
Proportion Proportion Proportion
left-hand lefi-handed right-handed
Test and parameter Estimate SE o use subjects subjects
Prosimian
Fixed effects
Gialago 005 39 B9 il | 30 Gl
Lemur 0.76 || Kl 68 58 |
Sifaka 0.30 Ml B2 il AT A
Random effect
Suhject variahility i | A9 < (i1

Old Waorld monkey

Fixed effects

Japanese macaqgue .68 A = 0001 i 52 21

Rhesus macague 0.74 20 < .01 Kt S8 11

C. Macague —0.53 73 A7 a7 M 75

Langur 0.23 A6 62 56 30 A0
Random effect

Subject variability 1.44 A0 < (1

New World monkey

Fixed effects

Capuchin .33 A8 o7 42 .23 Ad

Tamarin =90 | < 29 s To

Marmoset (.30 A7 8 58 52 s
Ramdoin effect

Subject variability 1.99 A0 =< 1

Note, Boldface indicates that results are significant at p < 05,

These more specific analyses of smaller taxonomic groups were applied also to those primate suborders that did
not exhibit an overall significant bias. Of the New World monkey species, only tamarins exhibited a significant
reaching bias (.71, p =.004) for right-hand preference. The proportion that exhibited a significant right-hand
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preference (.76) was more than four times greater than the proportion that exhibited a significant left-hand
preference (.18). Of the great ape species (see Table 10), only chimpanzees exhibited a significant population
bias (.54, p =.04) for right-hand preference. However, unlike humans, the proportion with a statistically
significant right-hand preference for reaching (.41) was not greater than.50 of the population. Of the lesser apes,
all were gibbons and the sample size was too small for further evaluation. Note, however, that subject
variability was significant beyond the p =.0001 level for each of these more specific analyses.

Table 10
Grrear Apes Reach Handedness Dara

Proportion Proportion Proportion
left-hand lef-handed right-handed
Test and parameter Estimate sE P use subjects subjects
Fixed effects
Oramgutan (.36 21 s a9 A6 27
Ciorilla ={0.12 A4 38 A7 30 ¥
Chimpanzee =16 s A4 Ab 27 41
Bonobo ={.31 24 A9 A2 Al AR
Random effect
Subject variability 1.22 A5 < (MW

Note, Boldface indicates that results are significant at p < (035,

Mixed-Model Analysis—Nonreaching Handedness Data

The distribution of different primate types within the suborders that provided data for the analysis of the hand-
use preference for nonreaching actions are presented in bold in Tables 3 through 7. Table 8 shows the results of
the analysis of hand preference for nonreaching actions. None of the primate suborders showed a significant
bias toward either the left or the right hand. Only individual variability was significant (p <.0001). Of course,
the sample sizes are much smaller for this analysis. For example, only one taxonomic group of prosimian
provided data, and for New World monkeys, the sample size imbalance between two types of capuchin monkey
prevented further analysis.

Table 3
Prosimians: Distribwtion of Hand Preference and Task Used in Meta-Analvsis

Proportion Proportion Proportion  Proportion

right-handed  lefi-handed Toaal right left

Source Species Task N subjects subjects actions reaches reaches

Ward (1993) Gialago moholi Food reaching 3 A L0 720 63 a7
Larson et al. {198%) Cialago senegalensis Food reaching 10 30 0 4,563 A0 Sl
Mason et al. (1995) Propithecus verreanxi Food reaching 13 ad A 1,500 Al o4
Milliken et al. (1991} Oelemnr garmeiti Food reaching 23 57 30 4,182 33 47
Forsvthe & Ward (1988)  Lemur muacaco Food reaching 33 36 Ml 3924 39 Ml
Stafford et al. {1993)" Hapalemur grisews Food reaching 13 38 M2 1.020 33 a7
Milliken et al. {1989 Lemur catta Food reaching 13 .23 54 520 37 .63
Forsythe et al. (1988) Varecia variegale Food reaching 3 A0 20 517 A 54
Feistner et al. (1994)" Daubentonia madagascariensis Haold 11 00 27 1.023 50 50

" Used simple food-reaching sk, ™ Anicle was used in the nonreaching task analvsis,
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Table 4

New World Monkevs: Disteibution of Hand Preference and Task Used in Meta-Analvsis

Proportion  Proportion

Propontion  Proportion

right-handed  lefi-handed  Total right left
Source Species Task N subjects subjects actions reaches reaches
Singer & Schwibbe {1999) Callithrix jocchns  Novel simple reaching 14 29 Tl A44 A3 &7
Box {(1977) Callithriv jocchns  Combined 3 reaching tasks B A3 .30 2363 A6 54
Matoba et al. (1991) Callithrix jocchns  Food reaching G et Al 3450 47 23
Hook-Costigan & Rogers (1995)  Callitheiv jocchus  Simple visuospatial reaching 8 25 3 1.468 34 b
de Sousa et al. (2001) Caflithrix jocchns  Food reaching 46 A3 34 4,600 A8 a2
Singer & Schwibbe (1999) Seagerieis Movel simple reaching 10 60 30 352 Sl Al
Diamond & MeGrew (1994) Sageeieins oedipns Reaching 2 s 00 3,121 0 30
Singer & Schwibbe (1999) Leontopithecis Movel simple reaching 15 60 A3 3835 H4 el
Westergaord & Suomi (1996b)"  Cebuy apella Stone striking 10 70 10 648 &4 N
Westergaard et al. (1998h) Cebus apella Food reaching 35 .29 11 1.319 53 AT
Lacreuse & Fragasey (1996) Celnis apella Food reaching 17 24 24 1.360 52 AR
Spinozz & Truppa (2002 Celwes apella Multcomponent food 2 1.0 A 20} B3 15
reaching

Spinozzi et al. (1998) Cebus apefla Quadrupedal food reaching 26 A2 31 2,636 55 A3
Masataka (199 Celws apella Food reaching 31 81 A3 3100 67 33
Fragaszy & Miichell {1990)" Cehus apella Food reaching T 14 A3 1,508 A5 S5
Westerzaard (1991 Cebus apella Probing 3 20 0 G4 W20 B0
Westergaard, Haynie, &

Lundguist ( 1999)%* Cebus apella Carry k) 33 37 1.6010 i} A4
Westergaard & Suomi (1993b)°  Cebus apella Stone striking & A0 38 4495 71 29
Westergaard, Wagner, & Suomi

(1999 Cebus allvifrons Cuadrupedal food reaching 8 38 TI5 EILL 53 A7
Panger & Wolfe (20007 Cebny capucinus Carry 25 A a4 213 56 A
* Article was used in the nonreaching 1ask analysis. " Feeding condition used.

Table 5
Ofd World Monkevs: Distribution of Hand Preference and Task Used in Meta-Analvsis
Proportion Proporion Proportion Proportion
right-handed lefi-handed Total rght left
Source Species Task N subjects subjects actions reaches reaches
Halder (19993 Colobus badius Multiple hand-use measures 30 47 A 1,973 .50 50
Mittra et al. (1997) Preshytis entellus Retrieve objects 10 20 00 1,242 A5 55
Watanabe & Kawai (1993)" Macaca fuscata Food reaching B0 20 Al 16,939 A3 57
Itakura (1992) Macaca fuscata Food reaching 2 .00 1.00 GO0 Lt 96
Westergaard et al, (1998¢) Macaca mudarta Quadrupedal food reaching 28 25 Tl 1,400 35 65
Westergaard, Lussier, Suomi, &

Higley (2001 Macaca mulatfa Quadrupedal food reaching 7 33 67 1.3500 A8 62
Andrews & Rosenblum (1904)" Muacaca radiae Joystick task 8 I3 25 23444 63 37
Fragaszy & Adams-Curtis (1993)* Muacaca fascicularis Bimanual actions 4 0 25 6,986 47 53
Fragaszy & Adams-Curiis (1993) Mucaca fascicnlaris Pick up objects 4 T3 00 L 62 A8
Westergaard (1991 Macaca silenus Probing 4 25 50 227 A3 67
Haolder (19997" Cercocebus alligena Multiple hand-use measures 13 JE 31 1,424 53 47
Holder (19949)" Cercopitfiecus ascaning Multiple hand-use measures 16 A8 A4 1,557 A7 53
Harrison & Byrme (20007 Cercopithecus aethiops Bimanual actions 24 00 A0 S46 A6 54

* Article was used in the nonreaching task analysis. " Wheat-reaching condition used.

¥ Because there was no table of raw data in this article, data were extrapolated from a graph in the article.



Table &

Great aned Lesser Apes (Except for Chimpanzees): Distribition of Hand Prefevence and Task Used in Meta-Analysis

Proportion Proportion Proportion  Proportion
right-handed  lefi-handed  Total right left
Source Species Task N subjects subjects actions reaches reaches
Olson et al. (1990)" Hyvlobaies lar Food reaching ] 25 5 2000 32 it
Stafford et al, (19940) Hyiobate lar Food reaching 4 By 25 sl 60 A
Stafford et al, (199H)) Hyilobaie syndacovlus Food reaching b A8 35 1.255 Sl A9
Stafford et al. (199H)) Hylobaie concolor Food reaching 7 A3 A4 TR il | 29
Olson et al, (1990° Pongo pugmaeits Food reaching 12 a3 25 1. 500 51 A9
Cunningham et al, (198%)  Pongo pygmacies MNonfood and food reaching 1 W2 i S
Colell et al. (1995a) Pongo pygmacis Food reaching 3 kY KD 35 63 37
Hopkins et al. (2003) Pongo pygmaeis Food reaching 12 A a2 1.361 A0 70
Hopkins {19493) Pongo pygmaeis Quadrupedal reaching 9 By . A4 373 Al o4
Byrne et al. (2001} Gorilla gorilla Thistle leafl procurement 31 19 A3 1.418 53 A7
Olson et al. (194905 Crovilla gorilla Food reaching 12 A2 A7 1. 500 54 Ao
Hopkins et al. (2003) Gorilla gorilla Food reaching 3l A5 42 3,055 52 A8
Fagot & Vauclair (1988)  Gowilla gorilla Food reaching 10 30 30 1.203 S50 50
Holder (1999)" Crorifla gporifla Multiple hand-use measures 6 S0 5 466 A2 58
Parnell (2001)" Gorilla gorilla Plant processing i3 A0 24 1,213 A9 51
*Used Moor-retdeval sk, ™ Article was used in the nonreaching ask analysis.
Table 7
Chimipanzees: Disteibution of Hand Prefevence and Task Used in Meta-Analvsis
Proportion  Proportion Proportion  Proportion
right-handed  lefi-handed  Total right left
Source Specics Task N subjects subjects  actions  reaches reaches

Jones-Engel & Bard (19%96) Pan frog.  Food reaching 13 e 23 470 A3 57
Hopkins et al. (2002) Pan trog.  Food reaching 94 A6 A7 3,003 i A4
Hopkins {1995b) Pan treg.  Food reaching 39 o4 A3 1,305 A} A
Hopkins { 1994)° Pai trog.  Bimanual feeding 108 A0 19 3,368 56 A4
Hopkins {1993) Pan trog.  Quadrupedal reaching 40 28 A0 2,121 49 Al
Boesch (1991) Pan trog.  Food reaching 20 25 20 1.133 A6 54
Finch {19417 Pan trog.  Manipulative reaching 30 37 A7 24,000 A7 53
Colell et al. (1995a) Pan trog.  Food reaching 31 AR 32 3196 53 AT
Sugiyama et al. (1993)" Pan trog.  Nut cracking 11 55 a7 Ti6 36 Jad
Marchant {1983: from MoGrew &

Marchant, 1996) Pan trog. Reaching 26 3R A2 16,390 A9 51
Moms et al. (1993) Pan trog.  Reaching 2 50 50 re 53 AT
Fernandez-Camba & Loeches

(2001 Pan trog.  Fruit smearing 10 57 KD 100 R0 el
MeGrew & Marchant (2001)* Pan trog.  Multiple hand-use measures 44 05 A8 12,838 A9 51
MeGrew & Marcham {1999 Pan trog,  Nut cracking 14 30 A6 353 Kt} A
MeGrew & Marcham (1992)° Pan trag,  Termite fishing 15 A3 A0 442 A5 a5
Marchant & McGrew (1996)" Pan trog.  Multiple hand-use measures 38 13 A1 8,345 Sl A0
Holder (19" Pan treg.  Multiple hand-use measurgs 20 A0 A3 2,868 a3 A7
Colell et al. {1995a) Pan pan.  Food reaching 2 1.00 MK 134 N 23
Hopkins et al. (1993) Pan pan.  Food reaching Il b1 A0 1,804 Sl A
Shafer (1997) Pan pan.  Food reaching 14 a7 21 13,840 Bt 42

Neste,

trag. = troglodvie. pan. = pantscus.

* Article was used in the nonreaching task analysis. " Proporion of right and lefi subjects hased on 80% one-hand use in the article.

The analysis of specific taxonomic groups of Old World monkeys (see Table 11) indicated that only lion-tailed

macaques showed a significant left-hand population bias (.89, p =.002) for nonreaching tasks. However,

population-level generalizations cannot be made confidently because there were only 4 lion-tailed macaques
included in the analysis. Analysis of the greater apes did not show any significant population bias for either of
the two taxonomic groups of ape. Again, subject variability was significant for all of these analyses (p <.0001).
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Table 11
Nemreaching Handedness Dara

Proportion Proportion Proportion
left-hand left-handed right-handed
Test and parameter Estimate 5E P use subjects subjects

d World monkeys

Fixed effects

Vervel monkey 0.12 23 B3 a3 A A
Red-tailed monkey (L 27 74 52 A4 )
Eed colobus monkey .01 20 A S0 AD A7
Lion-tailed macaque 411 5 = .0 S 30 s
Crab-eating macaguie 0.13 53 Bl 53 75 D
Bonnel macaque .47 38 22 39 25 .75
Grey-checked mangabey =03 30 18 48 .38 a8
Random effect

Subject variability 1.06 08 < .

Cirgat apes

Fixed effects

Gorilla 0.1% 28 49 S5 33 :
Chimpanzeg 0.17 A0 9 A6 26 34
Random effect
Subject variability .63 8 < W1
Note, Boldface indicates that results are significant at p < 05,
Discussion

The nonstatistical review of the literature found, at best, conflicting support for a population bias in handedness
for any of the suborders of primates. For all handedness tasks, more articles reported no population-level bias
than either a left- or a right-hand bias in hand preference. Moreover, the number of studies that reported a left-
versus a right-hand bias was not different. Therefore, as reported in McGrew and Marchant (1997) and in
contrast to the MacNeilage et al. (1987) conclusion, reviewing the published research does not reveal any
evidence that different primate suborders show a population bias toward either right- or left-handedness.
However, by using a systematic meta-analysis that incorporated individual variability into the model rather than
in the error term of the calculations, our research revealed a population bias in two suborders of primates
(prosimians and Old World monkeys). This bias emerged whether the task measured any aspect of handedness
or when it measured only handedness for simple reaching. Thus, the meta-analysis provides some support for
the assertion that primates other than humans exhibit a population bias for handedness. As postulated by the
POT, prosimians have a predominantly left-hand preference for reaching. Also, as postulated (although this
postulation is not as clearly articulated as that for prosimians and New World monkeys), Old World monkeys
have a left-hand preference for reaching. Consistent with the McGrew and Marchant (1997) review, neither the
New World monkeys nor the lesser apes showed a significant population preference for any of the analyses.
Because reaching tasks are relatively simple manual skills, the emergence of a population-level bias in
preference for any group of primates directly contradicts the predictions of Fagot and Vauclair (1991). Of
course, we cannot be sure that some relatively common bias in experience or task demands did not contribute to
the bias in handedness (cf. Warren, 1977).

When analyses are conducted on species or genera within the suborder groups, the evidence in support of the
POT weakens. Of the three types of prosimian analyzed in the reaching task analysis, only lemurs showed a
significant population bias for a left-hand preference for reaching. Thus, this group was likely responsible for
the left-hand shift seen for the entire suborder. This result is particularly troublesome for POT because
MacNeilage et al. (1987) argued that bush babies (more direct descendants of ancient prosimian species) and
not lemurs (who evolved several million years later) ought to exhibit a strong left-hand bias. Also, because the
other groups that did not exhibit a population bias in handedness are just as arboreal as lemurs, these results do
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not support the POT. A similar pattern occurs in Old World monkeys. Two of the four groups analyzed (rhesus
and Japanese macaques) showed a significant population bias for a left-hand preference for reaching tasks.
However, it could be argued that these two groups are relatively more terrestrial than those that did not exhibit a
hand bias for reaching.

Although neither the New World monkeys nor the great apes showed a significant population preference in the
reaching task analysis, certain taxonomic groups within these orders did show a population bias (some toward
right-handedness, some toward left-handedness). These findings indicate that the variability between the groups
of a suborder is such that not all groups show a population bias that is similar to that identified for the suborder.
For apes, chimpanzees demonstrated a distinct right-hand bias in the population for reaching tasks. However, as
McGrew and Marchant (1997) argued, this result may be confounded by the large amount of data that were
obtained from the studies conducted by a single research group (headed by Hopkins) on a rather large captive
population. Nevertheless, it does provide some evidence in support of the notion that chimpanzees might be
used to model some aspects of human handedness.

For each meta-analysis, individual variability was highly significant. In addition to potential variability among
species, this individual variability may be due to the variability of the tasks used to assess handedness (even for
simple reaching) and the experience-based skills that each primate brings to the execution of the task, as well as
the developmental status of the primates. Although individual variability was significant even when only data
for reaching were used, our criteria still permitted some variety in task demands and skills required for the
reaching tasks. That is, reaching could be for near or more distant foods, to the midline or to one side or the
other of the primate, and so forth. These tasks vary not just in the pattern of reaching assessed but also in the
posture of the primate (e.g., sitting or locomoting).

McGrew and Marchant (1997) noted that tasks testing primate handedness often involve reaching from an
upright posture (a highly unusual posture for nonhuman primates). We tried to reduce some of that variability
by selecting data from specific types of reaching tasks (i.e., visually guided reaching as opposed to haptic
searching, etc., and from a sitting or quadrupedal posture rather than from a bipedal posture). However, much
more data needs to be collected before the influence of task variability on hand-use preference can be estimated.
Indeed, one major conclusion of this study is that some repository ought to be constructed for data collected on
primate handedness and that repository should include a precise description of the task and the individual data
on right- and left-hand use. Not only would such a repository permit more extensive future meta-analyses, but it
would also enable researchers to identify more readily what types of data are needed from exactly which
species.

As McGrew and Marchant (1997) noted, it is misleading to generalize to the suborder level from findings at the
species level unless all species in the suborder provide data for the analysis. In their original review,
MacNeilage et al. (1987) drew broad generalizations from a relatively small amount of data on only a few
species. As large as our sample was, this bias still applies. If the largest sample of great apes—chimpanzees—
was the focus of the analysis, then there would be evidence of a population bias in hand preference toward the
right (albeit small and only 41% exhibiting a significant use of their right hand). However, this was observed
only in the analysis of the simple reaching task; analysis of all manual tasks did not reveal a significant
population bias for chimpanzees nor did analysis of the nonreaching tasks. Therefore, the evidence that
chimpanzees exhibit a small population bias toward right-handedness only for reaching tasks does not provide
strong support for the notion that human handedness shares an evolutionary history with chimpanzee
handedness.

The postulated sequence for the evolution of human handedness as outlined by the POT (MacNeilage et al.,
1987) was not supported by the meta-analysis. Our findings did reveal a left-hand population bias for reaching
in prosimians and Old World monkeys. However, New World monkeys did not show a population bias for
reaching preference, and a right-hand preference was not found for nonreaching tasks in New World monkeys,
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Old World monkeys, or great apes. Therefore, the predicted shift from a right-hand postural support role to a
right-hand manipulative role is not supported by the evidence.

Although there is some support that different species of primate have a population-level bias in their reaching
preference, the evidence is not enough to conclude that any evolutionary progression has been demonstrated.
The results demonstrate clearly that more handedness data must be collected with a variety of tasks presented to
relatively large samples of all species in the field and in captivity. Only then may empirically based theories
generate valuable predictions about the evolution of human brain-behavior relations.

The statistical method of analysis used in this study extracts more information from the data than traditional
meta-analyses. The explicit modeling of individual variability (as opposed to simply allowing it to be collected
in the residual variance) allowed more powerful interpretations of the results, including the recognition that the
highly significant individual variability must be hiding important contributors to the manifestation of
handedness in primates. And our results appear to indicate that these contributors may be more influential than
taxonomic status.

Although this study may have collected the largest single data set of individual handedness in primates, a major
limiting factor in the present study was the failure to obtain individual data from nearly half of the published
studies. Therefore, more data might have changed our results. 2 Nevertheless, the current analysis does not
support the POT or, as also concluded by McGrew and Marchant (1997), any other account of primate
handedness.

In the 16 years since its publication, the MacNeilage et al. (1987) POT has stimulated the collection of
handedness data on many more types of primates than had been collected before 1987. Yet we seem no closer to
identifying an evolutionary basis for the population-level right bias in human handedness. In their original
criticism of POT, Michel and Harkins (1987) noted that evolved structural characteristics do not necessarily
follow the same form as their evolutionary precursors (e.g., reptilian jawbones are the precursors to ear bones in
mammals). Therefore, functional characteristics like right-handedness in humans may not be derived from
handedness in other primates, but from other factors (e.g., evolution of bipedal locomotion affecting gestational
period and prenatal development of postnatal postural asymmetries; cf. Michel, 2002; Previc, 1991). Because
the underlying cause of an asymmetry in hand preference has to do with structural changes in the brain that
cause behavioral differences, it would not violate evolutionary principles, or degrade the evolutionary relation
of humans to other primates, if the evolutionary precursors of human handedness were not the same factors
determining primate handedness.

Footnotes

1 In order to illustrate the problems with the HI score, consider the reaching data from 3 hypothetical subjects
(John, George, and Ringo). John has an HI score of 0.53, George has an HI score of 0.3, and Ringo has an HI of
0.5. However, because the character of the HI fluctuates with the frequency of reaches, we cannot conclude that
John and Ringo are 50% more lateralized than George. Ringo may have reached 60 times with his right hand
and 20 times with his left for a total of 80 reaches. George may have reached 13 times with his right hand and 7
with his left for a total of 20 reaches. In contrast, John reached 23 times with his right hand and 7 with his left
for a total of 30 reaches. Using Fisher's z formula as an approximate of the binomial distribution, we find that
George's reaching score yields a z of 1.34 or an alpha value of.09. By conventional decision criteria, we would
not consider George's reaching bias to be significantly different from no bias. Ringo's reaching score yields a z
of 4.47 with an alpha level 0f.00005. We can be much more confident that Ringo's frequency of reaching with
his right hand represents a bias in reaching, and we know exactly the probability that such a classification would
be incorrect by chance. John's pattern and frequency of reaching yields a z of 2.92 with an alpha of less
than.002. Again, we can be confident that John's bias is unlikely to have occurred by chance. However, his
slightly greater HI score than Ringo's does not indicate a greater degree of lateralization any more than it
indicates a greater degree of lateralization than George's. We can be confident only in concluding that George
may not be biased in hand use and that John and Ringo are biased in their hand use.
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2 For example, an anonymous reviewer identified seven studies of great ape handedness and one on Old World
monkeys that were not in our collection. Three were unpublished doctoral dissertations, two from more than
two decades ago. Unfortunately, these could not be included in our analyses. However, we will make the
information about these references available to anyone requesting it.
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