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Abstract

Historically, population-level handedness has been considered a hallmark of human evolution.
Whether nonhuman primates exhibit population-level handedness remains a topic of considerable
debate. This paper summarizes published data on handedness in great apes. Comparative analysis
indicated that chimpanzees and bonobos show population-level right handedness, whereas gorillas
and orangutans do not. All ape species showed evidence of population-level handedness when
considering specific tasks. Familial analyses in chimpanzees indicated that offspring and maternal
(but not paternal) handedness was significantly positively correlated, but this finding was contingent
upon the classification criteria used to evaluate hand preference. Overall, the proportion of right
handedness is lower in great apes compared with humans, and various methodological and theoretical
explanations for this discrepancy are discussed.
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Approximately 85% to 90% of humans report themselves as being right handed (Annett,
1985,2002;Perelle & Ehrman, 1994;Porac & Coren, 1981;Raymond & Pontier, 2004). Right
handedness presumably reflects a left-hemisphere specialization for motor skills and is thought
to be an indirect marker of lateralization for language functions. For example, 96% of right-
handed individuals are left-hemisphere dominant for language in contrast to about 70% in left-
handed individuals (Knecht et al., 2000;Rasmussen & Milner, 1977). The association between
hand preference and language dominance has led to a number of evolutionary and biological
theories proposing that hemispheric specialization and language (or perhaps other higher
cognitive functions) coevolved and are unique characteristics of the human brain (see Annett,
1985;Corballis, 1992,2002;Crow, 1998;Yeo, Thoma, & Gangestad, 2002, for reviews). The
historical lack of evidence for functional asymmetries in nonhuman species, with the exception
of birds, was taken as evidence in support of the uniqueness of hemispheric specialization to
humans (Bradshaw & Rogers, 1993). However, based on research carried out in the past 10 to
15 years, good evidence exists of population-level hemispheric specialization in nonhuman
species for various cognitive, perceptual, and to a lesser extent, motor functions (Rogers &
Andrew, 2002;Ward & Hopkins, 1993;Vallortigara & Rogers, 2005). For example, toads prefer
to the use their right paw when removing materials from their bodies and orienting themselves
when floating upside-down (Bisazza, Cantalupo, Robins, Rogers, & Vallortigara, 1996).
Chicks and pigeons show a host of behavioral asymmetries including left-hemisphere biases
in local discrimination of food items (Andrew, 1991;Guntlrkin, 1997). Chicks also show and
right-hemisphere biases in predator detection (Vallortigara, 1992), as has also been reported
in certain species of fish (Bisazza, Cantalupo, Capocchiano, & Vallortigara, 2000). These data
clearly challenge the long held belief that hemispheric specialization is a uniquely human trait
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and, at a minimum, indicate that language is not a sufficient condition for the expression of
hemispheric specialization in vertebrates.

Despite the recent significant evidence of behavioral asymmetries in animals, one area that
continues to be a source of considerable theoretical and empirical debate is whether population-
level hand preferences are evident in nonhuman primates. Evidence of population-level hand
preference has been reported in some species for specific measures of hand use (see Hook-
Costigan & Rogers, 1997;Hopkins, 1996;MacNeilage, Studdert-Kennedy, & Lindblom,
1987;Ward & Hopkins, 1993) but many remain skeptical of these findings (Ettlinger,
1988;McGrew & Marchant, 1993,1997;Palmer, 2002,2003). In the specific case of the human's
closest living relatives, the great apes, which include the genus Pan (chimpanzees, bonobos),
Pongo (orangutans) and Gorilla (gorillas), very few studies have been conducted until recently,
and most had very small sample sizes. However, a number of studies on handedness in captive
and wild apes have recently been reported, and the data have been inconsistent, further fueling
the debate over the existence of population-level handedness in nonhuman primates. In
captivity, evidence of population-level right handedness has been reported, but the data are
less clear in wild apes (see Hopkins & Cantalupo, 2005, for review). Some have suggested that
population-level handedness is restricted to captive apes because they are modeling the right
handedness of humans they are exposed to or their hand preferences are shaped by living in a
right-handed human world (see McGrew & Marchant, 1997;Palmer, 2003). Others have argued
that differences in handedness are not the result of rearing per se but reflect methodological
and statistical issues (Hopkins & Cantalupo, 2005).

In addition, previous attempts to characterize handedness in nonhuman primates have used
arbitrary criteria for inclusion and exclusion of certain studies (McGrew & Marchant, 1997),
and this has resulted in the omission of many important and significant studies in the literature.
For example, McGrew and Marchant (1997) did not include any studies that did not maintain
independence of data points during handedness data collection. Independence of data points
refers the probability of using one hand for a response based on the occurrence of the same
hand being used on the previous response, in a sequence or bout of actions (see Hopkins,
1999b, for discussion). Recent empirical studies have shown that hand use is consistent whether
discrete or nonindependent data collection techniques are used (Damerose & Hopkins,
2002;Hopkins et al., 2005); thus independence of data points is not a reasonable criterion for
inclusion (or exclusion) of certain studies (Lehman, 1993). Moreover, conceptually no reason
exists to assume that a lack of independence of individual data points would skew the
distribution in hand use uniformly to the left or right. Presumably, lack of independence of
data points in hand use would be randomly distributed across subjects. Last, other attempts to
summarize ape handedness across studies have not evaluated hand use independently for
different measures or have used limited data sets (Palmer, 2002).

To address the limitations of previous summary studies of handedness in great apes, one aim
of this paper is to summarize and evaluate the distribution of handedness in great apes using a
common index of hand use across studies. Rather than arbitrarily define which studies should
or should not be included, as many studies as possible on handedness in great apes since 1900
are included in this paper. In as much as is possible, individual data were extracted from the
reports and empirical tests of population-level and species differences in handedness were
performed using a variety of approaches. A second aim of this paper is to evaluate the influence
of rearing history on hand preference in great apes. This variable is very important because, as
suggested by Palmer (2002) and others (McGrew & Marchant, 1997), the absence of
population-level handedness in wild apes in the face of contradictory findings in captive apes
would raise questions about the validity of any evolutionary models of cerebral dominance, as
they pertain to handedness, in nonhuman primates when based primarily on findings from
captive apes. To date, little evidence exists of a significant influence of rearing history on
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handedness in great apes, but this remains an important variable for consideration. To address
the significance of rearing history, subjects from as many studies as possible were characterized
as being tested in the wild or captivity, and the influence of settings on handedness was
empirically tested on the existing published data. If living or being reared in captivity has a
significant effect on handedness in great apes, then captive-born apes should be significantly
more right handed than wild apes.

A third aim of this paper is to evaluate whether handedness runs in families of apes. The
pervasiveness of human right handedness, and the presumed lack of population-level
handedness in nonhuman species, has also led to numerous debates about the mechanisms
involved in the development and evolution of hand preference (Hopkins & Ronngvist,
1998;Yeo, Thoma, & Gangestad, 2002). Some genetic models propose one or two loci coding
for handedness (or related lateralized brain functions [i.e., language]) (Annett, 1985;Corballis,
1997;Klar, 1999;McManus, 1985), whereas other genetic models rely on invoking general
levels of heterozygosity where high levels of homozygosity are associated with higher levels
of developmental instability and deviations in modal right handedness (Laland, Kumm, Van
Horn, & Feldman, 1995;Yeo & Gangestad, 1993). Some non-genetic models also exist for the
development of hand preference in humans, such as social learning and pressure, postnatal
infant head position, or in utero fetal position (Collins, 1985;Michel, 1981;Previc,
1991;Provins, 1997).

The principal data in support of the genetic models for human hand preference are that it runs
in families (Curt, De Agostini, Maccario, & Dellatolas, 1995;Laland et al., 1995;McGee &
Cozad, 1980;McManus & Bryden, 1992), and that offspring typically exhibit patterns of hand
preference more similar to their biological parents compared with offspring who have been
either adopted (Carter-Saltzman, 1980) or raised by step-parents (Hicks & Kinsbourne,
1976). Studies in twins also indicate that concordance rates in hand preference are higher in
monozygotic compared with dizygotic individuals, further supporting a genetic basis for
handedness (Sicotte, Woods, & Mazziota, 1999). Genetic models are heuristically good, but
it should be emphasized that at this time, no candidate gene or set of genes has been identified
for the expression of handedness, although ongoing programs seek potential candidate genes
(e.9., Francks et al., 2002;Geschwind & Miller, 2001;Kim et al., 1999).

Warren (1980) was a strong proponent of the view that population-level handedness was
uniquely human and that genetic factors determined human handedness, whereas nongenetic
factors determined nonhuman limb preferences. Approximately 20 years ago very few studies
existed on heritability of hand preference in nonhuman primates, and the results were equivocal
(see Hopkins, 1999, for review). Furthermore, paw preference studies failed to reveal any
evidence that directional biases in paw use could be selectively bred for in certain strains of
mice, although it should pointed out that strength in paw preference could be selectively bred
for (Collins, 1985). In contrast, paw preferences in mice easily conform to biased environments
and can be acquired through observational learning (Collins, 1975). These findings reinforced
the view that nongenetic mechanisms explain the preponderance of limb biases in nonhuman
animals. However, more recent comparative studies of paw preference in different strains of
selectively bred and genetic knock-out mice have revealed some evidence for a possible genetic
basis for paw preference (Biddle, Coffaro, Ziehr, & Eales, 1993;Signore, Chaoui, Nosten-
Bertrand, Perez-Diaz, & Marchaland, 1991;Waters & Denenberg, 1994). In addition, laterality
in eye preferences for viewing predators can be selectively bred for in fish (Bisazza, Facchin,
& Vallortigara, 2000). Selective breeding on eye preference resulted in concordant separation
in laterality for other behavioral measures in these fish (Bisazza, Sovrano, & Vallortiagara,
2001). The recent success in selective breeding for laterality in fish and phenotypic variation
in preferences in different strains of mice raises questions about both the proposed uniqueness
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of laterality to humans and the mechanisms that influence hand preferences in human and
nonhuman primates.

In summarizing all the published raw data on hand preference in great apes, pedigree
information (i.e., maternity, paternity, or both) was provided for subjects in a number of studies.
The pedigree information was used to evaluate heritability in hand preference in great apes. In
particular, the degree of phenotypic variation in hand preference was compared in the offspring
born to parents with similar or different hand preferences. This analysis focused on great ape
handedness, because the apes share as much as 96% of the same DNA proteins as humans;
therefore if handedness has a genetic basis and the gene or set of genes was present in other
nonhuman species, then great apes would be a good species for testing heritability given their
close phylogenetic relationship to humans.

The results are broken down into two parts. In part I, data on the distribution of handedness in
great apes and the effects of sex and rearing history are presented. In part 1, the data on
heritability of handedness are presented. Following the presentation of the results, the potential
role of genetic and nongenetic factors in explaining individual and species difference in
handedness are discussed. In addition, methodological and statistical issues in the assessment
of handedness are discussed.

Selection of Studies

Data were obtained from published articles or book chapters, theses or dissertations, and
published abstracts or unpublished reports since 1900 (see Tables 1 & 2). Searches from several
databases (i.e., Medline, PubMed, Psychlit, Dissertation Abstracts International) were
performed to identify studies on handedness in great apes. The search results were combined
with an assessment of reference sections of extant papers, and any unknown reports were
identified and obtained through interlibrary loans, if the journals were not readily available.
One set of analyses was conducted from reports that provided individual raw data for the
various handedness measures used in the study (see Table 1). Critical for inclusion in this
analysis was the ability to derive or obtain individual data for each subject and measure(s) used
to assess handedness in the report. Studies that focused on asymmetries in neonatal or infant
apes were not included in the analysis (Chorazyna, 1976;Fagot & Bard, 1995;Hopkins & Bard,
1993,1995;Hopkins, Bard, & Griner, 1997;ltakura, 1996;Nishida, 1993). In addition, studies
that only examined laterality in maternal cradling bias were not included, because theoretical
and empirical reasons exist to predict different patterns of asymmetry for this behavior
(Dienske, Hopkins, & Reid, 1995;Manning, Heaton, & Chamberlain, 1994).

A number of reports of hand use in apes also existed that did not include individual raw data
(see Table 1, indicated by NRD after the name of the author[s]). In these cases, the authors
provided hand preference classifications of their subjects but without raw data. Rather than
completely ignore these results, the descriptive hand preference classifications are reported in
Table 2 along with the name of the author(s) and the species studied.

Data Coding and Analysis

For this study, a spreadsheet was configured that coded for the following subject information
including (a) species, (b) subject name or identification code, (c) sex, (d) testing environment,
(e) number of tasks used to assess hand preference, and (f) percent of right-hand use for each
of the behaviors measured within a study. Sex was coded as male, female, or unknown. Testing
environment was coded as wild or captivity. The number of tasks used to assess hand preference
was entered for each subject and study and could vary within and between studies. For example,
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some studies may have recorded hand preferences on three measures, whereas other studies
may have used more or fewer measures. Additionally, within a study, not all subjects may have
been assessed on every measure of hand use.

Within each study, individual handedness was calculated several ways. First, the total number
of left- and right-hand responses was calculated across all measures. Based on the total number
of responses, a percentage of right-hand use was calculated by dividing the total number of
right-hand responses by the total number of response [SUM%R = (#R/#R + #L)]. Individual
SUM%R scores were derived only for subjects where at least six observations of the behavior
were reported in the paper. In addition, z-scores were calculated based on the total frequency
of right- and left-hand use for each individual subject. Based on the individual z-scores, subjects
were classified as strongly left handed (SL), mildly left handed (ML), ambiguously handed
(AH), mildly right handed (MR) and strongly right handed (SR). Subjects with z-scores < =
—1.96 were classified as SLH, —1.95 to —1.0 (ML), —0.99 to 0.99 (AH), 1.0 to 1.95 (ML), and
=>1.96 (SR), respectively. The cut points were chosen based on two criteria. First, for the SL
and SR categories, subjects with z-scores greater than 1.95 or less than —1.95 would have hand
preferences that exceed chance at p < .05. This has historically been a common practice on the
assessment of handedness in nonhuman primates, despite the relative conservative basis of this
statistic. Second, the cut points of —1.0 and 1.0 for MR and ML categories were selected because
they represent one standard deviation from a mean of zero in a normally distributed population.

One problem with the SUM%R and individual z-scores is that the total number of observations
of left- and right-hand use will be influenced by the frequency of occurrence of different
behaviors recorded within a study. For example, within a study, the total number of responses
observed for grooming might be 400, whereas only 125 observations were made for reaching.
In this case, grooming would contribute more to the total number of left- and right-hand
responses than reaching, and this would be particularly problematic if there were strong task-
specific variation in directional biases in hand use. Thus a mean percentage right-hand (MEAN
%R) use was entered for each subject using the following criteria. For this analysis, for each
subject and measure, a percentage right-hand use was calculated based on the number right-
handed responses divided by the total number of responses. The MEAN%R was determined
by calculating the average percentage right-hand use for each subject across all measures within
a study. Thus each subject had a MEAN%R based on all measures of hand use.

Lastly, some consistency was noted in the behaviors assessed for handedness when compared
across different studies. To assess the potential influence of the type of behavior on the
expression of handedness, a percentage right-hand use was derived following the formula %
R = [(#R)/(#R +#L)*100]. The individual %R scores were calculated so that handedness could
be evaluated for specific behaviors or tasks across studies in which the same measures were
obtained in the apes. For example, handedness for grooming was collected in nine studies, and
%R scores were derived from each individual in each study and combined to evaluate whether
the %R score for the combined grooming data differed significantly or not from chance (50%).

In some previous summaries of great ape handedness, summary values were derived from all
studies, although the same subjects were represented in different studies (McGrew & Marchant,
1997;Palmer, 2002). This factor is problematic because the data points are not independent of
each other. For example, Corp and Byrne (2004) examined hand preferences for bimanual
feeding in the Mahale chimpanzees, whereas McGrew and Marchant (2001) studied
spontaneous hand use in the Mahale chimpanzees. Because they studied the same cohort of
chimpanzees, some overlap exists in the subjects making up these two separate data sets. In
this review, all measures of hand use, independent of the investigator, were combined to derive
a single SUM%R and MEAN%R for each subject. This was done to ensure independence of
data points such that one SUM%R or MEAN%R value went with one and only one subject.
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Part 1: Hand Preferences in Great Apes

Descriptive Statistics

Individual raw hand preference data were reported in 1,524 great apes including 1,044
chimpanzees, 97 bonobos, 280 gorillas, and 103 orangutans, respectively. Of the total sample,
there were 840 females, 600 males, and 84 individuals with an unknown sex. In terms of rearing
histories of the sample, there were 681 captive-born apes, 670 wild-born apes, and 173 with
unknown rearing histories. In addition, hand preferences were reported in an additional 25
studies comprising 190 apes for which no individual raw data accompanied the report (see
Table 2).

Population Effects and Hand Preference Distribution—The SUM%R and MEAN%
R percentages were 52.74% t(1520) = 4.73, p < .001 and 54.80%, t(1523) = 4.66, p < .001,
values that differ significantly from 50%, as would be predicted if the values were normally
distributed. The number of measures used in determining each SUM%R and MEAN%R score
(range = 1 to 25) did not significantly correlate with the SUM%R (r = —.014, df = 1522, ns) or
MEAN%R values (r =-.013, df = 1522, ns). Thus the SUM%R and MEAN%R scores indicated
significant population-level right handedness for the entire sample. This finding is not
surprising because the correlation between the two measures was strongly positive and
significant (r = .96, df = 1522, p < .001). Because the two scores were so strongly correlated,
for subsequent analyses, the SUM%R scores were used rather than both measures. Because
there were a number of related individuals in the sample, one additional t-test was performed
on the SUM%R scores for the unrelated individuals in the sample. This analysis also revealed
a significant population-level right-hand bias (Mean = 52.08) t(1047) = 2.88, p < .004.

The distribution of hand preferences based on the classification cut points applied to the
individual z-scores is shown in Table 3. A chi-square goodness-of-fit test indicated that there
were significantly more strongly right than strongly left-handed subjects y2(1, N = 935) = 27.72,
p < .01 but not significantly more mildly right-than mildly left-handed subjects 2(1, N = 199)
=1.13, ns.

Meta-Analysis

The significant population-level right handedness found in the previous analysis was confirmed
when meta-analytic statistics were performed on the results from the existing independent
studies. Specifically, for each individual data set with eight or more subjects, a SUM%R was
calculated for each of the behavioral measures using the procedure described previously (see
Data Coding and Analysis). Recall that some subjects may have been studied on multiple
measures and presented in different studies. The individual studies that were combined to
derive each individual data set are indicated in Table 4 after the name of the author(s). The
SUM%R scores for each study were then analyzed using a one-sample t-test and the resulting
t-value, significance probability, sample size, and effect size are shown in Table 4. Each
statistical probability was converted to a z-score, and the average z-score was derived for the
entire sample and divided by the appropriate error term. This analysis revealed that, overall,
great apes showed population-level handedness (z = 6.06, p < .0001) but the effect size was
relatively small (d = .156). A funnel plot depicting the SUM%R for each study against the
sample size (N) is shown in Figure 1.

Species Differences

Species differences in handedness were compared using an analysis of covariance (ANCOVA).
Species was the between group factor and the SUM%R score was the dependent variable. The
number of tasks used to derive each individual SUM%R score served as the covariate. A

significant effect of species on hand preference was found F(3, 1519) =4.15, p <.01. The SUM
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%R scores for each species can be seen in Figure 2. Posthoc analysis using Tukey's Honestly
Significant Difference (HSD) indicated that bonobos, gorillas, and chimpanzees had
significantly higher SUM%R scores than orangutans. In addition, the bonobos had significantly
higher SUM%R scores than chimpanzees and gorillas. One sample t-test within each species
revealed population-level right handedness for chimpanzees t(1043) = 3.72, p < .001 and
bonobos t(96) = 6.17, p < .01. No population-level handedness was found for gorillas t(279)
=1.71, p <.08 or orangutans t(102) = —0.983, ns. A chi-square test of independence comparing
the distribution of hand preference in great apes revealed a similar association y2(12, N = 1387)
=54.75, p < .001. The distribution of hand preferences as a function of species can be seen in
Table 3.

The pattern of hand preference classification data presented in Table 2 are similar to those
based on the raw data reported previously. Recall that the authors reported the hand preference
data presented in Table 2, but no specific individual data were presented in the study. A chi-
square test of independence indicated a significant association between hand preference
classification and species x2(6, N = 190) = 35.37, p < .01. There were more right- than left-
handed bonobos, chimpanzees, and gorillas, whereas there were more left- than right-handed
orangutans.

Sex and Rearing Effects

For these analyses, subjects with an unknown testing environment or sexes were excluded from
the analyses. A two-factor ANCOVA on the SUM%R scores was performed with sex and
testing environment serving as between group factors, whereas the number of tasks served as
the covariate. Neither sex F(1, 1435) = 0.022, ns; testing environment F(1, 1432) = 1.27, ns;
or the interaction between these two variables F(1, 1432) = 0.609, ns reached conventional
levels of statistical significance. Because differences were found in the overall handedness
scores between species (see previous discussion), separate two-way ANCOVAs were
performed for each species. For all four species, no significant main effects or interactions
were found.

Rather than use only the SUM%R scores, the effect of rearing and sex on handedness was
further analyzed using the classification data. Loglinear analysis was conducted with sex,
testing environment, and the interaction term serving as predictor variables for hand preference
classification. The higher-order or saturated model was not significant, and subsequent
conditional loglinear analyses evaluating each two-way interaction were also not significant.
However, chi-square tests of independence revealed a significant association between testing
environment and hand preference y2(4, N = 1,387) = 18.16, p < .001 (see Table 3). To further
evaluate this association, the number of strongly right- and mildly right-handed subjects was
compared with the number of strongly left- and mildly left-handed subjects that were tested in
either captivity or the wild. For the wild apes, no significant difference was found in the number
of strongly right- compared with strongly left-handed subjects y2(1, N = 207) = 1.21, ns;
however, a borderline significant difference was found in the number of mildly right- compared
with mildly left-handed subjects y2(1, N = 63) = 3.57, p < .06. For apes tested in captivity,
significantly more strongly right-than strongly left-handed apes y2(1, N = 728) = 33.43,p <.
001 existed, but no significant difference in the number of mildly right- compared with mildly
left-handed apes »2(1, N = 136) = 0.00, ns. Thus both great apes tested in captivity and the wild
showed trends toward population-level right handedness, but apes tested in captivity were
shifted more to the right than the apes tested in the wild.

Task-Specific Handedness

The previous analyses were based on SUM%R scores derived from multiple measures. As an
alternative means of analyzing great ape handedness, separate percentage right-hand use and
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z-scores were derived for specific measures of hand use that were common in at least three
separate studies. The behaviors measured, MEAN%R scores, standard errors, one-sample t-
test values, and distribution of hand preferences are shown in Table 5. Hand preference
classification used the same criteria as applied to the z-scores based on overall frequencies in
left- and right-hand use (see previous discussion). Population-level right handedness was
evident for leading limb in locomotion, grooming, manual gestures, bimanual feeding,
throwing, simple reaching and the Tube task. The Tube task is a measure that requires the
subjects to hold a polyvinyl chloride (PVC) pipe with one hand and remove food contained
inside the pipe with the opposite hand. The dominant hand is designated as the one extracting
the food. Population-level left handedness was evident for carrying, holding, and termite
fishing, a form of tool use observed in wild chimpanzees. No population-level biases were
found for self-touch, nose wipe, pick up, pluck, hit/slap, object manipulation, scratching, eat,
and nut cracking (another form of tool use observed in wild chimpanzees).

For each of the individual measures in Table 5, MEAN%R scores were compared between
species to assess whether the apes differed with respect to hand preferences. Significant species
differences were found for only three measures including simple reaching F(3, 733) = 4.31,
p <.001, the Tube task F(2, 535) =5.19, p < .001 and self-touching F(3, 219) = 7.17, p < .001.
Shown in Table 6 are the MEAN%R values and standard errors for these three measures in
each species. For the Tube task, chimpanzees showed population-level right handedness,
whereas orangutans showed population-level left handedness. With respect to reaching, the
bonobos and orangutans showed population-level right handedness. For self-touching,
orangutans showed population-level left-handedness (see also Rogers & Kaplan, 1995, and
Table 2). Lastly, for leading limb in locomotion, both bonobos and orangutans showed
population-level right handedness.

Heritability of Hand Use in Pan

These analyses were restricted to data from the subjects representing the genus Pan, including
chimpanzees (Pan troglodytes) and bonobos (Pan paniscus). This was done because nearly
85% of the pedigree data came from this genus. Therefore the analyses provided a more
controlled assessment of heritability in handedness, without the potential confound of genus
differences in hand use.

Parent-Offspring Associations

In the initial analysis, offspring SUM%R hand preference scores were correlated with maternal,
paternal, and midparent SUM%R handedness scores. Midparent handedness scores were
derived by averaging the sire and dam SUM%R handedness scores. For directional biases in
hand preference, a significant positive correlation was found between the offspring and dam
handedness values (see Table 7). Studies in rodents have convincingly shown that strength of
laterality can be selectively bred for (see Collins, 1985). To evaluate whether strength rather
than direction of hand preference ran in families, the absolute value of the SUM%R was
calculated for all offspring, dams, and sires following the formula [ABS(SUM%R-50)], and
the resulting values were correlated with each other. Significant positive correlation
coefficients were found between the offspring and the sire, dam, and midparent values (see
Table 7).

In the next set of analyses, the hand preference classifications of the offspring were evaluated
in relation to the hand preferences of the dam and sire. To increase statistical power, strongly
left- and mildly left-handed subjects were classified as left handed, and strongly right- and
mildly right-handed subjects were classified as right handed. Subjects previously classified as
ambidextrous remained classified in this category. To further enhance statistical power,
parental hand preference classifications were characterized as familial left handed (i.e., both
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parents were left handed, or one parent was left handed and the other ambidextrous), familial
right handed (i.e., both parents were right handed, or one parent was right handed and the other
ambidextrous), or mixed handed (i.e., one parent was right handed, and one parent was left
handed). The hand preferences of the offspring were compared as a function of these three
parental groups and the results are shown in Table 8. The ratios of right- to left-handed offspring
in each parental handedness group are also shown in Table 8. Although the proportion of right-
handed offspring born to familial right- compared with familial left-handed parents was
substantially higher, this analysis failed to reveal a significant association between parent and
offspring hand preferences x2(4, N = 183) = 3.93, ns.

Rather than consider the handedness of both parents, separate chi-square tests of independence
were also performed comparing the distribution of offspring hand preference to maternal and
paternal hand preferences. Maternal (4, N = 381) = 13.26, p < .01 but not paternal 2(4, N =
190) = 0.57, ns hand preferences were significantly associated with offspring hand preference
distributions (see Table 8). For maternal hand preference, offspring were 2.24 times more likely
to be right handed if born to a right-handed compared with a left-handed dam (odds ratio =
1.68).

Because of the large number of ambidextrous individuals, the association between offspring
and parental handedness was evaluated several other ways. First, the chi-square tests of
independence were run without the inclusion of the ambidextrous parents and offspring. For
this analysis, no significant associations between parental and offspring handedness were
found. Thus the previously reported association between maternal and offspring handedness
is removed when ambidextrous subjects are excluded. As an alternative approach, left-handed
and ambidextrous parents and offspring were combined to create a category of non-right-
handed individuals. Using this criteria, chi-square tests of independence between parent and
offspring handedness revealed a significant association between maternal and offspring
handedness x2(2, N = 381) = 33.67, p < .001. In summary, the results of this analysis suggest
that maternal and offspring handedness are positively associated, but this conclusion is
tempered by the manner in which subjects' handedness is classified.

Discussion

Five significant findings were revealed in the analyses performed on the extant hand preference
data in great apes. First, when considered as a collective group, great apes exhibit population-
level right handedness. These results are evident when considering either the handedness index
scores or based on a hand preference classification criteria. Second, species differences in the
distribution of handedness were evident with bonobos and chimpanzees showing population-
level right handedness, whereas gorillas and orangutans did not. Third, handedness was more
pronounced for some measures compared with others, suggesting that hand preferences in apes
are not unidimensional but rather are task specific. Fourth, captive apes were more right handed
than wild apes, although both cohorts showed population-level right handedness at some level.
Lastly, in the genus Pan, both strength and direction of hand preferences ran in families and
offspring handedness was primarily influenced by the handedness of the mother, although this
finding was contingent upon the manner in which handedness classifications were made
between parents and offspring.

Although the great apes showed population-level handedness, the distribution of hand
preferences in the great apes differ from human hand preferences in at least two important
ways. First, the ratio of right- to left-handed subjects is much lower in the apes compared with
humans. Specifically, there was about a 2:1 ratio of right to left handedness in the great ape
sample. This is substantially lower than the typical 8:1 or 9:1 ratio of right to left handedness
reported in human populations (Annett, 1985). Second, many more ambidextrous subjects exist
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in the great ape sample compared with humans. Whether this reflects a weaker manifestation
of handedness in great apes or is due to other factors is also discussed below. Several possible
explanations exist for these discrepancies, and these are now discussed within the context of
various evolutionary models of cerebral dominance.

Potential Explanations for Discrepancies Between Studies and Settings

Numerous reports exist of nonsignificant findings of population-level handedness in great apes,
particularly among wild subjects (see Table 4). In contrast, significant results have been
reported in studies of captive-born apes, and this has led to the suggestion that the rearing
environment has a significant impact on handedness in great apes (McGrew & Marchant,
1997;Palmer, 2003). The results from this analysis partially support this interpretation, but
some caveats remain. Hopkins and Cantalupo (2005) have argued that variability in findings
between captive and wild apes has little to do with the setting but rather reflects (a) differences
in sample size that influence statistical power, (b) the types of measures used to assess
handedness in captive and wild apes, and (c) statistical methods used to evaluate handedness.
These three points, as they relate to settings differences in handedness, are addressed following.

Effect Size and Statistical Power—Statistical power is an important consideration when
comparing human and nonhuman primate handedness, as well as for comparison between
studies in wild and captive populations of nonhuman primates. Hopkins and Cantalupo
(2005) have previously argued that population-level handedness is not a large effect in
nonhuman primates, and this argument is supported by the relative small proportion of right-
to left-handed subjects reported in many studies. If handedness in nonhuman primates is a small
effect, as suggested by the results in this study, then larger sample sizes are needed to detect
the effect with any level of confidence. The importance of statistical power can be demonstrated
by comparing the individual results from many of the papers reviewed in this paper (see Table
4). As previously noted, the one sample t-test conducted on the entire data (see Results) yields
an effect size of .35, based on Cohen's d (Cohen, 1988). Assuming this effect size and specifying
a desired statistical power of .75, the number of subjects needed to detect population-level
handedness in any individual study is 59 individuals. If the effect size is reduced to a small
effect (~.20, Cohen, 1988) (and likely is based on the meta-analysis results), then the number
of subjects needed to detect the effect with a desired statistical power set to .75 is 176
individuals.

As can be seen in Table 4, nearly all individual studies of handedness fail to obtain adequate
sample sizes to have a reasonable amount of statistical power. Of the studies reviewed in this
paper, only one set of data (see entry for Hopkins 1993-2003 in Table 4) has a sample size
large enough to detect a small effect with a desired power of .75 (i.e., n > 176). Considering
the exact effect size derived for all apes (.35), only five studies had sample sizes exceeding 59
individuals of the same species. Of these five, only one was obtained from a sample of wild
apes (Boesch, 1991). It is of note that in the Boesch (1991) paper, two measures including
grooming and wadge-dipping, showed population-level right handedness, although the
handedness for all measures did not reach conventional levels of significance. In addition, if
the data from the youngest apes are omitted, then the adult wild chimpanzees in the Boesch
(1991) study show population-level right handedness across all measures. In short, most studies
of handedness in great apes have very little statistical power, and it is difficult to argue that
differences in findings between wild and captive apes are attributable to the settings when only
one study in wild apes had enough statistical power to detect a small-to-moderate effect size.
When the collective data are combined for all apes, or relatively large samples of apes are
tested (as has been the case in some captive populations), population-level handedness appears
evident because much greater statistical power exists to detect the relatively small-to-moderate
effect. The best example of the role of sample size and statistical power comes from data on
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handedness for termite fishing in wild chimpanzees at Gombe. In two separate reports with
samples sizes less than 20 individuals, McGrew and Marchant (1992,1996) failed to report
population-level handedness; however, when their data are combined with a third report by
Lonsdorf and Hopkins (2005) with a sample of 17 individuals, the entire sample reached a total
of 56 individuals and population-level left handedness was found for this behavior.

Handedness Measurement—Another problem in comparing handedness in wild and
captive apes is with the types of measures used to assess hand use. In the majority of studies
with low power and small effect sizes, the primary measure of handedness has been simple
reaching. It is well known that situational factors, posture, and grip morphology all significantly
influence handedness for simple reaching in great apes and other primates (see Christel,
1994;Lehman, 1993;Westergaard, Kuhn, & Suomi, 1998) but in many studies, these extraneous
variables are not controlled for or considered in the analyses. Another indicator of the problem
with simple reaching as the primary measure of handedness in nonhuman primates is that often
many ambiguously handed or nonpreferent animals exist (Papademetriou, Sheu, & Michel,
2005). This likely reflects the lack of complex motor skill necessary for grasping a piece of
food and the vulnerability of simple reaching to situational factors. In contrast to simple
reaching, more complex manual actions, particularly those requiring coordinated bimanual
actions of the hands, often elicit strong hand preferences at the individual level and results in
fewer nonpreferent subjects. A comparison of some of the results presented here support this
argument. For example, 38% of the subjects in the category eat were ambiguously handed in
contrast to only 16% for bimanual feeding (see Table 5). For both behaviors, the subjects are
eating food but in the eat category, subjects are eating with one hand in a unspecific situational
context, whereas bimanual feeding was recorded when one hand maintained a supportive role
in foraging and the opposite hand was involved in the action of feeding. Thus the apes were
more lateralized for bimanual compared with unimanual feeding.

The problem of measurement validity in nonhuman primate handedness is not restricted to
simple reaching, and this has further contributed to problems of comparing findings in wild
and captive apes. For example, in the two studies of handedness in wild chimpanzees with the
largest sample sizes (Marchant & McGrew, 1996;McGrew & Marchant, 2001), hand use for
daily actions was measured. Hand use in each study was based on the 10 or 15 most frequent
behaviors, all of which were behaviors that did not induce significant preferences at the
individual level (see also Fletcher & Weghorst, 2005). These behaviors included scratch,
groom, eat, pluck, pull, nose wipe, pincer, pick up, hold, and cradle. Indeed, in the McGrew
and Marchant (2001) study, there were significantly more nonlateralized than lateralized
subjects for the 15 most frequent behaviors. This is quite different from the pattern of results
reported in most studies with captive apes and, in some cases, wild apes (see Byrne & Byrne,
1991). It seems difficult to argue that wild apes do not show population-level handedness when
the bulk of the measures do not elicit strong individual preferences. This issue is at least one
potential source of the large number of ambidextrous animals reported in this meta-analysis.

Last, the most direct means to assess setting effects on handedness is to compare findings in
wild and captive apes on which comparable measures have been used to evaluate hand use.
This has not frequently occurred (but see Lonsdorf & Hopkins, 2005); however, within the
assembled data set for this study, t-test comparisons in percentage right-hand use scores for all
behaviors in which population-level handedness was reported and available in both wild and
captive apes (see Table 5) revealed no significant differences. Thus when comparable behaviors
have been examined between wild and captive apes, similar results have been obtained.
Notwithstanding, further research is needed in this area of investigation.

Quantifying Handedness—In nearly every published study on handedness in great apes
(and other primates), individual hand preferences are based on the use of z-scores with alpha
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set to p < .05. In the typical study, z-scores are derived based on the number of left- and right-
hand responses for all or some specific set of behaviors. Subjects with z-scores exceeding 1.96
or —1.96 are classified as right and left handed. All others are characterized as ambiguously
handed or nonpreferent. The use of z-scores is a very conservative approach to estimating
individual handedness in nonhuman primates, and serious limitations exist in using them (see
Hopkins, 1999b, for review). For example, with alpha set to p < .05 and a two-tailed test, a
95% chance exists that no significant hand preference will be found. This is very high; if the
same standard for determining human handedness was based on a similar criterion, then there
would be a much larger proportion of ambidextrous subjects than is typically reported in the
literature.

Z-scores are also influenced by sample size. For instance, a subject that uses the right hand to
pick up a grape on 7 of 10 trials (z = 1.27) would be classified as nonpreferent based on these
frequencies, whereas a subject that uses the right hand 35 out of 50 responses would be
classified as right handed (z = 2.83, p <.01). The percentage right-hand use is identical between
the two sets of data, yet the interpretation of their handedness differs for arbitrary statistical
reasons. Certainly it could be argued that the experimenter has more confidence in the
handedness of the latter subject because it is based on a larger sample of observations, but the
importance of increased sample size would depend on how much emphasis the experimenter
places on the internal validity of the measure rather than the external validity of the findings.
In short, as is the case in many psychological studies, a trade-off exists between increased
observations per subjects contrasted with fewer observations in larger samples of subjects. Are
10 responses from 200 subjects better or worse than 50 responses from 50 subjects? The answer
depends entirely on the experimenter's choice of method and approach, and many factors
influence these decisions.

Last, the rationale for using z-scores is rooted in the concept that handedness is a discrete trait
and subjects need to be classified as left handed, right handed, or ambidextrous, yet no basis
exists to assume that handedness is a discrete trait in nonhuman or human handedness.
Moreover, the use of z-scores also results in many investigators adopting nonparametric
statistics to evaluate population-level handedness. This is also a questionable practice because
nonparametric statistics are less powerful. Further, if handedness is a relatively small effect in
nonhuman primates (as previously shown), then transforming an initially continuous scale of
measurements into a discrete scale of measurement reduces the sensitivity of the measure and
forces the use of less powerful statistics. As done in this paper, one sample t-test on handedness
indices derived from the raw frequencies resolves the scales of measurement and analysis
problems described previously. At a minimum, it offers an alternative means of considering
population-level handedness in nonhuman primates. Finally, z-scores cannot be applied to
other kinds of measures of asymmetry in hand use that do not record discrete responses. For
example, asymmetries in the duration or rate of occurrence of specific kinds of behaviors do
not lend themselves to z-scores but are nonetheless potentially valuable measures of functional
differences in hand use.

Potential Explanations for Species Differences in the Ratio of Right to Left Handedness

As previously noted, the relative proportion of right- to left-handed subjects was lower in apes
compared with the ratio typically reported in human populations. Moreover, within the great
apes, there were species differences in handedness. What explains these differences is not
entirely clear but some explanations are offered below.

Ecological and Morphological Factors—With respect to the species differences in

handedness between the great apes, it might be argued that population-level right handedness
evolved recently and is unique to the genus Pan compared with Gorilla and Pongo. This would
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explain the prevalence of right handedness in the genus Pan and not in Gorilla or Pongo.
Alternatively, species differences in handedness preference is the result of ecological and
biomechanical factors that have selected for the differential expression of handedness in these
three species. In terms of ecological variables, Pongo, Gorilla, and Pan differ significantly in
terms of their positional and locomotor behavior, diet, and foraging behavior, all of which may
have an effect on handedness (see Tuttle, 1986). For example, orangutans spend significantly
more time in the trees than other apes and primarily locomote through the trees by arm-over-
arm locomotion. In contrast, gorillas primarily locomote on the ground (see Byrne & Byrne,
1991). Posture and positional behavior have been reported to have significant transient effects
on handedness in great apes (see Hopkins, 1993;0lson, Ellis, & Nadler, 1990;Peters, 2005),
and it may be that endogenous differences in positional and locomotor behavior have overt
effects on the distribution of handedness in apes (see Peters, 2005). Similarly, endogenous
differences between species in the use of the forelimb(s) during feeding could explain the
observed findings on hand preference. For example, both mountain gorillas, and to a lesser
extent lowland gorillas, feed while seated and use their hands in a coordinated manner (Byrne
& Byrne, 1991;Parnell, 2001;Remis, 1999). In contrast, orangutans, and to a lesser extent
chimpanzees, forage in the trees with one hand while posturally supporting themselves with
the opposite hand (Cant, 1992;Doran, 1993;Peters, 2005). In terms of bimanual feeding, studies
indicate that chimpanzees and gorillas are right handed but only under conditions where the
hands are involved in the independent actions of holding and feeding (Hopkins & de Waal,
1995). When one of the hands is involved in either postural or forelimb substrate support, no
population-level handedness is evident in both wild and captive apes (see Hopkins & de Waal,
1995;Marchant & McGrew, 1996, for examples). Little data exist on bimanual feeding in
orangutans but, based on our findings, it would be predicted that they would posturally support
themselves with the right handed and feed with the left. This explanation is largely consistent
with the “postural origins” theory of handedness proposed by MacNeilage et al. (1987).

Genetic Explanations—One explanation for the difference in distributions of right and left
handedness between humans and great apes may reflect genetic factors. Corballis (1997) has
suggested that mutations in the human genome, after the split from chimpanzees, might explain
the greater preponderance of right handedness in humans. Alternatively, great apes and humans
may share a common genetic basis for handedness, but the relative frequency or representation
of this gene or genes may be more pronounced in human populations compared with great
apes.

Unfortunately, different genetic explanations cannot be adequately addressed at this point in
time, because no candidate genes have been identified for the expression of handedness;
therefore neither of these potential genetic explanations can be empirically tested at present
(see Franck et al., 2002;Kim et al., 1999). Crow (1998) has suggested that functional and
neuroanatomical asymmetries are unique to humans and associated with selection for genes
associated with language. The data reported here provide no support for this view because
population-level handedness was found, and it possibly runs in families. Additionally, evidence
of robust neuroanatomical asymmetries in the planum temporale, inferior frontal lobe, and
cerebral torquing in great apes has been reported, and none of these findings support this theory
(Cantalupo & Hopkins, 2001;Cantalupo, Pilcher, & Hopkins, 2003;Cantalupo, Freeman, &
Hopkins, in press;Gannon, Holloway, Broadfield, & Braun, 1998;Hopkins, Pilcher, &
Cantalupo, 2003). Indeed, the evidence of left-hemisphere asymmetries in the planum
temporale of apes has been independently reported in three different laboratories using both
cadaver brains and in vivo imaging techniques (Gannon et al., 1998;Cantalupo et al., 2003),
suggesting that neither observer bias nor the method of assessment have a strong influence on
the expression of these asymmetries.
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Social Learning—Another possible explanation for differences in the distribution of hand
preference between humans and great apes may be influenced by cultural and pedagogical
systems unique to human evolution compared with great apes. When considering measures of
hand preference in humans, defining a culturally unbiased task operationally is nearly
impossible. For instance, in humans, some of the more commonly used items on a handedness
questionnaire are, With which hand do you write, throw, open a bottle, or shake hands? Clearly
cultural, pedagogical, and mechanical influences exist on the expression of hand use for these
types of tasks. Presumably, pedagogical or cultural pressures to conform to a particular hand
preference are not present in great apes, although they cannot be ruled out (e.g., Whiten et al.,
2001). From this perspective, what is manifest in great ape handedness is the biological
expression of a functional asymmetry. The difference in distributions of hand preference
between apes and humans may reflect the additive effect of cultural and pedagogical
conformity to human handedness over and above the biological asymmetric expression.

Alternatively, apes learn their hand use by modeling the lateralized behaviors around them.
Social learning of paw preference has been demonstrated in rats (Collins, 1988) and McGrew
and Marchant (1997) have suggested that observational learning of humans modeling right-
hand use may explain the greater prevalence of right handedness found in captive compared
with wild chimpanzees. The positive association between offspring and maternal hand
preferences reported here clearly support a potential social learning explanation for handedness
in chimpanzees (see Tables 7 & 8). The best example of potential social learning of hand use
comes from data in wild chimpanzees on tool use (Boesch, 1991;Lonsdorf & Hopkins,
2005;McGrew & Marchant, 1996). Geographical differences exist in the types of tool use
observed in wild chimpanzees (Whiten et al., 2001), suggesting that variation is acquired
through social learning. Based on the published data on tool use in wild chimpanzees, offspring
hand preference vary in accordance with the hand preference of the mother (see Figure 3). Thus
offspring appear to learn which hand to use by modeling the handedness of their mother,
although it should noted that genetic mechanisms could similarly explain the phenotypic
variation in offspring handedness. However, it is difficult to isolate the potential role of genetic
and social learning factors on the development of handedness in wild chimpanzees.

In an attempt to isolate these factors, a recent study in chimpanzees by Hopkins, Wesley,
Russell, and Schapiro (in press) compared hand preferences for a task measuring coordinated
bimanual actions (the TUBE task) in related and unrelated individuals living in the same or
different social groups. Specifically, in socially housed chimpanzees of six or more individuals,
the handedness index (HI) values of each focal chimpanzee in the group was compared with
the average HI for all chimpanzees (a) related to them and living in the same group, (b) all
chimpanzees unrelated to them and living in the same group, and (c) chimpanzees related to
them but not living in the same group. The mean HI for each cohort is shown in Figure 4. The
mean HI scores of individual chimpanzees did not differ significantly from related individuals
living in the same group t(110) = 0.61, ns; they did not differ significantly from related
individuals living outside the group t(88) = 1.167, ns; but they did differ significantly from
unrelated individuals living in the same group t(111) = 2.05, p <.04. In addition, individuals
related to the focal subject living in the same group had significantly higher HI scores than
unrelated individuals living in the same group t(111) = 2.48, p <.02, but they did not differ
from related individuals living outside the group t(97) = 0.41, ns. Thus chimpanzee HI scores
for the TUBE task were more similar to related individuals compared with unrelated individuals
living in the same social groups. This suggests that social learning is not the most likely
explanation for the development and heritability of hand use in chimpanzees, although as stated
previously, this explanation cannot be entirely ruled out.

Early Postural and Mother-Infant Interactions—Several authors have proposed that
early orienting and postural asymmetries such as in utero position (Previc, 1991) and head
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orientation (Michel, 1981) may lead to the development of motor asymmetries in hand use (see
Hopkins & Ronngyvist, 1998). Several studies in neonatal chimpanzees less than 3 months of
age have reported population-level postural and motor asymmetries including right-sided
biases for grasping (Fagot & Bard, 1995), head orientation (Hopkins & Bard, 1995), hand-to-
mouth (Hopkins & Bard, 1993), and leading limb in locomotion (Hopkins, Bard, & Griner,
1997). Shown in Figure 5 are the mean HI scores for each of seven neonatal behaviors measured
in captive born, human-raised chimpanzees. It has further been reported that head orientation
asymmetries within the first 3 months of life predict handedness for coordinated bimanual
actions at 4 to 5 years of age (Hopkins & Bard, 2000). These results support the view that early
motor asymmetries are present in chimpanzees and predict subsequent handedness at later
periods of life.

The presence of early motor asymmetries is not restricted to captive chimpanzees being raised
by humans. Several studies in wild and captive chimpanzees have shown evidence of
population-level left-sided nipple preferences, and these results might be influenced by left-
sided cradling preferences reported in adult female great apes (see Hopkins, 2004). Of specific
interest may be the influence of maternal cradling biases, infant nipple preferences, or both on
the subsequent development of handedness in primates. For example, in chimpanzees, Hopkins
et al. (1993) reported a negative association between maternal cradling biases and infant hand
preferences for simple reaching. Depicted in Figure 6 are the mean handedness scores for 15
offspring born to 10 females who preferred to cradle their offspring on the left and five that
preferred to cradle on the right (Hopkins et al., 1993). Maternal cradling bias was assessed for
the first 2 weeks of life. Infant hand preferences for simple reaching were assessed when the
offspring were approximately 3 years of age. As can be seen, with the exception of one dyad,
an inverse relationship is found between maternal cradling bias and infant hand preference. In
other words, females who cradle their infants on the left side have right-handed offspring for
simple reaching. In contrast, females who cradle their offspring on the right side have left-
handed offspring for simple reaching.

The possible effect of early cradling biases on heritability in hand preference could conceivably
work in the following manner. Female great apes with offspring may cradle them either on the
left or right, because they may want to keep their dominant hand free for locomotion or other
noncradling activities. The asymmetries in cradling bias may lead to differential stimulation
of the right or left hand for the offspring, which, in turn, leads to the development of hand
preferences. This simple relationship would explain the association between maternal and
offspring hand preference. Consistency in cradling biases by a given female between offspring
would produce high rates of concordance in full and maternal half-siblings.

Laterality in maternal cradling may also explain the 2:1 ratio in right to left handedness in great
apes. In two recent reviews of the data on laterality in maternal cradling and infant nipple
preferences, great apes, particularly chimpanzees and gorillas, show a left-sided maternal
cradling bias and infants show a left nipple preference (Damerose & Vauclair, 2002;Hopkins,
2004). About twice as many females cradle on the left compared with right side. If it is assumed
that left-sided cradling results in the development of right-handed offspring, as reported by
Hopkins et al. (1993) in chimpanzees, then this would explain the roughly 65% to 70% degree
of right handedness found in the great ape summarized in this paper. Between the apes, it is
interesting to note that chimpanzees and gorillas cradle much more on the left side compared
with orangutans, albeit data were available only in few orangutans. From the handedness
perspective, the chimpanzees and gorillas are more right handed than the orangutans.

Evolutionary Stable Strategy—~Finally, Vallortigara and Rogers (2005) have recently

suggested that population-level asymmetries may have evolved as an evolutionary stable
strategy when asymmetrical organisms must coordinate their behavior with other asymmetrical
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organisms (see also, Ghirlanda & Vallortigara, 2004). This perspective stands in contrast to
the prevailing view that argues hemispheric specialization evolved in the context of selection
for increasing cognitive functions that were differentially represented in the two halves of the
brain (e.g., Gazzaniga, 2000). Vallortigara and Rogers (2005) argue that selection for efficient
processing of perceptual and cognitive processes via duality of function did not necessitate that
any species show the same pattern of laterality of function. Rather, these authors argue that
social conformity, in the form of population-level behavioral asymmetries, offers evolutionary
advantages for social species in the context of predator-prey relations. How this theory
specifically applies to the expression of manual asymmetries in primates is not clear; however,
it is of note that throwing and manual gestures are behaviors emitted in social contexts, and
these were the two most lateralized behaviors in the great ape sample (see Table 5).

Conclusions

In conclusion, the results of this meta-analysis suggest that great apes show population-level
handedness. When each genus and species is considered independently, bonobos and
chimpanzees show population-level handedness, whereas orangutans and gorillas do not.
Handedness in great apes is task-specific and some measures are more sensitive than others in
detecting population-level right and left handedness in all for species. Although captive-born
apes are more right handed than wild-born individuals, both cohorts show population-level
biases. In addition, within the genus Pan, handedness is heritable, although the mechanism by
which handedness runs in families is not clear, and this result is subject to different
interpretations depending on how offspring and parental hand preference is classified.

The previous explanations offered to clarify the discrepancy in the distribution of human and
ape handedness are not meant to be exhaustive but represent some feasible alternatives—
testable hypotheses that hopefully provide some direction for future studies. In terms of the
factors that influence handedness, in all likelihood it will be some combination of genetic and
nongenetic factors that explain variation in hand preferences in apes and humans (Hopkins,
Dahl, & Pilcher, 2001).

Clearly, much more data are needed in wild apes and greater consideration of the types of
behaviors observed and the quantification of handedness needs to be examined in these studies.
Studies in captive apes need to try and focus on studying behaviors that parallel those recorded
in wild apes so that the question of rearing or setting differences in handedness can be resolved
more definitively. Selection of better handedness tasks, in both captive and wild apes, is needed,
and greater emphasis should be placed on selecting behaviors or tasks that have some
theoretical relevance and are sensitive enough to detect individual hand preferences. In
addition, every effort should be made to evaluate handedness for behaviors that require
coordinated actions of the hands, because they are less sensitive to situational factors, elicit
strong individual hand preferences, and have been shown to correlate with neuroanatomcial
asymmetries (see Hopkins & Cantalupo, 2004). The best evidence of population-level
handedness in wild (Byrne & Byrne, 1991;Corp & Byrne, 2004;Lonsdorf & Hopkins, 2005)
and captive apes (Hopkins et al., 2001,2004) has been obtained using measures that required
coordinated bimanual actions. Measures of hand skill rather than preference per se are also
needed to increase understanding of the potential link between motor skill, hand preference,
and hemispheric specialization (see Hopkins & Russell, 2004). Lastly, from a statistical
standpoint, more flexible approaches in evaluating individual and population-level handedness
are needed.

Orangutans and bonobos have been the least studied of the great apes, and the sample sizes are
woefully low, particularly among wild individuals. The fact that the orangutans show a
different pattern of handedness should be interpreted with some caution because of the small
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sample size and the focus of many studies on behaviors that were quite different from those
studied in chimpanzees and gorillas. At a minimum, the evidence of population-level
handedness in the genus Pan suggest that hemispheric specialization for motor skill can be
dated back to 6 or 7 million years ago when the Pan and Homo genuses split.

The exact mechanisms that selected for increased preferential use of one hand or another remain
unclear, but several existing hypotheses can be ruled out. Notably absent in this paper is any
explicit discussion of language origins and the evolution of handedness, because arguably too
much emphasis has been placed on this association; therefore it may not be warranted. Recent
studies in chimpanzees have shown that handedness for a coordinated bimanual task correlates
with a region of the precentral gyrus where the hand is represented and does not correlate with
the traditional language areas such as the planum temporale or frontal operculum (Hopkins &
Cantalupo, 2004). The de-emphasis of language as a necessary condition for the expression of
handedness is further supported by evidence of population-level behavioral asymmetries in
lower vertebrates (Rogers & Andrew, 2002). The theory that handedness evolved in the context
of tool use is also not strongly supported by the findings reported here (see Bradshaw & Rogers,
1993). Great apes showed population-level handedness for numerous behaviors, none of which
involved the use of tools. This is not to suggest that tool use may not have enhanced or promoted
increased preferential use of one hand or another; rather it simply implies that tool use was and
is not a necessary condition for the expression of population-level handedness. Some have
suggested that lateralization for throwing (Calvin, 1983) and gestural communication
(Corballis, 2002) may have facilitated the evolution of handedness and hemispheric
specialization. In principle, the data presented here support these theories, because population-
level right handedness was found for both throwing and manual gestural communication.
However, more data are needed because the ways in which these behaviors relate to other
aspects of hand use is not clear. Finally, this study focuses on handedness in great apes. Meta-
analyses on handedness in other taxonomic families would be very fruitful for constructing an
evolutionary tree on the origins of hand use in primates. Further studies at both the behavioral
and neurophysiological level in great apes should provide important insight into the evolution
and development of handedness and other manifestations of hemispheric specialization in
primates, including humans.
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Figure 1.

Funnel plot of SUM%R scores and N for each study in the meta-analysis.
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Figure 3.

(a) Percentage of right-handed offspring born to right- and left-handed females for all the
combined tool use data in wild chimpanzees. (b) Percent concordance in hand use between
mothers and offspring, as well as between maternal half-siblings. Asterisks indicate that the
probabilities are significantly different from chance.
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Figure 4.

Mean HI scores on the TUBE task for focal individuals, related and unrelated chimpanzees
living in the same or different social groups. RE-IG = related individuals living in same group,
RE-OG = related individuals living outside the group, URE-IG = unrelated individuals living
in the same group. HI scores were derived following formula [HI = (#R—#L)/#R + #L)].
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Figure 5.

Mean laterality scores for six measures of asymmetries in neonatal chimpanzees. HEAD =
head orientation; HTM = hand-to-mouth; CRAWL = forelimb used in locomotion; COF =
removal of cloth from face; HTH = hand-to-hand; STEP = foot used during stepping response.
Limb asymmetries quotients were determined following the formula (#R—#L)/#R + #L). The
data used to derive the LQ scores are from “Hemispheric Specialization in Infant Chimpanzees
(Pan troglodytes): Evidence for a Relation with Gender and Arousal,” by W. D. Hopkins &
K. A. Bard, 1993, Developmental Psychobiology, 26, 219-235; “Evidence of Asymmetries in
Spontaneous Head Turning in Infant Chimpanzees,” by W. D. Hopkins & K. A. Bard, 1995,
Behavioral Neuroscience, 109, 808-812; and “Locomotor Adaptation and Leading Limb
Asymmetries in Neonatal Chimpanzees (Pan troglodytes),” by W. D. Hopkins, K. A. Bard,
and K. M. Griner, 1997, International Journal of Primatology, 18, 104-114.
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List of Published Studies, Theses, and Abstracts on Handedness in Great Apes

Authors

Testing environment

Task(s)

16.
17.
18.

19.
20.
21.
22.
23.

24.
25.
26.
27.
28.
29.
30.

3L
32.
33.
34.
35.
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37.
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39.
40.
41.
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44.
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.

56.

57.
58.
59.
60.
61.
62.

Albrecht & Dunnett (1971)
Annett & Annett (1991%(
Aruguete et al. (1992)NRP
Boesch (1991)

Brenot (1992)

Bresard & Bresson (1983)

Byrne & Byrne (1991)
Butterworth & Itakura (1998)NRP
Carpenter (1937)

Christel (1994)

Christel et al. (1998)

Colell et al. (1995a,b)

Colell et al. (1995a,b)
Corp & Byrne (2004)
Cunningham et al. (1989)

Dimond & Harries (1984)
Fagot & Vauclair (1988)
Fernandez-Carriba & Loeches
(2001)

Fernandez-Carriba et al. (2001)
Ferster (1957)NRP

Finch (1941)

Fischer et al. (1982)NRP
Fletcher & Weghorst (2005)

Foucart et al. ﬂnd)ress)NRD
Glaser (1971)"R

Goodall (1963)NRP

Grzimek (19493NRD

Haas (1958)NR

Harrison & Nystrom (2001)NRP
Heestand (1986)

Holder (2000)

Hopkins (1991)

Hopkins (1993)

Hopkins (1994)

Hopkins (1995a)

Hopkins (1995b)

Hopkins et al. (2001)
Hopkins & Cantalupo (2003)
Hopkins and deWaal (1995)
Hopkins & Rabinowitz (1997)
Hopkins et al. (1993)

Hopkins et al. (in press)
Hopkins, Hook, et al. (2003)
Hopkins, Stoinski, et al. (2003)
Hopkins et al. (2004)

Hopkins et al. (2002,2005)
Hopkins et al. (2005)
Ingmanson (1996,1998)
Jones-Engel & Bard (1996&
Kellogg & Kellogg (1933)"RP
Krause & Fouts (1997)
Leavens et al. (2001)

Lockard (1984)NRP

Lonsdorf & Hopkins (2005)
Lutz-Maki & MacNeilage
(1991)NRP

Marchant (1983)

Marchant & Steklis (1986)
Marchant and McGrew (1996)
Matsuzawa et al. (2001)
McGrew and Marchant (1992)
McGrew & Marchant (1996)

McGrew and Marchant (1999)NRP

0z

0SSO 000S0sS00 =0

SSSSSO O 0S00000S000000 0000000000 000000 00000 000

Bimanual feeding

Simple reaching

Object manipulation, self-touching

Simple reaching, grooming, wadge-dipping, nut
cracking

Simple reaching

Unimanual and bimanual hand use tasks

Bimanual feeding

Simple reaching

Grooming

Simple reaching

Simple reaching

Food reaching, hand drinking, current making, object
throwing

Vertical panel, horizontal panel, latch box
Bimanual feeding

Leading limb, nonfood reaching, food reaching, baby
touches body, baby touches head, baby touches
mother, mother touches baby

Face touching

Simple reaching, coordinated visual alignment task
Fruit smearing

Numerous observational and experimental tasks
Lever press

Simple reaching

Object manipulation, simple reaching

Groom, scratch, pick up, eat, touch face, hold, nose
wipe, pull, cross arms, tool use

Tool use

Scribbling

Tool use

Numerous behaviors

Simple reaching

Carry, gesture, object manipulation, tool use, reach
Walk/run, support sitting, climb, eat, manipulate with
fingers, manipulate with whole hand, leading limb
Groom, leading limb, feeding

Joystick manipulation

Simple and bipedal reaching

Bimanual feeding

Coordinated bimanual hand use

Simple reaching (infants only)

Coordinated bimanual hand use

Coordinated bimanual hand use

Gesture, self-touch, leading limb, carry, face touch, eat
Tool use

Bipedal reaching, tripedal reaching, reaching, gesture,
self-touch, leading, limb, carry

Throwing

Coordinated bimanual hand use

Coordinated bimanual hand use

Coordinated bimanual hand use

Simple reaching

Manual gestures

Simple reaching

Simple reaching

Simple reaching

Manual gestures

Scratch

Simple reaching, social and nonsocial activities
Tool use

Pulling task

Feeding, nonsocial reach, social reach, simple
reaching, hold, carry, groom, throw
Unimanual and bimanual structured tasks
Numerous natural behaviors

Tool use

Tool use

Tool use

Tool use
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Authors

Testing environment

Task(s)

63.
64.
65.
66.
67.
68.
69.
70.
71.
72.
73.
74.
75.
76.
77.
78.
79.
80.
81.
82.
83.

84.

85.

86.
87.
88.

89.
90.
91.
92.
93.
94.
95.
96.

McGrew and Marchant (2001)
McGrew et al. %1999)

Miles (1990)NR

Milliken et al. (1994)
Morange (1994)

Moricello et al. (in press)
Morris et al. (1993)

Nishida & Hiraiwa (1982)
Olson et al. (1990)

O'Neil et al. (1978)NRP
Parnell (2001)

Peters (2005)

Redshaw (1993)NRP

Rensch & Ducker (1966)NRP
Reiss et al. (1949)

Robinson (1979)

Rogers & Kaplan 9995)NRD
Schaller (1963)"R

Schiller (1951)NRP

Shafer (1988)"RP

Shafer (1993)

Shafer (1997)
Steiner (1990)

Sugiyama et al. (1993)
Sugiyama (1995)NRP
Toback (1999)

Tonooka & Matsuzawa (1995)
Vleeschouwer et al. (1994)
Vleeschouwer et al. (1995)
Weidauer (1972

Welles (1976)NRP
Yanez-Gonzalez et al. (2004)
Yeager (1991)NRP

Yerkes (1927)

O00SSO000O0SS0O0SO0000OSS

0SS e}

SS000000

Numerous natural behaviors

Anvil use

Sign language

Self-touching

Tool use

Leading limb in locomotion and posture
Numerous unimanual and bimanual structured tasks
Tool use

Bipedal and tripedal reaching

Simple reaching

Feeding

Leading limb, feeding, simple reaching

Simple reaching

Complex motor tasks

Simple reaching

Simple reaching

Self-touching, carry, feed

Chest beating

Drawing

Sign language

Touch self, touch others, hit/slap, throw, eat,
manipulate large object, manipulate small object, dig/
sift, gesture

Touch self, touch others, hit/slap, throw, eat,
manipulate large object, manipulate small object, dig/
sift, gesture

Groom self, groom other, eat/hand, eat/object,
manipulate, reach, hold, carry, hang, hit, throw, sign
language

Simple reaching, tool use

Tool use

Carry, slap, manipulate, hold, suck, grab, stomp,
cradle, hand to mouth, pick up, extend, touch, self-
touch, catch, thrust

Simple reaching

Simple reaching

Simple reaching

Simple reaching

Small item reaching

Feeding, grooming, scratching

Feeding

Numerous natural behaviors

Note. NRD = no raw data provided by the authors. For the testing environment variable, W = wild; C = captive.
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Table 2
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Investigator #L #A #R Species
Harrison & Nystrom (2001) 6 3 10 Bonobo
Aruguete et al. (1992) 1 19 7 Pan
Butterworth & Itakura (1998) 3 7 1 Pan
Ferster (1957) 0 0 1 Pan
Foucart et al. (in press) 0 0 1 Pan
Glaser (1971) 1 0 0 Pan
Goodall (1963) 1 7 0 Pan
Grzimek (1949) 0 2 0 Pan
Kellogg & Kellogg (1933) 0 1 0 Pan
Lutz-Maki & MacNeilage (1991) 2 1 11 Pan
McGrew et al. (1999) 8 3 2 Pan
O'Neil et al. (1978) 4 0 4 Pan
Schiller (1951) 0 0 1 Pan
Sugiyama (1995) 2 2 4 Pan
Welles (1976) 1 5 4 Pan
Carpenter (1937) 0 0 2 Gorilla
Haas (1958) 0 0 3 Gorilla
Lockard (1984) 2 1 5 Gorilla
Redshaw (1993) 0 0 2 Gorilla
Rensch & Ducker (1966) 0 1 0 Gorilla
Schaller (1963) 0 0 8 Gorilla
Shafer (1988) 1 1 0 Gorilla
Grzimek (1949) 0 1 0 Pongo
Miles (1990) 1 0 0 Pongo
Rensch & Ducker (1966) 0 1 0 Pongo
Rogers & Kaplan (1995) 16 12 1 Pongo
Yeager (1991) 0 3 4 Pongo
Total 49 70 71

*
For the Welles (1976) paper, only the data presented for the center position responses were considered for this analysis.
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Table 4
Effect Sizes of One Sample T-tests for Handedness in Different Samples of Great Apes
Authors t N p Cohen'sd
Albrecht & Dunnett (1971) 0.259 1 801 0.163
Annett & Annett (1991) 0.503 31 619 0.183
Boesch (1991) 1.568 66 112 0.389
Brenot (1992) . -3.340 9 .010 2.227
Byrne & Byrne 8]_991) -0.178 38 .860 0.058
Christel (1994)'%1! 2.379 25 .026 0.971
Colell et al. (1995a,b)*?13 1.290 36 .206 0.436
Dimond & Harris (1984) —5.085 20 .000 2.331
Fagot & Vauclair (1988) -0.702 10 .501 0.467
Fernanadez-Carriba et al. (2001)'81%68 0.822 9 433 0.306
Finch (1941) -0.425 30 674 0.158
Fletcher & Weghorst (2005) —-0.166 26 .870 0.066
Gijzen (1972) 0.095 18 926 0.041
Heestand (1986) 3.822 57 .000 1.201
Holder (2000) -0.621 26 540 0.248
Hopkins (1993-2003)33-38:42.46 6.383 218 .000 0.866
Hopkins et al. (2003)*> & 1.610 159 .109 0.256
Hopkins et al. (2004)* 2.140 147 034 0.354
Hopkins et al. (2003) (Gorilla)** 1.420 38 .164 0.631
Hopkins et al. (2003) (Pon%o)‘” -2.541 19 021 1.197
Hopkins & de Waal (1995)%%* 2.179 21 041 0.974
Ingmanson (1996,1998) 5.339 44 .000 1.647
Jones-Engel & Bard (1996) -1.385 13 191 0.799
Marchant (1983)°5:>7 -0.618 26 542 0.131
Marchant et al. (Gombe)®®606? 0.029 56 977 0.008
McGrew et al. (Mahale)u,ss —-0.454 49 .652 0.131
Milliken et al. (1994) -1.426 8 197 1.078
Olson et al. (1990) 2.092 25 047 0.834
Parnell (2001) -0.887 32 382 0.318
Peters (2005) 3.620 21 .001 1.619
Shafer (1997) 1.629 14 127 0.904
Shafer (1993) 2.864 47 .007 0.839
Steiner (1990) 0.145 12 887 0.087
Sugiyama et al. (1993)%°%6 0.646 20 526 0.296
Tonooka & Matsuzawa (1995) -0.822 80 414 0.185
Vleeschower et al. (1994, 1995)°09! 0.415 20 683 0.190
Weidauer (1972) 0.592 8 572 0.448
Yanez-Gonzalez et al. (2004) 7.085 8 .000 5.356

Note. Superscripted values indicate papers from which raw data were combined to derive a single set of data for the apes (see Table 1).

*
To be consistent with other reports of hand use for bimanual actions, the data from this study were reverse scored from the reported results so that

dominant hand use reflected the hand used for feeding.
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Table 6

Comparative Analysis of Handedness Index Scores in Great Apes Handedness for Identical Measures of Hand

Use
Behaviors Orangutan Gorilla Chimpanzee Bonobo
Tube task 35 57 57 NA
SE 1.67 454 1.28
N 19 38 467
Self-touch 36 50 48 50
SE 2.83 157 1.08 1.97
N 17 55 116 35
Simple reaching 55 54 52 61
SE 2.11 2,50 0.92 2.39
N 55 74 547 81
Leading limb 73 56 55 63
SE 2.36 3.24 2.95 2.29
N 26 35 48 21

Note. Bold numbers indicate significant population-level right-handedness at p < .05. Underlined numbers indicate population-level left-handedness at

p <.05. SE = standard error; N = sample size. See Table 5 for references cited for each behavioral measure.
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Table 7
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Correlation Coefficients between Offspring Hand Preference and Dam, Sire, and Midparent Hand Preference

Sire Dam Midparent
All Subjects o
Direction .115 (198) .140 (399) .114 (190)
*k *k *
Strength .228 (198) 420 (399) .317 (190)

Note. Values in parentheses indicate sample size.
*
p<.05.

Fk

p<.01.
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Table 8

Distribution of Parental and Offspring Hand Preferences

Page 41

Offspring hand preference

Left Ambidextrous Right R:L ratio

Both Parent Handedness

Familial left-handed 14 13 20 1.43

Mixed handedness 14 10 26 1.86

Familial right-handed 17 20 49 2.88
Maternal Hand Preference

Left 30 33 40 1.33

Ambidextrous 29 41 35 121

Right 41 40 92 2.24
Paternal Hand Preference

Left 11 9 20 1.82

Ambidextrous 16 19 40 2.50

Right 18 18 39 217

Note. Values represent raw frequencies. R:L ratio calculated by dividing the number of right-handed offspring by the number of left-handed offspring.
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