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Abstract
Genetic mechanisms have been proposed to explain the pervasive representation of right-
handedness in humans, whereas random, nongenetic factors have been posited to explain the lack
of population-level right-handedness in nonhuman primates. We report evidence that hand
preferences in chimpanzees are heritable, even among related individuals raised in different
environments. Furthermore, we report that the degree of heritability is modified by factors
associated with developmental instability, notably, offspring parity. The data are interpreted to
reconcile both genetic models for handedness and hypotheses suggesting that developmental
instability influences variation in handedness.

Approximately 85 to 90% of humans report themselves as being right-handed (Annett, 1985;
Porac & Coren, 1981). The evolution of population-level handedness has been linked to the
emergence of a number of complex human behaviors, including tool use, complementary
motor skill, intelligence, and language (see Bradshaw & Rogers, 1993, for a review).
Therefore, understanding the phylogeny of handedness in nonhumans may provide insights
into a host of allegedly unique human psychological functions.

The pervasiveness of right-handedness in humans has led to numerous debates about the
mechanisms involved in the expression of hand preference (B. Hopkins & Ronnqvist, 1998).
Some genetic models propose one or two loci coding for handedness (or related lateralized
brain functions, i.e., language; Annett, 1985; McManus & Bryden, 1992), whereas others
have proposed that multiple loci are involved (Laland, Kumm, Van Horn, & Feldman, 1995;
Yeo & Gangestad, 1993). The principle empirical support of all single-gene or multiple-loci
genetic models of hand preference comes from the fact that it runs in families, and that
offspring typically exhibit patterns of hand preference more similar to their biological than
adoptive parents (Carter-Saltzman, 1980; Curt, De Agostini, Maccario, & Dellatolas, 1995;
Hicks & Kinsbourne, 1976; McGee & Cozad, 1980; McManus & Bryden, 1992). One
problem with genetic models, particularly those proposing a single locus or double loci, is
that they cannot account for all the phenotypic variation in handedness. To explain these
findings, several authors have invoked social learning or social pressure, prenatal hormone
exposure, in utero fetal position, birth season, birth order, and maternal age as factors
influencing the development of hand preference in humans (Geschwind & Galaburda, 1985;
Porac & Coren, 1981; Previc, 1991; Provins, 1997).
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Such in utero perturbations and perinatal factors are believed to cause shifts in the genetic
predisposition for right-handedness toward ambidexterity or left-handedness (i.e., when they
create some critical level of developmental instability). From this perspective, right-
handedness is perceived as being the normative path of development, and non-right-
handedness reflects a deviation from normal development that is due to pathological factors
or perturbations that disturb the canalizing or buffering processes of normal left-hemisphere
development in hemispheric specialization.

The general view is that laterality in nonhumans, in contrast to human handedness, is
influenced by random environmental rather than genetic factors (Warren, 1980). The
principle support for a nongenetic basis for limb preferences in nonhumans is the failure to
demonstrate selective breeding of direction of paw preference in mice and the equivocal
results on heritability of hand preference in nonhuman primates (Brinkman, 1984; Brooker,
Lehman, Heinbuch, & Kidd, 1981; Byrne & Byrne, 1991; Collins, 1985; W.D. Hopkins,
1999; W.D. Hopkins, Bales, & Bennett, 1993; Kubota, 1990; Matoba, Masataka, & Tanioka,
1991; Westergaard & Suomi, 1997; but see Bisazza, Facchin, & Vallortigara, 2000; Waters
& Denenberg, 1994). However, few heritability studies have been performed in nonhuman
primates, and rarely can the influence of genetic and nongenetic factors be dissociated in
explaining the observed patterns of hand use.

In the current study, we report the first evidence that genetic factors play a significant role in
the manifestation of directional biases in hand preference in a nonhuman species. We further
report that phenotypic variation from the genetic prediction for hand preference is probably
consequent to increased levels of developmental instability experienced by the offspring.
Specifically, it has recently been reported that first- and latter-born chimpanzees show
significantly higher incidences of left-handedness than middle-born chimpanzees (W.D.
Hopkins & Dahl, 2000; W.D. Hopkins, Dahl, & Pilcher, 2000). It has also been reported that
higher incidences of abnormal pregnancies with pathological outcomes in chimpanzees
cluster at low and high parities (Dahl, 1999). One interpretation of these findings is that at
least some of the left-handedness observed in first-born and high-parity offspring is caused
by developmental instability induced by reproductive factors associated with parity. It
follows that if much of the phenotypic variation in handedness associated with
developmental instability is accounted for in heritability analyses for handedness, then any
genetic mechanism will become clear, if it exists. To test this hypothesis, we examined
whether concordance in hand preference is significantly greater in genetically related
individuals born at “nonrisk” parities (with low developmental instability) than in
genetically related individuals born at “risk” parities (pregnancies with relatively high
developmental instability).

Method
Subjects

A sample of chimpanzees (Pan troglodytes) housed at the Yerkes Regional Primate
Research Center (YRPRC) served as subjects in this study. The number of individuals used
in the analyses varied according to the familial comparisons being made.

Procedure
To assess hand preferences in a sample of captive chimpanzees, we used a measure referred
to as the tube task. This task requires coordinated bimanual actions and has been described
in detail elsewhere (W.D. Hopkins, 1995, 1999). Briefly, peanut butter is smeared on the
inside surfaces of a polyvinyl chloride (PVC) pipe (approximately 9 cm in length and 2 cm
in diameter). The PVC pipe is then handed to the subject in its home cage, and the finger or
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hand used in removing the peanut butter is recorded by the observer. The hand active in
removing the peanut butter is defined as the dominant hand. Observations continue until the
subject eats all the food, drops the tube, or hands the tube back to the experimenter.

A minimum of 20 responses was recorded for each subject. Although other measures of
hand preference have been collected in the YRPRC colony, the tube measure was used to
classify subjects as left-or right-handed because (a) it induces the largest magnitude of hand
preference in the chimpanzees, and (b) it is a highly reliable measure, with test-retest
measures exceeding .70 over a 2-year period (W.D. Hopkins, 1999).

On the basis of their hand use in this task, the chimpanzees' hand preferences were
characterized in the following way. First, a handedness index (HI) was determined for each
subject following the formula HI = [(R − L)/(R + L)], where R and L are the number of right-
and left-hand responses, respectively. Values on this index can range from − 1.0 to 1.0.
Subjects with a negative score or a score of zero were classified as left-handed, and all
others were classified as right-handed. Chimpanzees with the same classification of hand
preference were considered concordant; all others were considered disconcordant.

Two sets of data were analyzed. First, percentages of concordance in hand preference were
compared in mother-infant dyads. For this analysis, 134 mother-infant dyads with known
hand preferences and parities were used. In the second set of analyses, we compared
percentages of concordance in hand preference in 155 maternal half-sibling dyads for which
parity was known. All of a female's stillbirths and live births were considered in the
assignment of offspring parity. Spontaneous abortions were not included in the evaluation of
parity.

In the analysis of mother-infant dyads, as in our previous studies, chimpanzees with a parity
of one (first-born) or of six or higher (late-born) were considered the risk group. This group
had a relatively high incidence of left-handedness (W.D. Hopkins & Dahl, 2000) and also
showed signs of hormonal irregularity associated with puerperal pathologies (Dahl, 1999).
These signs are indicators of relatively high levels of developmental instability.
Chimpanzees with parities from two to five were considered a nonrisk group for
developmental instability because they did not show high incidences of puerperal pathology
or left-handedness. We also recorded whether each subject was mother- or nursery-reared
(mother vs. human). Chimpanzees that stayed with their biological mother for more than 30
days were considered mother-reared. All other chimpanzees were considered nursery-reared
(Bard, 1996). Specifically, of the 134 mother-infant dyads, 58 offspring were in the risk
group and 76 were in the nonrisk group. Within the risk group, there were 19 mother- and 39
nursery-reared offspring. Within the nonrisk group, there were 34 mother- and 42 nursery-
reared chimpanzees.

For the analysis of maternal half-siblings, we characterized each sibling pair according to
whether both were raised by their biological mother (mother), both were raised by humans
in a nursery setting (human), or one was raised by their biological mother and the other was
raised in a nursery setting (cross-fostered). There were 44 cross-fostered, 37 mother-raised,
and 74 human-raised sibling dyads. In addition, within each rearing condition, sibling pairs
were characterized as both being middle-born (mid-mid), one being middle-born and one
being first-born (first-mid), and one being middle-born and one being latter-born (mid-late).
Although other parity pairings are feasible (e.g., late-late), they were not included in this
analysis because they were not of theoretical interest and they had very low sample sizes (n
≤ 7).
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Results
Log-linear analysis was used to assess the effects of parity grouping (risk, nonrisk) and
rearing (mother, human) on mother-infant concordance in hand preference. In the initial
analysis, the degree of concordance was compared for offspring born to right-handed
females (n = 83). A significant main effect for parity was found, χ2(2, N = 83) = 15.23, p < .
001. For the nonrisk group, 86% of offspring born to right-handed females were right-
handed; in contrast, in the risk group, only 46% of offspring born to right-handed females
were right-handed. For left-handed females (n = 51), no effect of parity group or rearing
history was found (see Fig. 1). The only percentages of mother-infant concordance that
exceeded chance were for offspring in the nonrisk parity group, either mother-reared or
nursery-reared, born to right-handed females. No other percentages reached statistical
significance.

In the initial analyses of the sibling data, the degrees of concordance and disconcordance
were compared as a function of birth-order pairing and rearing history. The categorical data
were then compared in relation to the birth-order-pairing and rearing-history variables using
chi-square analyses. The proportion of concordant and disconcordant pairs was not
influenced by the rearing variable. However, a 2 × 3 chi-square test of independence
revealed a significant interaction between sibling concordance and birth-order pairing, χ2(2,
N = 155) = 15.89, p < .001 (see Fig. 2). Overall, the percentage of concordance in mid-mid
pairs was significantly higher than chance, whereas the percentages for the other two birth-
order pairings were not. This result was consistent across all three rearing conditions.
Separate chi-square tests within each rearing condition revealed significant interactions
between concordance percentage and birth-order pairing for the mother-raised subjects, χ2(2,
N = 37) = 9.92, p < .01, and cross-fostered subjects, χ2(2, N = 44) = 15.05, p < .001, but not
the human-raised subjects, χ2(2, N = 74) = 0.67, n.s.

Discussion
In these analyses, when variation in parity was accounted for, the tendency for right-handed
females to give birth to offspring that develop right-hand preferences became clear.
Similarly, once at least some of the variation in parity and developmental instability was
accounted for, maternal half-siblings showed a significant degree of concordance in hand
preference, even when raised in different environments.

The results of this study indicate that hand preferences in chimpanzees are probably
genetically determined and most closely follow the predictions of the right-shift model
originally proposed by Annett (1985). These data do not support the suggestion that a
genetic mutation in hominid evolution accounts for the emergence of uniquely human
functional or neuroanatomical asymmetries (Corballis, 1997). Rather, these data strongly
suggest that a gene or set of genes for handedness (or hemispheric specialization) may have
been shared by the common ancestor of humans and chimpanzees. It is important to
emphasize that the ratio of right- to left-handedness is much more pronounced in humans
(8:1 or 9:1) than in chimpanzees (2:1). One explanation for this finding may be that an
additional genetic mutation in hominid evolution accounts for the differences in right-
handedness observed in chimpanzees and humans. At present, there are no candidate genes
for handedness, but given the genetic similarity between chimpanzees and humans, it is
likely that the discovery of any such genes in humans will allow for direct comparative
studies in chimpanzees using linkage analyses or other molecular biological techniques.

An underlying question that emerges from these findings is what causes disconcordance in
hand preference in related chimpanzees, particularly in those that are genetically
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predisposed to be right-handed. Parity per se is likely not the causal factor for left-
handedness in these chimpanzees, but rather prenatal factors that are marked by parity are
probable candidates. We believe that at least some left-handedness is induced by unknown
pathological events that take place during the prenatal period of development, particularly at
the identified risk parities. Two sets of data support this interpretation. First, studies in
humans and to a lesser extent in nonhuman primates indicate that asymmetries in
dermatoglyphic ridge counts on homologous fingertips reflect both genetic and nongenetic
prenatal perturbations experienced by the developing fetus (Arrieta et al., 1993; Babler,
1991). Recently, we (Pilcher, Dahl, Swetland, & Hopkins, 2000) fingerprinted the YRPRC
colony of chimpanzees and measured asymmetries in dermal ridge counts on homologous
fingers and found an association between hand preference, birth order, and dermatoglyphic
asymmetry. Specifically, significantly more ridges were found on the left than the right hand
in first- and middle-born chimpanzees. In contrast, among latter-born chimpanzees, the
pattern was reversed, with significantly more ridges on the right compared with the left
hand. This finding indicates that prenatal events alter the morphology of the developing
fetus, particularly in the offspring that have high parity and are born to relatively older
females.

Second, we believe that variation in prenatal hormone concentrations in chimpanzees may
be one factor that either influences handedness directly or reflects the developmental
instability that induces left-handedness. For chimpanzees, the examination of at least some
of the variation in estrogens and progesterone during pregnancy is made possible by the use
of an external marker of the genitalia, the perineal sex swelling (PS). It has been well
established that PS during intermen-strual intervals is stimulated by estrogens and
antagonized by progesterone (Faiman, Reyes, Winter, & Hobson, 1981; Graham, 1981).
Recent analyses of PS scores in pregnant chimpanzees indicate a similar correspondence
between swelling patterns and the patterns of estrogen and progesterone fluctuations (Dahl,
1999). PS scores during pregnancy vary systematically as a function of the parity of the
developing fetus, with abnormally high and prolonged PS in many low-parity pregnancies
and significantly reduced PS in multiparous, older females (Dahl, 1999).

For a subsample of chimpanzees in this study, PS scores of the female during pregnancy
were known. Therefore, these PS scores could be linked to the hand preferences of offspring
produced using retrospective analysis. A comparison of the distribution of unusually high
and low PS scores as a function of either offspring or maternal hand preference did not
reveal a significant association. This finding does not support the interpretation that
unusually high or low PS scores directly influence hand preference. Alternatively, unusually
high or low PS scores may reflect some level of stability of the developing feto-placental
unit. According to this hypothesis, if unusually high or low PS scores induce greater
developmental instability that alters the development of hand preference, then genetically
related individuals that are concordant for hand preference would show smaller differences
in PS scores during gestation than disconcordant siblings. To test this hypothesis, we
calculated the absolute differences in the total PS scores derived from maternal half-siblings
and compared this difference among concordant and disconcordant pairs raised in different
environments (see Fig. 3). The results indicated that disconcordant dyads experienced
significantly different prenatal environments, as reflected in higher differences in PS scores,
than concordant siblings. These results are consistent with concordance rates among siblings
from different parities. This close association among swelling patterns, parity, and
handedness strongly suggests that hormonal variation may either strongly influence the
development of laterality in chimpanzees or, more likely, be a clear reflection of some
developmental instability.
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In conclusion, we propose that genetic determination of handedness may rely on a particular
stable in utero environment acting as a canalizing phenomenon. Genetic and nongenetic
perturbations can be seen as causing developmental instability, a phenomenon recently
implicated in the causation of human handedness (Yeo & Gangestad, 1993). In our
chimpanzee sample, the evidence suggests that high-parity offspring (and therefore offspring
born to older females) manifest higher levels of developmental instability, as reflected in
reversed dermatoglyphic asymmetries and unusually low PS scores during gestation. Thus,
left-handedness in these individuals may be seen as being induced by pathological prenatal
events.

It is not clear what genetic or nongenetic factors are causing prenatal perturbations in our
chimpanzee sample, but we emphasize that both sources could play a role. For example, the
YRPRC colony of chimpanzees has been self-sustaining and largely self-contained,
genetically speaking, for nearly 70 years. Thus, many of the chimpanzees are related, and
high levels of developmental instability could reflect increased homozygosity of the
developing fetus, which, by itself, would put the offspring at risk for the expression of
deleterious recessive genes. Alternatively, captive chimpanzees typically breed at a younger
age and produce offspring at older ages than wild chimpanzees. The stress of carrying a
pregnancy at the extreme end of the age range may induce some critically higher levels of
instability in the developing fetus. Continued studies on the interaction between genetic and
nongenetic factors in humans and nonhumans should elucidate the importance of each
variable in the development of behavioral and neuroanatomical lateralization.
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Fig. 1.
Percentages of concordance in hand preference in mother-infant dyads as a function of
parity group and maternal hand preference.
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Fig. 2.
Percentages of concordance in hand preference in siblings reared together with their
biological mother, reared together by humans, or reared apart and in a different environment
(cross-fostered). Results are shown separately for pairs in which one sibling was first-born
and the other was middle-born, both siblings were middle-born, and one sibling was middle-
born and one sibling was late-born.

Hopkins et al. Page 10

Psychol Sci. Author manuscript; available in PMC 2007 October 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
Mean differences in cumulative perineal sex swelling (PS) scores in chimpanzee
pregnancies for offspring concordant or disconcordant for hand preference, as a function of
rearing condition.
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